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Abstract

A novel microelectromechanical system (MEMS) for the measurement of acceleration is presented. It combines a new mechanical
structure consisting of two masses with a novel readout principle. The differential-mode displacement of the two proof masses
corresponds to the applied acceleration and is embedded in a force-feedback loop. A new readout circuit is presented to give a
readout proportional to this differential-mode. In addition, this new readout circuit has a control mechanism to operate the common-
mode displacement of this dual-mass structure at the pull-in point. This increases the mechanical and electrical sensitivity.

As a proof of concept, a prototype was designed for the complete system. The accuracy of the system is 4.1 ug/ VHz, which
corresponds to the mechanical noise floor of the mechanical structure.

Keywords: MEMS inertial sensors, force-feedback, capacitive readout circuits, negative spring, pull-in, voltage control, charge

control

1. Introduction

Displacement MEMS accelerometers are based on a mass-
damper-spring system [1-3]. The displacement of the mass
will be proportional to the acceleration with a factor m/k =
1/(2nfy)? (with m the mass, k the spring constant and f; the res-
onance frequency). This displacement then leads to a change
in capacitance of a sense capacitor between the proof mass and
a fixed reference (stator). The ratio of this change in capaci-
tance to the applied acceleration is the mechanical sensitivity.
The electrical sensitivity of the electronic readout circuit is then
the ratio of the readout voltage to the change in capacitance.The
two main noise sources in this system are the Brownian noise
associated with the damping in the mechanical system and the
electronic noise in the readout circuit [4]. In most designs, the
electronic noise is dominant [3]. To reduce the influence of
the electronic noise, it’s input referred contribution has to be
minimized by increasing the mechanical sensitivity and/or the
electrical sensitivity.

For a force-feedback accelerometer, the closed-loop band-
width can be set independently from the mechanical resonance
frequency fy [2]. Hence, the mechanical sensitivity can be in-
creased by decreasing fy, but there are practical limits to this.
First, the mass is limited by the available die-space. Second,
reliability issues related to stiction (during the manufacturing
process) and shock revival requires sufficiently stiff springs. As
a result, a trade-off between reliability and sensitivity of the
MEMS inertial sensor needs to be considered [1].

For the readout with parallel-plate capacitors, a technique
has been introduced in [5] to enhance the mechanical sensitiv-
ity under “powered conditions”. It uses the electrostatic force
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between the capacitor plates to create a negative spring which
can then compensate the mechanical spring. By matching the
magnitude of the negative (electrostatic) springs and the me-
chanical springs, it is possible to obtain a zero effective spring,
which makes the proof mass “virtually floating”. This virtually
floating condition is marginally unstable due to a phenomenon
called “pull-in” [1], but this problem is tackled by embedding
the mass in a force-feedback loop. The new architecture pre-
sented in this paper, will also exploit the negative spring effect
to increase the mechanical sensitivity.

The mechanical sensitivity can also be increased by decreas-
ing the gap between the parallel-plate sense capacitors. How-
ever, the minimum producible gap size is limited by the MEMS
technology. Techniques have been presented to reduce this min-
imum gap mechanically after production with a lever and lock
approach [6]. However, this gives substantial overhead to the
mechanical structure and possibly reliability problems with re-
spect to shock survival. In this paper, we explore a new electro-
static actuation method to reduce the gap during operation with
a differential setup of two proof masses.

For the capacitive readout of MEMS inertial sensors, typi-
cally a voltage step is applied to the readout capacitors. In this
case, increasing the amplitude of the readout voltage step re-
sults in a better signal-to-noise ratio (SNR) of the overall read-
out circuit, because the signal increases while the circuit noise
remains the same [7]. However, above some critical voltage ap-
plied to the parallel-plate capacitors, the electrostatic force will
become too high and pull-in of the proof mass occurs (in open
loop) [1]. As noted above, by applying sufficiently strong neg-
ative force-feedback, the stability of the complete system can
be guaranteed, even though the mechanical structure is at the
marginally stable pull-in state.

In the new system introduced in this paper, the voltage step is
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Figure 1: Schematic representation of a MEMS accelerometer: (a) conventional
solution consisting of a single proof mass between two stator electrodes, (b)
proposed solution consisting of one stator electrode in between 2 proof masses.

maximized toward the pull-in voltage to increase the electrical
sensitivity. At the same time, operating at the pull-in distance
brings the advantage that the mechanical springs are neutralized
and that the sense capacitors are increased. Hence, also the
mechanical sensitivity is increased.

The rest of this paper is divided in two main parts. The first
part (Section 2) highlights the theoretical aspects of this new
structure. The second part is a proof of concept for this new
structure and covers the implementation (Section 3) and mea-
surement results (Section 4) of a printed circuit board (PCB)
implementation of the readout circuit for the new mechanical
structure.

2. A dual-mass accelerometer

2.1. New mechanical structure

As a first step, consider a conventional 1-DoF MEMS ac-
celerometer depicted in Fig. 1(a). It has a single proof mass
which can move along the x-axis and it is held back by springs.
The displacement of the proof mass will be measured through a
change in capacitance of a sense capacitor. On each side of the
proof mass we have a sense capacitor, with one sense capacitor
C4 (x) increasing and the other C_ (x) decreasing for a positive
x-displacement.

The idea of the new MEMS configuration is represented in
Fig. 1(b) [8]. Compared to the conventional structure with one
proof mass and two stator electrodes, the situation is now re-
versed: we only have a single stator electrode and a double
proof mass with independent displacements x; (left mass) and
X, (right mass) toward the stator. The sense capacitors are im-
plemented as parallel-plate capacitors. As will be highlighted
in Section 2.2, the capacitance of a parallel-plate capacitor is
Cs(x) = Co/ (1 — x/x0). The displacement of the first mass is
then read through Cs, = Co/ (1 — x1/x¢), while the displace-
ment of the second mass is read through Cs. = Cy/ (1 — x2/x0).

Instead of working with x; and x;, we consider a “nor-
malized differential-mode displacement” x4y, = (x; — x2) /2x9
which indicates the displacement of both masses in the positive
x-direction, and a “normalized common-mode displacement”
Xem = (X1 + x2) /2x¢ which indicates the displacement of both
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Figure 2: Readout circuits in (a) voltage control and (b) charge control.

masses toward the stator. Note that the differential displacement
is related to the input force.

In a similar way as for the displacement, we can also define
a “common-mode capacitance” C,, and a “differential-mode
capacitance” Cyn:

Cem = et = Co l—xgm p)
c 2C (1=Xcm) ~Xdm (1)
Cim ==5= = Co%
To first order, the differential-mode capacitance relates to the
differential-mode displacement and the common-mode capac-
itance relates to the common-mode displacement. Using the
last equations, we find the ratio of the differential-mode and
common-mode capacitance as:

Com _ _fon_ @
Cem I = Xem

This equation indicates one of the main features of this new
structure: the sensitivity toward x4y, can be improved by in-
creasing x.,. In others words, by moving both masses toward
the stator, the sense capacitor gap is reduced which enhances
the sensitivity. This will be done with electrostatic actuation
through the parallel-plate sense capacitors. Moreover, reduc-
ing the capacitor gap with electrostatic actuation will also fur-
ther increase the mechanical and electrical sensitivity, as will
be discussed underneath (Section 2.2-2.4).

2.2. Actuation and readout with parallel-plate capacitors

The sense capacitor is implemented as a parallel-plate capac-
itor between a fixed plate (stator) and a moveable plate (mass)
as shown in Fig. 3. The mass can move along the x-direction
and is held back by springs and a corresponding spring force
Fx = —kx. The capacitor plates have a length L¢ and a height &
(not shown in this cross Section view), while the nominal gap
between the two plates is xp. In practice, many fingers (Vy) are
used in parallel. This leads to a total capacitance

Co
— = 3)

Xo

Ci(x) =

where we have introduced the nominal capacitance Cy =
SoNfo/’l / X0-

As noted above, we want to move the two proof masses to-
ward the stator. For this, the same sense capacitors are used
for electrostatic actuation. This actuation can be done by either
voltage control or charge control. When a voltage or charge is
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Figure 3: The parallel-plate capacitor Cs between a moveable mass and a fixed
reference (stator). The mass is being held back by springs.

applied upon a capacitor, there will be an electrostatic force F;
between the two plates of the capacitor. This force will bring
the moveable plate (mass) closer to the stator. As the mass is
also being held back by a spring force Fy, it will settle in a new
equilibrium point x. (0 < x. < x) where the forces cancel each
other.

The characteristics of this equilibrium will be different for
voltage or charge control. For voltage control, an excitation
voltage is applied upon the sense capacitor C; (Fig. 2(a)).
Changes in sense capacitance lead to a change in charge trans-
ferred onto the integration capacitor Ciy. In [1] it is shown that
voltage control is only stable if the voltage applied on C; is be-
low a certain pull-in voltage:

8 kx(z)
Vpp = w/__ 4
Pl 27 Cy @)

If the voltage over the parallel-plate capacitor becomes higher
than this pull-in voltage, the electrostatic force becomes too
high to be compensated by the spring and the moveable
capacitor plate clashes into the stator, which is the previ-
ously mentioned “pull-in” phenomenon. The corresponding x-
displacement for this pull-in voltage is the pull-in point which
is located at xp; = xo/3. An important characteristic is that “net
spring force” ke is reduced due to this electrostatic force:

6Fu _, _pCo 1

kne = - . 2
‘T oox 2 (1= xe (V)/x0)°

Here, x. is a function of the applied excitation voltage V. In-
creasing V reduces k¢, while also increasing x., with a limit at
the pull-in point.

For charge control, a fixed charge is applied upon the sense
capacitor (Fig. 2(b)). A change in sense capacitance is then read
through a change in voltage over the sense capacitor. If we now
calculate the net spring constant, it can be shown that k.. = &,
independent of the applied charge. This shows that applying a
constant charge leads to a solution that is always stable [9-11].
Compared to voltage control, charge control does not result in
a pull-in point, but there is also no negative spring effect.

2.3. Differential-mode stabilization

To control the 2 degrees of freedom (x4, and xcp), we will
set up two control loops to stabilize both proof masses. As
Xdm corresponds to the applied acceleration, we will embed the

Fiy +(> Tdm |Ar Vi H(S) Vout
- Tmcch ( 5) |
mechanical transfer readout loop filter
F, el
D out
Tact ( S ) —\ > / | out

actuator transfer anti-aliasing ADC
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Figure 4: The force-feedback loop for the differential-mode.

differential-mode in a force-feedback loop, as in a conventional
mono-mass dual-stator force-feedback accelerometer [1, 12].

Fig. 4 shows the resulting force-feedback loop. The input to
this control loop is a force Fi, = m - aj,. The mechanical struc-
ture (Tech (s)) will transfer this input force into the differential
displacement xqp,:

Xdm 1 1/kye
Trneen (5) = ~dm = L

Fin X1+ &s+ s’

The static sensitivity of the resonator toward the input force is
related to ~ 1/ky;. Hence, reducing kpe: will increase the me-
chanical sensitivity. Since we want to increase the sensitivity
of the differential-mode, we want the differential mode to have
a negative spring effect. The readout of the differential mode
of the proof masses must therefore be operated in voltage con-
trol. After applying an additional electric filter H (s), the output
of this filter V, is then fed back toward the input of the loop
through an actuation circuit. The analog output voltage V,,; can
be digitized with an analog-to-digital converter (ADC) to give
the digital output Dgy.

The force-feedback differential-mode stabilization can also
be extended to a £A-loop, which has become increasingly pop-
ular e.g. [13-15]. For this, a quantizer is added after the loop
filter, before applying the digital feedback. With a proper de-
signed loop filter [16-18], the added quantization noise can be
made negligible and the performance will be further enhanced.

2.4. Common-mode stabilization

Because we actively maintain x4, ~ 0 with force-feedback,
only x., remains to be controlled. If we now apply the same
voltage V (measured relative to the common stator) to both
proof masses, an identical electrostatic force will occur and
both will move over the same distance toward the center. It
is clear that the system basically behaves in the same way as
a single mass which forms a parallel-plate capacitor with the
stator electrode .

Note that increasing x. will lead to an improved electrical
sensitivity, as shown in Eq. (2), but that x.,, contains no infor-
mation about the acceleration. Therefore, the negative spring
effect, is of no importance for the common-mode stabilization.
As such, we will use charge control for the common-mode sta-
bilization, as it is inherently stable (Section 2.2).

We now need a readout circuit that combines charge con-
trol for C.n, with voltage control for Cyy,. This is possible, by
applying a constant charge to the parallel combination of both
sense capacitors. This way, the common-mode capacitor Cep,,



\

Figure 5: Microscope photograph of the fabricated dual-mass MEMS structure
after topcap removal.

which corresponds to x.p, is certainly operated in charge con-
trol (Fig. 2(b)). However, due to the differential arrangement of
the sense capacitors and due to the fact that both capacitors can
still transfer charge between them, the differential-mode capac-
itor Cyp (and corresponding x4y ) is operated in voltage control.
The resulting pull-in point xp; and voltage Vpy are exactly the
same as for a single parallel-plate capacitor operated with volt-
age control (Fig. 2(a)). In this case, we can write the ratio of
the net spring constant for the differential-mode to the nominal
spring constant k as:

== 5)

1 — xem

@ 1- 3xcm
k

which becomes zero at exactly x., = 1/3, giving a virtually
floating mass for the differential-mode.

An example of a readout circuit that combines charge control
for the common-mode with a voltage controlled differential-
mode readout will be presented in Section 3.2.

3. Implemented prototype

3.1. Fabricated MEMS structure

The mechanical structures are fabricated in a Surface-
Micromachined MEMS process for inertial sensors. The min-
imum feature size is 2 um and the device layer thickness is
15 um. The dies are assembled in a standard available PLCC64
package, of which only the pins of one side are used to connect
the 13 bondpads of the MEMS die.

A microscope picture of the fabricated structure (with re-
moved topcap) is shown in Fig. 5. The bondpads for the various
electrodes are located on the left side, while the masses are ar-
ranged above each other on the right with movement along the
x-axis. Also each mass has it’s own stator electrode (instead
of a common stator as in Fig. 1(b)). The parallel-plate sense
capacitors are placed at the top and bottom side of each mass.

primary  secondary

capacitor

parallel-plate
capacitor Il

1
comb capacitor

Figure 6: Microscope photograph showing a detail of the fabricated MEMS
structure after topcap removal (with extra magnification of the parallel-plate
capacitor).

Additional comb capacitors are placed at the left and right side
of the masses. A folded-beam spring [19] is placed at the 4
corners of each mass.

Fig. 6 shows a close-up with details of the bottom mass: the
spring attached at the corner, the comb capacitor on the left
side and the parallel-plate capacitor at the top side. The picture
also shows an extra close-up on the parallel-plate capacitors.
In particular, it also shows that every capacitor finger has an
(undesired) secondary capacitor at the back-gate.

The design parameters of the MEMS structure are summa-
rized in Table 1. The proof masses are as large as possible,
within the limitations of the maximum die size. Note that the
density of the mass is quite low, as Fig. 6 clearly shows the
walflle pattern of the mass, needed for proper etching of the sac-
rificial layer to release the mass. Also the parallel-plate capaci-
tors are chosen to be as large as possible, within the constraints
of feasibility, and are implemented with the minimum gap of
2um. The gap to the back gate is chosen twice this minimum
gap size. The back gate capacitor will slightly change the equa-
tions for voltage and charge control, but the general conclu-
sions remain the same: pull-in at x.,, = 1/3 for voltage control
and no net spring effect and increased stability for charge con-
trol. The resonance frequency of the structure is chosen such
that the maximum pull-in voltage (within process deviations) is
lower then 5V. To protect the MEMS structure, stoppers are
provided which limit the displacements at x; = 1.8 pm.

The damping force will be dominated by film squeeze effects
[20]. Only the low frequency component of the film squeeze
damping is important here, since the film-squeeze cut-off fre-
quency is much higher than fy. For this incompressible gas
condition, the damping coefficient is

3

h
b = peaNLi— B (1) (6)
X0

where S (1) is function of the aspect ratio n = h/L¢ [20] and
U 18 the effective viscosity at the encapsulated air pressure.
The parameters &, Ly and Ny describe the parallel-plate capacitor
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Process XFAB XM-SC XM20A17
Die size 3600 um x 3200 wm
Single mass size 1954 um X 1114 um
Single mass: m 453 g
Mass thickness: & 15 um
Nominal gap: xg 2 um
Damping factor
Nominal/zero position: bpem | 0.245 (mNs)/m
Pull-in position: bp; 0.431 (mNs)/m
Spring constant: k 26.5N/m
Parallel-plate capacitor:
Primary capacitor: C; 2.56 pF
Back gate capacitor: Cp, 1.26 pF
Comb capacitor: Cemp 174 tF
Resonance frequency: fj 3.85kHz
Pull-in voltage: Vp; 3.66V

Table 1: The parameters of the MEMS structure.

as expressed before in Eq. (3). Border effects are included by
introducing the effective dimensions as in [21] .

3.2. Readout circuit

The electronic readout circuit is implemented on a PCB for
experimenting and debugging and is shown in Fig. 7. The dual
charge integrator, combined with the common-mode feedback
amplifier, is a variant of the readout circuit proposed in [13].
However, there are some important differences. First, sinu-
soidal excitation is used in combination with a multiplier for
demodulation. Second, the excitation voltage is applied through
the excitation capacitors (Cex), Cex2), While the common-mode
feedback is applied through the sense capacitors (Cs.,Cs.). For
the implementation of the PCB prototype,a combination of 2
single ended charge integrators is preferred and as a result, out-
put common-mode feedback is used.

3.2.1. Charge control common-mode stabilization

Let us first assume that the differential-mode displacement
is zero. The common-mode regulating part of the readout cir-
cuit can then easily be understood through an equivalent cir-
cuit shown in Fig. 8. Here, the dual charge integrator and the
common-mode feedback amplifier are combined and drawn as
one overall gain stage Acvr. Note the similarity between Fig. 8
and 2(b). This shows that the common-mode regulating con-
trol loop performs charge control on the common-mode capac-
itor C.p, (as noted in Section 2.4), which leaves the differential-
mode still open for voltage control. The sinusoidal excitation
voltage (Vex = Aex sin (27 fx?)) is transferred into an excitation
charge Qcx = VexCex. If Aoy is sufficiently high at f = fi, we
can write :

O Co
Ccm Ccm

Vemfo = — Vex (N

We will now calculate the electrostatic force F,; between the

ommmmmcmeaag

...........

‘/;mfb

o+

Figure 8: Equivalent circuit of the common-mode charge control. The charge
integrator and common-mode feedback amplifier are here drawn as a single
gain stage AcmL.

plates of this common-mode capacitor. As the charge applied
on C¢y, is Qex, We can write for the electrostatic force Fe:

1 5 d(1/Cem)

Fe -
! 2% dxem
1 CLAZ (1=cos (2 2mful)
T2 G 2

As this electrostatic force depends quadratically on Qc, it ac-
tually performs a downconversion from fix to DC. This elec-
trostatic force is transferred by the mechanical transfer function
Tinech ($) into a common-mode displacement x.n,. If the band-
width of Tnech () is substantially smaller than 2 f.«, we find:

_1CL AL
Yem = 5% 2 k

We see that increasing the excitation voltage amplitude A will
increase x.,. The common-mode feedback amplifier is imple-
mented as a non-inverting amplifier, with low frequency gain of
(Ry + Ry) /Ry =100. For stability reasons, the gain-bandwidth
product (GBWP) of the amplifier was reduced by adding resis-
tor R3. To limit the influence of the offset voltage of the opamp,
large capacitors C; and C5 are added, which reduce the DC-gain
to 1. The resistors Ry,;» are added to the charge integrators to
have a stable output for DC signals and are large enough so that
we can neglect them at the frequency of interest (f = fix).

3.2.2. Differential-mode readout

The differential output voltage Vg is operated voltage con-
trol and is determined with an instrumentation amplifier. Using
Eq. (7), we can write:

chtb

Vit —(Cyy = Cy) Gy

nt

Cs+ - Cs— Cex
= 2 2y |G
Cs+ + Cs— ( Cim ¢ ) ¢

This can be simplified using Eq. (1) and we find:

Xdm (2 Cex
Cint

Vaier = ) GaAex sin (21 fext)

1= xem



 Vex

multiplier ™, /averaging (first order LP filter) ™,
ADG633 ; Cav ’

This is then demodulated with a voltage multiplier and low-pass
filtered, giving V,y:

V= GGG 22 (2g—)A2 (%) ®)
The carrier frequency has to be substantially higher than the
resonance frequency of the MEMS structure (fy = 3.85kHz),
but it is also limited by the bandwidth of the instrumentation
amplifier and the common-mode feedback amplifier. As a re-
sult, the carrier frequency was chosen at 50 kHz. The capacitors
Cex and Cijy are chosen to be 4.7 pF, close to the actual sense
capacitance.

3.2.3. Noise analysis

Due to the high gain of the instrumentation amplifier, the
noise contributed by the charge integrators will be the domi-
nant noise source for the electrical noise. The charge integra-
tors are implemented with an OPA604 opamp (input referred
noise: Vpop = 10nV/ «/E). The total noise Vo at the input
of the instrumentation amplifier can be simplified to

Cex+Ccm+Cp \/510 nV (9)
Cint VHz

Vn,lot = (1 +

where the factor V2 is added as both opamps’ noise contribu-
tions are equal but uncorrelated. Since Ciyy = Cex = Cen, this
equation shows that the charge integrators are indeed the domi-
nant electrical noise contributors when compared to the instru-
mentation amplifier (input referred noise of 7nV/ VHz).

3.3. Force-feedback

The force feedback is done by means of comb capacitors, lo-
cated on the left and right hand side of the proof mass as shown
in Fig. 9. If there are N fingers of height &, overlapping over a
distance Ly + x, and with a distance D between the fingers, the
total capacitance is:

Cemp () = Coemb (1 + Lio)

distance
overlap: Lo+ D
-—>

fingers

‘/;xlass VFB+

~Vbe

Figure 9: The proof mass with comb capacitors on both sides and the corre-
sponding circuits to convert the actuation voltage Vo into an actuation force
F cmb,net-

The overlap in zero-position is written here as Ly and the nom-
inal capacitance at this zero position is Coemp = €0NhLo cmb/D.

The force applied by these comb capacitors is linearized by
adding a DC-bias voltage (Vpc) to the combs at both sides as
shown by the circuits in Fig. 9. The resulting electrostatic force
applied to the proof mass at voltage Vi is (With Vo the feed-
back voltage):

1 CO,cmb

chb,net = chb+ - chb— = (4VDC) . Vout

LO,cmb

As the mass electrode is connected to the output of the
common-mode feedback amplifier (Fig. 7), it is a low
impedance node that can easily drive this adder circuit.
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Figure 10: The system level diagram for the force-feedback loop of the implemented accelerometer.

3.4. Complete system

For the force-feedback loop, an additional loop filter is
placed after the readout circuit before applying the feedback.
The used loop filter is a simple integrator:

H(s) = L
ST

The pole of the integrator will provide the dominant pole of the
differential-mode force-feedback loop. Due to the 180° phase
shift in the mechanical part, the force-feedback will only be sta-
ble for a dominant pole sufficiently lower in frequency than the
mechanical resonance frequency. The system bandwidth could
be increased by using a more advanced filter with frequency
compensation [17, 18], but this is beyond the scope of this pro-
totype. The complete system level diagram for the differential-
mode is then shown in Fig. 10. The input of the system is the
external acceleration applied upon the proof masses. The proof
masses convert this acceleration into a differential displacement
Xam- This is converted into a voltage V,, by the readout ampli-
fier, which is succeeded by the loop filter giving the output of
the complete system, V. This signal is fed back to the input
via the comb capacitor actuation circuit. The dominant electri-
cal noise source is also drawn, which enters the loop after the
dual charge integrator stage, given by equation (9). As the total
loop gain will be very high for low frequencies, we can assume
nullator at the input of the control loop. As such we can write
for low frequencies:

Voul
=8Vpc -
din LO,cmb

CO,cmb
— . m

(10)

As the excitation voltage (A.x) is increased, the gain of the read-
out circuit will increase. First, in the dual charge integrator,
by the factor Aex/ (1 — xcm), wWhere also an additional gain in-
crease due to the gap reduction (x.y) is apparent. The gain of
the multiplier stage is also increased (factor g—g), but this ad-
ditional gain will not reduce the input referred electrical noise.
Second, the increased excitation voltage and corresponding in-
creased x., will reduce the net spring constant (see Eq. (5)),
and as such increases the mechanical gain. This will further
reduce the input referred electrical noise. At a certain point,
the Brownian noise will become the dominant noise source ag;.
This mechanical noise is given by the formula [22]

dag, _ NFgTDH

df m

and is also added to the input of the system level diagram
(Fig. 10).

For a damping factor b = 2.45 - 107*(N s)/m (Eq. (6)), this
gives an acceleration spectral noise density of 4.5 ug/ VHz per
mass. As the mechanical noise is uncorrelated for both proof
masses, the corresponding noise for the normalized differential
displacement (x4, ) has to be multiplied by a factor \2 /2 which
gives a theoretical spectral noise density floor of 3.2 ug/ VHz.
Note that this noise density is the same for one proof mass with
twice the mass, as we would have in a conventional mono-mass
MEMS accelerometer structure. The mechanical noise source
is also added to the system level diagram shown in Fig. 10.
As the proof masses move up to the pull-in point, the damping
factor will increase (Table 1), and the mechanical noise floor
increases to 4.25 ug/ VHz at the pull-in point.

4. Measurement results

The mechanical amplitude transfer function (TF) of the
MEMS structure is measured using the same readout circuit
(Fig. 7). However, here the differential-mode is used in open
loop without force-feedback, as the actuation circuit (Fig. 9) is
used to apply a small sinusoidal force which is swept in fre-
quency. The used excitation voltage (A¢y) is small, so the nega-
tive electrostatic spring effect is negligible. The measured am-
plitude transfer function of the applied actuation voltage toward
the output voltage V,, of the readout circuit is then shown in
Fig. 11. It is normalized with the low frequency gain:

1
1+ 25+ 242

‘TFmeas(f) _ ‘TFmech(f) _
TFmeas (0) B TFmech (O) -

Also the normalized expected (designed) TF is shown in
Fig. 11. It shows that the measured resonance frequency fy
closely matches the expected value (given in Table 1), but the
damping is slightly overestimated. This can be seen from a fit-
ted transfer function (parameters m/k and b/k). The ratio m/k
is only 2 % higher, while the ratio b/k is 20 % lower than ex-
pected. If we assume that the values of the parameters m and
k are exact (motivated by the matching of f;), we can conclude
that the damping factor is slightly overestimated by Eq. (6).
The mechanical TF is also measured for various increasing
excitation voltages to include the negative electrostatic spring
effect. To only show the increase in mechanical sensitivity, each
TF is normalized with the additional electrical gain (~ A2)
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Figure 11: The measured and expected (designed) normalized mechanical am-
plitude transfer function.
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Figure 12: The normalized mechanical amplitude transfer function for an in-
creasing voltage over the sense capacitors (corresponding to stronger negative
springs). The corresponding voltage over the sense capacitors Vemb rms i an-
notated for each curve.

and the result is shown in Fig. 12. The corresponding root-
mean-square (rms) value of the voltage over the sense capaci-
tors (Vempp) is also given in the figure. We see that increasing
~ AZ indeed leads to an increased mechanical sensitivity as
predicted by Eq. (2) and (5). However, the voltage over the
sense capacitors can not exceed the pull-in voltage. The mea-
sured pull-in voltage for this die is 3862 mV (this is approxi-
mately 200 mV higher than the expected value (Table 1). The
closer Vemp, gets to this pull-in voltage, the higher the corre-
sponding mechanical gain increment will be.

Fig. 12 also shows that f decreases as V ng, increases. This
is also expected as f; is proportional to Vkpe/m. Addition-
ally, also the Q-factor of the mechanical transfer function de-
creases for increasing Vim, as it is equal to vVm - kyet/b. As
Vemfo increases, the capacitor gap decreases and as result also
the film squeeze damping increases which will further reduce
the Q-factor.

The next measurements are performed on the closed loop
force-feedback operation of the complete accelerometer sys-
tem. First, the accelerometer is tested by turning it around in the
gravitation field. The resulting output voltage (V) is shown in
Fig. 13. This shows that the input range is at least +1 g and
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Figure 13: The output voltage vs the applied acceleration for the closed loop
force-feedback operation of the complete accelerometer system.

the output has a conversion ratio of 2.25V/g. This is close to
the expected value of 1.8 V/g given by equation (10) (25 % in-
crease). The non-linearity of the curve is +0.7 %. This is within
the specifications of the ADC used to digitize V.

Fig. 14 shows the measured output spectrum for a set of
Aex (2, 4 and 6 V) when no acceleration is acting upon the ac-
celerometer (the corresponding Vs, rms are shown in the leg-
end). This measurement is done by filtering V¢ with a 3" order
Butterworth lowpass filter (7.5 kHz bandwidth) and sampling
the result at 100 kHz. The measured voltage is then converted
into a g unit. As expected, the residual noise is reduced when
the excitation voltage is increased due to the increase in elec-
trical as well as mechanical gain. Small peaks around the me-
chanical resonance frequency (+3.9 kHz) are visible. For higher
excitation voltages, this peak again moves toward lower fre-
quencies, as was already highlighted when discussing Fig. 12.
The spectrum also shows that a bandwidth of at least 200 Hz
is reached for the different excitation voltages. This bandwidth
can be further extended, as noted in Section 3.4, by using a
more complex loop filter with improved frequency compensa-
tion to limit the influence of the mechanical transfer on the sta-
bility. For higher excitation voltages, a residual error tone at
50 Hz becomes visible.

Fig. 15 shows the residual noise floor in [ug/ VHz] versus
the voltage over the sense capacitors (Ve rms), measured on
two MEMS dies. The measured noise density is almost com-
pletely the same for both dies. For lower voltages, the electri-
cal noise of the readout circuit is clearly dominant. At higher
voltages, a minimum noise floor of 4.1 ug/ VHz is reached at
Vemy = 3780mV (Aex = 6125mV). This is between the ex-
pected values of 3.2 ug/ VHz (zero position) and 4.25 ug/ VHz
(pull-in point). From this we can conclude that the measured
noise floor corresponds to the mechanical noise floor.

With this, an important element has been demonstrated
through the PCB-prototype: the dual-mass accelerometer with
increased sensitivity leads to a much smaller input-referred con-
tribution of the electrical noise. This element is quite favorable
for applying these methods in an integrated circuit implementa-
tion. Such an integrated implementation could be based on cir-
cuits presented in [13], because the core of the readout circuits
of the PCB-prototype largely emulates the same functionality
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Figure 14: The measured output power spectrum for different excitation volt-
ages (semi-overlapping 64K-points Hanning window over 1M sample points).

(see Section 3.2). It is then clear that the relaxed noise require-
ments on the readout circuits are expected to be quite beneficial
for reducing the power consumption of these circuits. How-
ever, this element cannot be verified experimentally with the
current PCB-prototype which is based on off-the-shelf compo-
nents with +15V supply.

Recently published state of the art capacitive readout ac-
celerometers show an accuracy that goes below ug-resolution
[4, 15, 23]. These accelerometers are made with more advanced
MEMS processes which allows them to increase the proof
mass and sense capacitors. This leads to increased mechanical
sensitivity and a substantially lowered mechanical noise floor.
The process used for this prototype is a commercially avail-
able surface-micromachined process with modest characteris-
tics and consequently only a modest mechanical noise floor.
However, the new dual-mass accelerometer system can also be
implemented with these more advanced processes. Moreover,
the increased mechanical and electrical sensitivity is an efficient
way to reduce the influence of the electronic readout noise and
attain the lowered mechanical noise floor limit for the overall
accelerometer.

5. Conclusion

A new dual-mass accelerometer system is presented. Read-
out through the parallel-plate sense capacitors allows operation
near pull-in, which increases the electrical and mechanical sen-
sitivity. A readout circuit is presented which combines charge
controlled common-mode stabilization with a differential-mode
operated in voltage control. This results in a negative spring ef-
fect to compensate the mechanical spring while also reducing
the sense capacitor gap. As a proof of concept, the new me-
chanical structure was fabricated and the electronic readout was
implemented on a PCB. This prototype shows the feasibility of
the new accelerometer concept, as well as it’s best assets which
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Figure 15: The measured noise spectral density for an increasing voltage over
the sense capacitors (Vemgb)-

are an increased mechanical and electrical sensitivity. Mea-
surements on this prototype show it achieves an accuracy of
4.1 ug/ VHz over an input range of at least +1 g and has a non-
optimized bandwidth of 200 Hz.
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