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Abstract

This paper reports a novel concept for designing wide-
bandwidth micromachined gyroscopes with improved
robustness. The approach suggests the use of two in-
dependently oscillating interconnected proof masses to
form a 4-DOF dynamical system, and thus increasing
the design parameter space of the inertial system. The
concept is implemented using MEMS technology. Com-
puter modeling of the proposed design indicates over 15
times increase in the bandwidth of the system as com-
pared to the conventional gyroscopes. In addition, sig-
nificantly reduced sensitivity of the gyroscope to struc-
tural and thermal parameter fluctuations and damping
is demonstrated. By utilizing the disturbance-rejection
capability of the inertial system, improved robustness is
achieved without sophistication in control electronics.
All these advantages of the proposed design might re-
lax strict fabrication tolerances and packaging require-
ments, reducing production cost of micromachined gy-
TOSCOpes.

1 Introduction

With the advances in micromachining technologies, low
cost inertial micro-sensors on-a-chip are beginning to
enter the market. Derived from the conventional Inte-
grated Circuit (IC) fabrication technologies, microma-
chining processes allow mass-production of microstruc-
tures with moving parts on a chip controlled by elec-
tronics integrated on the same chip. Optimistic pro-
jections predict that in a near future, expensive and
bulky conventional inertial sensors will be replaced by
their low-cost and micro-sized counterparts without
any compromise in performance. Micromachined gyro-
scopes could potentially provide high accuracy rotation
measurements leading to a wide range of applications
including navigation and guidance systems, automotive
safety systems, and consumer electronics. Gyroscopes
are probably the most challenging type of transducers
ever attempted to be designed using MEMS technology.
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Figure 1: Illustration of the proposed micromachined gy-
roscope with control and sense electronics.

Truly low-cost and high-performance devices are not
on the market yet, and the current state of the art mi-
cromachined gyroscopes require an order of magnitude
improvement in performance, stability, and robustness.

All existing micromachined rate gyroscopes operate on
the vibratory principle of a single proof mass suspended
by flexures anchored to the substrate. The flexures
serve as the flexible suspension between the proof mass
and the substrate, making the mass free to oscillate in
two orthogonal directions (Fig. 2a): the drive (x-axis)
and the sense (y-axis) [1]. The proof mass is driven
into resonance in the x-direction, and in the presence
of an angular rotation, the Coriolis force proportional
to the input angular rate is induced in the y-direction.
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To achieve the maximum possible gain, the conven-
tional gyroscopes are designed to operate at the peak
of the response curve. This is typically achieved by
matching drive and sense resonant frequencies (Fig.
2¢). In result, the system is very sensitive to varia-
tions in system parameters causing a shift in the res-
onant frequency. Under high quality factor conditions
the gain is high, however the bandwidth is extremely
narrow. For example, a 1% fluctuation in frequency
matching between drive and sense modes will produce
an error of 20% in the output signal gain [3]. In ad-
dition, the gain is affected significantly by fluctuations
in damping (Fig. 2c). Generally, very sophisticated
control electronics is used to provide operation in the
region of the resonance peak [4].
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Figure 2: (a) Conceptual design of a conventional micro-
machined rate gyroscope. (b) The dynamical
system has 2 degrees-of-freedom. (c) The re-
sponse is sensitive to fluctuations in damping
and drive frequency variations.

To eliminate the limitations of the existing microma-
chined gyroscopes, a design approach that suggests the
use of two independently vibrating proof masses to
form a 4-DOF dynamical system is presented in this

paper.

2 Design Approach and Principle of Operation

In contrast to the conventional micromachined gyro-
scopes, the proposed design approach utilizes two vi-
brating proof masses suspended above the substrate,
which form a 4 degrees-of-freedom (DOF) dynamic sys-
tem (Fig. 4). The gyroscope has two orthogonal princi-
ple axes of oscillation: the drive direction (x axis in Fig-

ure 3) and the sense direction (y axis in Figure 3). The
suspension system renders both of the proof masses free
to oscillate in the drive and sense directions.

Figure 3: Lumped 4-DOF mass-spring-damper model of
the dual-mass gyroscope.

The first mass (m; in Figure 3) is electrostatically
forced to oscillate in the drive direction, and this forced
oscillation is amplified by the second mass (mg in Fig-
ure 3). The response of the second mass in the or-
thogonal sense direction is monitored. The resulting 4-
DOF dynamic system has a more favorable frequency
response, and can operate in a wider frequency band
with insignificant change in the gain. Furthermore, the
increased number of degrees-of-freedom results in an
increased design parameter space, which allows the dy-
namic response of the gyroscope to be shaped as needed
with much less compromise in performance. An imple-
mentation of the conceptual design, Fig. 3, is illus-
trated in Fig. 4 (see details in [5]).
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Figure 4: Schematic illustration of a MEMS implementa-
tion of the dual-mass z-axis gyroscope.

With appropriate selection of dynamical system param-
eters including the masses and the spring rates, one
can obtain the frequency response illustrated in Fig.5.
There exists three regions of interest on this response
curve: two resonant peaks, regions 1 and 3; and a flat
region between the peaks, region 2. According to the
proposed design approach, the nominal operation of the
gyroscope is in the flat region, where the signal gain is
relatively high, and the sensitivity of the gain to driv-
ing frequency variations is low. Because of the widened
bandwidth, a 1% variation in natural frequencies of the
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system results in only 0.8% error in the output signal,
whereas the same fluctuation will produce an error of
20% in the conventional micromachined gyroscopes [3].
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Figure 5: Response of the dual-mass gyroscope in the flat
operation region is insensitive to resonant fre-
quency fluctuations and has over 15 times wider
bandwidth than in conventional gyroscopes.

3 Dynamics of the Gyroscope

The dynamics of the gyroscope should be considered
in the non-inertial frame. When the active and passive
masses are observed in the rotating gyroscope frame,
additional inertial forces appear acting on both masses.
The equations of motion for the two-mass system can
be expressed as:

midl = Fo_1 + Fe_1 — 2my) X 9] — m1Q X (Q X T—i)

Moy = Fi_o + Fs_5 — 2maf) X 03 — mof) X (Q X ’I‘_é)

where 71 and 73 are the position vectors, 17 and v3 are
the velocity vectors of the masses defined in the gyro-
scope frame, F;_l and Fl_‘_2 are the coupling spring and
damping forces between the masses proportional to the
relative position and velocity. F;_l, and Fs:2 are the
active mass - substrate, and passive mass - substrate
forces, respectively. The term 2ms} X 93, the Coriolis
force, is of special interest since the operation of the
gyroscope depends on excitation of system in the sense
direction by this force. Since both masses are subject to
an angular rate, {2,, about the axis normal to the plane
of operation (z-axis), the equations of motion along the
x-axis and y-axis become:

M1 + e15%1 + K121 = koo (T2 — 1) + oo (T2 — 71) +
m1 %z — 2my Qs + myQyr + Fa(t)

M@y + C20 (%2 ~ L1) + koo (T2 — 1) =
TIL2Q2:E2 — 2mo Qs + Moy

miyi + eyl + by = )
Eay (y2 —y1) + c2y (Y2 — 1) +ma Q2y1 +2my Q) +my Qg

S e 4

Figure 6: Representation of the gyroscope dynamics rel-
ative to the rotating gyroscope frame.

maya + coy (Y2 — Y1) + koy(y2 —y1) =
m292y2 + 2maeQZs + moQlzs.

where Fy(t) is the driving electrostatic force applied to
the active mass, and Q is the angular velocity applied
to the gyroscope about the z-axis.

The overall dynamic model can be reduced having the
active mass driven into forced oscillation in drive direc-
tion by Fy(¢) with a constant amplitude z, and a fre-
quency wy. Assuming the oscillation of the first mass
in the drive direction is set by the control system to be

1 = x,c08(wqt),

the system reduces to three degrees-of-freedom. The
equations of motion of the reduced system become [3}:

Y1 + 2wy + 2uwn€ (4 — Y2) + (Wn ~ Vy1 +
Wioy (Y1 — y2) = —2Quwaz,sinwat + Qxocoswat

By — Q2ya) + 2uwné(yo — y1) — 28022 — Bui,zs +
waoi(yz — 1) =0

B(w2 —Qz$2)+2ﬂ9y'2+ﬁﬂy2+w%azwz = wiazwacoswdt

where 8 = mao/mi, o1 = koy/kiy, 02 = kog/kis,
p o= czfer, &€ = e /(2mywy), and w, is the natural
frequency in the sense direction. Proper selection of
system parameters will result in the frequency response
illustrated in Fig. 5.

4 Control System Issues

Since the Coriolis response of the second mass in the
sense direction is directly correlated with the drive os-
cillation amplitude, it is crucial that the second mass
is driven into forced oscillation in drive direction with
a known constant amplitude. Thus, the primary task
of the control electronics is to assure constant ampli-
tude oscillation for the second mass with the required
driving frequency.

Moreover, an ideal gyroscope should be sensitive to
only the input angular rate. However, in practice, mi-
cromachined gyroscopes are sensitive not only to the
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measured angular rate, but also to fabrication imper-
fections and undesirable excitations. Thus, the other
major task of the control system is to compensate for
these imperfections.

In the conventional gyroscope design approaches, so-
phisticated control strategies are required to set the
oscillation amplitude to a constant desired value, and
at the same time to adjust the driving frequency pro-
viding the maximum gain. However, since the proposed
design is less sensitive to driving frequency and system
parameter variations, less demanding control strategies
are demonstrated to provide proper operation.

4.1 Control of Oscillations in Drive Mode

The Coriolis force which excites the second mass in the
sense direction is described by Feoriois = 2maQzs.
Since the Coriolis force is proportional to the linear ve-
locity of the second mass, it is also proportional to the
oscillation amplitude. To assure an accurate angular
rate measurement, the drive mode oscillation ampli-
tude of the second mass should be kept constant by
the drive electronics. This can be achieved either with
an open-loop control or with a closed-loop control.

4.1.1 Open-Loop Control: The simplest ap-
proach for controlling the drive-mode oscillations is the
open-loop control. The gyroscope is simply a 2-DOF
system in the drive mode. The drive force is applied
to the first mass by the comb drive structures (Fig-
ure 7b). Approximating the gyroscope by a lumped
mass-spring-damper model (Figure 7a), the equations
of motion in the drive direction can be expressed as

m1&1 + C1Z1 + klwzl = k2z($2 - £L‘1) + Fdrive
Maly + C2z T2 + kogTo = Koy T1.

x- Drive
k Direction K

Figure 7: (a) Drive mode lumped mass-spring-damper
model of a dual-mass gyroscope. (b) Open-loop
driving scheme of the dual-mass gyroscope.

Employing balanced comb-drive strategy (Figure 7b)

to drive the system with a frequency of wgrive, @ net
force linear to the amplitude of the alternating voltage
vac = |vac|sin(wgrivet) and the DC bias voltage Vpo
can be achieved. When a voltage of Vi = Vpe + vac
is applied to one set of comb drives, and a voltage of
Vo = Vpo — vac is applied to the other set, the net
electrostatic force can be approximated as:

N
F =4822 Vpovac,

©Open-Loop Drive of Dual-Mass Gyroscope
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Figure 8: Oscillation amplitudes of the active and passive
masses depending on applied voltages.

where N is the number of comb-drive fingers, 2 is the
finger thickness, and yo is the finger separation. This
driving scheme can be realized using the setup illus-
trated in Figure 9. Results of the computer modeling
of the 2-DOF dynamic system with this force profile
indicate that 1 wm oscillation amplitude of the second
mass is achieved with 5V AC and about 22V DC bias
voltage (Figure 8).
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Figure 9: Experimental setup for open-loop driving.

4.1.2 Closed-Loop Control: Since it is vital
to have a known drive-direction oscillation amplitude
of the second mass for accurate rate measurement, the
error in the oscillation amplitude should be minimized.
When the gyroscope is driven using an open-loop con-
trol, any change in system parameters will cause errors
in the oscillation amplitude, leading to erroneous rate
measurement. Thus, it is necessary to have feedback
control to achieve the desired oscillation amplitude.

To provide the feedback signal for the control system,
comb structures have to be built on the second mass
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(Figure 10). If a trans-resistance amplifier is incorpo-
rated into the control loop, the displacement current
generated by the oscillating second mass will be con-
verted to an output voltage. This output voltage V; is
then compared to a reference voltage Vg, which deter-
mines the desired oscillation amplitude.

The current due to capacitance change in the comb
drives with the motion of the second mass can be ex-
pressed in terms of linear velocity of the second mass
vs, capacitance change due to deflection %%, deflection
sense bias voltage Vg, and amplitude of oscillation X5

as:

C .
Is = Vrsb%’& (t) = V:sb %_wX2wdrive Sln(wdrivet)

With this current input, the output voltage from the
trans-resistance amplifier, which will be compared to
the reference input to get the error signal, is:

Vs = Vg + RV %X2Wdrive Sin(wdrivet);

where R is the trans-resistance amplifier gain. The gain
R can be adjusted in conjunction with the reference
voltage Vg.

Reference VyHacl 2
amplitude VR

Signal

ISI'

Amplifies

Figure 10: Closed-loop driving scheme of dual-mass gy-
roscope.

Once the error signal e = Vg — V; is obtained, it is
fed into the controller. By summing the output volt-
age of the controller V;opn; and the nominal drive volt-
age Vuom, the controlled total drive voltage will be ob-
tained to be fed to the comb-drives. A proportional-
integral controller with frequency modulator will drive
the first mass with the required voltage amplitude and
frequency to converge the error signal amplitude to
zero. The controller should get the clock signal from
an oscillator which will set the driving frequency wgrive
to the operational frequency.

When a system with 20% perturbation in the spring
constants is simulated incorporating the proposed feed-
back controller, only 0.05um deviation is observed from
the nominal drive oscillation amplitude of 1ym. The
same perturbation in the open-loop controlled system
results in 0.28um deviation (Fig. 11).
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Figure 11: Closed-loop driving scheme of dual-mass gy-
roscope.

4.2 Compensation of Fabrication Imperfections
An ideal gyroscope should be sensitive only to the in-
put angular rate. However, in practice, micromachined
vibratory gyroscopes are sensitive not only to the mea-
sured angular rate, but also to fabrication imperfec-
tions. Due to lack of perfect alignment of the intended
and the actual principle axes of oscillation, anisoelas-
ticity in the gyroscope structure occurs, causing dy-
namic cross-coupling between the drive and sense direc-
tions. The resulting dynamic cross-coupling stiffness
and damping terms are the major factors that limit
the performance of the gyroscope. Thus, the control
system should eliminate the effects of the fabrication
imperfections, and render the gyroscope sensitive only
to the input angular rate.

5 Noise Analysis in Sensing

Micromachined Dual-Mass Gyroscope is basically a me-
chanical transducer which converts the input rotation
rate to sense-direction oscillation. The deflection of
the second mass due to the Coriolis force is converted
into capacitance change by the sense capacitors. This
capacitive signal should be converted into an output
voltage signal with enough amplitude. The basic task
of the sense electronics is to provide this conversion.

When the second mass deflects in sense direction, the
finger attached to the mass (Figure 12) approaches fin-
ger A decreasing the capacitance Csy, and moves away
from finger B increasing the capacitance Cs_. The
movement of the finger resulting from the deflection
will translate the displacement to a change in capaci-
tance. The purpose of the sense electronics is to detect
this small capacitance change resulting from the very
small displacements of the second mass, which are

Cs+ ZCS_ :Ns—z-gl.

where N is he total number of sense capacitors, [ is the
length and ¢ is the thickness of the fingers A and B,
and yg is the finger separation.
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Figure 12: The actual differential sense capacitor fingers,
and the circuit model of the capacitors.

5.1 Parasitic Capacitances

In the ideal case, the electrodes A and B in the
comb structure interact with only proof-mass as par-
allel plates. However, the undesirable interaction in
between the electrodes and the substrate introduces
parasitic capacitances. The lumped-parameter model
of the lateral sense-element consisting of sense capaci-
tors (Cs4+ and Cs_), parasitic capacitors (electrode A
- electrode B electrode capacitance Cyp, electrode A -
substrate capacitance Cy;, electrode B - substrate ca-
pacitance Cy,, and proof mass - substrate capacitance
Cpms), and parasitic resistors (R, and Ry, and Ry, ) is
presented in Figure 13.
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Figure 13: Electrical interface of sense electronics with
parasitic capacitances.

5.2 Integrator Implementation

Small changes in capacitance due to Coriolis response
result in a displacement current that flows through the
sense capacitors. This current can be sensed employing
an integrator as a sense amplifier configuration [2]. The
integrator collects the charge on the integrator capaci-
tance Cin; = 2C; and outputs a low impedance voltage
(Figure 14) with a transfer function of

2y 9C,
Vout = @~ Dy Vs.

The integrator circuit introduces electrical noise gen-
erated by the op-amp in sensing. The effect of this
output noise on measured input rotation rate should
be analyzed for estimation of minimum detectable in-
put rotation rate of the gyroscope. Given an input
noise ratio v2,, the overall noise 7; at the output of
the integrator is [6]

5 _ Cr 3 _ Cr (2 2 2
Yo = TV’ n ™ Timt (Vthsusp + Yihine + Va,mp)'
The input noise ratic v2, consists of op-amp input

noise ratio »2,,,, and the thermal noise from the sus-

pension resistance (Vtzhmp = +/4kBT RsyspBW), and
interconnection resistance (v7,, = = VA4kpT RinsBW).
Due to the increase in minimum detectable signal be-
cause of the thermal noise of the resistance introduced

by the interconnections in off-chip sensing, improved
performance is achieved by integrating sensing elec-
tronics on the same chip as the device. Thus, it is
observed that noise in sensing electronics contribute to
the gyroscope performance limitations as much as per-
turbations to be compensated by control electronics.

Cint

Figure 14: The implementation of the integrator for ca-
pacitive sensing {6].

6 Conclusion

In this paper, a novel micromachined vibratory rate gy-
roscope design approach which comprises of a 4-DOF
dynamical system is presented. The control issues of
the MEMS implementation of the design concept are
addressed, and a control strategy for constant ampli-
tude oscillation in the drive mode was developed. The
proposed design is demonstrated to provide inherent
robustness against fabrication variations, and fluctua-
tions in the ambient temperature or pressure during the
operation time of the device; requiring less demand-
ing control strategies for operation under presence of
perturbations. With the new design concept, passive
disturbance-rejection is achieved by the inertial oscilla-
tor system, and it is verified that the complexity of the
control electronics can be shifted to dynamical system
complexity.
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