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Abstract

This paper reports a design concept for MEMS gyro-
scopes based on increasing the degrees-of-freedom of
the oscillatory system by the use of tw o independertly
oscillating interconnected proof masses. The 4-DOF
dynamical system eliminates the necessit y for mode-
matching due to its wide operation frequency range, and
reduces the damping sensitivit yproblem by operating
aw ay from resonance Thus, inherent disturbance rejec-
tion is achieved, providing reduced sensitivity to struc-
tural and thermal parameter fluctuations. The basic
operational principles of the design concept were exper-
imentally demonstrated, including the wide operation
frequency band, and dynamic amplification providing
high oscillation amplitudes without resonance.
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INTRODUCTION

Even though there is an extensive variety of microma-
chined gyroscopelesigns and operation principles, al-
most all of the reported micromachined gyroscopes use
vibrating mechanical elements to sense rotation [1]. Vi-
bratory gyroscopes are based on the transfer of energy
between two vibration modes of a structure caused by
Coriolis acceleration, which is induced in the presence
of an input rotation rate.

The conventional micromachined rate gyroscopes op-
erate on the vibratory principle of a 2-DOF system
with a single proof mass, which is sustained in reso-
nance in drive direction, and excited by the rotation-
induced Coriolis force in the sense direction (Fig. 2a).
When the mass is driven along z-axis at the drive fre-
quency wg with a constant amplitude sinusoidal drive
force F; = F,sinwgt, the equations of motion are:

mz + ¢, & + kyx = F,sinwgt + 2m.y

mi + cyy + kyy = —2mQ (1)
assuming the angular rate input (2, is constant, and Q2
is negligibly small. The 2-DOF dynamical system will
ha vetw odistinct resonant frequencies: w, = +/k,/m

in the drive direction, and w, = y/k,/m in the sense
direction.
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Figure 1. Scanning Electron Microscope photograph of a pro-
totype 4-DOF gyroscope.

In an ideal gyroscope, the rotation-induced Coriolis force
F, = 2mQ.&, which is proportional to the drive direc-
tion oscillation amplitude, is the only driving force in
the sense direction. If wy = w,, then system is nes-
onance in the drive direction, and a high sense direc-
tion amplitude is achieved due to the increased Coriolis
force F;. If wq = wy, then system is in resonance in the
sense direction, providing high sense direction ampli-
tudes. Thus, when w, # wy, the frequency response of
the 2-DOF system has tw o resonan peaks, one at w,,
and another at w,. When the drive and sense resonant
frequencies are matched, i.e., w, = wy, the frequency
response of the 2-DOF system has one combined reso-
nant peak, which will pro videa much larger response
amplitude due to coinciding drive and sense resonance
peaks (Fig. 2b). Thus, drive and sense resonant fre-
quencies are typically designed and electronically tuned
to match, and the device is controlled to operate at or
near the peak of the resonance curve.

How ev er, this resonance dependeh approach results in
a response with narro whandwidth, and consequently,
high sensitivity to variations in system parameters. The
requirement to keep the drive and sense resonance fre-
quencies matched in a very narrow frequency band in
the presence of perturbations is the major factor limit-
ing the robustness of the conven tional gyroscopes. Un-
der high quality factor conditions the gain is high, how-
ever, the bandwidth is extremely narrow. In addition,
the gain is affected significantly b y fluctuations in damp-
ing conditions.
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Figure 2. (a) A conceptual MEM S implementation of a con-
ventional single-mass rate gyroscope. (b) The response of the
overall 2-DOF system with varying drive and sense stiffness
mismatch. The highest response correspondsto the case where
the drive and sense modes are matched, and the response am-
plitude diminishes as the mismatch increases.

Fabrication imperfections are also inevitable, and both
the geometry and the material properties of MEMS de-
vices are affected by etching processes, deposition con-
ditions, and residual stresses. Our experimental results
demonstrated possible deviations of over 20% from the
designed system parameters due to these effects. Com-
pensation for the disturbances as a result of fabrica-
tion imperfections and temperature variations require
sophisticated control architectures.

Micromachined gyroscopes could potentially provide ac-
curate rotation measurements leading to a wide range
of applications including navigation and guidance sys-
tems, automotive safety systems, and consumer elec-
tronics. However, truly low-cost and high-performance
devices are not on the market yet, and the current state
of the art micromachined gyroscopes require orders of
magnitude improvement in performance, stability, and
robustness due to the discussed limitations. In this pa-
per, a design concept that provides increased robustness
and stability is presented, and system dynamics and
control issues are discussed. Details on the fabricated
prototypes are followed by the preliminary experimen-
tal results verifying the feasibility of implementation of
the design concept.
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THE 4-DOF SYSTEM APPROACH

To eliminate the limitations of the conventional micro-
machined gyroscopes, we propose a design concept that
suggests the use of an oscillatory system with increased
parametric space, providing a more favorable frequency
response. The proposed design concept is based on in-
creasing the degrees-of-freedom of the oscillatory sys-
tem by the use of two independently oscillating inter-
connected proof masses (Fig. 1 and Fig. 3a). With
the 4-DOF system, inherent disturbance rejection is
achieved due to the wide operation frequency range of
the dynamic system, providing reduced sensitivity to
structural and thermal parameter fluctuations. By re-
quiring less demanding active control strategies for op-
eration under presence of perturbations, complexity of
the control electronics can be shifted to dynamical sys-
tem complexity. Thus, the approach is expected to pro-
vide low-cost solutions to applications with large fluc-
tuations in operation conditions.

il
aifaunatratah
e as ubstrate \

. x- Drive
\_ direction

—
__Active
__——Mass Tuning
==

Passive
Mass Tuning

Sense Capacitors :
)\ Comb-Drives " Passive Mass
@ :

o
(a)

Response Gain vs Forcing Freq

T
E‘E Operating
& Region
H /
05
1 2 34
, L

85 10
Forcing Freq [kHz]

(b)

Figure 3. (2) A MEMS implementation of the 4-DOF design
concept. The active mass is electrostatically driven to achieve
mechanical amplification by the passive mass, and the Coriolis
response of the passive mass in the sense direction is detected.
(b) Response of the dual-mass system has the flat operating
region between the two resonance peaks.




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. The suspension system renders both of the proof
masses free to oscillate in the drive and sense directions.
The first mass is forced to oscillate in the drive direc-
tion, and this forced oscillation is amplified by the sec-
ond mass. The response of the second mass to the Cori-
olis force in the orthogonal direction is sensed. With
appropriate selection of dynamical system parameters,
a Coriolis response with two resonant peaks, and a flat
region between peaks can be obtained. Nominal oper-
ation of the device is in the flat region of the response,
where the gain is relatively insensitive to parameter
fluctuations (Fig. 3b). In this flat region, a 1% varia-
tion in natural frequencies of the system results in only
0.8% error in the output signal, which is less than 4%
of the error experienced with a conventional design un-
der similar operating conditions [9]. Thus, the device
can be operated in a much wider frequency band with
insignificant change in the gain, in the presence of per-
turbations. Moreover, since the proposed device utilizes
dynamic amplification of mechanical motion instead of
in-resonance operation, the response is insensitive to
damping changes in the operation region [12].

Since the approach overcomes the mode-matching and
damping sensitivity problems of the resonance-dependent
gyroscopes by operating in the flat region, over 50% of
the gain is sacrificed for robustness. However, by uti-
lizing dynamic amplification to achieve high oscillation
amplitudes without resonance, gains within measurable
limits are obtained. For example, over 0.1um oscilla-
tion amplitudes in the sense mode are possible for a
1deg/sec rotation input, depending on design and fab-
rication parameters, and operation conditions.

4-DOF SYSTEM DYNAMICS,AND CONTROL
CHALLENGES

When the active and passive masses (Fig. 3a), which
are subject to an angular rate of €2, about the axis nor-
mal to the plane of operation (z-axis), are observed in
the non-inertial rotating gyroscope frame, the equations
of motion for the two-mass system along the z-axis and
y-axis become [12]:
M1F] + 1.7 + k1o T1 = ko (T2 — 1) + mi Q22 +
sz(l'é - 1:1) —2mi Q. y1 — mi ey + Fd(t)
Mady + Cop (X2 — @'1) + kog (22 — 1) =
ma 2y — 2moyjo — maQ.ys
miyi + ciyli + kgt = koy(y2 — 1) +
Cay (o — 41) + M1 QL2y1 + 2mi Q.71 + miQ.ay
mays + C2y (Yo — Y1) + K2y (Y2 —41) =
mzﬂzyz + 2mgﬂza:'2 + mzﬂ'zfﬂz. (2)
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where Fy(t) is the driving electrostatic force applied to
the active mass at the driving frequency wy, and €, is
the angular velocity applied to the gyroscope about the
z-axis.

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 amplitude
oscillation for the second mass with the required driving
frequency.

Moreover, micromachined gyroscopes are sensitive not
only to the measured angular rate, but also to fabrica-
tion imperfections and undesirable excitations. Fabrica-
tion imperfections introduce perturbations and anisoe-
lasticities to the dynamical system, limiting the sensor
performance. Thus, the other major task of the control
system is to compensate for these imperfections.

Control of Oscillationsin Drive Mode

The Coriolis force which excites the second mass in
the sense direction is described by Foorioris = 2meQas.
Since the Coriolis force is proportional to the linear ve-
locity of the second mass, it is also proportional to the
oscillation amplitude. Thus, it is vital for the drive con-
trol electronics to keep a constant known drive-direction
oscillation amplitude of the second mass for accurate
angular rate measurement.
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Figure 4. Closed-loop driving scheme of dual-mass gyroscope.

To provide the feedback signal for achieving the de-
sired oscillation amplitude, comb structures have to be
built on the second mass (Figure 4). By incorporating a



trans-resistance amplifier into the control loop, the dis-
placement current generated by the oscillating second
mass is converted to an output voltage. This output
voltage Vs is then compared to a reference voltage Vg,
which determines 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
Vo, capacitance change due to deflection %, deflection
sensing bias voltage Vip, and the amplitude of oscilla-
tion X, as:

oC

Iy = V1o - XoWdrive Sin(wdrivet)

oz Ox (3)
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:

oC
(t) =V

Vs = Vg + RV %szdm}e sin(warivet) (4)

where R is the trans-resistance amplifier gain. The gain
R is adjusted in conjunction with the reference voltage
Vg. The obtained error signal e = Vg — V, is then
fed into the controller. By summing the output voltage
of the controller V,,,; and the nominal drive voltage
Viaom, the controlled total drive voltage is obtained to
be fed to the comb-drives. A proportional-integral con-
troller with frequency modulator drives the first mass
with the required voltage amplitude and frequency to
converge the error signal amplitude to zero. The con-
troller receives the clock signal from an oscillator which
will set the driving frequency wg,ive to the operational
frequency.

Compensation of Fabrication | mperfections
Because of slight asymmetries in gyroscope structure
due to random scatter of fabrication imperfections and
residual stresses, the drive and sense axes in the gy-
roscope will not perfectly coincide with the principle
axes of elasticity. Due to lack of perfect alignment of
the intended and the actual principle axes of oscilla-
tion, anisoelasticity in the gyroscope structure occurs,
causing dynamic cross-coupling between the drive and
sense directions. The resulting dynamic cross-coupling
stiffness and damping terms are the major factors that
limit the performance of the gyroscope [14].

For the 4-DOF system, the suspension system consists
of two separate parts, which are the flexures between
the active mass and the substrate, and flexures between
the passive and active masses. The asymmetric imper-
fections can be modeled as an angle of elasticity e; for
substrate-active mass suspension, and e» for the sus-
pension between the active mass and the passive mass
(Fig. 5). These angles will result in cross-coupling
stiffness terms k., and ks.y, and the stiffness terms
Kiea, k2we, K1yy, and koyy deviated from the intended
values.
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Figure 5. Modeling of asymmetric imperfectionsin the 4-DOF
gyroscope. Theasymmetricimperfectionscan bemodeled asan
angle of elasticity €; for substrate-active mass suspension, and
€9 for the suspension between the active mass and the passive
mass .

hig + kiy iz — ki
kige = — ; ul T cos(2e;)
Kiyy = ' ;— vy e Y cos(2e;)
ki — ks
kizy = ———Y sin(2e;) (5)

for i=1 and 2. When the anisoelasticity angles ¢; and
€, are introduced to the system, phase changes are ob-
served most significantly on z;. Thus, anisoelasticity
has the most effect on the trajectory of active mass,
which is not the sensing element of the gyroscope. How-
ever, when critical values of the anisoelasticity angles
€1 and ey are exceeded, the passive mass sense ampli-
tude increases, burying the contained Coriolis signal. It
is also observed that the system is relatively immune
to anisoelasticity in the active mass suspension, while
the mass trajectories and gyroscope response is affected
dramatically with anisoelasticity in the passive mass
suspension (Fig. 6).

Figure 6. Effect of (a) £; variation, and (b) £, variation on
4-DOF system response.

FABRICATION OF A PROTOTYPE

The design concept of a wide-bandwidth micromachined
z-axis gyroscope can be implemented in any standard
surface or bulk micromachining process, with at least
one free-standing structural layer, one sacrificial layer,
and one structural layer for electrical interconnects. The



initial prototype 4-DOF gyroscopes were fabricated in a
two-layer 2 pm surface micromachining process, where
polysilicon is used as the structural material, LPCVD
deposited oxide (PSG) as the sacrificial layer, and sili-
con nitride as electrical isolation between the polysil-
icon and the substrate. The proof masses, and the
suspension system are formed in the second structural
polysilicon layer (Polyl), together with the interdigi-
tated comb-drives structures which are used to drive
the first mass into oscillations in the drive direction,
and the air-gap capacitors which are used to sense the
response of the second mass in the sense direction. The
electrical connections are formed using the first struc-
tural polysilicon layer (Poly0) deposited on the nitride
coating layer [13]. The masses are suspended over the
substrate with a 2um clearance, which is the thickness
of the first sacrificial layer, Oxidel.

Figure 7. Scanning Electron Microscope (SEM) photograph of
(a) the comb-drives, and (b) the air-gap sense capacitors.

The first step of the fabrication process is deposition of a
silicon nitride layer on the silicon substrate as an elec-
trical isolation layer. This is followed directly by the
deposition of Poly0, the first 500 nm thick structural
polysilicon film. Poly0 is then photolithographycally
patterned by photoresist coating, exposing, developing
and reactive ion etching. A 2.0 wm phosphosilicate
glass (PSG) sacrificial layer, Oxidel, is then deposited
by LPCVD. This PSG sacrificial layer is removed at
the end of the process to free the first mechanical layer
of polysilicon. The sacrificial layer is lithographically
patterned with the dimples mask and the dimples are
transferred into the sacrificial PSG layer by RIE. The
wafers are then patterned with the third mask layer,
the anchor mask, and reactive ion etched, providing an-
chor holes that are filled by the second polysilicon layer
(Polyl). After etching anchors, the second structural
layer of polysilicon is deposited. This structural layer
has a thickness of 2.0 um, and the moving structures
including the proof mass, suspension system and the
capacitors are lithographically formed in this layer. Fi-
nally, the wafer is diced, and the structures are released
in HF solution [13].
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PRELIMINARY EXPERIMENTAL VERIFI-
CATION OF THE DESIGN CONCEPT

The dominant Coriolis force exciting the system in the
sense direction,

Fooriotis = 2maQas = 2myQwax 2o,

(6)

is proportional to the oscillation amplitude of the pas-
sive mass in the drive direction, zs,. Thus, to assure
an accurate angular rate measurement, it is crucial that
the sensing element of the gyroscope is sustained in a
constant amplitude oscillation in the drive direction.
Preliminary experiments conducted on prototype dual-
mass gyroscopes indicated a driving frequency range of
over 2 kHz within where the drive direction oscillation
amplitude varies by 10% (Fig. 8). A conventional gyro-
scope design with similar geometry exhibited less than
200 Hz driving frequency range for 10% gain variation
under same operating conditions, which is over 1.8 kHz
less than dual-mass design operation range, verifying
the drastically improved robustness of the dual-mass
design.
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Figure 8. Experimental verification of the wide constant-

amplitude operation frequency band. 4-DOF system provides
a constant-amplitude oscillation frequency band over 10 times
larger than conventional gyroscopesunder same oper ation con-
ditions.

The prototype gyroscopes also successfully demonstrated
the mechanical amplification of the active mass oscilla-
tion by the passive mass, which is the sensing element
of the gyroscope. The drive direction oscillation am-
plitude of the passive mass, which is one of the ma-
jor parameters determining gyroscope performance, was
demonstrated to be over 15 times larger than the active
mass under atmospheric pressure (Fig. 9). At the an-
tiresonance frequency, the active mass drive amplitude
(A; in Fig. 9) was observed to be less than 0.1um,
while the passive mass amplitude (A4, in Fig. 9) reached
1.4pum. This provides large drive-direction oscillation
amplitudes of the sensing element, and thus, high Cori-
olis forces without the necessity of drive-direction reso-
nance.



Figure 9. Demonstration of mechanical amplification in drive
direction. Theoscillation blur of the passive massishighlighted
on the left. At the antiresonance frequency, the passive mass
amplitudeisover an order of magnitude larger than the active
mass amplitude.

CONCLUSION

In this paper, a 4-DOF micromachined vibratory rate
gyroscope design concept was presented, which addresses
the limitations of the conventional micromachined gy-
roscope due to in-resonance operation. The proposed
design concept suggests the use of two coupled inde-
pendently vibrating proof masses to form a 4-DOF dy-
namical system, which has a Coriolis response with two
resonance peaks, and a flat operation region between
the peaks.

Computer modeling and experimental results indicated
over 10 times increase in the operation frequency band
of the system as compared to the conventional gyro-
scopes, due to the flat operating region. Thus, signif-
icantly reduced sensitivity of the gyroscope to struc-
tural and thermal parameter fluctuations and damp-
ing is achieved by eliminating mode-matching require-
ments. Moreover, the drawbacks of the resonance de-
pendent approach are eliminated by utilizing dynami-
cal amplification instead of resonance to provide large
oscillation amplitudes. The prototype gyroscopes suc-
cessfully demonstrated over 15 times amplification of
oscillation under atmospheric pressure.

By utilizing the disturbance-rejection capability of the
inertial system, improved robustness is achieved with-
out further sophistication in control electronics. Even
though the approach results in over 50% sacrifice in
the gain for robustness, the observed gain is in measur-
able limits. Achieving improved robustness passively
by the proposed design is expected to relax strict fabri-
cation tolerances and packaging requirements, reducing
production cost of micromachined gyroscopes without
compromise in performance.
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