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Abstract—We report a new family of ultra high-� silicon
microelectromechanical systems (MEMS) tuning fork gyroscopes
demonstrating angular rate and, for the first time, rate integrating
(whole angle) operation. The novel mechanical architecture
maximizes the �-factor and minimizes frequency and damping
mismatches. We demonstrated the vacuum packaged SOI dual
and quadruple mass gyroscopes with �-factors of 0.64 and 0.86
million at 2 kHz operational frequency, respectively. Due to the
stiffness and damping symmetry, the quadruple mass gyroscope
was instrumented to measure the angle of rotation directly,
eliminating the bandwidth and dynamic range limitations of
conventional MEMS vibratory rate gyroscopes. The technology
may enable silicon micromachined devices for inertial guidance
applications previously limited to precision-machined quartz
hemispherical resonator gyroscopes.

Index Terms—Energy dissipation, microelectromechanical sys-
tems (MEMS) gyroscope, quality factor, rate integrating, vacuum
packaging, whole angle.

I. INTRODUCTION

T HE OPERATION of micromachined vibratory gyro-
scopes is based on a transfer of energy between two

modes of vibration caused by the Coriolis effect [1]. Maximiza-
tion of the drive- and sense-mode quality factors ( -factors)
is key to enhancing performance of micromachined vibratory
gyroscopes [2]. Mode-matched silicon tuning fork gyroscopes
with -factors on the order of 100 thousand have been demon-
strated to achieve sub-degree-per-hour bias stability in a 0.1 Hz
measurement bandwidth [3]. However, mode matching of a
high- vibratory gyroscope instrumented for rate measure-
ments in the open loop fundamentally limits the linear range to
below 100 /s and bandwidth to less than 1 Hz (for an opera-
tional frequency below 20 kHz). These constrains are typically
eliminated by operating the rate measuring gyroscope in the
closed loop, or force-rebalance mode [4]. An alternative ap-
proach is to operate a high- mode-matched MEMS gyroscope
in the rate integrating, or whole angle mode [5].
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An ideal angle measuring gyroscope, such as the classical
macroscale Foucault pendulum, is based on a highly isotropic
resonator. The successful realization of a micromachined
implementation requires a mechanical structure with highly
symmetric mode-shapes providing matched frequency and

-factors over a practical temperature range. Since the oper-
ation of an angle measuring gyroscope is based on the free
precession of the inertial mass [1], maximization of the energy
dissipation time constant is also critical. Previously reported
MEMS gyroscopes, however, suffer from mismatches in fre-
quency and damping, and short energy dissipation constants of
less than 1 s (0.1 s typical) making them unfavorable for angle
measuring operation.

An optimal MEMS gyroscope architecture for precision
rate and angle measurements should comprise symmetric
mechanical structure with a combination of high -factors,
high Coriolis coupling, drive- and sense-mode degeneracy,
and frequency tuning capability [6]. These requirements are
typically addressed by using a continuous structure, such as
micromachined disk or ring [6], [7]. Maximization of energy
dissipation time constant for such structures is challenging due
to the inherent coupling between operational frequency and

-factor. An alternative, lumped mass design approach was
first introduced in [8], and later the feasibility of interchange-
able rate and angle measurements was demonstrated in [9].

Recently, the lumped, four quadrant symmetric architecture
was proposed in [10] to address the limitations of the continuous
structures. The proposed family of vacuum packaged, dynam-
ically balanced silicon tuning fork gyroscopes achieving free
vibrations decay time constants on the order of several min-
utes, enables interchangeable operation in rate and whole angle
modes, Fig. 1. Dissipation of energy through the substrate is
minimized by the means of complete antiphase operation facil-
itated by an integrated mechanical lever mechanism [11]. Oper-
ation at low frequencies (on the order of several kHz) decouples
the mechanical resonance and thermal relaxation time constants,
thereby increasing the fundamental thermoelastic -factor limit
above 1 million.

In this paper, we present a more complete account of the
new designs evaluated in [12], as well as experimental char-
acterization of the vacuum sealed quadruple mass gyroscope
with improved structural and rate response characteristics.
Section II introduces new mechanical architectures of the dual
and quadruple mass gyroscopes. In Section III, we discuss the
sensors dynamics and signal conditioning for the interchange-
able rate and whole angle measurements. Fabrication of the
prototypes and their structural, thermal, and rate/angle response
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Fig. 1. Family of ultra-high �-factor silicon MEMS tuning fork gyroscopes
fabricated using a silicon-on-insulator substrate with 100�� thick device layer.
The dimensions of each mass are 2.7 by 2.7 mm. The minimum feature size is
5��. (a) Photograph of a fabricated dual mass gyroscope. The chip dimensions
are approximately 8.6 by 4.4 mm. (b) Photograph of a fabricated quadruple mass
gyroscope. The chip dimensions are 8.6 by 8.6 mm.

characterization are introduced in Section IV, followed by
a discussion, in Section V, on the tradeoff between rate and
whole angle modes of operation. Section VI concludes the
paper with a summary of results.

II. DESIGN CONCEPT

In this section, we describe the mechanical architectures of
the antiphase operated dual and quadruple mass gyroscopes.

A. Dual Mass Gyroscope

The mechanical architecture of the dual mass gyroscope,
Fig. 1(a), comprises two identical symmetrically decoupled
tines [13], a drive-mode antiphase synchronization lever mech-
anism [11], and coupling flexures for the linear antiphase
sense-mode. Each tine is an isotropic resonator consisting

Fig. 2. Dual mass gyroscope operation: levered drive-mode with antiphase syn-
chronization and linear momentum balancing, modeling.

Fig. 3. Dual mass gyroscope operation: linearly coupled antiphase sense-mode
with complete dynamic balance for � maximization, modeling.

of a square proof mass suspended by two drive-mode and
two sense-mode decoupling shuttles. The drive-mode of the
dual mass gyroscope is formed by the two tines forced into
anti-parallel, antiphase motion synchronized by the integrated
mechanical lever system, Fig. 2. The sense-mode of the dual
mass gyroscope is formed by the two linearly coupled tines
moving in antiphase, Fig. 3.

For rate measuring mode of operation, the gyroscope is con-
tinuously driven into antiphase motion using lateral comb elec-
trodes on the drive-mode shuttles. Rotation around the sensitive

axis results in Coriolis excitation of the linear antiphase sense-
mode, which is detected capacitively using differential parallel
plate electrodes on the sense-mode decoupling shuttles. Unlike
conventional tuning fork gyroscopes, this dual mass architecture
prioritizes the quality factor of the sense-mode by mechanical
design. While the intentional mode arrangement maximizes the
angular rate sensitivity, the inherent nonsymmetry of dual mass
gyroscopes limits the ability to match drive- and sense-mode
factors in vacuum, as required for the rate integrating (whole
angle) mode of operation. The symmetry is achieved by ex-
tending the design to the quadruple mass architecture.

B. Quadruple Mass Gyroscope

Similarly to the dual mass device, the mechanical structure of
the quadruple mass gyroscope, Fig. 1(b), comprises four iden-
tical symmetrically decoupled tines, a pair of antiphase synchro-
nization lever mechanisms for both the drive- and the sense-
mode, and linear coupling flexures between the tines. The ar-
chitecture of the quadruple mass gyroscope builds upon the dual
mass design and can be thought of as two levered dual mass gy-
roscopes coupled together with additional linear flexures and
antiphase lever mechanisms. Operation of the quadruple mass
gyroscope is illustrated by the Finite-Element Modeling of the
drive-mode in Fig. 4. Due to symmetry of the device, the drive-
and sense-modes are degenerate and spatially oriented at 90
angle.
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Fig. 4. Quadruple mass gyroscope operation: degenerate, antiphase drive- and
sense-modes provide complete dynamic balance, low dissipation of energy, and
matching of frequency and �-factor by mechanical design.

The quadruple mass gyroscope preserves and expands the
structural advantages of the levered dual mass design. Unlike
conventional tuning fork devices, the levered quadruple mass
architecture provides true mechanical rejection of external vi-
brations and mechanical shocks along both the drive and sense
axes. Structural symmetry of the device suggests improved ro-
bustness to fabrication imperfections and temperature induced
frequency drifts, which are known sources of drifts in high-
vibratory gyroscopes. Most importantly, the quadruple mass de-
sign is expected to enable rate integrating (whole angle) mode of
operation due to its unique combination of low energy dissipa-
tion and isotropy of both the resonant frequency and damping.

III. SENSORS DYNAMICS AND INSTRUMENTATION

In this section, we describe gyroscope dynamics, signal con-
ditioning and control for the angular rate and the rate integrating
(whole angle) modes of operation. For the same mechanical el-
ement, the signal processing differs depending upon the rate or
whole angle mode of operation, Figs. 5 and 6. The dynamic
analysis below assumes that gyroscopes are 2-D isotropic mass-
spring-damper systems with the natural frequency and the
quality factor .

A. Angular Rate Mode

In the conventional angular rate mode of operation, the
axis gyroscope is continuously driven by a force into
a steady-state resonant motion in the drive direction ( axis).
The driving voltages are imposed across the differential lat-
eral comb electrodes of the drive-mode shuttles. The rotation
around the axis induces the motion in the sense direction (
axis), with the amplitude proportional to an input angular rate

. Sense-mode vibrations are detected using differential parallel
plate electrodes of the sense-mode shuttles. For the open-loop
operation (at slow rates), the amplitude of motion is small
compared to amplitude, and the equations of motion are (in-
cluding the centrifugal force):

(1)

Fig. 5. Gyroscope signal conditioning and control for the rate performance
characterization (rate mode of operation).

Fig. 6. Gyroscope signal conditioning and control for the direct angle measure-
ments (whole angle mode of operation).

The input rate is obtained by demodulating the sense-mode
output ( motion) with the reference signal , Fig. 5.
Fig. 7 shows input-output relationship of an open loop gyro-
scope instrumented in rate measuring mode (simulation). Simu-
lation model assumes 2 kHz operational frequency and presence
of the centrifugal force. The response of the gyroscope is linear
for a limited input range, determined by the ratio . The
operation in the whole angle mode is expected to eliminate this
constraint.

B. Whole Angle Mode

The whole angle mode is based upon the classical Foucault
pendulum operation, where the vibration axis is allowed to pre-
cess freely in response to the inertial rotation (including the cen-
trifugal force)

(2)

Unlike the conventional rate measuring mode, where the axis
of vibration is locked to the intended drive direction, the whole
angle mode is based on free vibrations ( ). To initiate free
vibrations, the gyroscope was electrostatically driven into the

-mode antiphase resonant motion using a phase-locked loop,
which was then abruptly turned off, Fig. 6. During rotation, the
free vibrating axis remains fixed in the inertial space, thereby
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Fig. 7. Input–output relationship of an open loop gyroscope instrumented in
rate and whole angle modes. The nonlinearity of the response is observed for
the rate operating mode at large input rotations as opposed to the whole angle
mode, which is linear in the full range.

providing an orientation reference. The precession angle , mea-
sured from the amplitudes of and , motion provides a direct
instantaneous measure of the gyroscope rotation [4]

(3)

The motion of - and -modes (amplitude and phase) is detected
capacitively by synchronous demodulation, and converted to an
angle using a geometric relation . Fig. 7
demonstrates linear response of a 2 kHz resonant gyroscope op-
erated in the whole angle mode (simulation). The fundamen-
tally unlimited input range is enabled by free precession of the
vibrating axis as opposed to constrained operation in the rate
mode.

IV. EXPERIMENTAL CHARACTERIZATION

In this section we experimentally evaluate the dual and
quadruple mass gyroscope designs using in-house fabricated
and vacuum packaged prototypes.

A. Fabrication and Vacuum Packaging

The fabrication of prototypes was done using an in-house,
wafer-level, single-mask process based on silicon-on-insulator
(SOI) substrates with 50 and 100 thick device layer and
a 5 buried oxide layer. A hard mask was defined on the struc-
tural layer by depositing, patterning, and dry etching a 1
thick surface oxide layer. Devices were defined in the highly
doped structural layer by DRIE. Finally, the perforated struc-
tures were released using a timed 20% HF acid bath. A package-
level technology for the robust vacuum sealing of the high-
gyroscopes was implemented to allow experimental characteri-
zation of stand-alone sensors, Fig. 8. The packaging procedure
comprises the eutectic attachment of a gyroscope die to a ce-
ramic package, wirebonding, and eutectic sealing of the device
in a vacuum preceded by activation of the getter de-
posited on the lid [14].

Fig. 8. Photograph of a vacuum packaged gyroscope, showing a gyro die, ce-
ramic DIP-24 package, and custom made glass lid with getter material.

Fig. 9. Measurement of packaged gyroscope �-factors using ring-down tests.
Drive- and sense-mode �-factor is 0.31 and 0.64 million, respectively.

Fig. 10. Measured frequency versus temperature for the vacuum packaged dual
mass gyroscope revealed a linear TCF of ���� � ���� C.

B. Interface Electronics

The devices are experimentally characterized using PCB
electronics connected to the digital signal processing unit,
Figs. 5 and 6. The sensors are mounted on a PCB with
front-end transimpedance amplifiers. All signal processing is
performed in real-time using a FPGA-based lock-in amplifier
from Zurich Instruments. The sensor motion is actuated electro-
statically and detected capacitively using an Electromechanical
Amplitude Modulation (EAM) technique.

C. Dual Mass Gyroscope Characterization

Ring-down characterization of a vacuum packaged dual mass
gyroscope with a 1.7 kHz drive-mode operational frequency
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Fig. 11. Experimental rate characterization of the dual mass gyroscope under
a 7 Hz mismatch between the drive- and sense-mode resonances.

Fig. 12. Analytical modeling of gain-bandwidth characteristic of the dual
mass gyroscope. Sensitivity improvement is ��� �� for 0.1 Hz matching (and
��� �� for 10 mHz).

revealed a measured drive-mode -factor of 0.31 million and
a sense-mode -factor of 0.64 million, Fig. 9. To achieve the
best rate sensitivity, a vacuum packaged gyroscope should be
operated under a close matching between the drive- and the
sense-modes maintained over a practical range. Fig. 10 shows
measured frequency-temperature characteristics of the drive-
and sense-modes, revealing linear TCFs of
and C, respectively. Preliminary open loop rate
characterization of the gyroscope was performed with a 7 Hz
frequency mismatch, Fig. 11. From the gain-bandwidth anal-
ysis in Fig. 12, the rate sensitivity is expected to improve by

for 0.1 Hz mode matching, and by for 0.01 Hz
matching. The dual mass gyroscope experimental results con-
firm the ultra-high design and motivate the investigation of
the completely balanced, symmetric quadruple mass gyroscope.

D. Quadruple Mass Gyroscope Characterization

Structural characterization of a standalone vacuum sealed
quadruple mass gyroscope with 2,170 Hz operational frequency
is shown in Fig. 13. The ring-down measurements revealed

Fig. 13. Measurement of the quadruple mass gyroscope �-factors using ring-
down tests. Both drive- and sense-mode �-factor are close to 0.86 million.

Fig. 14. Measured frequency and� versus temperature for the quadruple mass
gyroscope. Drive and sense have a precisely matched TCF of����� 		
� C.

virtually identical drive- and sense-mode -factor of approx-
imately 0.86 million, yielding an isotropic energy dissipation
time constant in excess of 2 min. The effect of temperature on
the drive- and sense-mode frequency and -factor was char-
acterized using a thermal chamber, Fig. 14. The experiments
revealed a linear dependency of the drive- and sense-mode fre-
quencies on temperature with a closely matched TCF of
and C with an uncertainty of C.
Isotropic -factors above 0.5 million were experimentally
observed for temperatures up to 80 C, Fig. 15. Measure-
ments of -factors demonstrated the dependence ,
characteristic of the thermoelastic dissipation (TED) [15],
which we believe to be the dominant energy loss mechanism
in the vacuum packaged quadruple mass gyroscopes (viscous
damping is eliminated by vacuum packaging, while anchor loss
is minimized by the balanced design).

The quadruple mass gyroscope was characterized in both an-
gular rate and rate integrating (whole angle) modes of operation.
For the angular rate operation, the structure was continuously
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Fig. 15. Measured �-factors of the quadruple mass gyroscope demonstrating
��� dependence for temperatures from 25 to 80 C.�-factors above 0.5 mil-
lion are observed for temperatures up to 80 C.

Fig. 16. Experimental rate characterization of the quadruple mass gyroscope
under a 0.2 Hz mismatch between the drive- and sense-mode resonances.

driven into drive-mode antiphase vibrations using an off-chip
phase locked loop (PLL), while the Coriolis induced response of
the sense-mode was detected to produce a rate output. Rate char-
acterization was performed under a 0.2 Hz frequency mismatch
in the input range of , Fig. 16. Based on the scale-factor
sensitivity analysis presented in Fig. 12, the frequency mismatch
of 0.2 Hz provides improvement in the rate resolution
and ensures robustness to the frequency mismatch variations. In
this mode of operation, the quadruple mass gyroscope demon-
strated to resolve rotations on the order of 15 (approximately
Earth’s rotation rate). The detailed experimental characteriza-
tion of the rate measuring mode revealed a 0.9 bias insta-
bility and a linear range in open-loop operation of the
sense-mode [16].

To experimentally evaluate the rate integrating (whole angle)
operation, the vacuum packaged quadruple mass gyroscope
was first mode-matched to within 20 mHz and initiated into
antiphase drive-mode resonance using an off-chip PLL. Upon
achieving amplitude of several micrometers, all the driving

Fig. 17. Experimental demonstration of the rate integrating (whole angle)
operation using free vibrations of the ultra-high � four mass gyroscope.
(a) Exchange of energy between the two modes in response to 90 rotations.
(b) Angle of rotation measured directly from the proof mass precession.

voltages were switched off to enable free precession of the
ultra-high isotropic resonator. When a rotation is applied, the
orientation of the free vibrations pattern remains fixed in inertial
space, providing a direct measurement of the rotation angle.
The amplitude change of drive- and sense-modes was recorded
in response to a fast rotation, Fig. 17(a). The precession
angle of a vibration axis was calculated in real time from the vi-
bration amplitudes of drive- and sense-modes, and compared to
the angle of input rotation (reference), Fig. 17(b). The detailed
experimental characterization of the mode-matched quadruple
mass device operated in the angle measuring mode confirmed

linear range in a 100 Hz bandwidth with RMS error
of 0.4% FSO [5].

V. DISCUSSION

In this section, we highlight tradeoffs between rate and whole
angle operating modes. The choice of a gyroscope operating
mode depends upon the application requirements. Rate oper-
ating mode provides high precision measurements of slow mo-
tion and low-noise characteristics at the expense of relatively re-
duced bandwidth, range, and scale factor stability. In contrast,
the whole angle mode provides fundamentally unlimited mea-
surement bandwidth and linear input range. The angular gain
factor of an angle gyroscope is also extremely stable and defined
purely by the mechanical structure. However, the angle noise
typically limits the gyroscope resolution [17]. The proposed
family of low-dissipation tuning fork gyroscopes enables inter-
changeable rate and whole angle operation, making one high-
mechanical structure suitable for high precision and wide range
measurements.
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VI. CONCLUSION

We reported a family of silicon MEMS tuning fork gyro-
scopes, demonstrating the interchangeable operation in angular
rate and rate integrating (whole angle) regimes. A vacuum
packaged dual mass SOI gyroscope with a 1.7 kHz operational
frequency demonstrated drive- and sense- mode -factors of
0.3 and 0.6 million, respectively. A completely symmetric, dy-
namically balanced quadruple mass gyroscope with a 2.2 kHz
operational frequency demonstrated virtually identical drive-
and sense-mode factors of 0.9 million. The low-energy
dissipation allows reducing the driving voltages to 1 mV ac
(with 1 V dc polarization), and provides mechanical sensitivity
on the order of 1 ) with a fundamental mechan-
ical-thermal resolution limit on the order of 0.01 [18].
The measured frequency-temperature characteristics of the
gyroscopes are linear with closely matched TCFs, making them
more suitable for electrostatic compensation than quadratic
dependency of high- quartz devices [19]. Unlike most high-
silicon devices, the gyroscopes can also be ovenized [20],
without a significant performance sacrifice since -factors on
the order of 0.5 million are sustained up to 80 C. Due to the
stiffness and damping symmetry, the quadruple mass gyroscope
can be instrumented to measure the angle of rotation directly,
eliminating the bandwidth and dynamic range limitations of
conventional MEMS vibratory rate gyroscopes. The technology
may enable silicon micromachined devices for inertial guidance
applications previously limited to precision-machined quartz
hemispherical resonator gyroscopes.
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