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Abstract— This paper describes a novel high-precision, low-noise,
high-stability, calibrated and compensated digital oscillatory
gyroscope with SPI interface, housed in custom-made ceramic
packages. The device is factory-calibrated and compensated for
temperature effects to provide high-accuracy digital output over
a broad temperature range. Optimized tuning of the excitation
and detection frequencies, as well as optimized mechanical and
electrical balancing result in low sensitivity to shock and vibra-
tions. By utilizing a unique sealed cavity technology, the vibrating
elements of the gyroscope are contained within the low-pressure
hermetic environment needed for high Q factors. Further on,
improved stability of the device is achieved by full design sym-
metry, high thermal efficiency and choice of crystalline materials
in the entire structure.

Keywords: low-noise, high-stability, high-performance, north
seeking capable MEMS gyroscope.

I. INTRODUCTION

There is an ever increasing need for high-precision, high-
stability, miniaturized and batch-manufactured MEMS angular
rate sensors for inertial navigation, positioning, stabilization,
tracking and guidance of remote operated devices [1]. In the
market of tactical and inertial grade MEMS gyroscopes,
proving the reliability and long-term stability of these devices
remains probably the greatest challenge.

SARS500, a robust tuning fork type MEMS gyroscope with
SPI communication, has been designed for vibration-exposed
applications operating in harsh environments. It is based on the
well proven Sensonor ButterflyGyro™™ structure [2].

For operating as angular rate sensors, the tuning fork type
gyroscopes require arrangements with at least two orthogonal
degrees of freedom. In such devices, a certain known primary
motion, corresponding to the first degree of freedom, must be
generated and maintained in the sensor. An external angular
velocity affecting the sensor in a direction perpendicular to the
primary motion induces an oscillating Coriolis force in a
direction corresponding to the second degree of freedom. The
induced Coriolis force is proportional with the external angular
velocity and the amplitude of the primary motion. It is there-
fore necessary to generate, maintain and control a primary
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oscillation with large amplitude, achievable only by structures
sealed in high vacuum, exhibiting high quality factors [3, 4].

Commonly, in silicon-based tuning fork gyroscopes, the
primary motion is initiated and maintained at right angles to the
substrate surface by means of electrostatic excitation. However,
the rather low oscillation amplitude will cause these types of
gyroscopes to suffer from lower gyroscopic scale factors.

This problem has been addressed by using beams that have
a tendency to bend in a direction that is substantially parallel to
the plane of the substrate, such as the asymmetric beams
reported in [2] and [5], thus allowing primary motions with
large oscillation amplitudes.

A limitation in many existing devices is the presence of
non-uniform characteristics and built-in stress that can cause
unintended sensitivity to external mechanical and thermal loads
or unpredictable drift of characteristics. This problem has been
previously addressed mainly by use of stress-release structures
and pedestals [6-8]. In order to further improve the uniformity
of the mechanical characteristics and the long-term stability of
the gyroscope, a new fabrication method has been developed
[9]. This method allows the use of single-crystal silicon in the
entire structure of the device, including the capping wafers,
while enabling the hermetic sealing of the vibrating elements
by means of anodic bonding.

Closed feed-back loops are used to control the excitation
and detection modes. Furthermore, SAR500 uses additional
electrodes in order to continuously adjust the frequency of the
oscillations and actively compensate the quadrature bias.

Particular to the design of SAR500 gyroscope is the full
horizontal and vertical symmetry of the device at all levels, as
well as the double-side excitation, detection, adjustment and
compensation arrangements.

The SAR500 contains a ButterflyGyro™ MEMS die and an
analog ASIC, individually housed in rigid, fully symmetrical,
custom-made ceramic packages with high thermal efficiency,
which further improves the device long-term stability. An addi-
tional digital ASIC, or an FPGA, contains the needed control
and functional algorithms to achieve the superior performance.



II.  SENSOR DESIGN AND OPERATION

A. Operation principle

The sensing element, manufactured entirely in a single-
crystal silicon substrate, consists of two identical seismic
masses suspended by means of asymmetric driving beams to
pedestals designed to minimize the mechanical and thermal
stress. The two masses are connected to each other by means of
a centrally located synchronizing beam.

The seismic masses and the beams are arranged to provide
a first degree of rotational freedom about the excitation axes,
which are perpendicular to the plane of the substrate, and a
second degree of rotational freedom about the detection axis,
which is coincident with the longitudinal axis of the beams, as
illustrated in Fig. 1.
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Figure 1. Excitation and detection motions in the ButterflyGyro™.
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Figure 2. Cross-sectional view of the asymmetric beam.

The beams, all having identical cross-sectional geometry,
exhibit an asymmetric cross-section, as illustrated in Fig. 2.
The neutral axis of the beams forms an acute, non-zero angle o
with the normal excitation axes. The beams have thus the
tendency to bend in a direction that is mostly parallel to the
plane of the substrate, so that an in-plane oscillation of the
masses may be initiated by a force that is perpendicular to the
plane of the substrate [2].

The driving beams are dimensioned in such a way that the
resonance frequency of the in-plane bending mode matches the
resonance frequency of the torsion mode. Henceforward, the
in-plane bending mode of the springs will be referred as
"primary" or "excitation" mode, while the torsion mode will be
referred as "secondary" or "detection" mode.

When excitation is applied the masses vibrate in opposing
phases and parallel to the plane of the substrate, which results
in large gyroscopic moments in the presence of angular rate
inputs along an axis located in the plane of the substrate and
perpendicular to the beams.

Capacitive schemes, operating in closed feedback loops, are
employed to initiate, control and accurately quantify the pri-
mary and secondary motions.

The vibrating structure, formed by the two seismic masses
and the beams, is attached to and hermetically sealed between
two, fully symmetrical capping silicon-glass composite wafers
[10, 11], as illustrated in Fig. 3. A silicon frame, manufactured
in the same single-crystal silicon substrate, surrounds the vibra-
ting structure. The frame and pedestals are attached to the
silicon-glass composite wafers by means of anodic bonding in
high vacuum. The vibrating masses are thus contained within
the low-pressure hermetic environment needed for high Q
factors.

The composite wafers contain fully symmetrical patterns of
silicon and glass inserts. The silicon patterns form fixed
electrodes electrically isolated from each other by narrow glass
inserts. Additionally, some wider glass inserts serve as attach-
ment surfaces between the silicon substrate and the composite
wafers during the anodic bonding.

Recesses are symmetrically etched on both sides of the
silicon substrate to form the gaps of the capacitors.
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Figure 3. Cross-sectional view of the sensing element.



The fixed electrodes are either actively used during the
operation of the device or configured as screening electrodes,
the latter being electrically connected to the masses and the
frame by means of metallic press-contacts accommodated in
dedicated recesses. Silicon stoppers, in combination with the
screening electrodes, are employed to prevent stiction and
electrical short-circuiting between the moving masses and the
active electrodes.

Pads for external electrical connection are provided on the
outer surfaces of the capping wafers.
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Figure 4. Top side configuration of the active electrodes.

The top side configuration of the active electrodes is shown
in Fig. 4. Except for the polarity of the electrodes, an identical
configuration is valid for the bottom side of the device. Pairs of
identical electrodes, located above and below each seismic
mass, are symmetrically disposed with respect to the excitation
and detection axes.

Four pairs of "excitation" electrodes, designated as "EXCP"
and "EXCN", are used to initiate, detect and control the pri-
mary motion of the masses.

Four pairs of "detection" electrodes, designated as "DETP"
and "DETN", are used to detect and control the secondary
motion of the masses. The amplitude of the secondary oscilla-
tions is directly proportional to the external angular velocity Q
and the amplitude of the primary oscillations.

Four pairs of "adjustment" electrodes, designated as "FA",
are used to continuously adjust and fine-tune the resonance
frequency of the primary and secondary oscillations.

Eight pairs of "compensation" electrodes, designated as
"COMP" and "COMN", are used to actively compensate the
quadrature bias.

The frequency matching and the quadrature compensation
are achieved by applying tunable, DC voltages between the
seismic masses and the respective electrodes, in combination
with innovative algorithms implemented in the associated

electronic circuits. Further reduction of the quadrature bias is
achieved by minimizing the capacitive coupling between the
excitation and detection loops.

B.  Low-Noise, High-Stability Design

The design targets for the noise level and stability of the
sensor element were roughly half of those available for the
entire device, with the other half being allocated to the ASICs.

In some particular instances, such as the size of the masses
or the thickness of the glass inserts, a trade-off between the
low-noise and high-stability requirements had to be resolved.

In general for capacitive MEMS gyroscopes, the only major
source of noise in the sensing element is the mechanical
(Brownian) noise associated with the various damping mecha-
nisms, such as gas damping and thermoelastic damping.

The gas damping is minimized by hermetically sealing the
vibrating structure in high-vacuum. The thermoelastic damping
is minimized by optimal design of the spring geometry [12].

Regardless of the damping mechanism, larger masses,
lower spring constants and reduced electrode gaps help to
decrease even further the Brownian noise floor.

For capacitive MEMS gyroscopes in general, the main
sources of drift and instability in the sensing element are: non-
uniform thermal and mechanical loads, variation of the residual
gas pressure and humidity, creep and hysteresis of materials,
fatigue in the vibrating beams, and the electrostatic charging of
dielectrics.

The use of high quality, defect free, single-crystal silicon in
the entire structure of the sensing element, including the two
capping wafers, substantially reduces the thermally-generated
stress, the creep and the risk of fatigue. To reduce even further
the risk of fatigue, the driving beams are dimensioned in such a
way that the cyclic load stress is kept at rather low values.

To minimize the package-related mechanical and thermal
stress level, the vibrating structures are anchored by means of
pedestals and stress-release springs. An innovative mounting
technique in a vacuum ceramic package further decouples the
sensing element from the environment.

The slow, yet irreversible, drift in the gas pressure, caused
by temperature-induced outgassing, is kept under control by
using a suitable getter material.

Within the operating range of temperatures, water is proba-
bly the only material found in the environment that can exists
in all states of aggregation. Water changing between solid,
liquid and vapour phases is therefore a major source of instabi-
lity. Special care has been taken to reduce the amount of water
present during the bonding of the wafers.

Parasitic charging of dielectric surfaces is another major
factor that limits the stability and reliability of capacitive
devices [13, 14]. To avoid the electrostatic charging caused by
external sources, custom-made packages with metal lids are
used. To avoid the internal generation of electrostatic charging
in the sensing element, screening electrodes are designed to
surround entirely the active electrodes.



The inherent non-linearity associated with the asymmetry
of the driving springs has raised additional stability concerns
[15-17]. Consequently, great care has been taken to avoid any
parametric, sub- or superharmonic resonances in the system.

III. SENSOR MANUFACTURING

The manufacturing of the sensing element involves an
innovative double-side processing and bonding of two capping
composite wafers and a single-silicon substrate [9].

Fig. 5 illustrates the fabrication sequence that structures the
top and bottom composite wafers. First, the pattern of the
future glass inserts is defined by deep reactive ion etching
(DRIE) in a single-crystal silicon wafer. Borosilicate glass is
then reflowed in the created deep recesses [10, 11]. All the
excess materials, silicon and glass, are removed by grinding
and chemical-mechanical polishing (CMP). A contiguous layer
of glass is kept on the outer surface of the composite wafers in
order to enable the subsequent anodic bonding steps. The
process continues by locally etching the glass inserts in those
particular areas that are not intended for bonding, to form
shallow recesses. A metal layer is deposited and patterned to
form one part of the electrical press-contacts. An additional,
distinct patterned metal layer is applied to one of the composite
wafers to serve as getter for the various gases that may affect in
long term the damping of the oscillations.
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Figure 5. Processing sequence for structuring the composite capping wafers.

Note that, in order to achieve the required full symmetry,
the corresponding elements of the top and bottom composite
wafers have identical structure and geometry.

In order to achieve reliable thickness control, the MEMS
elements are manufactured within the single-crystal silicon
device layer of an SOI wafer.

Fig. 6 illustrates the fabrication sequence that structures the
front surface of the SOI wafer. First, contact recesses are de-
fined within the device layer to serve as requisite spacing for
the top side electrical press-contacts. Then, electrode recesses
are defined to serve as gaps for a number of subsequent top
side capacitors. The combination of the contact and electrode
recesses offers the possibility to create, at dedicated locations,
silicon stoppers. An aluminium layer is deposited and patterned
to form one part of the top side electrical press-contacts. Then,
the upper-half profile of the beams is defined by DRIE.

Anodic bonding is used to permanently attach the machined
SOI wafer and the top composite wafer to form the double-
stack bonded wafer shown in Fig. 7.

Fig. 8 shows a detail of the formed double-stack bonded
wafer, illustrating an example of top side capacitor, top side
electrical press-contact and top side stopper.
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Figure 6. Processing sequence
for structuring the front surface of the SOI wafer.



Figure 7. Double-stack bonded wafer.
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Figure 8. Detail of the double-stack bonded wafer.

pattern of the top composite wafer. Grinding, followed by
reactive ion etching with etch stop on the buried oxide layer, is
used to remove the handle wafer. Wet etching is then used to
remove the buried oxide, thus exposing the back surface of the
device layer.

Fig. 10 illustrates the fabrication sequence that structures
the back surface of the double-stack bonded wafer. Identical
processing sequence and layer geometry as on the front surface
are used. The masses and the beams are formed and released in
the process.

Anodic bonding, performed in high-vacuum, is used to
permanently attach the machined double-stack wafer and the
bottom composite wafer to form the triple-stack bonded wafer
shown in Fig. 11. Bottom side press-contacts and capacitors,
similar to those illustrated in Fig. 8, are formed in the process.
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Figure 9. Thinning the double-stack bonded wafer.

Fig. 9 illustrates the fabrication sequence that removes the
excess materials from the double-stack wafer. Grinding,
followed by chemical-mechanical polishing (CMP), is used to
remove the contiguous layer of glass, thus exposing the silicon
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The anodic bonding between a silicon substrate and silicon-
glass composite wafers allows the formation of a hermetic seal
not only between the involved wafers, but between the internal
silicon-glass interfaces of the composite wafers as well.

Fig. 12 illustrates the fabrication sequence that completes
the structuring of the triple-stack bonded wafer. First, grinding,
followed by CMP, is used to remove the contiguous glass
layer, thus exposing the silicon pattern of the bottom composite
wafer. Metal layers are then deposited and patterned on both
surfaces of the triple-stack wafer to form the top and bottom
pads. Finally, sawing is used to separate the wafer into dice.

Fig. 13 shows the top view of the sensing element, with the
distinctive silicon-glass structure clearly visible.

IV. SIGNAL PROCESSING

The signal processing in the SARS500 is based upon two
main feedback loops, as shown in Fig. 14. The excitation loop
is a positive feedback loop with automatic gain control (AGC),
which keeps the drive mode of the sensor oscillating at its
natural frequency, at constant amplitude. The detection loop
has a negative feedback that reduces the Q factor of the sense
mode to provide the required bandwidth of the gyroscope.
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Figure 13. Top view of the sensing element.

low-noise charge amplifier with correlated double sampling. A
5™ order sigma-delta (SD) ADC converts the signal to a bit-
stream for processing in the digital part of the feedback loop.

The digital signal processing provides a stable, high-reso-
lution implementation of the loop filters and sigma-delta (SD)
DAC:s for excitation and detection feedback. It also performs
low-noise synchronous demodulation and compensates for
temperature drift of bias and scale factor.

The analog reconstruction filter is matched to the SD DAC,
as illustrated in Fig. 15, to remove the quantization noise from
the analog voltage that is fed back to the sensing element.
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Figure 15. Matching of SD DAC and reconstruction filters.



Since the gyroscope operates in a narrow bandwidth close to
10 kHz, the 1/f noise is not a major issue in most of the
circuits. Yet some of the circuits depend on the stability of the
reference voltage and are therefore quite sensitive to the low
frequency noise. Great care has been taken to reduce the impact
of the 1/f noise in those particular circuits.

Though the analog chip contains a voltage reference, in
order to achieve the targeted long-term stability, an external
voltage reference is used.

The readout and force feedback in the two loops is time
multiplexed at a frequency of about 300 kHz. Innovative algo-
rithms are used to generate feedback signals for quadrature
compensation and frequency matching.

The electronics is realized on two chips, an analog and a
digital ASIC.

The read-out amplifiers, sigma-delta ADCs, reconstruction
filters and voltage reference have been implemented in a 0.35
um process with a 20V process option, as shown in Fig. 16.

The digital circuits are currently implemented in an FPGA,
but will be realized in a 90 nm structured ASIC at a later stage.
A 32 bit microcontroller is included to perform temperature
compensation and other auxiliary tasks.

The gyroscope is configured as an SPI slave for efficient
readout of angular rate and other data.

Figure 16. Layout of the analog ASIC.

V. ASSEMBLY AND PACKAGING

The packaging has a major influence on the performance of
the device, especially with respect to factors such as long-term
drift and stability.

Since the analog ASIC is a major heat source, capable of
inducing significant temperature gradients across the sensing

element, the sensing element and the analog ASIC are mounted
in distinct, separated packages, subsequently soldered together.

The main design requirements for the SAR500 packages
were: i) full symmetry around the sensing element (with
respect to mechanical and thermal loads); ii) reduced levels of
transmitted stress and strain to the sensing element; iii) high
thermal efficiency (fast evacuation of heat from the analog
ASIC and uniform temperature distribution inside the sensing
element).

The sensing element is mounted in a fully symmetrical,
custom-made 16 pin, side-brazed ceramic package, shown in
Fig. 17. The high thermal efficiency of the package is achieved
by using internally a large number of dedicated thermal vias
and metal layers. Two identical, metal lids are subsequently
attached in high vacuum on either sides of the package by
electron-beam welding, thus sealing hermetically the sensing
element. The size of the 16 pin package, including the pins, is
14.8 mm x 14.8 mm x 3.8 mm.
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Figure 17. Top and side views of the 16 pin ceramic package.
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Figure 18. Top and side views of the 32 pin ceramic package.



The ASIC is mounted in a custom-made 32 pin, side-brazed
ceramic package, shown in Fig. 18. The high thermal efficien-
cy of the package is achieved by using a CuW thermal slug that
is in direct physical contact with the ASIC. The thermal slug is
provided with four filleted metal studs for versatile mounting
on 'heat sinks'. A metal lid is subsequently soldered in inert
atmosphere. The size of the 32 pin package, including the pins,
is 17.6 mm x 17.6 mm x 5.0 mm.

Finally, the two ceramic packages are soldered on top of
each other, as shown in Fig. 19.

Figure 19. Bird-eye views of the assembled SAR500 packages.

VI. CONCLUSIONS

SARS500, a novel high-precision, low-noise, high-stability,
calibrated and compensated digital oscillatory gyroscope with
north seeking capability, is reported.

The SARS500 contains a Butterfly™ MEMS die and an
analog ASIC, individually housed in rigid, thermally efficient,
custom-made ceramic packages. An FPGA or a digital ASIC
contains the needed control and functional algorithms to
achieve the superior performance. The gyroscope is configured
as an SPI slave for efficient readout of angular rate.

The device is factory-calibrated and compensated for tem-
perature effects to provide high-accuracy digital output over a
broad temperature range. Optimized tuning of the excitation
and detection frequencies, as well as optimized mechanical and
electrical balancing of the dual masses result in low sensitivity
to shock and vibrations.

By utilizing a newly developed sealed cavity technology,
the vibrating masses of the sensing element are contained
within the low-pressure hermetic environment needed for high
Q factors.

The target performance elements of the device are: opera-
tion range = £500 °/s, scale factor accuracy = 300 ppm,
angular random walk = 0.002 °/ v h, in-run bias stability = 0.04
°/h and bias repeatability = 0.1 °/h.
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