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Abstract

A new silicon rate gyroscope of small size, low cost, and high performance is described. The device is called MARS-RR, which
means M icromachined Angular Rate Sensor with two Rotary oscillation modes. First prototypes, MARS-RR1 yielded random walk and
bias stability as low as 0.14 degrh and 65 degrh, respectively. The rate equivalent rms noise corresponds to a resolution of 0.05 degrs in
a 50 Hz bandwidth. This performance is achieved by a new sensor design featuring decoupling of the actuation and the detection
oscillation modes. Because of decoupling, the modes mechanical and electromechanical crosstalk, one main error source of microma-

Ž . 2chined gyros, can be reduced and therefore the zero rate output ZRO almost disappears. Despite the small sensor area of 6 mm , the
detection capacitance amounts to approximately 3 pF. Thus, subatomic deflections are detectable and a high sensitivity is achieved.

wMARS-RR1 was manufactured within the Bosch Foundry process M. Illing, Micromachining Foundry Designrules, Version 1.0, Bosch
Mikroelektronik; M. Offenberg, H. Munzel, D. Schubert, B. Maihofer, F. Larmer, E. Muller, O. Schatz, J. Marek, SAE Technical Paper¨ ¨ ¨ ¨
Series, 960758, SAE 96, The Engineering Society for Advancing Mobility Land Sea Air and Space, 1996, reprinted from Sensors and

Ž .Actuators, 1996 SP-1133 , p. 35; M. Offenberg, F. Larmer, B. Elsner, H. Munzel, W. Riethmuller, Novel Process for a Monolithical¨ ¨ ¨
xIntegrated Accelerometer, Transducer ’95, Eurosensor IX, 148-C4, pp. 589–592 and therefore it was possible for us to reduce the

development time considerably. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

During the last couple of years, great interest has turned
up in the production of a low-cost rate gyroscope and, in
order to put this idea into practice, the micromachining

w xtechnologies are being investigated 4–7 . The develop-
ment of vibratory gyroscopes fabricated by silicon tech-
nologies now has a tendency to use ‘surface micromachin-
ing like processes’ with increasing film thickness of the
layer containing the mechanical structure to achieve higher
inertial mass and capacitance.

Within these technologies, comb-drives are usually used
w xto force an oscillation of the mechanical structure 8–10 .

By turning the device Coriolis forces generate a second
oscillation perpendicular to the first one with an amplitude
proportional to the angular rate. Respectively, these oscil-
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lations or modes are referred to as the primary and the
secondary motion.

The main sources of errors of comb driven gyroscopes
are mechanical and electromechanical coupling effects and
the small deflections which are to be measured. The last
mentioned problem has to be solved by using a detection
capacitance as large as possible. The coupling effects
include purely mechanical crosstalk and at least two elec-
tromechanical effects.

First of all, due to the substrate supporting the comb-
drives, the electric field is unsymmetric and electrostatic
forces arise, which pull the mechanical structure upwards.
This electromechanical coupling effect is called levitation
w x11 .

Secondly, if the comb drives are not decoupled from the
secondary oscillation, the overlap of a pair of combs
changes in dependence of the input rate. Thus, the driving
forces change and a nonlinear behaviour results.

MARS-RR was designed in a way that a large detection
capacitance allows very sensitive measurement and that
the mentioned coupling effects are reduced to a great
extent.
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2. Theory of operation

Fig. 1 shows a schematic drawing of MARS-RR. The
mechanical sensor element consists of comb drives, which
build the spokes of the inner wheel, and an outer rectangu-
lar structure, which is called secondary oscillator. The
entire movable structure is electrostatically driven to a
rotary oscillation around the z-axis by four comb drives
Ž .primary mode . The remaining four comb capacitors are
used to detect the primary oscillation. When the device is
turned around its sensitive axis, the x-axis, Coriolis forces
arise, which cause a rotary oscillation around the y-axis
Ž .secondary mode . In this direction, the high stiffness of
the beam suspension suppresses an oscillation of the inner
wheel. Only the rectangular structure can follow the Corio-
lis forces, because it is decoupled from the inner wheel by
torsional springs. The oscillation of the secondary oscilla-
tor around the y-axis is capacitively detected by substrate
electrodes.

The suppression of an out of plane motion of the inner
wheel prevents any changes of the overlap of the combs in

Ž . Ž .Fig. 1. a Cross-section and b top view of the angular rate sensor
MARS-RR. A ZRO is prevented by the circular detection electrodes as
long as the misalignment of the movable structure and the detection
electrodes is zero.

w xFig. 2. Layer structure of the Bosch Foundry Process 1 .

z-direction. Thus, undesired changes of the driving force
are suppressed, which would yield a nonlinear output
characteristics.

w xAs pointed out in Ref. 12 , the use of eight pairs of
combs and their proper, highly symmetrical arrangement
compensates the levitation forces up to second order.
Terms of higher order are effectively suppressed by the
decoupling and the high stiffness of the suspension beams
in z-direction.

3. Fabrication

MARS-RR1 was produced within the Bosch Foundry
w xprocess 1–3 , which is a process similar to conventional

surface micromachining with an additional protective sili-
Ž .con cap Fig. 2 . ‘‘This process features a polycrystalline

silicon layer with a thickness of 10.3 mm for the freestand-
ing structure. The large thickness is achieved by using an

Ž .epitaxial deposition of polysilicon ‘epipoly’ . A special
trench technique allows the formation of vertical sidewalls
with high aspect ratio. In addition to the functional polysil-

Ž .icon layer a second thin poly-Si-layer ‘buried poly’ is
provided underneath, which serves as interconnect, shield
or counter-electrode. The buried poly layer is isolated from
the epipoly by the sacrificial oxide and from the substrate

w xby a lower oxide’’ 1 .

Fig. 3. SEM of the angular rate sensor MARS-RR1.
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Fig. 4. SEM of the angular rate sensor MARS-RR1 showing the anchor-
age and a crossing of interconnections.

Micrographs of the realized sensor are shown in Figs. 3
and 4.

4. Readout technique

The readout of the secondary oscillation is accom-
plished by exciting the substrate electrodes with 1 MHz
Ž .sv , 4 V carrier signals. By a flip-flop circuitry, theCS pp

complementary carrier signals are generated. When the
secondary oscillator is not oscillating around the y-axis,
the secondary capacitors are balanced and there is no net

Žsignal at the input node of the operational amplifier node
.1 in Fig. 5 . When the secondary oscillator is driven by

Coriolis forces, its capacitors become unbalanced and the
carrier signal with an amplitude modulated by the mechan-
ical oscillator’s motion appears at node 1. After a first
demodulation with the carrier frequency, a low frequency
signal corresponding to the mechanical motion of the
secondary oscillator appears at node 2. The second demod-

Fig. 6. Short term noise of MARS-RR1 at zero rate input in a bandwidth
from 0 Hz to 50 Hz.

ulation with the drive frequency yields a DC voltage
proportional to the input rate.

The readout of the primary oscillation is realized by the
Ž .same technique but with 1.2 MHZ sv , 1 V carrierCP pp

signals to separate the signals corresponding to the two
oscillation. The carrier signals are applied to the two
diagonally placed pairs of comb capacitors.

For driving the primary oscillation complementary 3
V signals with an offset of 1.5 V are applied to the twopp

Ž .pairs of comb drives. A high pass filter HPF reduces
electrical crosstalk of the driving voltage to the output
signals.

The measurements are made without any frequency
matching.

5. Test results

Tests were carried through with the sensor placed in a
vacuum chamber at a pressure of 10y2 mbar. The turn
table inside the chamber is connected to the outside motor
by a ferrofluidics feedthrough. The electrical signals are
transmitted by slip rings.

Fig. 6 shows the sensor noise at zero rate input mea-
sured using a low pass filter first order with a corner

Fig. 5. Schematics of the electronics used with the angular rate sensor MARS-RR.
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Fig. 7. Response to "1 degrs steps of the input rate. The noise is mainly
due to crosstalk of the motor electronic signals.

Fig. 8. Offset drift of MARS-RR1 at zero input rate measured over a
period of 2.5 h.

Fig. 9. Offset drift of MARS-RR1 at zero input rate measured over a
period of 27 h.

Fig. 10. Sensor output vs. rate input. The integration time is 1 s for each
measured point. The linearity is calculated with the end point straight line
method.

Fig. 11. Resonance frequency change of the primary and the secondary
mode with temperature.

Fig. 12. Temperature dependence of the offset at zero input rate; graph 2
with compensation.

Fig. 13. Pressure dependence of the noise equivalent rate in a 50-Hz
bandwidth. The driving voltage is 10 V .pp

Fig. 14. FEM analysis of the maximum deflection at a 1000 g’s shock
perpendicular to the substrate.
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frequency of 50 Hz. The rms noise corresponds to a
resolution of 0.05 degrs. The measurement corresponding
to Fig. 6 was made with the motor of the turn table
switched off, because the electric motor signals are disturb-
ing the sensor signals severely.

Fig. 7 shows the sensor output for steps of "1 degrs.
With the motor switched on the rms sensor noise amounts
to approximately 0.15–0.20 degrs.

The sensor drift is shown in Fig. 8. For the displayed
time of 2.5 h the standard deviation of the drift amounts to
0.018 degrs or 65 degrh. Fig. 9 shows the long term drift
of 27 h. The standard deviation as well as the peak values
are larger as in Fig. 8 but still show a very good center
line.

Measurements of the sensor output vs. the rate input are
shown in Fig. 10. The sensitivity is adjusted to 8

Ž .mVr degrs with a sensor output of 2.5 V at zero rate
input. Calculating the linearity based on the end point
straight line method measured at the midrange input rate
yields a linearity smaller than 0.3% full scale span.

Measurements of the temperature dependence of the
natural mechanical resonance frequencies show a very

Ž .small temperature coefficient Fig. 11 . Therefore, it is
expected that the small temperature dependence of the

Ž .offset 0.5 degrs for 25–1058C, see Fig. 12, graph 1 is
mainly due to the readout electronics. Experiments with a

Ž .very simple compensation Fig. 12, graph 2 indicate that
an offset change much smaller than 0.1 degrs is possible.

As already mentioned, the measurements above were
performed at a pressure of 10y2 mbar. Further reducing
the pressure results in a higher quality factor and smaller
Brownian noise. On principle, this enables better sensor
performance or allows for the same performance with
smaller sensor dimensions. The primary amplitude of
MARS-RR is restricted to 1 deg by stoppers, which are
used as overload protection and for controlling the vibra-
tion amplitude without an electrical control circuit. With a
driving voltage of 10 V this maximum deflection ispp

achieved for pressures up to approximately 1 mbar. Since
the Brownian noise is not the dominant noise source the

Ž .sensor performance stays constant Fig. 13 . At higher
pressures, the vibration amplitude, and with it the sensitiv-

Fig. 15. FEM analysis of the maximum bending stress at a 1000 g’s
shock perpendicular to the substrate.

Table 1
Technical data of MARS-RR1

Technical data MARS-RR

Performance
Ž .Bias stability 1 s 0.018 degrss65 degrh

'Ž .Noise 1 s 0.0024 degrsr Hz
's0.14 degr h

Noise equivalent rate in 0.05 degrs
Ž .50-Hz bandwidth rms

Dynamic range "300 degrs
Ž .Sensitivity 8 mVr degrs

Ž .Linearity end point straight line -0.3%

( )Power supply temporary
Supply voltage 15 V

Ž .Current discrete electronics 20 mA

EnÕironment
Ž .Bias stability 25–105 8C -0.5 degrs
Ž . Ž .Shock survival 1 ms, 1r2 sine 1000 g FEM-Model

Acceleration error
Ž .x-axis -2E-4 degrs rg

Ž .FEM-Model
Ž .y-axis -1E-5 degrs rg

Ž .FEM-Model
Ž .z-axis -1 s degrs rgm

Ž .FEM-Model

ity, decrease resulting in worse resolution. In the range
from 1 mbar to 10 mbar the noise equivalent rate increases
form 0.05 to 0.5 degrs. At 1 bar, it amounts to approxi-
mately 7 degrs. The pressure dependence shows that even
at moderate vacuum, a high resolution is obtained, which
may be important with respect to reliable vacuum packag-
ing of the sensor. In comparison with other micromachined
gyros, the high pressures are possible because of the
comparably high mass and moment of inertia, which keep
the Brownian noise small.

ŽFinite element modelling of a 1000 g’s shock 1 ms,
. Ž1r2 sine yield a maximum deflection of 11.54 mm Fig.

. Ž .14 and a maximum stress of 25.4 MPa Fig. 15 which is
Žclearly below the fracture stress of silicon approximately

w x.100–700 MPa 13,14 . First drop tests have confirmed the
simulations.

The first, the second, and the third sensor modes are
rotary oscillation modes around the y-, the z- and the
x-axis, respectively. Linear accelerations are therefore ef-
fectively compensated. The fourth mode is a linear one in

Ž .z-direction ‘flying mode’ . The measured resonance fre-
quencies of 975 Hz, 1420 Hz, 1970 Hz and 2390 Hz
correspond to the FEM-simulated frequencies of 990 Hz,
1428 Hz, 2065 Hz and 2166 Hz within approximately
10%. Simulations of applied x- and y- accelerations yield
deflections in the order of 4E-5 mmrg at 1420 Hz. This

Ž .corresponds to an x-acceleration error of 2E-4 degrs rg
Ž .and a y-acceleration error smaller than 1E-5 degrs rg.

These values can be reduced by changing the design of the
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detection electrodes. With the present design, the most
severe problem regarding the z-acceleration is a misalign-
ment s of the buried polysilicon layer and the epipolym

layer. This misalignment disturbs the symmetry of the
detection electrodes and can lead to an acceleration error,
provided that the frequency of the acceleration is equiva-

Ž .lent to the frequency of the primary mode 1420 Hz . At
this frequency, FEM simulations yield a deflection in
z-direction of approximately 0.1 mmrg which results in a
worst case z-acceleration error of approximately 1 sm
Ž .degrs rg, with the misalignment s given in microns.m

For applications in which vibrations with amplitudes of 1 g
occur in the range of 1400 Hz, this acceleration error has
to be reduced by a more tolerant design of the detection
electrodes. This way, it will be possible to obtain an

Ž .z-acceleration error smaller than 0.01 s degrs rg. Withm

s s1 mm, the acceleration error then will be below them

resolution even for accelerations with amplitudes of 5 g at
1420 Hz.

The measured and simulated parameters are summa-
rized in Table 1.

6. Conclusion

MARS-RR1 was designed to overcome the main draw-
backs of micromachined comb driven rate gyroscopes. The
outstanding performance of the device proves the concep-
tual approach. Our further work on MARS-RR1 will con-
centrate on packaging and the readout electronics to de-
velop a sensor ready for production. The applications are,
among others, advanced airbag systems, active suspension,
and navigation.
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