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Abstract
This paper reports a new symmetric gyroscope structure that allows both matched resonant frequencies for the drive and sense vibration
modes for better sensitivity, and also decoupled drive and sense oscillation modes for preventing unstable operation due to mechanical
coupling and achieving a low zero-rate output drift. The symmetry and decoupling features are achieved at the same time with a new
suspension beam design. The gyroscope structure is designed using a standard three-layer polysilicon surface micromachining process
(MUMPS) and simulated using the MEMCAD software. The drive and sense mode resonant frequencies of the fabricated device are measured
as 28,535 and 30,306 Hz, respectively, which are in agreement with the ®nite element simulations. The small mismatch is due to the
unsymmetric distribution of the etch holes, which can be eliminated with a proper design. When the resonant frequencies are closely matched,
the rate sensitivity of the gyroscope is ampli®ed by the mechanical quality factor of the sense resonant mode. The new suspension beam
structure also provides very high quality factors for the drive and sense modes, such as 10,400, when operated under 10 mTorr vacuum level.
Even though the performance of the fabricated sensor is limited due to large parasitic capacitances between the mechanical structure and the
substrate, measurements, and calculations show that the sensor can still sense angular rates as small as 1.68/s under vacuum. This sensitivity
can be enhanced by at least an order of magnitude if the parasitic capacitances could have effectively been eliminated. The advantage of the
new structure can be combined with advanced, high-aspect ratio fabrication processes to obtain very sensitive micromachined gyroscopes.
# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Micromachined gyroscopes are quite popular in many low
cost applications, such as camcorder stabilization, automotive roll-over detection, and inertial mouse. However, the
rate sensitivity and the drift of these devices are much worse
than those of the conventional high performance ring-laser
and ®beroptic gyroscopes [1], and not suitable for applications requiring inertial grade performance. There are
extensive studies on increasing the performances of the
micromachined gyroscopes [2±6]. One method is to
implement symmetric gyroscopes with matched resonant
frequencies for the drive and sense vibration modes, so that
gyroscope sensitivity (resolution) is ampli®ed with the
mechanical quality factor of its sense resonance mode
[1,6]. Some approaches try to match resonant frequencies
by designing symmetric drive and sense suspension beams
*
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[2]. However, when the frequency mismatch between drive
and sense modes is reduced, the mechanical coupling
between them increases due to the nature of the suspension
beams [3,4], causing unstable device operation and increased
zero-rate output drift. To decrease mechanical coupling,
various structures [4,5] have been proposed where the drive
and sense suspension beams are independent. However, since
their suspension beams are not symmetric it is not easy to
match the resonant frequencies in these structures, and hence,
the resonant frequencies are process dependent. Also,
unsymmetrical gyroscope structures exhibits large temperature-dependence, since the stiffness of unsymmetrical suspension designs may show large shifts for the drive and sense
resonant frequencies with temperature variations [7]. Therefore, this second class of gyroscopes may show a large
temperature-dependent output drift.
This paper proposes a new gyroscope structure that solves
the problems of mechanical coupling and mismatched resonant frequencies at the same time by using a novel symmetric suspension beam design combined with decoupled
vibration modes for stable operation. Due to its symmetric
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structure, its sensitivity is ampli®ed by the mechanical
quality factor of the sense mode. The gyroscope also provides a high quality factor due to its new suspension design
and when operated under vacuum, and this high quality
factor considerably improves the performance. Secondly, the
symmetric suspension design makes the gyroscope insensitive to temperature-dependent output drift. In addition to the
advantages associated with the symmetric suspension design,
there are some advantages associated with the decoupled
vibration modes. First of all, decoupling prevents undesired
interaction between the drive and sense mode vibrations and
secondly, it results in a very low zero-rate output drift. If this
new structure can be implemented with high-aspect ratio
processes, a very high performance gyroscope, with inertial
grade rate sensitivity and drift rate, can be obtained.
2. Gyroscope structure
Fig. 1 shows the geometrical structure of the symmetric
and decoupled gyroscope. The anchors of the structure are
placed at the outermost corners and connected to the movable drive and sense electrodes with the help of suspension
beams. This connection prevents mechanical coupling, since
the oscillations of the two vibration modes do not affect each
other. In addition, unlike the conventional approach, the
suspension beams supporting the proof mass are not attached
to the anchors directly, rather the proof mass is supported by
the beams attached to the movable drive and sense electrodes, preserving the symmetry of the structure.
The gyroscope operates according to the Coriolis coupling principle. The proof mass is vibrated along y-axis by
applying suitable AC excitation between the stationary and
movable drive ®ngers and a DC polarization voltage to the
proof mass. When the substrate of the gyroscope is rotated
around z-axis, the proof mass tends to vibrate along x-axis
due to Coriolis coupling. By measuring the amplitude of this
induced vibration (sense mode), the angular rate of the
applied rotation can be derived.
A common problem for vibrating gyroscopes is the crosscoupling between the drive and sense mode oscillations. The

proposed structure solves this problem to a great extent due
to its decoupled spring design for the two vibration modes,
without destroying the symmetry of the device that is
required for high rate sensitivity. The decoupled operation
is veri®ed using ®nite element simulation, as described in
the next section.
3. Finite element simulations
Finite element simulations were used to verify the desired
operation of the gyroscope. The simulations were performed
with the MEMCAD 4 software package. Fig. 2 shows
MEMCAD modal simulation results for the drive and sense
vibration modes. Resonant frequencies of the two modes are
found to be equal and 33,154 Hz ignoring the effects of the
etch holes on the proof mass, internal stress of the structural
polysilicon layer and the mass of the comb-®ngers. When
these effects are taken into account, the simulated modal
frequencies are equal to 30,912 Hz, giving a more accurate
estimation when compared with the measured frequencies of
the fabricated devices. The matched resonant frequencies
for the drive and sense vibration modes would result in an
improvement in the rate sensitivity by a factor equal to the
quality factor of the sense vibration mode, which can be in
the order of a few thousand for polysilicon structures in
vacuum. A common problem with symmetric gyroscopes is
the mechanical coupling between the two vibration modes,
resulting in unstable operation and drift. A major advantage
of our structure is that it provides decoupled operation while
having a symmetric structure.
Decoupled operation of the drive and sense modes can
also be shown with ®nite element simulations. Fig. 3 shows
the ®nite element simulations for the relative displacements
of the two vibration modes when only one of these modes is
vibrating. It is clear that during the vibration of an orthogonal mode (either drive or sense), the second orthogonal
mode (sense or drive) is not affected from the vibrations in
the ®rst orthogonal mode. Numerically, the vibration amplitude of the sense electrodes is only about 2.5% of the drive
mode vibration. This vibration can further be suppressed

Fig. 1. Geometrical structure of the proposed symmetric and decoupled gyroscope. The mechanical coupling between the drive and sense modes is
suppressed with a special placement of the anchorage and suspension beams.

S.E. Alper, T. Akin / Sensors and Actuators A 97±98 (2002) 347±358

349

Fig. 2. MEMCAD modal simulation result for (a) the drive and (b) the sense vibration modes. Resonant frequencies of the two modes are both equal to
30,912 Hz due to the preserved symmetry. This simulation also verifies the decoupled operation of the drive and sense resonant modes.

with the differential readout scheme, since the sense electrodes operates in a differential manner. In other words, the
displacements experienced by the sense electrodes are in
opposite directions, therefore, the output capacitance change
is equal for both sense electrodes, resulting in a zero-output
after the differential readout circuit. In summary, this simulation shows that the vibration of a mode does not affect
the other signi®cantly, verifying that the mechanical decoupling between two modes is achieved with the novel structure of the suspension beams. This enhances the stability
of the sensor and decreases the complexity of a feedback
network.
4. Implementation and test results
The gyroscope was fabricated through a standard threelayer polysilicon surfacemicromachining process (MUMPS)
provided by Cronos. Fig. 4 shows the SEM pictures of the
fabricated gyroscope which measures 1 mm  1 mm. The
thickness of the structural layer is 2 mm, de®ned by the

foundry process. Due to the thin structural layer and 2 mm
allowable minimum spacing, the capacitances of the drive
and sense modes are about 6.5 fF, limiting its performance.
Another fact that limits the performance is the buckling that
is observed in the structural polysilicon layer due to the
remained residual stress after fabrication. Fig. 5 shows the
SEM picture showing how large is the off-plane misalignment between the stationary and movable comb-®ngers that
were attached to the proof mass. This misalignment
decreases the already small stationary capacitance value,
resulting in less sensitivity. These limitations are related to
the fabrication process of the device and the device parameters can be enhanced by advanced fabrication techniques
such as high-aspect ratio micromachining technologies.
Even though the MUMPS process has limited the device
performance, the device still provides an acceptable sensitivity, due to the symmetric structure and very high quality
factor of the gyroscope.
A number of tests were performed to verify the device
operation by determining the resonant frequencies and
performance. Resonant frequencies of the drive and sense
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Fig. 3. Finite element simulations performed using MEMCAD showing the relative displacements of the two vibration modes when only one of these modes
is excited. It is clear that the vibration of a mode does not affect the other verifying the decoupled operation of the proposed gyroscope.

vibration modes were measured by the HP4395A Network/
Spectrum Analyzer. These measurements were done by
using a unity-gain buffer circuit chip that was hybrid connected to the sensor. The buffer chip allows monitoring the
high impedance output signal from the gyroscope. Fig. 6
shows the resonant frequency measurement results for (a)
drive and (b) sense modes. The drive and sense mode
resonant frequencies are measured as 28,535 and
30,306 Hz, respectively, when a 40 V DC bias (polarization)
voltage is applied to the proof mass. The small mismatch
between the resonant frequencies comes from the non-uniform placement of the etch holes on the proof mass due to an
error in the layout and can be eliminated in the future
designs. By applying different DC bias voltages separately
to the drive and sense electrodes, the small mismatch
between the resonant frequencies can be decreased further.
Fig. 7 shows the resonant frequency shift versus DC bias
voltage for the drive and sense modes. The measured
frequencies are close to the simulated frequencies of
30,912 Hz when the secondary effects are also taken into
account in the simulations. It should be mentioned that the
above measurements were performed at atmospheric pressure and the device operation is greatly affected by the
viscous air damping effect. If the measurements are

performed under vacuum, the performance improves extensively, as discussed later.
The resonant frequency measurements show that the
amplitudes of the resonant peaks are quite low due to
parasitic degradation. Parasitic capacitance at the high
impedance node of the sensor is the sum of the capacitances
between the substrate and the sensor mass, interconnects,
bonding pads, and the buffer input. Fig. 8 shows the parasitic
capacitances and the parasitic model of the gyroscope output
including the hybrid connection to the buffer chip. The
parasitic capacitance at the high-impedance node of the
sensor is measured using HP4294A Precision Impedance
Analyzer and found to be around 5±7 pF, which is much
higher than the sensor capacitances of 6±7 fF. Obviously, the
output signal of the sensor is degraded by more than two
orders of magnitude due to the parasitic capacitances. In fact
this is veri®ed by measuring the resonant characteristics of
the gyroscope with an improved readout circuit having a
smaller input capacitance and employing bootstrapping for
the cancellation of parasitic capacitances. Fig. 9 shows the
improvement in the resonant frequency measurement for the
drive mode using this new interface circuit with bootstrapping. The new circuit reduces the parasitic capacitance at the
output port of the gyroscope to less than 500 fF, resulting in
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Fig. 4. SEM pictures of the fabricated gyroscope: (a) top view and (b)
perspective view. The thickness of the structural layer is only 2 mm, which
is limited by the MUMPS process.

Fig. 5. SEM picture of the comb-fingers of the gyroscope, showing the
buckling effects due to the internal stress of the structural polysilicon layer.
The device still functions properly even with this extremely degrading
effect due to its symmetric feature.
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an increase at the output signal level by an order of magnitude. Further improvements can be achieved by monolithic
implementation of the sensor and the readout circuits with
improved bootstrapping techniques [8], which is under
consideration for future symmetric and decoupled gyroscope designs.
Parasitic capacitances also cause parasitic signal coupling
from the driving electrode to the sensing electrode, reducing
the amplitudes of the measured resonant frequencies at
atmospheric pressure. The measurement results show that
the amplitudes of the resonant modes are in the order of
0.04 dB. At atmospheric pressure, the amplitude of the
excitation signal is 3.56 V peak-to-peak, which is limited
by the output of the used network analyzer. Such an excitation signal results in 4 mm vibration amplitude of the proof
mass at resonance, which creates a 2 mV peak-to-peak
signal at the gyroscope output. However, the amplitude of
the noise-coupled signal at the sensing electrode is found to
be about 350 mV peak-to-peak. Hence, the signal created by
the gyroscope is hard to measure even at large vibration
amplitudes. At this point either the driving signal amplitude
should be decreased with vacuum operation or the parasitics
should have been eliminated by some means such as bootstrapping methods or implementation of the structure on an
insulating substrate. Unfortunately, it is not possible to
eliminate the parasitic capacitances in the MUMPS process,
and therefore the fabricated devices were eliminated in
vacuum environment. Fig. 10 shows an illustrative simulation comparing the resonant measurements for the drive
mode of the proposed gyroscope sitting over the usual
conductive silicon substrate and on an insulating substrate.
It was simulated that the signal coupling to the gyro output is
much higher if the device is fabricated on a conductive
substrate, as in the MUMPS process. These simulation
results show that the limitation in the performance is due
to the fabrication process used in the implementation and
not due to the structure. Therefore, a much higher performance can be expected from this symmetric and decoupled
gyroscope structure if it is implemented on insulating
substrates.
The gyroscope measurements were also repeated under
vacuum to show that its performance is greatly enhanced if
the affect of air damping is reduced. Under vacuum both the
drive and sense modes of the gyroscope can be excited with
very small AC excitation voltages, in the order of 10 mV
peak-to-peak amplitudes. With such small excitation signals, the parasitic signal coupling to the sensing electrodes
are also decreases noticeably to about 1 mV peak-to-peak
levels, compared to 350 mV peak-to-peak when excitation is
done at atmospheric pressure. In addition, the mechanical
structure demonstrates very high quality factors of above
10,000 due to the decreased effect of air damping under
vacuum. Fig. 11 shows the drive mode resonance measurement at 10 mTorr vacuum, where the resonance peak
appears at 28.1 kHz with a bandwidth of 2.7 Hz, giving a
quality factor of 10,400. The signal-to-noise ratio at vacuum
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Fig. 6. Network analyzer measurement results for the resonant frequencies of the two vibration modes of the fabricated gyroscope, which are (a) 28,535 Hz
for drive mode and (b) 30,306 Hz for the sense mode. The small mismatch between the resonant frequencies comes from the non-uniform placement of the
etch holes on the proof mass.

also increases to 14 dB compared to the 0.04 dB at atmospheric pressure, showing signi®cant improvement. The
signal-to-noise ratio can be increased much more with some
improvement in the device structure and the implementation
method. These improvements can be listed as, (1) the
effective elimination of the parasitic capacitances using

bootstrapping methods or implementation on an insulating
substrate, (2) the design of dedicated readout circuit with
very high input impedance, and (3) the fabrication of the
device using a thicker structural layer.
The measurement results can be used to calculate the rate
sensitivity of the device with the help of analytical equations
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for the gyroscope, the complex magnitude of the sense mode
vibration as a function of the drive and sense mode resonant
frequencies, applied angular rate, and the drive mode vibration amplitude can be calculated as
Y jw 

Fig. 7. Resonant frequency vs. DC bias voltage for the drive and sense
modes of the fabricated gyroscope.

as explained below. The driving mode vibration can be
described as,
x tdrive  X0 sin wx t

(1)

where X0 denotes the amplitude of vibration (along x-axis),
and wx the mechanical resonant frequency of the drive
mode of the gyroscope. Using lumped-parameter-model

w2y

4pO0 X0 wx
w2z   j wx wy =Qy 

(2)

where O0 is the applied rotation rate, wy the sense mode
resonant frequency, and Qy the mechanical quality factor of
the structure for the sense mode. If the drive and sense mode
resonant frequencies are matched, i.e. wx  wy , then Eq. (2)
simpli®es to [9]
Y jw 

4pO0 X0 QY
jwx

(3)

meaning that the resulting sense mode displacement is
ampli®ed by the mechanical quality factor of the sense
mode and lags the drive mode excitation force by 908 (factor
`j' in the denominator). This frequency matching is already
satis®ed in symmetric gyroscopes. For devices with unsymmetric suspensions, the frequency matching is quite dif®cult
and requires accurate control of the spring constants in the

Fig. 8. (a) Parasitic capacitances and (b) the parasitic model of the gyroscope output including the hybrid connection to the buffer chip.
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Fig. 9. The improvement in the resonant frequency measurement for the drive mode using newly designed interface circuit. The new circuit reduces the
parasitic capacitance at the output port of the gyroscope to less than 500 fF, resulting in an increase at the output signal level by an order of magnitude
compared to the results shown in Fig. 6.

drive and sense modes. Even the drive and sense mode
frequencies of an unsymmetric gyroscope is matched with
accurate design, these matching could not be conserved as
the operating temperature varies. This is because the stiffness of the unsymmetric suspensions vary with different
ratios resulting in a temperature-dependent performance
degradation. In symmetric gyroscopes, however, the stiffness of the symmetric suspensions would vary with the same
ratio, resulting in a much smaller susceptance to temperature
variations. In order to illustrate how the performance of an
unsymmetric gyroscope is reduced with changing temperature, Eq. (2) must be reviewed. As the temperature changes,
the drive and sense mode resonant frequencies of an unsymmetric gyroscope are no more equal to each other, i.e.
wx 6 wy . Furthermore if the device is operated at vacuum
with a high Qy, which is the usual case, then the imaginary
part of the denominator of Eq. (2) would be negligible
compared to the w2y w2x  term. Then the sense mode
vibration should be recalculated as
4pO0 X0 wx
Y jw  2
(4)
wy w2x
Clearly, the output response of the gyroscope is reduced by a
factor of approximately 0.5 Qy = wy wx  and is in-phase
with the drive mode excitation voltage. Therefore not only
the sensitivity decreases by changing temperature, but also
the output of the gyro would be susceptible to in-phase

parasitic signal coupling from the input of the gyroscope.
This analysis clari®es the advantage of using symmetric
suspensions with matched resonant frequencies. Switching
back to the matched resonant frequencies case of Eq. (3), the
rate sensitivity of the symmetric gyroscope can be calculated. For the excitation conditions used in the measurements shown in Fig. 11, the drive mode vibration amplitude
was optically determined as 4 mm. For performance estimation, we can assume the drive and sense vibration modes are
matched at 30 kHz. Using this resonant frequency value and
the measured quality factor of 10,400 in Eq. (3), the peak
vibration amplitude of the sense mode of the gyroscope
Ê for a 18/s external rotation rate.
is found to be around 80 A
This vibration amplitude results in a 11.9 aF capacitance
change, and the device has a 0.9 mV/(8/s) scale factor. For
the fabricated devices, the parasitic capacitances, and hence,
the direct parasitic signal coupling from the input to the
output node is quite high, in the order of 1 mV. Therefore,
the rate sensitivity of the device is currently 1.68/s. However,
this sensitivity value can be enhanced to better than 0.168/s
if the parasitic signal coupling can be kept below 40 dB,
which is possible if parasitic capacitances can be effectively
eliminated by implementing the structure on an insulating
substrate. These calculations show that the implementation
of this new structure on an insulating substrate with
advanced and high-aspect ratio fabrication techniques will
allow obtaining a very high sensitivity gyroscope.
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Fig. 10. An illustrative simulation comparing the resonant measurements for the drive mode of the proposed gyroscope sitting over (a) the usual conductive
silicon substrate and (b) an insulating substrate. It is obvious that, the signal-to-noise ratio in (b) is much greater than that in (a) because of reduced parasitic
signal coupling through the substrate.

Fig. 11. The drive mode resonance measurement at 10 mTorr vacuum, where the resonance peak appears at 28.1 kHz with a bandwidth of 2.7 Hz, giving a
quality factor of 10,400. Here note that the peak is clearly visible even though there is excessive parasitic coupling to the output from the input excitation
signal.
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Fig. 12. Block diagram of the capacitive readout circuit. Non-overlapping clocks j1 and j2 are for processing and for feedback, respectively.

Fig. 13. The output of the readout circuit when there is 40 fF mismatch between the capacitors forming the half-bridge in Fig. 12. The output voltage shift is
1.8 V, corresponding to a sensitivity of 45 mV/fF and can detect capacitance changes smaller than 0.1 fF.

Fig. 14. Photograph of the fabricated readout circuit. The readout circuit was designed in 0.8 mm CMOS process of AMS. It can detect capacitances smaller
than 0.1 fF with sensitivity close to 45mV/fF.
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5. Readout electronics
A capacitive readout circuit was also designed and fabricated in a standard 0.8 mm CMOS process to be used with
the fabricated device. Fig. 12 shows the block diagram of
the proposed readout circuit that uses the charge ampli®cation method. The circuit senses the difference between the
capacitors Csense and Csense and shifts the voltage at the
common node of the capacitors. This shift is integrated by
the integrator, which is then fed to the correlated double
sampling (CDS) circuit. The CDS block is used for canceling possible shifts, which may arise due to op amp offsets
and switch noises. The CDS output is connected to the
comparator, whose output is a 1 bit digital signal. For closed
loop operation this signal may be processed by a latch, and
the latch output can be fed back to the common node of the
capacitors canceling the sensor capacitance de¯ection.
The readout circuit is tested and veri®ed to detect capacitance changes smaller than 0.1 fF, with a sensitivity of
45 mV/fF. Fig. 13 shows the output of the readout circuit
when Csensor is 40 fF larger than Csensor . Then, the output
voltage shifts about 1.8 V, showing that the circuit provides a
sensitivity of 45 mV/fF and detects capacitance changes
smaller than 0.1 fF. Fig. 14 shows the photograph of the
fabricated readout circuit. When hybrid connected to the
gyroscope chip, the readout circuit operation is degraded due
to high parasitic capacitances associated with the gyroscope.
Hence, a new readout circuit is designed and fabricated,
which uses bootstrapping method to cancel the parasitic
capacitances.
6. Conclusions and future work
A new symmetric gyroscope structure is presented that
allows not only matched resonant frequencies for the drive
and sense vibration modes for better resolution and low
temperature-dependent drift, but also decoupled drive and
sense oscillation modes for preventing unstable operation
and zero-rate output drift due to mechanical coupling. The
device operation is veri®ed by FEM simulations using
MEMCAD software, and the resonant frequencies of the
drive and sense vibration modes are measured to be close to
the simulated results. It was shown that operation is highly
improved at vacuum environment. Recent measurements
under 10 mTorr vacuum condition and calculations show
that the structure can provide a rate sensitivity better than
1.68/s with a 0.9 mV/(8/s) scale factor if the drive and sense
mode resonant frequencies of the device could be closely
matched, which can be improved further to 0.168/s by
eliminating the parasitic capacitances. This performance
is currently limited with the available fabrication process
where the structural layer thickness is about 2 mm. But the
new structure can be implemented with advanced micromachining processes that have thicker structural layers fabricated on insulating substrates to obtain high-performance
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gyroscopes. A capacitive readout circuit has also been
designed and fabricated in a 0.8 mm CMOS process, and
it can detect capacitance changes smaller than 0.1 fF with a
sensitivity of 45 mV/fF, providing enough sensitivity for the
fabricated symmetric gyroscopes.
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