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Abstract: Previously, we reported a 3-DOF (degree of freedom) rate gyroscope design with a 1-DOF
drive and 2-DOF sense mode that was shown to be robust to environmental fluctuations. In this work, we
introduce a novel design concept that combines the robustness of multi-DOF sensing with the common
mode rejection of tuning fork devices in the anti-phase driven 6-DOF gyroscope. Prototypes of the design
were fabricated and characterized for both rotational and acceleration inputs. For acceleration loads, the
device responded in a common mode resulting in a 75% reduction in amplitude for a differential signal,
while for rotations, it responded in anti-phase with sensitivities of 1.687 uV/deg/s and -1.887 uV/deg/s.
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1. INTRODUCTION

In many applications, including automotive and
defense, gyroscopes are subject to wide-varying
environmental conditions where robustness to pa-
rameter fluctuations and ambient vibrations is
critical. Many commercially available gyroscopes
rely on the inherent ability of tuning fork designs
to reject common mode inputs; robustness to envi-
ronmental fluctuations, however, is generally ad-
dressed through control systems [1, 2].

Previously, we presented a gyroscope concept
that increased the degrees of freedom (DOF) in
the sense mode to provide a non-resonant, stable
gain region which was shown to be robust to tem-
perature variations [3]. We now propose a 6-DOF
robust tuning fork design that takes advantage of
two 3-DOF devices coupled in the drive mode.

Prototypes of the 6-DOF gyroscope concept
were fabricated using an in-house, wafer-scale
SOI process. The anti-phase drive mode dynamics
was experimentally characterized and the sensor
response was tested for both rotation and accelera-
tion inputs.

2. DESIGN CONCEPT

A schematic of the 6-DOF gyroscope concept is
shown in Fig. 1. The design consists of two sys-
tems, labeled left mass and right mass, which are
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both 3-DOF gyroscopes connected via a coupling
suspension. The coupling forms a 2-DOF system
in the drive mode so that the complete device
forms a 6-DOF dynamic system.

Left Mass

Decoupling Frame

Right Mass

Decoupling Frame

Sense Mass 1 Sense Mass 1

Sense Mass 2

r} Drive gy

Sense gy

Sense Mass 2

Sense

Q éBrive

Fig. 1 Schematic of 6-DOF gyroscope concept.
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The designed frequency response of the device
is shown in Fig. 2. The drive system has two reso-
nant modes: an in-phase peak and a higher fre-
quency anti-phase peak. The device is intended to
operate at the anti-phase resonant frequency and
the coupling in the drive mode ensures that reso-
nance occurs in both the right and left mass at the
same frequency. By driving the masses in anti-
phase, their corresponding sense signals will also
be in anti-phase; this, like other tuning fork de-
signs, is what will allow the 6-DOF device to re-
ject common mode inputs.
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Fig. 2 Conceptual image of the expected magni-
tude of the drive and sense frequency responses.

The sense modes are also 2-DOF systems where
the resonant frequencies are designed to be sym-
metric about the drive mode anti-phase resonance.
This creates a region in the frequency response
between the peaks that has both gain and phase
stability, which provides the device robustness to
variations in operational parameters by design.
Thus, the device takes advantage of both tuning
fork drive operation as well as the improved ro-
bustness of multi-DOF sense systems.

3. FABRICATION

Prototypes of the 6-DOF gyroscope concept
were fabricated using an in-house wafer level SOI
process with a conductive 50 um device layer. AZ
photo-resist was spin-coated onto the wafer and
patterned using a photo-mask with a Karl Suss
MAG6 exposure system. After photo-resist devel-
opment, the wafers were subjected to a timed
Deep Reactive lon Etching (DRIE) step using a
Surface Technology Systems (STS) Advanced
Silicon Etching (ASE) tool. The minimum feature
size of the process was 5 um which was used to
define the capacitive gaps. A timed HF etch was
then used to release the mobile structures. The de-
vice was packaged in a 24-pin ceramic DIP pack-
age and wire bonded for the experimental charac-
terization presented below.

Fig. 3 shows an SEM micrograph of a fabri-
cated 6-DOF gyroscope. The design uses me-
chanical mode decoupling between the drive and

sense modes, where the sense masses are sus-
pended relative to a decoupling frame. Each sense
system consists of two masses, a larger mass
(Mass 1) and a smaller mass (Mass 2) with paral-
lel plate capacitors for Coriolis sensing. A com-
mon bank of central lateral combs is used to pro-
vide the anti-phase drive forcing to the left and
right masses simultaneously.
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Fig. 3 SEM image of a fabricated 6-DOF gyro-
scope prototype.

4. EXPERIMENTAL RESULTS

A biasing schematic is presented in Fig. 4 that
depicts the electrical inputs and outputs of the gy-
roscope used for the experiments presented below.
The inputs to the system are voltages which are
defined as the voltage applied the mass, Vn, and
the voltage applied to the central bank of lateral
combs, Vq4. The outputs of the system are the mo-
tional sense currents across the lateral comb ca-
pacitors for the drive mode and the parallel plate
capacitors in the sense modes. These currents are
amplified and converted to voltages using trans-
impedance amplifiers, resulting in the left and
right drive mode sensing voltages, Vp. and Vpg,
and the left and right sense mode sensing voltages,
VsL and VsR.
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Fig. 4 Biasing schematic used for experimental
characterizations of 6-DOF prototypes.

4.1 Frequency Response

In order to verify the design concept, the fre-
quency response of the drive mode was experi-
mentally characterized. For this experiment, a
parasitic free sweep was employed where elec-
tromechanical amplitude modulation (EAM) was
used to extract the motional signal from the drive
feed-through as detailed in [4]. A 3.535 Vrms AC
driving voltage combined with a 25 V DC bias
was applied to Vg, while a carrier AC voltage of 3
Vrms at 20 kHz that was applied to V. The de-
vice was actuated at room temperate and atmos-
pheric pressure. The drive mode sensing voltages,
VoL and Vpg, were first demodulated at the carrier
frequency and then sent to an HP 35665A Dy-
namic Signal Analyzer resulting in the frequency
responses presented in Fig. 5.

The magnitude plot reveals two resonant fre-
quencies: a small amplitude peak at 1.44 kHz and
a large amplitude peak at 2.167 kHz correspond-
ing to the in-phase and anti-phase modes. The
anti-phase mode is characterized by a common
phase transition which results from the device lay-
out where the drive mode sense capacitors are op-
positely oriented. Due to anti-phase driving, the
in-phase resonant amplitude is minimized relative
to the anti-phase mode. Also, the magnitude of the
left mass is larger than that of the right mass. This
can be attributed to asymmetries introduced by
fabrication imperfections and can be compensated
by adjusting the individual amplifier gains.
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Fig. 5 Experimentally obtained magnitude and
phase of the drive mode frequency response.

4.2 Acceleration Input

In order to demonstrate the common mode re-
jection of the 6-DOF concept, the device was sub-
ject to an acceleration load. A mechanical impulse
was applied and the responses of each sense sys-
tem were monitored. For this experiment, a con-
stant DC bias of 10 V was applied to V, while the
sense mode outputs, Vs, and Vsg, were monitored
using a LeCroy WaveSurfer Model 452 Digital
Oscilloscope.
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Fig. 6 Experimentally obtained impulse response
(top) and the differential signal (bottom).

Fig. 6 (top) shows the time history of the left
and right masses due to an applied acceleration
impulse. The response of the right mass tracks the
left mass as expected. The difference of the two
signals is shown in Fig. 6 (bottom) on the same
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scale. The differential results in a 75% reduction
in amplitude versus the individual outputs. The
differential signal can be improved further by sig-
nal conditioning and calibration.

4.3 Rotational Input

The 6-DOF gyroscope prototype was also char-
acterized under constant rotational inputs. For this
experiment, a two stage demodulation technique
was employed which uses EAM to extract the
Coriolis signal from the drive feed-through. Two
Advanced Measurement Technology Model 7265
lock-in amplifiers were used to generate the drive
and carrier signals. The voltages used were 3.535
Vrms AC at 2.167 kHz combined with a 40 V DC
bias applied to Vg4, while an AC voltage of 3 Vrms
at 18 kHz was applied to V. The device was
placed on an Ideal Aerosmith 1291BR rate table at
room temperate and atmospheric pressure and
tested for constant angular rates of +300 deg/s.

The sense mode voltages, Vs and Vsgr, were
demodulated twice, first at the carrier frequency
then at the drive frequency to produce the DC out-
put voltages plotted in Fig. 7. A linear fit was per-
formed for both masses resulting in a measured
sensitivity of -1.887 upV/deg/s and linearity of
0.68% FSO for the left mass and a measured sen-
sitivity of 1.687 pV/deg/s and linearity of 1.4%
FSO for the right mass.
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Fig. 7 Constant rate response for right and left
masses of 6-DOF gyroscope.

The responses of the left and right masses have
sensitivities with opposite signs as expected for
the anti-phase driving. The total output of the gy-
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roscope would be the differential of the two sense
signals which would result in an overall increase
in the total output. The sensitivity and full scale
output of the left mass was larger than the right
mass which, as stated above, can be attributed to
imperfections of the fabrication process. This can
be compensated by adding drive mode amplitude
control and ensuring proper calibration of both
sense masses.

5. CONCLUSIONS

A novel gyroscope concept based on robust
multi-DOF sensing and anti-phase driving was
introduced. Prototypes of the 6-DOF design were
fabricated and characterized. Experimental results
were presented which demonstrated the ability of
the device to reject common mode inputs while
remaining sensitive to Coriolis accelerations.
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