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Abstract—This paper presents the implementation of a cou-
pling mechanism on dynamically-balanced Dual Foucault Pen-
dulum (DFP) gyroscopes, ordering the anti-phase and in-phase
modes of vibration. A wide frequency separation is achieved be-
tween the desired anti-phase and the spurious in-phase resonance.
Mode ordering of dual mass tuning fork gyroscopes provides
isolation of the anti-phase resonance, resulting in the reduction
of energy losses through mode conversion and improves common-
mode rejection. A mode ordered Dual Foucault Pendulum (DFP)
gyroscope at an operational frequency of 15 kHz was fabricated
using the wafer-level epitaxial silicon encapsulation process. The
quality factor higher than 700,000 was achieved after vacuum
sealing with an activated getter. The coupling mechanism was
explained and initial rate characterization of the device was
reported.

I. INTRODUCTION

Microelectromechanical Systems (MEMS) gyroscopes with
high quality factor and rejection of linear acceleration and
vibration can be utilized for reliable and accurate angular rate
measurement for navigation applications. The quality factor
is the metric that indicates the dissipation of energy in a
resonant structure. The main energy dissipation mechanisms
in MEMS resonators and gyroscopes are (1) air damping, (2)
anchor losses, (3) thermoelastic damping (TED), and (4) mode
conversion losses [1]. The air damping is the major source
of energy dissipation, unless the vibratory device is operated
in a high-vacuum encapsulation. The anchor loss, TED, and
mode conversion loss depend on the structural design, mode
of operation, and fabrication imperfections. In an ideal case,
a dynamically-balanced structure mitigates the dissipation of
energy through the substrate, as the net reaction forces and
moments acting on the anchors are minimized [2]. Moreover,
a large separation between the operational mode and spurious
modes minimizes the mode conversion losses from mode
coupling due to fabrication imperfections [3]. The TED and
mode conversion losses can be mitigated by the geometric and
structural design of suspension elements and arrangement of
coupling mechanisms.

In the tuning fork microresonators and gyroscopes, two
(or more) proof masses are mechanically coupled by flexural
springs and driven in anti-phase motion [4]. The tuning fork
MEMS gyroscopes operated in a degenerate mode (mode-
matched), demonstrated high sensitivity to the input rotation
and low-noise performance [5]-[8]. However, the additional
degrees of freedom in devices with multiple lumped masses
introduce spurious frequency modes in addition to the op-
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Fig. 1. Mode-ordered DFP with fully differential parallel plate drive and
sense electrodes fabricated using silicon epitaxial encapsulation process. The
device footprint is < 1.8 x 1.8 mm?2.

erational mode. These spurious modes can cause leakage of
the vibrational energy or be excited by common-mode linear
acceleration and vibration.

In this work, a coupling mechanism is implemented on a
Dual Foucault Pendulum (DFP) [5] structure that provides
large frequency separation between anti-phase and spurious in-
phase modes with the anti-phase mode ordered as the lowest
frequency mode.

II. MODE ORDERED DUAL FOUCAULT PENDULUM

The mode ordered DFP MEMS gyroscope was fabricated on
a Silicon-on-Insulator (SOI) wafer with 40 pum device thick-
ness in a wafer-level epitaxial silicon encapsulation process
with fully differential parallel-plate electrodes [9]. The X-Y
symmetric design of the device consists of two identical proof
masses, mechanically coupled using four folded beam springs
and anchored through four pairs of internal beam elements.
The beam elements clamped at both ends to the anchors,
isolating the proof mass motion from the substrate, Fig. 1. The
parallel plate electrodes were designed with 1.5 pm capacitive
gas and 4.5 um anti-gap, forming an active capacitance of
1.5 pF at each drive and pickoff channel. The parallel-plate
electrodes provide fully differential excitation and detection as
well as electrostatic frequency tuning. Four pairs of decoupling

1130



- «—> «—> -
k K, k
~ANA M ~ANA M A
oK, < >k,
~AAA -AAA
Kk k., Kk
~AAA M ~ANA M RAAA
~AANAA ~AN\A
UK > > k

in in

Fig. 2. (top) Schematic of mass-spring coupling in dual mass gyroscope with
a weak spring coupling (k.), (bottom) a clamped-clamped beam provides
different coupling stiffnesses for in-phase and anti-phase modes (k;n, > kan),
both cases represent one axis of a dual mass tuning fork gyroscope.

frames were implemented to restrict the motion of electrodes
in one direction and reduce the cross-coupling between the
X-axis and the Y-axis.

Fig. 2 schematically demonstrates the coupling mechanisms
in a regular and a mode-ordered configuration with the
clamped-clamped beam element designs. The resonance
frequency of the in-phase, w;,, and anti-phase, w;,, in a
regular dual mass resonator with two identical proof masses,
M, and two identical spring elements, k, and a coupling
spring, k., are:

_E L [E N
Win = M Wan = M

The coupling stiffness acts upon the anti-phase mode of
vibration, resulting in a higher resonance frequency in anti-
phase motion compared to the in-phase motion. The low-
frequency in-phase mode makes the gyroscope susceptible
to the linear acceleration. Moreover, weak coupling stiffness,
k. << k, would bring the resonant frequency of the two
modes in close proximity and result in the mode conversion
losses.

The concept of using an internal clamped-clamped beam
element was implemented in a Quad Mass Gyroscope (QMG)
as a negative coupling stiffness between the proof masses in
the anti-phase mode [10]. Here, a similar concept was imple-
mented by anchoring the proof masses through a clamped-
clamped beam element to impose a different in-phase, ki,
and anti-phase stiffnesses, k,,. Thus, ordering the anti-phase
and in-phase modes of the device. The internal beam resonates
at its 1% flexural bending mode when proof masses move in
opposite directions and at its 2¢ flexural bending mode when
the proof masses move in the same direction, Fig. 3. In this
case, the resonance frequencies are

Wi — k/+k1n w o k/+kan+2kc (2)
in — V M y Wan — \/ M

In a clamped-clamped beam, the equivalent stiffness of the
beam at its fundamental modes of vibration are:
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Fig. 3. The anti-phase and in-phase motion of proof masses excite the first
and second flexural bending modes of the internal beam element, respectively.

where n is the mode number, F is Young’s modulus of the
material, [ is the 2nd moment of area, L is the beam length,
and C,, is the mode shape parameter of the beam. For a
clamped-clamped beam, C; = 22.37 and Cy = 61.67 impose
a different stiffness on the in-phase and anti-phase motion
(kin, > kan). According to Eq. 2, the condition for mode
ordering, wqy, < Win, 18
kin — kan

ke < = “4)

A weak coupling stiffness was configured to provide a
large frequency separation between the anti-phase and the
in-phase modes.

III. DEVICE CHARACTERIZATION

The mode ordered DFP was designed with anti-phase res-
onance frequency of 20 kHz, as the first operational mode,
separated by 12 kHz from the in-phase resonance mode,
Fig. 4. The device was wire-bonded to a Leadless Chip
Carrier (LCC) for characterization. A fully differential drive
architecture (push-pull) was applied on the parallel-plate drive
electrodes. Electromechanical Amplitude Modulation (EAM)
at 300 kHz was implemented to eliminate the feed-through
parasitics on the sense electrodes. The AC drive signal of 12
mV and the DC bias voltage of 1 V were used for the initial
frequency response characterization. The mode-ordering was
experimentally verified from the frequency sweep response,
Fig. 5. A single-ended output channel was used to detect the
in-phase resonance peak. The fabricated device revealed an
anti-phase resonance frequency of 15 kHz, which is 5 kHz
lower than the designed frequency.

A ringdown time measurement revealed a time constant
of 3.7 seconds, corresponding to a quality factor higher than
170,000 on both modes. The encapsulated MEMS gyroscope

Anti-Phase
f,=19450 Hz

In-Phase
f, =32200 Hz

\

Fig. 4. Finite element simulation results of anti-phase and in-phase resonance
modes of a mode ordered DFP with a clamped-clamped beam element.
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was vented by defining a 8 um vent hole through the cap
wafer using Focused Ion Beam (FIB) milling. The character-
ization of the vented device in a vacuum chamber showed
the ringdown time of 17.52 (s) and 17.24 (s) along the X-
and Y- axes, corresponding to the quality factors higher than
820,000 at 20 pTorr, approaching the Qrgp of 1.1 million
derived from finite element simulations. The vented device was
vacuum sealed with an activated getter for a better vacuum
stability and rate-table characterization. A thin layer of Cr/Au
(500A/3000A) was deposited on the backside of the dies and
Gold-Tin (Au80/Sn20) alloy was used for the eutectic die-
attachment in the vacuum. The device was re-wire-bonded
and vacuum sealed with getter in an ultra-high vacuum sealing
process [11]. Fig. 6 illustrates the ringdown time of the vacuum
sealed gyro, demonstrating quality factors higher than 700,000
in both modes. The lower quality factor after vacuum sealing
was due to the disengagement of the cryogenic pump form
the vacuum sealing furnace. The quality factor measurement
results are summarized in Table I.

For the rate operation, the as-fabricated frequency mismatch
of 112 Hz was electrostatically tuned to less than 100 mHz
with 6.95 V DC tuning voltage. The Phase-Locked Loop
(PLL) and Automatic Gain Control (AGC) Loop were imple-
mented using Zurich Instruments HF2LI Lock-in Amplifier to
drive the gyroscope into resonance. The open-loop scale factor
of 1.26 mV/deg/sec was extracted by applying an incremental
step input rotation from 10 to 90 deg/sec. Fig. 7 shows the
Allan Deviation (ADEV) of the zero rate output (ZRO) bias of
the mode-ordered DFP operating in the open-loop rate mode,
revealing ARW of 0.075 deg/v/hr and in-run bias stability of
1.9 deg /hr.

IV. CONCLUSION

A mode-ordered dual Foucault pendulum gyroscope at a
center frequency of ~ 15 kHz was designed and fabricated
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Fig. 5. Frequency sweep response shows the mode-ordered anti-phase and
in-phase resonances with ~ 11.5 kHz frequency separation.

TABLE I
QUALITY FACTOR OF MODE ORDERED DFP GYROSCOPE

Episeal Vented in vacuum Vacuum sealed
(as-fabricated) ~ chamber at 20 pTorr with getter
Xoaxi T=27s T=1722s T=1513s
xS Q= 127,000 Q = 812,000 Q = 714,000
Yeaxi T=28s T=17525s T=1521s
IS Q = 133,000 Q = 833,000 Q = 723,000
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% X-axis
£08r f=15026 Hz | -
E— T=15.13 sec
506 Q=714,000 |
B
NO4E ™ Bl
'Fé I
2021 |
=} 1
Z i
0 1 L

0 5 10 15 20 25
3 1 T T T T ‘
5 y-axis
£208r f=15145Hz |
% T=15.21 sec
s 067 Q=723,000 | |
B
NO4E >~ q
Tg I
202 |
=}
Z. I

0 1 L
0 5 10 15 20 25

time (s)

Fig. 6. Quality factors higher than 700,000 on both modes of the mode-
ordered DFP after vacuum sealing with getter.
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Fig. 7. ADEV plot of the gyroscope open-loop rate output showing ARW of
0.075 deg/v/hr and bias stability of 1.9 deg /hr.

using epitaxial silicon encapsulation process. Quality factors
higher than 700,000 were demonstrated after venting and
vacuum sealing with getter activation. The high quality fac-
tor is associated with a dynamically balanced operation of
the device in the anti-phase motion. The implemented new
suspension and coupling design provided ~ 12kHz frequency
separation between the desired and spurious frequency modes,
ordered the anti-phase mode as the first vibration mode of
the device. The initial open-loop rate gyro characterization
results revealed ARW of 0.075 deg/v/hr and in-run bias
stability of 1.9 deg /hr, without temperature control in the lab
environment. The high quality factor and mode-ordered DFP
operating in the degenerate mode can be possibly utilized for
a reliable rate measurement in harsh environments.
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