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MEMS Gyroscope With Concentrated Springs
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Abstract— We report on a new design approach for X-Y
symmetric resonator, emphasizing the increase in symmetry by
localization of the device anchors. The resonator is mechanized as
a z-axis rate gyroscope (RG), and the concept is compatible with
the rate-integrating gyroscope mechanization. Our approach is
based on strategically placing the critical mechanical elements
at the center of the resonator structure, to mitigate the effect
of fabrication imperfections across the device. We experimen-
tally demonstrated that the design yields a sub-Hz frequency
separation between operational modes, which is attributed to the
introduced design approach. The high symmetry of the device led
to a temperature stability of 50 mHz over 130 °C temperature
range. A ring down test demonstrated the Q-factor greater than
330 K. The thermal stability and preliminary characterization
results of the gyro in-run stability are presented. [2017-0177]

Index Terms— MEMS gyroscope, frequency symmetry,
Q-factor, thermal robustness.

I. INTRODUCTION

DYNAMICALLY balanced, degenerate-mode silicon
MEMS gyroscopes [1], [2] are the candidates for

precision rate and rate integrating operation. This technology
can be utilized for GPS-challenged navigation, precision
pointing platform stabilization of small systems and
many other applications where small size, weight, power,
high performance, and low cost are the requirements. Further
improvement in the performance of MEMS Coriolis Vibratory
Gyroscopes (CVG) will depend largely on the ability to
achieve and maintain the frequency separation between the
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drive and sense modes, preferably approaching � f = 0,
and to exhibit a high Q-factor for both operational modes.
Two-dimensional resonators with low frequency split
and high Q-factor have a potential to operate both as a rate
gyroscope (RG) and a rate integrating gyroscope (RIG), in the
former case removing the need for electronic integration of
the rate output of the sensor producing the signal directly pro-
portional to the rotational angle and increasing the detectable
rate above the resonance frequency of the mechanical element.
In addition, mechanical isotropy and frequency symmetry
allow to operate the gyroscope interchangeably between the
RG and RIG modes of operation, effectively increasing the
full scale of operation while preserving its sensitivity when
measuring low speeds of rotations.

A low frequency separation between the two principal axes
of elasticity enhances the sensitivity of the sensor by reducing
the thermomechanical noise and increasing the scale factor.
When the device is operated in the RG mode, the reduction
in frequency separation increases the sensitivity of the sensor.
When the device is operated in the RIG mode, the low fre-
quency separation allows to avoid “frequency locking” when
measuring slow rotations, thus reducing the lowest threshold
below which the sensor cannot detect any rotation, [3]. The
symmetry requirements for avoiding the “locking” of the RIG
mode device at low rotational rates are daunting. As an exam-
ple, to measure in the RIG mode the Earth’s rotational rate,
which is on the order of � = 15°/h, the frequency split of the
device is required to be on the level of �f = 2·� = 2·15°/h =
23μHz. Such frequency symmetry is currently not practical
for as-fabricated MEMS devices. This observation calls for
the strategy to operate MEMS devices in the RG mode for
low rotational rates and in the RIG mode for high rotational
rates. The increase in the device symmetry is beneficial for
both modes of operation, the RG and the RIG modes. The
increase in the quality factor (Q-factor) is also beneficial for
both modes of operation. In the RG mode, the sensor response
amplifies proportionally to the Q-factor and in the RIG mode
an increase in the Q-factor reduces the operational power and
relaxes requirements on asymmetry of the device. Therefore,
a higher symmetry and higher Qfactor are equally desirable
for a higher performance gyro, whether in the RG or RIG
modes of operation.
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Conceptually, degenerate mode gyroscopes are designed
to have the same drive and sense frequencies (� f = 0).
However, in practice, the fabrication process contributes to
imperfections such as due to lithography and etching, among
others, introducing imperfections in mass distribution and
stiffness. Suspension springs are the most critical elements
of the design since even minor changes in width or slope of
etching strongly affects the resonance frequency of the two
operational modes thus increasing the frequency separation.
With the current state-of-the-art micro fabrication techniques,
it seems not possible to manufacture silicon MEMS consis-
tently with the level of frequency symmetry in the range
of μHz. Therefore, highly precise postfabrication frequency
tuning mechanisms have to be put in place to operate the
gyroscope in the degenerate mode.

The Q-factor is a figure of merit that quantifies the capabil-
ity of the MEMS resonator to preserve the mechanical energy
of the system. There are several factors that may affect the
Q-factor of the device: air damping, anchor losses, thermos-
elastic damping (TED), and surface losses, to name a few
dominant. Air damping is caused by interaction of the moving
mass with the surrounding air particles, especially when the
air is in between the moving structure and the fixed plates.
Air damping is significantly reduced, even eliminated, when
MEMS are operated in vacuum. In the case of anchor losses,
the Q-factor is degraded when the mechanical energy flows
from the mechanical structure to the substrate via anchors.
Reduction of the anchor losses can be achieved by strategi-
cally placing the anchor in the mechanical nodes, achieving
dynamically balanced structures or by reducing the number
of anchors [4], [5]. In all cases, the design of the device is
implemented to cancel the mechanical acoustic waves traveling
to the substrate. Losses due to the thermos-elastic damping
can be modeled and the MEMS can be optimized to minimize
those losses. Both features, high Q-factor and low �f, are the
desirable features of the design to achieve high sensitivity and
low drift.

To overcome the current fabrication limitation and
achieve dynamically balanced symmetric MEMS resonators,
the research community explored a number of alternatives
that can be classified as either design-centered or fabrica-
tioncentered approaches. In the design-centered approaches,
more conventional MEMS fabrication techniques are used
and a mass-on-spring system is utilized to implement dynam-
ically balanced resonators [6]–[10]. The use of inherently
symmetric structures, such as rings and disks, were explored
in [11]–[13]. In the fabrication-centered approaches some
advanced fabrication techniques were also explored [14]–[17],
aspired to replicate structural advantages on the micro-scale of
the HRG-type device, [18] while also pursuing the structural
symmetry and the quality factor.

Our review of literature suggests that in practice, with
the current state-of-the-art silicon etching technology, it is
not possible to obtain a highly symmetric as-fabricated
modematched gyroscope, therefore post-fabricated frequency
matching techniques will be required in the foreseen future to
achieve the true modematched mechanical elements (at least
in the order of 10-20μm). In general, matching frequencies is

a two-stage process. First a rough tuning is performed after the
fabrication in order to bring resonant frequencies as close to
each other as possible, while preserving the dynamic balance.
Then, a fine tuning is employed to reduce the frequency
split to quasi-zero Hz and keep it stable through the tem-
perature range of operation. Frequency tuning techniques can
be implemented, either based on mechanical (permanent) and
electrical/electronic (adaptive) adjustments. The mechanical
approach is used as a roughtuning method and the electrostatic
approach is used as a finetuning method. In most cases,
the rough mechanical tuning is performed prior to the fine elec-
trostatic tuning. Mechanical perturbations are introduced based
on mass removal, [19], or mass addition, [20], to permanently
change the mechanical frequencies. A more flexible alternative
is based on electrostatic tuning of the operational modes with
large as-fabricated frequency splits, [21], or small separa-
tion [22]. Electrostatic tuning presents several limitations. For
a large tuning range, large electrostatic forces are required.
This approach implies the use of a large area of electrodes
or the use of large tuning DC voltages. It was reported that
an increase in the tuning voltage has a negative effect on
other structural parameters, such as the Q-factor, [7], and
noise amplification. Thus, achieving the structural symmetry
by increasing the tuning voltages is not a desirable option.

Resonant MEMS devices are fabricated using micro fabri-
cation techniques at a wafer level. The resonant frequencies
of mechanical elements vary across the wafer due to non-
uniformity of fabrication steps, [23]. Non-uniformity of the
fabrication process can be extrapolated to device-level or chip-
level. Our design concept, for the first time introduced in [24],
explored the idea of concentrating the critical parts of the
design – the suspension elements – in a small central area
of the device This design strategy allowed us to mitigate a
nonuniformity of etching across a single device and led to
highly isotropic gyro structures, while keeping a high Q-factor
due to XY symmetric “tuning-fork” dynamics. Our approach
allowed to reduce electrostatic forces required to fine-tune
the operational frequencies to achieve a better control of the
frequency split and to reduce electrostatic forces applied to the
mechanical structure. We utilized for this study the architecture
introduced in [24].

This paper is structured as follows. In section II, we ana-
lyzed the effects of design on the frequency split and the
Q-factor, and reported our simulation results of the proposed
resonator. In section II, we also correlated the location of
mechanical springs and anchors to the fabrication imperfection
linking it to the frequency split The fabrication process is
reviewed in section III, followed by characterization results in
section IV. We conclude the paper with section V, providing
conclusions and outlook.

II. DESIGN FOR LOW FREQUENCY SPLIT

AND HIGH Q-FACTOR

A. Effects of �f and Q-Factor on Gyro Performance

Frequency mismatch and Q-factor influence the sensitiv-
ity and drift of Rate Gyroscope (RG) and Rate Integrating
Gyroscope (RIG). In the mode matched operation, the scale
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Fig. 1. Illustration of the concept of concentrated springs. In a), shown is the tuning fork presented in [25], with springs distributed along the perimeter
and at the center of the chip area. In b), a simplified diagram is shown illustrating the area of the spring As and the area of the chip Ac of the design in a);
In c), a conceptual layout of the devices is presented, which is the focus of this work, emphasizing the importance of springs location close to the center of
the chip; In d), the corresponding As and Ac of the design in c).

factor of the RG is amplified by the Q-factor, providing higher
rate sensitivities and lower Mechanical-Thermal Noise (MTN).
The effects of the frequency mismatch and the Q-factor on
the MTN are discussed in [25]. MTN is a noise mechanism
caused by the Brownian motion of the sense-mode appearing
in the gyro output as angle random walk (ARW). In the RIG
mode of operation, the resolution of the angle measurements
depends on frequency asymmetry of the device in damping and
frequency, which arises from fabrication imperfections. The
Q-factor, damping asymmetry, and frequency split are setting
the limit on the gyro minimum detectable angle in the RIG
mode of operation. The gyroscope drift due to non-idealities
can be estimated as

�error = �

(
1

τ

)
+ 1

τ

� f

f
, (1)

where �(1/τ) is the difference between inverse of the decay
time, 1/τ1 − 1/τ2, where τ1 and τ2 are the lowest and highest
decay time of the resonator (corresponding to the principal
axes of damping), �f = f2

1 − f2
2/f, where f1 and f2 are the

resonant frequencies of the X and Y modes, where X and Y are
the principal axes of elasticity, and τ = Q/πf is the decay time
for the corresponding Q-factor (quality factor) of the resonator.

B. Concentrated Springs Architecture

We illustrate the idea of concentrated springs architecture
in Fig. 1. Fig. 1a shows a tuning fork gyroscope presented

in [26], as a representative example of the spread springs archi-
tecture. The dual-mass resonator is attached to the substrate
via springs located in four corners (and also at the center).
Mechanical coupling springs are located at the center of the
chip. In this architecture, the area of the springs As (enclosed
by a red square in Fig. 1a) is the same as the area of the
chip Ac (enclosed in a blue square in Fig. 1b). The ratio of
the spring area over the device area is As/Ac. Fig. 1b shows
a schematics of the concept and a qualitative representation
of the frequency split. In the concentrated springs architecture
(Fig. 1c), mechanical suspensions and coupling springs are
located close to the center of the chip, within a small area As ,
as compared to the area of the chip Ac. The concentrated
spring architecture presents a ratio As/Ac smaller than 1.

For this work, we broadly surveyed the literature on mass-
spring based MEMS gyroscopes, and compared the ratios
between the area of springs and the area occupied by the
corresponding device, As/Ac, and related that ratio to the
as-fabricated frequency split reported in publications. Our
approach is based on the observation and measurement of
optical images provided by authors in the corresponding
publications. In Fig. 2, we mapped devices with respect to
their ratio As/Ac (a vertical axis), as a function of the as-
fabricated frequency separation (a horizontal axis). Note that
in this survey we excluded publications that did not use
DRIE for the definition of structures, such as, for example,
micro-hemispherical shells [14]–[17]. The literature survey
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Fig. 2. Literature survey mapping approaches based on concentration of
structural anchors relative to the design concept explored by this work.
As and Ac are defined in Figure 1. Data suggests that devices with As/Ac ≈ 1
are more susceptible to fabrication imperfections than devices with As/Ac < 1

summarized in Fig.2 suggests a relationship between the ratio
As/ Ac and the as fabricated frequency split. We can observe
that smaller as-fabricated frequency split can be obtained if
the mass-spring gyroscope is designed with the springs located
towards the center of the chip.

To further investigate the trend observed from the literature
survey, we designed and fabricated test devices of two types,
with ratios of As/Ac of 0.15 and 0.5, respectively, while keep-
ing all other parameters the same. We mapped the explored
design space of this paper in Fig. 2.

C. Concentrated Spring Design

Figure 3 shows a schematic representation of the resonator
in operation. The design reported in this paper is based on two
mechanically coupled concentric circular masses that share the
same center of mass. Both proofmasses are designed to have
the same mass and the same resonant frequencies. Masses
are attached to the substrate by 4 anchors. The anchors are
located between the two masses and mechanically connected
to the masses via a pair of shuttles. The shuttles are connected
to the inner and outer masses by suspension springs and
are constrained to move with one degree of freedom, while
allowing at the same time the inner and the outer masses to
move freely in any direction in the XY plane.

Mechanical resonant frequencies of the two inner and outer
masses have been designed to be the same. Fig 4 shows a
schematic representation of the springs, anchors, and shuttles.
Inner and outer masses are mechanically connected to the inner
and outer shuttles, ms1 and ms2, via springs with a spring
constant km . Shuttles are connected to the anchor via springs
with the spring constant ka . The geometry of springs km and
ka is illustrated in Fig 4. The orientation of springs is chosen to
be compliant in one direction and very stiff in a perpendicular
direction. The spring constants of the U-shaped beams can be
approximated by EtW3/2L3, where E , t , L and W are the
Young‘s modulus, thickness, length, and width of each beam,
respectively. The corresponding in-phase resonant frequencies

Fig. 3. Schematic representation of the investigated concentrated spring gyro
architecture. Inner and outer masses are free to move along the X and Y axes
(2 degrees of freedom) as indicated with green and red colors. Shuttles of the
X axis move along the X direction (green) and shuttles of the Y axes move
along the Y direction (red). This is a conceptual drawing, the geometry of
suspensions and masses are not to scale. Structural elements with one degree
of freedom are in solid colors, while elements with two degrees of freedom
are in transitional colors.

ωix and ωiy , are calculated as:

ωix = ωiy =
√

4(ka + km)

mo + 2ms2
=

√
4(ka + km)

mi + 2ms1
(2)

In this equation, ka is the stiffness of the spring connecting
the shuttle to the anchor, and km is the stiffness of the spring
that joins the shuttles with the masses, and mo, mi , ms1, ms2
are the masses forming an outer mass, an inner mass, an inner
shuttle and an outer shuttle, respectively. The resonant fre-
quency was set the same for the inner and outer masses along
the X- and Y-axis. It is important to note that only two pairs
of shuttles are accounted for the total effective mass, hence
the factor of 2 in equation (2). The out-of-phase resonant
frequency can be calculated using:

ωox = ωoy =
√

4(ka + km) + 8kc

mi + 2ms1
=

√
4(ka + km) + 8kc

mo + 2ms2

(3)

In this equation, kc is the stiffness constant of the coupling
beam with the geometry shown in Fig. 4. Design of the
coupling spring was chosen to separate resonances of the
in-phase and the out-of-phase mode by as much as 20%.

In the gyroscope operation, the resonator is excited in its
outofphase mode. The resonant frequency of the out-of-phase
mode depends largely on the mechanical properties of the
coupling beam and can be estimated using equation (3).
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Fig. 4. Sketch of the spring-shuttle-anchor module. Orientation of the springs
ka, k, and kc corresponds to the orientation of maximum compliance. Actual
architecture of the springs is also included, as well as the connected masses.

TABLE I

WIDTH OF SUSPENSION OF FABRICATED SUSPENSION SPRINGS

In this work, three different types of resonators were
designed and implemented in order to study the effects of
fabrication imperfections on different geometry of springs.
In particular, the width of springs was designed to be 3, 5,
and 10μm to achieve the resonant frequencies of the out-of-
phase mode of 1.1, 3, and 10kHz, respectively. The mechanical
parameters are listed in Table 1. Release holes were patterned
on the silicon masses to provide a uniform access of the
etchant to the sacrificial oxide layer for release of the structure
(fabrication details are discussed in section III). The size and
separation of the release holes were obtained by modeling
the resonator using MEMS+ software package, [27] with the
objective of maintaining the same mass for the inner and
outer proofmasses. All three prototypes have been simulated
using Coventorware [28] to obtain the theoretical thermos-
elastic damping (TED). The solid models were meshed with
more than 25000 elements to assure the convergence of Finite
Element Analysis (FEA) calculations. The Q-factor limit due

Fig. 5. FEA simulation of the tuning fork-like oscillations in an anti-phase
degenerate mode. Shown are details of the shuttle and springs kinematics
along the X and Y displacements of masses.

Fig. 6. Mass-balanced design includes the same inner and outer mass
resulting in the same resonant frequency. The anti-phase oscillation cancels
the mechanical forces at the anchors, mitigating the energy loss from device
to substrate through the anchors.

to the TED was modeled to be 1.7M, 2.53M, 0.2M for the
1.2, 3, and 10kHz devices, respectively.

When in operation, the masses are forced to oscillate in
an out-of-phase mode along the X or Y directions (a tuning–
fork-like motion) by using electrostatic electrodes embedded
inside the suspended masses. For the inner and outer masses,
the same frequency of operation is achieved by implementing
the coupling springs between the inner and the outer shuttles.
During the operation, the two pairs of shuttles move in an
outofphase motion with respect to the anchor and along the
respective mass, while the equivalent and perpendicularly ori-
ented pairs remain motionless, Fig 5. Unlike in a conventional
tuning-fork the center of masses of the presented design
remains centered during the operation canceling the reaction
torques and forces in the area of anchors thus mitigating the
mechanical energy leakage through the anchors, Fig 6.

Electrostatic actuation and capacitive sensing are achieved
by 32 electrodes embedded in the masses, 16 for the inner
mass and 16 for the outer mass. Each set of electrodes is
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formed by 15 parallel plate capacitors. To allow a large
displacement of the masses the gap between parallel plates
is chosen to be 8μm. The total drive or sense capacitance for
each mass along either x or y-axis is 10pF.

In our approach the key element of the design is a com-
pact architecture of the spring-shuttle-anchor module. In the
presented design implementation the area of the suspension
spring As is 2 × 2mm, and the area of sensing element Ac is
5.7×5.7mm, providing the ratio of Ac/As = 0.12. According
to our survey of literature, Fig 3, this is the lowest ratio
reported in the literature, and is believed to be a critical design
parameter for achieving isotropy of the device In the next
section we will present our experimental results supporting
the hypothesis on the influence of anchor concentration on
structural symmetry of devices.

III. FABRICATION

An array of devices was fabricated using a single mask
standard 6” SOI �100� process with a 60 μm device layer
thickness and 2 μm buried oxide thickness. A stepper was
used to define three different patterns of suspension springs on
a 2.5μm photoresist coating, that was used as a mask for Deep
Reactive Ion Etching (DRIE). The effective mass of the two
concentric masses was kept the same for the three prototypes
with only a significant variation introduced by widths of the
springs, designed to be 3, 5 and 10μm resulting in 1.2, 3
and 10kHz resonance frequencies, respectively.

DRIE was performed for 35 minutes using a three-step
standard Bosh process consisting of two cycles: breakthrough
and etching. The breakthrough cycle etched the passivation
layer at the bottom of the trench and cleared the way for the
following etching sequence to etch the silicon isotropically.
In both steps, the breakthrough and the etching, the coil was
powered at 1500W, pressure inside the chamber was set to
3 Pa, the flow of SF6 was set to 400sccm and the platen
bias was set to low frequency in order to mitigate the notch
formation between the silicon and the dielectric. For the
breakthrough, the etching time was 1.2 seconds and the platen
power was 90W. The following etching step had the duration
of 0.4s and the platen power of 20W. The deposition cycle
had the duration of 1s, with the S4F8 flow at 400sccm, and
the pressure set at 6Pa. The coil was powered at 1500W. The
power was chosen to prevent overheating of the thin features
such as the comb drive fingers and springs.

Figure 7 shows an optical image of the released device.
A vapor HF-based release process was performed at a die
level. The pressure inside the etcher was kept at 12Pa HF and
N2 flow was set to 250sccm and 50sccm, respectively.

IV. CHARACTERIZATION

A. Spring Location and Fabrication Imperfection

In section II.B we hypothesized, based on literature survey
and findings in [23], that the use of concentrated spring archi-
tecture has a potential to reduce the effects of the fabrication
tolerances on the frequency symmetry. In addition to devices
described in Section III, we developed two additional designs
to investigate the effect. We focused on the fabrication error

Fig. 7. Optical images of the gyroscope and a close up of electrodes and a
spring-shuttle-anchor module.

Fig. 8. (a) and (b) are the optical images of fabricated prototypes with
concentrated (As /As 0.15) and spreaded (As /As = 0.5) architectures.
Anchors and springs are enclosed in the areas S1-S4. (c) shows the SEM
image of the anchor and spring module taken with the Hitachi Miniscope
TM3030. (d) The U-shaped spring width that connects the anchor with the
outer shuttle is manually measured for each area S. Table I shows a larger
variation of the width in the spread springs architecture.

introduced by the fabrication process before the resonator
release step (e.g, exposure, patterning, and DRIE etching).
The two test devices are shown in Fig.8. Optical image
in Fig. 8(a) and (b) corresponds to the concentrated springs and
the spread springs architectures, respectively. The resonator
architecture was discussed in Section II.C. Both resonators are
designed to have the same inner and outer masses as well as
the spring width of 5μm. The mass of the shuttles is also
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Fig. 9. Wafer map illustrating the position of the selected test resonator for
measurements of the spring width variations.

the same in both cases. Simulations confirmed some close
operational frequencies for both designs. The foot-print of both
devices is enclosed inside the same area Ac in Fig.8 (a). The
area of mechanical springs is enclosed inside the area As and is
chosen intentionally different for the two designs. The position
of each spring module is labelled from S1 to S4. The ratio
between the area of the springs and the area of the operational
device were designed to be Ac/As = 0.15 and 0.5 for the
concentrated and the spread architectures, respectively.

After devices were fabricated, we optically characterized
6 samples, with 3 concentrated spring and 3 spread spring
designs. Fig. 9 shows the wafer map with highlighted position
of the measured test devices. The meaning of the letters in
front of the device number are explained as follows: the
“S” subscript stands for “spreaded” while “C” stands for
“concentrated”. We used Hitachi Miniscope TM 3030 SEM
with a resolution of 10nm to measure manually the width of
a U-shaped spring that mechanically connects the anchor with
the outer shuttle, Fig.8 (c), for the four anchors (S1-S4) of each
device. To reduce the error introduced by the manual mea-
surement, each beam was measured at 3-5 different locations
and the readings were averaged to obtain the best estimation.
Table 1 summarizes the results. The measured widths were
also averaged to obtain an estimate of the nominal width of
the beam (Wn) for each resonator. Variation of the width in
each of the device was also calculated (Wvar). Note that the
nominal width of the U-shaped spring differed from device to
device according to their position on the wafer, as suggested
in [23]. Experimental results showed a larger variation of the
width intra-device for those devices with spread architecture
and lower variation for devices compared to those devices with
concentrated springs located in a similar position on the wafer.

The width of the beams has a direct correlation with
the resonator frequency of the operational modes, as indi-
cated in equations (2) and (3). CoventorMP MEMS+ was
used to investigate the effect of the width variation of the
inner-device on the frequency separation. We developed a
model for each of the two architectures and performed modal
simulation introducing the measured widths. The nominal
width across each device was set to the corresponding Wn,
for each resonator. The width for each measured U-shaped

TABLE II

SIMULATION OF THE FABRICATION IMPERFECTIONS OF FREQUENCY SPLIT

TABLE III

FREQUENCY SPLIT CHARACTERIZATION

spring in Fig.8(c) was accounted in the model. The modal
simulation results are shown in Table 2. The second column
shows the resonator frequency of the out-of-phase mode when
no variation of the width is introduced in the model (ideal
conditions) and considering a uniform nominal width of Wn
for each resonator. The third column shows the corresponding
frequency split. The fourth column shows the operational
frequency of the out-of-phase mode in the x direction when
imperfections are considered, and the fifth column shows the
calculated frequency separation between the two operational
modes. Simulation results showed a single digit frequency
separation for the concentrated spring devices and a few tens
of Hz for resonators with spread springs. It should be noticed
that we limited our considerations to variations in 4 of the
beams and assumed the rest of the beams to preserve the
nominal width. We assumed that variations of the width will
be similar for all the beams and therefore the simulation will
remain consistent across the wafer.

B. Resonator Characterization

Released devices, designed using the approach introduced
in section 2.C, were attached to ceramic packages using
conductive epoxy and placed inside a custom built vacuum
chamber. Figure 8 shows schematics of the characterization
set-up. All DC voltages and the signal sources are generated
using an FPGA-based lock-in amplifier Zurich Instruments,
HF2LI [29]. Forcer electrodes, composed of 2 electrodes
on one side of the inner mass and two opposite electrodes
on the outer mass, for both drive and sense axes (yellow
and black electrodes in Fig. 9), were connected to a signal
generator with a 100mV amplitude. Inner and outer masses
were driven in the out-of-phase mode. Drive and sense pick-off
electrodes were connected to two trans-impedance amplifiers



32 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 28, NO. 1, FEBRUARY 2019

Fig. 10. Characterization set up for the resonator frequency response and the
Q-factor measurement. The grey-shaded part corresponds to the element inside
the FPGA-based Lock-in amplifier. The bottom part shows the frequency
components at each point of the characterization setup.

HF2TA from Zurich Instruments. The suspended mass was
connected to a DC voltage VDC = 6V and a carrier frequency
generator of 100kHz. Out-of-phase mode was excited using
a single-ended signal. Electromechanical Amplitude Modula-
tion (EAM) technique was used to mitigate the effects of the
parasitic capacitances introduced by the characterization set-
up, such as vacuum chamber through connections and sockets.
The EAM technique is outlined at the bottom part of Fig. 10.
The input frequency, fr (A), was used to excite the mechanical
resonance of the MEMS, and the carrier signal, fc (B), was
applied to the proof-mass. Both signals were modulated by the
micromechanical resonator. The modulated signal at the output
of the resonator (C) has four main frequency components.
The sideband frequencies components fc + fr and fc − fr

contain the mechanical amplitude information. Therefore,
a demodulation of the output signal at fc + fr and a low-pass
filtering allows to recover the pure mechanical amplitude.

To characterize the frequency response of the resonator,
devices were placed in a vacuum chamber at moderate pressure
of around 10Pa and the excitation frequency was swept around
the resonant frequency fr The output was demodulated follow-
ing the same scheme explained in the previous paragraph. This
technique was applied for both x and y directions. The results
for three types of resonators are shown in the left column
of Fig 11. The resonator at the 1.2kHz resonant frequency
shows a frequency separation of 0.3Hz, the 3kHz device shows
less than 0.2Hz separation whereas the 10.2kHz device shows

Fig. 11. Experimental results of the as-fabricated frequency response of
resonator utilizing concentrated anchor design (left column) at moderate
vacuum of around 10Pa. Red color corresponds to the X axis and black color
corresponds to the Y axis. Right column shows the decay time and Q-factor
under 0.1Pa.

2.3Hz in frequency separation. In table 3, we show the nominal
frequency and the frequency separation for other devices,
which are grouped by the width of the suspension beams.

The Q-factor of the devices was characterized under 0.1Pa
vacuum. We used the ring-down time measurement with the
setup shown in Fig 8. Input frequency, fr , was manually
tuned to produce the largest amplitude after the demodulator.
Then, the input signal was cut off, while keeping the carrier
frequency, fr , and DC voltage applied to the proof-mass. The
decay time was recorded using the Plotter function in the
LabOne software interface which controls the Zurich Instru-
ment Lock-in amplifier. The decay time is the time required
for the amplitude, A, to decay below A/e, where e = 2.7182.
The normalized amplitude decay time was recorded for three
devices. Experimental results are shown in the right column
of Fig. 10. The Q factor was calculated using

Q = fr · π · τ (4)

where fr is the resonant frequency in Hz and τ is the decay
time in seconds.

Note that the frequency sweep and the ring-down time
measurements of the Q factor are different due the use of
different pressure in the vacuum chamber.

C. Temperature Stability

The device #2 with the operational frequency of 3kHz
was vacuum packaged at a moderate vacuum under pressure
around 5 Pa (corresponding to the Q factor of 15,000) and
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Fig. 12. TCF and �f characterization. Concentrated anchor design showed
0.12ppm/C° stability of the frequency split. Inset shows the effect of the TCF
on the angle estimation (we assumed �(1/τ ) = 0 and Q = 330k).

placed inside the thermal chamber ESPEC SH-240, with a
temperature control in the range from −30 °C to 100 °C. The
thermal chamber was manually controlled and the temperature
fluctuation inside the chamber was ±0.5°C. After setting the
reference temperature, we allowed 30 minutes for the MEMS
to thermally stabilize. Figure 12 shows the experimental
results. The resonant frequencies of the drive and sense modes
were recorded during the incremental temperature sweep. The
measured temperature coefficient of the resonant frequency
(TCF) was 29.62ppm/°C for the sense mode and 29.57ppm/°C
for the drive mode. The frequency symmetry (� f ) variation
was under 50mHz for the 130°C range when the resonant
frequency of the drive and sense mode was measured. The
temperature fluctuation inside the thermal chamber of ±0.5°C
introduced a frequency error of 89mHz in each frequency
measurement. If we estimate the frequency variation from the
temperature coefficient extracted from the measurement of the
resonator frequency in the x and y modes, the frequency split
variation is estimated to be on the order of 23.5mHz. For RIG
mechanization, the corresponding angle drift due to variation
of the � f can be estimated using equation (1). For simplicity
we assumed 1/τ = 0, and the angle drift due to the thermal
effects was estimated to be on the level of 0.003°/hr. This
suggests that we can relax our requirements on the frequency
split control under thermal variation, as in the present study
this effect is almost two orders of magnitude lower.

D. Gyroscope Characterization

Rate sensitivity and gyroscope performance were exper-
imentally demonstrated for the vacuum sealed (under 7Pa)
Device #2, operating at 3011Hz with a Q-factor of 5000
(Q-factor degraded from 10,000 to 5,000 over six months’
time due to the lack of getter material inside the package). The
resonator was electrostatically tuned down to 10mHz by using
the tuning voltage on the level of 1.6V, which was applied to
the drive forcer electrodes. Frequency response for the drive
and sense modes are shown in Fig. 13. Lower tuning voltage
can be used if the forcer and pick off electrodes are used for
tuning.

Fig. 13. Frequency response of device #2, before and after electrostatic
tuning.

Fig. 14. Open loop gyroscope mechanization scheme.

For the gyroscope operation, the resonator was electrostat-
ically forced to oscillate at the resonance in the out-of-phase
mode along the x axis. EAM, as described in section IV.A, was
used to decouple the frequency of the parasitic current from
the mechanical resonance. The experimental setup is described
in Fig 14. A carrier signal with 1V of amplitude, bias voltage
of 5V, and frequency fc of 100kHz were applied to suspended
masses using an external signal generator. An excitation signal
at the resonant frequency of the device, fr = 3, 011Hz, was
generated using the AM modulation capability of the HF2LI,
as in [29]. The PLL1 was locked to the carrier frequency,
fc, and PLL2 was locked at the frequency fc + fr . The
PLL 2 frequency was subtracted by the PLL1 frequency to
generate the drive frequency fr . The drive amplitude was
demodulated at the frequency of the PLL2 and the in-phase
component of the demodulated signal was utilized to maintain
the mechanical amplitude of around 1um.
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Fig. 15. Scale factor of the concentrated spring resonator operated in the
Rate mode.

Fig. 16. Allan variance of concentrated spring resonator operated in Rate
Gyroscope (RG) mode.

The sense pick-off electrodes were connected to the input
of the lock-in amplifier via a trans-impedance amplifier with
a 100k� feedback resistor and the second stage 10x amplifier.
The signal was demodulated using the sideband frequency
of 103,011 KHz and separated to in-phase and quadrature –
phase components.

The gyroscope was placed on a custom-built rate table. The
scale factor was evaluated at the input rate ranging between
±40 dps (Fig. 15) and measured to be 117uV/ deg/s.

The zero-rate output (ZRO) was measured for 7h with the
sampling rate of 224 Hz and without the temperature control.
The Quadrature null feedback loop was enabled to maintain
the quadrature signal at 0. The Allan variance was derived
based on these measurements. The Allan Variance at 1 second,
or Angle Random Walk, was measured at 0.2deg/

√
Hz. This

value is bigger than the theoretical ARW, suggesting that other
effects besides the thermo-mechanical noise are dominating
performance of the gyro. The minimum of the Allan variance
was found after 200 seconds of the integration time, measuring
a bias instability of 1.5dph (Fig. 16). Bias instability is
expected to decrease by operating the device at higher levels
of vacuum and using temperature compensation or feedback
thermal control of the unit.

V. CONCLUSIONS

In this work we explored the effects of concentrating of the
sensitive elements – mechanical springs and anchors – of the
mass-balanced degenerate mode gyroscopes in a small central
area of the sensor to achieve a sub-Hz frequency separation
between the drive and the sense modes. The use of the concen-
trated springs allows to maintain a tight frequency symmetry
even under thermal stress conditions. We observed less than
50mHz frequency variation in a range of temperatures from
−30 to 100 °C. The gyroscope operation at low as-fabricated
frequency split allows to lower voltages to tune the resonator
and subsequently reduce the noise induced by the voltage
supply. Reported results are a step toward achieving a low bias
instability Rate Integrating gyroscope that will be required for
high precision inertial navigation applications.
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