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Abstract—Automotive applications are known to impose quite
harsh environmental conditions such as vibration, shock, tempera-
ture, and thermal cycling on inertial sensors. Micromachined gyro-
scopes are known to be especially challenging to develop and com-
mercialize due to high sensitivity of their dynamic response to fab-
rication and environmental variations. Meeting performance spec-
ifications in the demanding automotive environment with low-cost
and high-yield devices requires a very robust microelectromechan-
ical systems (MEMS) sensing element. This paper reviews the de-
sign trend in structural implementations that provides inherent
robustness against structural and environmental parameter vari-
ations at the sensing element level. The fundamental approach is
based on obtaining a gain and phase stable region in the frequency
response of the sense-mode dynamical system in order to achieve
overall system robustness. Operating in the stable sense frequency
region provides improved bias stability, temperature stability, and
immunity to environmental and fabrication variations.

Index Terms—Automotive sensors, inertial sensors, microelec-
tromechanical systems (MEMS), micromachined gyroscopes.

I. INTRODUCTION

A UTOMOTIVE gyroscopes are highly engineered inertial
sensors, involving a large number of disciplines in-

cluding microelectromechanical systems (MEMS) technology
and micromachining, application-specific integrated circuit
(ASIC) and semiconductor technology, analog and digital
signal processing, electronic networking interfaces, packaging
and electronics integration, and high-volume manufacturing
techniques. The automotive environment imposed on these
devices is a daunting combination of temperature, vibration,
thermal cycling, shock, humidity, acoustic, etc. Performance
specifications must be met by accurately detecting angstroms
of Coriolis-induced motion during or after exposure to these
environments. In addition, the subject requires intellectual

Manuscript received August 20, 2008; revised February 18, 2009. Current
version published October 28, 2009. This work was supported in part by the
BEI Technologies under Contract BEI-36974, in part by the University of Cal-
ifornia Discovery Program ELE04-10202, and in part by the National Science
Foundation under Grant CMS-0409923. The associate editor coordinating the
review of this paper and approving it for publication was Prof. Paul Acar.

C. Acar is with Systron Donner Automotive, Schneider Electric, Concord,
CA 94518-1399 USA (e-mail: cenkacar@gmail.com).

A. R. Schofield, A. A. Trusov, and A. M. Shkel are with the University of Cal-
ifornia, Irvine, CA 92697 USA (e-mail: adam.schofield@uci.edu; atrusov@uci.
edu; andrei.shkel@uci.edu).

L. E. Costlow, retired, was with the Systron Donner Automotive, Custom
Sensors and Technologies, Schneider-Electric, Concord, CA 94518-1399 USA
(e-mail: lcostlow@gmail.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSEN.2009.2026466

Fig. 1. Illustration of the angular rate and acceleration detection axes in auto-
motive applications. Majority of emerging safety and comfort systems require
yaw- and roll-rate sensing.

property concepts capable of the robustness required to ef-
ficiently produce the gyros and a huge investment to fund
years of development and production line installation prior to
production launch.

Gyroscopes typically operate in safety systems, where high
reliability and quality must approach the zero parts per million
level. Detection of sensor failures is of utmost importance to
avoid an unintended vehicle action that endangers people. An
automotive gyroscope must meet all these requirements in ad-
dition to having extremely small size and low-unit production
cost. As with any high-volume technology, prices continue to
drop as volumes grow and the market matures.

In this paper, we review the primary automotive applications,
specification requirements, and commercial status of MEMS
gyroscopes, discuss the fundamental technical challenges in
design and high-volume production, and finally, present an
overview of the innovative multi-degree of freedom (DOF)
gyroscope design trend that aims to achieve inherent robustness
at the mechanical sensing element level.

II. AUTOMOTIVE APPLICATIONS OF MEMS GYROSCOPES

Several applications for MEMS angular rate sensors have
emerged since the mid-1990s in the automotive field. The most
significant one has been yaw-rate sensors (Fig. 1) for electronic
stability control (ESC) brake systems, which is a major break-
through in automotive safety. ESC helps prevent accidents by
automatically activating asymmetric individual wheel braking
actions in an out-of-control (oversteering or understeering) ve-
hicle to stabilize it to regain traction and driver control. The
other automotive safety systems application involves roll-rate
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TABLE I
TYPICAL AUTOMOTIVE GYRO KEY SPECIFICATIONS

gyroscopes to sense impending vehicle rollover conditions, for
deployment of passenger protection airbags and even preventing
rollover as a part of the ESC system.

Applications outside safety systems also exist, such as
yaw-rate gyros used to support backup navigation systems
by dead reckoning to preserve GPS-based navigator function
during temporary loss of GPS signal. Gyroscopes are enabling
new higher end applications as well. For example, an emerging
application is lane-keeping systems that may require high-pre-
cision detection of yaw rate. These systems assist the driver’s
steering action to preserve the vehicle in the existing highway
lane. Lane-keeping assistance systems can make minor steering
corrections if the vehicle detects an imminent lane departure
without a driver-activated turn signal.

A. Typical Automotive Gyro Specifications
Table I presents typical key specifications for automotive

gyros and compares required performance specifications for
each application. Until recently, ESC posed the most stringent
offset (bias), offset over temperature and scale factor error
specifications for automotive MEMS gyros. With the trend
to mount ESC gyros in the engine compartment, the oper-
ation temperature range increased drastically. However, the
emerging lane-keeping applications have even tighter specifi-
cations. Rollover airbag sensors and GPS backup sensors are
among the lower end performance applications.

B. Commercial MEMS Automotive Gyroscopes
The strict performance specifications and cost requirements

in the automotive insdustry have resulted in only five compa-
nies worldwide that share the ESC market as of 2008. Some
of them also have various positions in the rollover, navigation,
and lane-keeping gyro markets. These automotive ESC gyro-
scope suppliers take very different design and technology ap-
proaches to the implementation of their micromachined gyro-
scopes. These five companies have a widely divergent share of
the ESC market. Table II depicts the market share and MEMS
technology utilized by these ESC gyro suppliers in the 2006
market [2].

One of the automotive gyroscopes that holds a significant
market share is quartz rate sensor (QRS) from Systron Donner
Automotive introduced in 1996 and now in its third generation
[3]. Its mechanical structure consists of a double-ended tuning
fork operated at or above 10 kHz with separate drive and sensing
tines optimized for their respective drive and sense functions,
utilizing piezoelectric actuation and detection. Masses on the

TABLE II
LEADING AUTOMOTIVE ESC GYRO SUPPLIERS [2]

tine ends are laser trimmed to automatically adjust resonant fre-
quencies and quadrature error [4].

As for silicon devices, Robert Bosch GmbH introduced a mi-
cromachined yaw sensor, the DRS-MM1, in 1998 which is now
in its third generation [6]. The mechanical design consists of
two coupled 11 thick polysilicon masses forming a tuning
fork structure with decoupled drive and detection frames that is
operated at approximately 15 kHz [7]. Both drive and sense are
operated closed loop using a digital ASIC, which also adjusts
the output to compensate for both offset and scale factor tem-
perature drifts [8].

A relatively new device to the automotive market is the
Analog Devices fully integrated gyroscope ADXRS (also
currently in its third generation), which was put into mass
production in 2002 after four years in preproduction develop-
ment [5], [9]. The mechanical sensor consists of two (or up to
four) mechanically independent thick polysilicon
structures operated differentially at 15 kHz with a quality factor
of 45; the Coriolis signal is compensated using a tempera-
ture-variable amplifier, resulting in sensitivity variations of
1% over a range of C to C [10], [11]. Since 2006,
Panasonic has moved into silicon tuning fork sensors with a
piezoelectric coating material used for both drive and sense.
However, there are no publications by Panasonic on the details
of their gyroscope design. In addition, Silicon Sensing Systems
has commercialized in 2007 a silicon bulk micromachined
gyro with capacitive drive and sense, to replace their traditional
inductive version eliminating the magnet characteristic [12].

As evidenced by the literature on commercially available
gyroscopes, the stability of the output over a broad tempera-
ture range is critical for automotive applications. Generally,
bias and scale factor temperature drifts are addressed through
active signal processing techniques that compensate the output
based on the sensed die temperature. However, stability and
robustness of the mechanical sensing element becomes crucial
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to meet strict specifications with minimal yield loss. This paper
presents a review of an alternative design concept, which aims
to passively improve robustness by mechanical design through
the use of multi-DOF sense systems [1].

III. FUNDAMENTAL CHALLENGES

The basic sensing element structure of a vibratory gyroscope
is composed of a drive oscillator that generates and maintains a
constant momentum, and a sense accelerometer that measures
the sinusoidal Coriolis force induced due to the combination of
the drive vibration and an angular rate input.

Vast majority of reported micromachined rate gyroscopes uti-
lize a vibratory proof mass suspended by flexible beams above
a substrate. The primary objective of the dynamical system is
to form a vibratory oscillator in the drive mode, coupled to the
sense mode accelerometer by the Coriolis force orthogonal to
the drive motion and rate input axes.

The drive mode oscillator is most commonly a 1-DOF res-
onator, which can be modeled as a mass-spring-damper system
consisting of the drive proof mass , the drive-mode suspen-
sion system with stiffness , and the drive damping . With
a sinusoidal drive-mode excitation force, the drive equation of
motion along the axis becomes

(1)

The scale factor of the gyroscope is directly proportional to
the drive-mode oscillation amplitude. The phase and the fre-
quency of the drive oscillation directly determines the phase
and the frequency of the Coriolis force and thus the sense mode
response. Consequently, it is extremely critical to maintain a
drive-mode oscillation with stable amplitude, phase, and fre-
quency. In practical implementations, almost all reported gy-
roscopes operate exactly at resonance, with a phase of
relative to the drive signal, and the amplitude

(2)

Self-resonance by the use of an amplitude-regulated positive
feedback loop is a common and convenient method to achieve
a stable drive-mode amplitude and phase. The positive feed-
back loop destabilizes the resonator and locks the operational
frequency to the drive-mode resonant frequency. This allows to
set the oscillation phase exactly 90 from the excitation signal.
An automatic gain control (AGC) loop detects the oscillation
amplitude, compares it with a reference amplitude signal, and
adjusts the gain of the positive feedback to match the reference
amplitude. Operating at resonance in the drive mode also mini-
mizes the excitation voltages during steady-state operation.

The sense-mode Coriolis accelerometer is also typically a
1-DOF oscillator, primarily to take advantage of resonance to
amplify the mechanical response to the Coriolis force. The equa-
tion of motion of the 1-DOF sense-mode oscillator is

(3)

where is the portion of the driven proof mass that con-
tributes to the Coriolis force, and is the portion of the proof

mass that responds to the Coriolis force. Defining the sense-
mode resonant frequency and quality factor ( factor) ,
amplitude of the steady-state Coriolis response becomes

(4)

where

(5)

To achieve the maximum possible gain in the sense mode,
it is generally desired to operate at or near the peak of
the sense-mode response curve. This is typically achieved
by matching drive and sense resonant frequencies. For a
mode-matched system with the sense mode phase is

relative to the drive velocity, and the amplitude becomes

(6)

Even though matching the drive and sense-mode resonant
frequencies greatly enhances the sense-mode mechanical re-
sponse to angular rate input, it comes with many disadvantages.
Operating close to the sense resonant peak limits the sensor
bandwidth and makes the system very sensitive to variations in
system parameters that cause a shift in the resonant frequen-
cies or damping. To illustrate this effect, let us consider a sense
mode system with a resonant frequency of and a
factor of . When the operating frequency matches
the sense-mode resonant frequency , the amplification factor
is 10 000. If there is only 5-Hz relative shift between the drive
mode and sense mode frequencies, the scale factor drops by
more than 90%.

Given the structural and environmental effects that result in
quite large variations in the resonant frequencies, it is extremely
difficult to control the drive and sense frequencies with the pre-
cision required for mode-matched devices. Thus, it is a common
practice to operate away from the resonant frequency of the
sense mode, where the frequency variations have reduced effect
on the output gain and phase (Fig. 2). This is achieved by set-
ting the sense-mode frequency spaced by a certain percentage
away from the drive mode frequency . This frequency sepa-
ration is commonly defined as . For higher
values, the effect of relative frequency variations between the
drive and sense modes on the scale factor is reduced (Fig. 3).

In addition to frequency variations, the gain is affected di-
rectly by fluctuations in damping, which means that the factor
of the sense mode response also has to be controlled tightly.
Thus, maintaining a constant pressure around the device using
a leak-free hermetic packaging is crucial. In addition, damping
is also highly temperature dependent. To achieve stable bias and
scale factor over temperature, operating away from the reso-
nance peak becomes imperative.

In this paper, we review micromachined gyroscopes with
multi-DOF sense-mode that aim to eliminate the limitations of
mode-matched or near mode-matched gyroscopes by providing
inherent robustness at the sensing element level [1]. The fun-
damental approach is based on obtaining a flat region instead
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Fig. 2. Vibratory rate gyroscope system is composed of a 1-DOF drive-mode
oscillator and a 1-DOF sense-mode oscillator. The drive and sense resonant fre-
quencies are usually spaced by �� to provide robustness.

Fig. 3. Increasing �� values reduce the effect of frequency variations on the
scale factor.

of a resonant peak in the frequency response of the sense-mode
dynamical system. First, the basic concept with a 2-DOF sense
mode and a 1-DOF drive mode is presented in Section IV. The
antiphase tuning fork gyroscope with multi-DOF sense modes

Fig. 4. Lumped structural model of multi-DOF sense-mode gyroscope.

that improves vibration and shock immunity is described in
Section V. Finally, a new multi-DOF concept allowing for
flexible scaling of parameters to enable operation at high
frequencies is presented in Section VI.

IV. MULTI-DOF SENSE-MODE GYROSCOPES

The multi-DOF sense-mode design approach explores the
possibility of achieving a gain and phase stable region in the
frequency response of the sense-mode dynamical system. Oper-
ating in a stable region addresses some of the major challenges
in device robustness:

1) Scale factor variation due to variation from die to die
and from wafer to wafer.

2) Bias and scale factor variation over temperature due to tem-
perature dependence of and sense-mode factor.

3) Variation in the Coriolis signal phase due to the shift in
natural frequencies.

4) Long-term variation in bias and scale factor due to pack-
aging pressure degradation over time.

The basic concept is based on a 2-DOF sense-mode oscillator
in the gyroscope dynamical system, by the use of two intercon-
nected proof masses (Fig. 4 and 6). The two sense masses
and are elastically coupled in the sense direction. The first
sense mass is free to oscillate both in the drive and sense di-
rections and is excited in the drive direction. In the sense mode,
the second sense mass is free to move relative to and
becomes the second DOF. In the drive mode, and os-
cillate together and form a resonant 1-DOF oscillator similar to
a conventional micromachined gyroscope. With these assump-
tions, the simplified equations of motion in the drive and sense
modes become

(7)

(8)

(9)

The 2-DOF sense-mode oscillator provides a frequency
response with two resonant peaks and a flat region between
the peaks (Fig. 5), instead of a single resonance peak as in
conventional gyroscopes. The device is nominally operated in
the flat region of the sense-mode response curve, where the
gain is less sensitive to variations in the natural frequencies and
damping. Thus, reduced sensitivity to structural and thermal
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Fig. 5. Frequency response showing superimposed drive and sense modes.

Fig. 6. SEM image of fabricated silicon-on-insulator multi-DOF sense-mode
gyroscope.

parameter fluctuations and damping changes are achieved,
leading to improved long-term stability and robustness against
temperature variations and fabrication variations from device
to device [13]–[15].

A. Sense-Mode Design Equations

As mentioned earlier, multi-DOF sense-mode gyroscopes
have an expanded design space compared to conventional
devices due to the additional mass forming the 2-DOF sense
mode. Thus, the design is characterized by three frequencies:
the operational frequency and the lower and higher coupled
sense-mode resonances and , respectively. The drive
mode of a multi-DOF device is a conventional 1-DOF dynamic
system, where the natural frequency can be selected inde-
pendent of the sense mode by adjusting the drive mode stiffness

or the decoupling frame mass (see Fig. 4). Therefore,
the focus of designing a multi-DOF gyroscope is on the 2-DOF
sense mode, specifically on identifying the structural parame-
ters , , , and needed to realize the desired resonant
frequencies and .

The sense-mode resonant frequencies, however, are not inde-
pendent of the drive mode since the device is designed to take

advantage of the constant amplitude region in the sense-mode
frequency response. Assuming the drive is equally spaced from
the peaks, the desired sense-mode resonant frequencies can be
expressed as

(10)

where is the operational frequency, and is the sense mode
peak spacing, defined as . The three characteristic
frequencies of the multi-DOF concept can be completely de-
fined using only two parameters: the operational frequency
and sense-mode peak spacing , as shown in Fig. 5. Solving
the inverse eigenvalue problem for the 2-DOF sense mode
gives [16]

(11)

(12)

which are the sense-mode design equations for the suspen-
sions required to achieve the desired resonant frequencies
in terms of the drive frequency , peak spacing , and mass
ratio .

Examination of (11) and (12), however, reveals the existence
of a constraint for physically achievable systems

(13)

Therefore, combinations of mass ratios, peak spacings, and op-
erational frequencies cannot be selected arbitrarily, but rather
must be chosen to ensure (13) is met. This gives rise to two
methods of operational frequency scaling and associated trade-
offs, which is discussed in more detail in [16].

B. Sense-Mode Gain and Bandwidth

The mechanical gain and bandwidth of a multi-DOF sense
mode gyroscope are dependent on the amplitude of the re-
gion between the peaks of the 2-DOF sense-mode frequency
response. Despite the presence of two sense masses, the me-
chanical parameters of the device are only dependent on the
magnitude of the smaller mass , as this is the mass used for
detection. The reason for this is the location of the antiresonance
frequency of the larger mass , which is always between
the sense-mode resonant frequencies, as illustrated in Fig. 5.
Therefore, the amplitude of the smaller mass is maximized
relative to the larger mass between the peaks making it the
optimum mass for sensing angular rate induced motion.
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