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ABSTRACT

We describe the principle of operation and experimental
characterization of an integrated micromechanical vibratory
rate gyroscope based on resonant sensing of the Coriolis
force. The new design has several advantages over rate
gyroscopes that utilize open-loop displacement sensing for
rotation rate measurement. Some of these advantages
include simpler dynamics and control, improved scale factor
stability, large dynamic range, high resolution, and a quasi-
digital FM output. A z-axis integrated surface-microma-
chined gyroscope fabricated at the Sandia National Labora-
tories has a measured noise floor of 0.3 deg/sec/ JHz .

Keywords: Gyroscope, rate sensor, resonant sensing, sur-
face micromachining.

INTRODUCTION

A gyroscope is a sensor used to detect angular motion.
Several micromechanical gyroscope devices have been
reported in literature [1]. Most of these devices operate on
the principle of detecting an induced Coriolis acceleration
on a proof mass that vibrates along a direction orthogonal to
the axis about which the input rotation is applied. A variety
of sensing techniques [1] including optical, capacitive, tun-
neling and piezoresistive have been used to estimate the
Coriolis force, and hence the rotation rate, by measuring the
displacement of the proof mass in a direction orthogonal to
both the driven motion and the axis about which rotational
motion is to be sensed. The design of such a device must
allow for nearly equal compliance of the proof mass along
two orthogonal directions.

Two important parameters that define gyroscope perfor-
mance are the scale factor (sensitivity to the measurand) and
the resolution. In addition, it is required that the sensor out-
put be insensitive to parameters other than the measurand
especially ambient environmental parameters such as tem-
perature and pressure.

The scale factor (S) for gyroscopes utilizing open-loop
displacement sensing can be expressed as a ratio of the mea-
sured displacement (y) in the sensing direction to the rota-
tion rate (£2,) to be sensed [2]:
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Gyroscopes that utilize displacement sensing to deter-
mine rotation rate often operate under the condition of
matched modes(w, = my) or closely matched modes for
improved resolution and sensitivity under low pressure
(high quality factor) ambients. However, perfect mode
matching typically limits the bandwidth of the input rate to
less than a few hertz which is unsuitable for many applica-
tions. An open-loop implementation »Yith slightly mis-
matched modes trades off sensitivity for .bandwidth.
However, the scale factor is still inversely proportional to
the difference between the drive and sense mode natural fre-
quencies. These frequencies may be different functions of
the ambient temperature and pressure, resulting in potential
bias instability and scale factor drift. Closed-loop control
has been cited as the solution to these issues by extending
bandwidth without significantly degrading resolution. How-
ever, any control implementation is compounded by the
severe challenge of resolving sub-angstrom displacements
and maintaining system stability in the presence of larger
perturbations (such as coupling of the driven motion of the
proof mass) for a multi-degree of freedom system [3].

The current work utilizes resonant sensing as the detec-
tion principle for direct measurement of the Coriolis force.
Resonant sensing involves the detection of an input measur-
and in terms of a resonant frequency shift in the sensing
device. This mechanism of sensing has been widely used in
a number of applications ranging from cantilevers in atomic
force microscopes [4] to microaccelerometers [5]. Resonant
sensing benefits from a direct frequency output, the ease of
interfacing with digital signal processing, high resolution
and large dynamic range. The specific application of reso-
nant sensing to the gyroscope problem results in a number
of additional benefits. The dynamics is considerably simpli-
fied from a minimally two degree of freedom system to a
series of coupled single degree of freedom resonating ele-
ments. The scale factor turns out to be a dimensionless
quantity that is dependent only on material and geometrical
parameters. Resonant sensing has traditionally been hin-
dered by sensitivity to environmental parameters such as
temperature and pressure. However, the scale factor sensi-
tivity to environmental variables is expected to be consider-
ably lower for the resonant output gyroscope.
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Figure 1: Pictorial depiction of the mechanical structure of the resonant output gyroscope. The figure on the left is a schematic of the
mechanical structure illustrating the principle of operation and the figure on the right is a die photo of the device implementation in

the Sandia National Laboratories IMEMS process.
DEVICE DESCRIPTION

A schematic of the z-axis resonant output gyroscope is
shown in Figure 1. The device consists of a proof mass sus-
pended by flexures attached to a rigid frame. The proof
mass is driven relative to the outer frame using embedded
lateral comb drive actuators. Specialized combs can be
employed for self-test and for quadrature error cancellation
[2]. If an external rotation is applied to the chip about the z-
axis, the Coriolis force acting on the proof mass is transmit-
ted to the outer frame. A lever mechanism[5] amplifies this
force prior to being communicated axially onto two double-
ended tuning fork (DETF) resonators placed on either side
of the outer frame to provide for a differential output. The
two tines of each tuning fork vibrate anti-phase to each
other and parallel to the direction of motion of the inner
proof mass. The periodic compression and tension of the
tuning fork tines by the Coriolis force at the proof mass
drive frequency modulates the resonant frequency of these
force sensors. Each force sensor comprises of the tuning
fork mechanical structure embedded in the feedback loop of
an oscillator circuit. Thus, by demodulating the oscillator
output frequency, the rotation rate applied to the device can
be estimated.

THEORY

The dynamics of the device can be described by a series
of coupled differential equations. The proof mass dynamics
can be described for most part by a classical spring-mass-
damper equation. However, the dynamics of the DETF sub-
jected to an axial time-varying Coriolis force is given by:

m X, + b i, + (k, + ksin(w,t)x, = F,

AlF
Cmode 2Lr

(2)

ki =

We will use the subscripts, 1 g to designate parameter values
for the DETF resonators and the gyroscope proof mass
respectively. The significant perturbation term, k,sin(w,?),
which represents a modulation of the spring constant of the
resonant sensor at the gyroscope drive frequency (wy/2m) is
directly contributed by the amplified Coriolis force imping-
ing axially on the resonator tines. F, is the force that is
applied to the tuning fork to sustain motion at resonance and
essentially acts to cancel out the damping effects in the sys-
tem. Thus, the Coriolis force (F,) modulates the spring con-
stant of the resonator system. Equation (2) is also known as
the Mathieu equation [6]. This equation has been widely
studied in the context of parametric resonance, but in our
case the proof mass drive frequency and the resonant fre-
quency of the structure are designed so as to allow for stable
operation only. An approximate solution of this equation is
given by [6]:

r

x, = x,(1+ ﬁsin(wgt))sin(u)rt - Bcos((ogt) +¢0) ..(3)

Note that the displacement is both amplitude and frequency
modulated. The modulation index, B, is representative of the
Coriolis force and the approximation for narrow-band fre-
quency modulation is valid as the magnitude of the stiffness
variation for the applied Coriolis force is much smaller than
the nominal stiffness i.e. k; « &, . The modulation index, B,
can be expressed as the ratio of the peak frequency shift (Af)
due to the applied force to the modulating Coriolis force fre-
quency (f,) and is given by:
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Note that the two tuning forks placed on either side of the
structure experience an equal and opposite axial force. The
output of the device is the resonant frequency shift differ-
ence (8f, = Af, - Af,) between the two tuning fork sen-
sors, measured at the gyroscope proof mass drive frequency.

The scale factor of the sensor(S) that relates the output
frequency shift difference (8f,) between the two tuning
forks to the external input rotation rate (€2,) is given by:

5o o _ Cmote 4 Mg Sy X .. (5
Q, 2w m, f, L,
Note that the scale factor is a dimensionless quantity relat-
ing an input rate to an output frequency shift difference. The
expression is written in terms of a ratio of like quantities
multiplied by a lever gain (A) and a constant (c,,q,) depen-
dent on the mode shape of the resonating element. The scale
factor is only dependent on material and geometrical param-
eters and the displacement of the gyroscope proof mass
(X,). The goal of the control scheme is now simplified to the
requirement of maintaining constant amplitude motion for
the gyroscope proof mass and the tuning fork force sensing
elements at their respective resonant frequencies.

The other critical sensor parameter is the noise equiva-
lent rate output of the sensor. This noise floor has electronic
and mechanical constituents. We will consider oscillator
electronic noise as the primary electronic noise (£2,,,) com-
ponent and ignore noise contributions from the signal pro-
cessing scheme. The primary mechanical noise sources
result from the brownian motion of the proof mass (€2,,,)
and that of the tuning fork tines (£2,,,). An expression for
the overall rotational rate equivalent noise density (£2,) can
be written as:

2 2 2 2 2
Q = Q"pb+ane+Qnre+Qnrb ..(6)
Design
Noise source expression value
(deg/sec/f]-l_z )
_ 81t2mr(orkBT L2 0.04
S
(CmodeAmgvg) Qr r
5 - 8n-m.f,L, 0.2
e CmadeAmng ! SNRosc
— 4k Th .01
Qs = G X =
2myo X,)
2__
.
on
2X gmgu)gay

Table 1: Contributions to noise equivalent rate output

The brownian noise of the resonating tuning fork tines is
shaped by the resonator mechanical transfer function (H,).
However, the electronic noise of the sustaining amplifier is

not shaped by H, and sets the background noise of the oscil-
lator away from the carrier frequency. Voltage noise on the
electrodes that actuate the proof mass (v,,) can result in a
noise force along the sensing direction for a non-ideal actua-
tor. The noise contributions from the proof mass motion are
low and typicaily the DETF oscillator noise sets the sensor
resolution.

DEVICE FEATURES

The device dynamics has now been simplified to a
series of coupled one-degree of freedom resonators. The
requirement for multi-degree of freedom control disappear
as the complexity is now transferred to the signal process-
ing. The control goals are limited to sustaining motion in the
inner proof mass and the DETF resonators at prescribed
amplitudes. The scale factor of this device is defined as the
ratio of the peak frequency shift difference between the two
force sensors at the proof mass drive frequency to the rota-
tion rate input (equation 5). This parameter is a dimension-
less constant that is dependent only on geometrical design
parameters and material constants. The mass and the fre-
quency of the tuning forks and the proof mass are expected
to have the same functional behavior, and hence the sensi-
tivity of the scale factor to environmental variables due to
these terms cancel out to first order. This assumption is
strengthened by the fact that both the proof mass and tuning
fork sensors oscillate along the same direction but it does
require some degree of material uniformity across the struc-
ture. The scale factor sensitivity to an environmental vari-
able, x, can now be written as:

195 _ 19X, 19, (D
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We are now left with a much smaller scale factor depen-
dence in the resonator length (L,). For the specific case of x
representing temperature, this dependence is much smaller
as compared to variations of parameters such as the Young’s
modulus and quality factor that are typically an order of
magnitude or more higher. This variation can be potentially
compensated by an amplitude gain control strategy applied
to the gyroscope proof mass motion. To add to this benefit
are the inherent advantages of resonant sensing, including a
large dynamic range, high resolution and good linearity [2].

EXPERIMENTAL CHARACTERIZATION

A z-axis resonant output gyroscope was designed and
fabricated in the Sandia National Laboratories integrated
MEMS process [7]. A 2.25 um thick surface-microma-
chined polysilicon layer serves as the structural material and
an underlying layer of polysilicon is used for electrical rout-
ing and shielding purposes. Sensor interface electronics are
designed in a 5V 2um CMOS process.
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Figure 2: Die photo of the gyroscope module. The chip area is
4.5mm X 4.5mm.

A die photo of the gyroscope is shown in Figure 2. The
device is comprised of an inner proof mass, an outer frame,
a lever suspension, six double-ended tuning fork devices
and an array of comb fingers for actuation, error compensa-
tion and other control and testing purposes. Two of the dou-
ble-ended tuning forks are used for sensing the induced
Coriolis force. The other four double-ended tuning forks,
attached to the outer frame, are provided as references for
temperature compensation and for drive motion measure-
ments.

The designed scale factor of this device is 15 mHz/deg/
sec and the estimated brownian noise equivalent rate is 0.04
deg/sec/ JHz. On-chip circuits include a trans-resistance
amplifier for driving the proof mass into oscillation and
closed-loop Pierce oscillator circuits for the double-ended
tuning fork resonators. The proof mass suspension was
designed to be compliant to allow for large static deflection
at operating voltages and a relatively low resonant fre-
quency of 3.6 kHz. The double-ended tuning forks are
designed for a resonant frequency of 300 kHz. The lever is
designed to provide a force amplification factor of about 30.

Substantial experimental characterization of the device
has been completed. The observed magnitude response of
the proof mass drive motion in air (Figure 3) was measured
using the computer microvision system [8]. The observed
resonant frequencies of the driven mode of the proof mass
and the double-ended tuning forks lie slightly under
designed values.

The Pierce oscillators exhibit a background noise floor
of approximately -100 dBc/Hz with in-circuit quality factors
exceeding 30000 at 50 mtorr. When the proof mass as well
as the two resonators are driven into motion, a component of

the actuation force couples along the sense direction, result-
ing in a frequency modulated oscillator output as is shown
in Figure 4. This coupling signal is in-phase with the Corio-
lis force and serves to introduce an offset in the output on
the order of several hundred degrees per second. An off-chip
phase-locked loop is used to demodulate the signal down to
the drive frequency. Further conventional amplitude demod-
ulation with the proof mass drive signal, followed by a low-
pass filter directly results in a rotation rate voltage output.
Figure 5 is a block diagram representation of the analog
demodulation scheme currently implemented.

Magnitude response of the drive motion of the proof mess
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Figure 3: Magnitude response of the drive motion of the proof mass
in air obtained using the computer microvision system [8]. The res-

onant frequency of the proof mass is 2.2 kHz and the quality factor
is about 5 at 1 atm.
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Figure 4: Output of the double-ended tuning fork device measuring
the Coriolis force. The FM sidebands correspond to the coupling of
the proof mass actuation force along the sense direction.

The device was tested on a rate table in a portable vac-
uum chamber that provided for ambient pressures between
10-250 mtorr. However, due to the requirement of a vacuum
feedthrough, the device could not be subjected to a fixed
constant rotation rate. When an external sinusoidal rotation
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rate is applied to the device, the oscillator sideband output is
modulated by the Coriolis force as shown in Figure 6. Sev-
eral prototypes that were tested over a range of rotation rates
between 0 and 25 deg/sec. at frequencies of between 5 Hz
and 15 Hz exhibited noise floors of approximately 0.3 deg/
sec/ JHz, limited by electronic noise of the oscillator cir-
cuit. Scale factor characterization of the device is underway.
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Figure 5: Block diagram of the signal processing electronics used
to extract the rotation rate output signal from the DETF oscillator

output.

SUMMARY

An implementation of a microelectromechanical reso-
nant output gyroscope has been described. The resulting
benefits include simpler dynamics and control, improved
scale factor stability over micromechanical gyroscopes uti-
lizing open-loop displacement sensing, large dynamic range
and high resolution.

A device was designed and fabricated in the Sandia
National Laboratories IMEMS process. The design empha-
sis was on provision for investigation of dynamics and
proof-of-concept demonstration. Considerable room for
design optimization remains and an improved and opti-
mized second generation device is currently being fabri-
cated at the Analog Devices MEMS fabrication facility.

Sideband output in the absence of any externally applied rotation rate
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A prototype device, fabricated at Sandia National Labo-
ratories, exhibited a noise floor of 0.3 deg/sec/ JHz.
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Sideband output for a 12 deg/sec. applied rotation rate at 6Hz
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Figure 6: The frequency scale in the graphs shown above has been zoomed in on one of the FM sidebands of the oscillator output
depicted in Figure 4. In the absence of an externally applied rotation rate, the sideband output solely reflects the coupling of the actua-
tion force along the sense direction. In the presence of an applied sinusoidal rotation rate (12 deg/sec. at 6 Hz), the sideband output is
amplitude modulated by the Coriolis signal as shown. The proof mass is driven at 1600 Hz.
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