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High-Range Angular Rate Sensor Based on
Mechanical Frequency Modulation

Sergei A. Zotov, Member, IEEE, Alexander A. Trusov, Member, IEEE, Member, ASME, and
Andrei M. Shkel, Senior Member, IEEE

Abstract—We report, for the first time, an angular rate sensor
based on mechanical frequency modulation (FM) of the input
rotation rate. This approach tracks the resonant frequency split
between two X−Y symmetric high-Q mechanical modes of vi-
bration in a microelectromechanical systems Coriolis vibratory
gyroscope to produce a frequency-based measurement of the input
angular rate. The system is enabled by a combination of a MEMS
vibratory high-Q gyroscope and a new signal processing scheme
which takes advantage of a previously ignored gyroscope dynamic
effect. A real-time implementation of the quasi-digital angular
rate sensor was realized using two digital phase-locked loops
and experimentally verified using a silicon MEMS quadruple
mass gyroscope (QMG). Structural characterization of a vacuum-
packaged QMG showed Q factors on the order of one million
over a wide temperature range from −40 ◦C to +100 ◦C with a
relative x/y mismatch of Q of 1%. Temperature characterization
of the FM rate sensor exhibited less than 0.2% variation of the
angular rate response between 25 ◦C and 70 ◦C environments,
enabled by the self-calibrating differential frequency detection.
High-speed rate table characterization of the FM angular rate
sensor demonstrated a linear range of 18 000 deg/s (50 r/s, limited
by the setup) with a dynamic range of 128 dB. Interchangeable
operation of the QMG transducer in conventional amplitude-
modulated and new FM regimes provides a 156-dB dynamic
range. [2011-0161]

Index Terms—Frequency modulation (FM), gyroscope, rate
sensor.

I. INTRODUCTION

CONVENTIONAL vibratory rate gyroscopes are operated

as analog amplitude modulation (AM) systems, where the

mechanical sense-mode response is excited by the input angular

rate that is amplitude modulated by the drive-mode velocity

signal due to the Coriolis effect [1]. High mechanical quality

factor (Q) is critical for improving the sensitivity of micro-

machined gyroscopes [2], [3]. Mode matching of conventional

high-Q angular rate gyroscopes increases the signal-to-noise

ratio at the tradeoff of linear input range and measurement

bandwidth [4]. These constraints stem from a fundamental

Q-versus-bandwidth tradeoff and dynamic range limitations

of AM systems. The AM-based angular rate sensor operation
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Fig. 1. Schematic of the closed-loop operated gyroscope based on the me-
chanical FM of the input angular rate. Inertial rotation causes a split between
the gyroscope’s X-mode and Y -mode, producing an FM measure of the input
rate.

is also extremely sensitive to the value of the sense-mode Q
factor, resulting in significant scale factor drifts over practi-

cal variations in the ambient temperature and pressure [5].

In contrast, an angular rate sensor with intrinsic frequency

modulation (FM) operation could eliminate the gain–bandwidth

and dynamic range tradeoff of conventional AM gyroscopes

and enable signal-to-noise ratio improvements by taking ad-

vantage of high-Q mechanical sensor elements without limiting

the measurement bandwidth [6]. In contrast to sensors with

analog AM output, the frequency output of a quasi-digital

FM sensor can be easily digitized without consuming A/D

conversion resources [7]. At the same time, quasi-digital FM

sensor architectures are known to provide inherent robustness

against mechanical interferences and electromagnetic interfer-

ences (EMIs), since external perturbations (vibration, shock,

and EMI) affect the signal amplitude only and do not change the

frequency [8], [9].

Recently, we have reported a novel operating principle for

a rate sensor which relies on tracking of the resonant fre-

quencies of two high-Q mechanical modes of vibration to

produce a quasi-digital FM measurement of the input angular

rate [10]. In this paper, we present a more complete analytical

and experimental investigation, including range table charac-

terization. This sensor architecture is enabled by a combina-

tion of a symmetric high-Q silicon micromachined quadruple

mass gyroscope (QMG) [11] and a new quasi-digital signal

processing scheme [12], which takes advantage of a previously

ignored mechanical FM effect of vibratory gyroscope dynamics

(Fig. 1).

1057-7157/$31.00 © 2012 IEEE
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Fig. 2. Conceptual schematic of a z-axis gyroscope and relationship between
the rotating and the inertial reference frames.

An explanation of the rate sensor based on mechanical FM

is given in Section II, followed by a detailed description of

the transducer design architecture in Section III. Section IV

presents results of experimental demonstration of the mechani-

cal FM phenomenon as well as rate characterization of the FM

sensor. Section V concludes this paper with a discussion and a

summary of the results.

II. FREQUENCY-BASED DETECTION OF RATE

In this section, we analyze the often ignored effect of me-

chanical FM in vibratory gyroscopes [12], formulate a new FM-

based principle of rate measurement, and analyze its properties.

A. High-Q Gyroscope Dynamics

Fig. 2 shows a conceptual schematic of a z-axis vibratory

gyroscope considered as a proof mass m suspended in the

X−Y plane of vibration and sensitive to the z-axis rate of

rotation Ωz . Assuming negligible damping (i.e., high Q), the

free vibration of a mode-matched device is governed by [13]

−Ω̇zy(t) + ẍ(t) +
(

ω2 − Ω2

z

)

x(t) − 2Ωz ẏ(t) = 0

Ω̇zx(t) + ÿ(t) +
(

ω2 − Ω2

z

)

y(t) + 2Ωzẋ(t) = 0 (1)

where ω is the mechanical natural frequency for Ωz = 0 input.

In this analysis, we deliberately include the often ignored effect

of the reverse Coriolis coupling of energy from the Y -mode

back to the X-mode, as well as the centrifugal forces.

These governing equations (1) are written with respect to a

rotating frame of reference OXY attached to the gyroscope die.

In the inertial frame Oξη, the gyroscope dynamics decouples

into two separate equations

ξ̈(t) + ω2ξ(t) = 0

η̈(t) + ω2η(t) = 0. (2)

The mutual orientations of the inertial Oξη and rotating

OXY frames of reference are shown in Fig. 2. The solution

of (2) is

ξ(t) = c1 sin(ωt) + c2 cos(ωt)

η(t) = c3 sin(ωt) + c4 cos(ωt) (3)

where ci represents constants.

Fig. 3. Free vibration of an ideal mode-matched gyroscope with respect to the
rotating frame of reference OXY showing two frequencies: The gyroscope’s
frequency ω and the rotation frequency Ωz .

Depending on the initial conditions, the solution of (3)

corresponds to a pattern in the form of either a line or an

ellipse. This pattern remains stationary in the inertial space.

This phenomenon can be used for the realization of an angle

gyroscope [14], [15] or an FM rate gyroscope [10].

The free vibration pattern (3) can be now mapped back to the

rotating reference frame OXY attached to the gyroscope die

x(t) = ξ(t) cos

⎛

⎝

t
∫

0

Ωzdt

⎞

⎠ + η(t) sin

⎛

⎝

t
∫

0

Ωzdt

⎞

⎠

y(t) = − ξ(t) sin

⎛

⎝

t
∫

0

Ωzdt

⎞

⎠ + η(t) cos

⎛

⎝

t
∫

0

Ωzdt

⎞

⎠ . (4)

A graphical plot of solution (4) for the case of a constant

Ωz is shown in Fig. 3. Using trigonometric identities, (4) is

equivalent to

x(t)=C1 sin

⎛

⎝ωt+

t
∫

0

Ωzdt

⎞

⎠+C2 sin

⎛

⎝ωt−
t

∫

0

Ωzdt

⎞

⎠

+C3 cos

⎛

⎝ωt+

t
∫

0

Ωzdt

⎞

⎠+C4 cos

⎛

⎝ωt−
t

∫

0

Ωzdt

⎞

⎠

y(t)=C1 sin

⎛

⎝ωt+

t
∫

0

Ωzdt

⎞

⎠−C2 sin

⎛

⎝ωt−
t

∫

0

Ωzdt

⎞

⎠

−C3 cos

⎛

⎝ωt+

t
∫

0

Ωzdt

⎞

⎠+C4 cos

⎛

⎝ωt−
t

∫

0

Ωzdt

⎞

⎠

(5)

where Ci represents constants.

The solution (5) defines the gyroscope vibration as a su-

perposition of two sinusoids with phases (ωt +
∫ t

0
Ωzdt) and
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Fig. 4. FM of the gyroscope’s modal frequencies λi(Ωz) by the input angular
rate Ωz (simulation). An initially mode-matched gyroscope experiences a
modal frequency split proportional to the rotation rate.

(ωt −
∫ t

0
Ωzdt), respectively. The effective modal frequencies

λ1 and λ2 are defined by the time derivative of the phases with

respect to time

λ1 =ω + Ωz

λ2 =ω − Ωz. (6)

The expression (6) defines the instantaneous modal frequen-

cies λ1 and λ2 with respect to rotating reference frame OXY
in the presence of arbitrary time-variant input Ωz �= 0 (Fig. 4).

The gyroscope’s free vibrations contain only one frequency

ω with respect to the inertial frame (3). At the same time, two

splitting frequencies λ1 and λ2 are observed (5) with respect

to the device moving frame OXY (Fig. 3). The FM effect is

inherent to the moving reference frame and enables measuring

the input rate Ωz from the observed split in the instantaneous

modal frequencies.

The FM-based approach is also valid for nonideal gyroscopes

with initial mismatch ∆ω between two modes [10]. In this case,

(6) transforms to

λ1 =

√

Ω2
z + ω2 +

∆ω2

4
+

√

∆ω2 (Ω2
z + ω2) + 4Ω2

zω
2

λ2 =

√

Ω2
z + ω2 +

∆ω2

4
−

√

∆ω2 (Ω2
z + ω2) + 4Ω2

zω
2. (7)

For the case of an initially mode-matched gyroscope (i.e.,

∆ω = 0 for Ωz = 0), the solution (7) simplifies to the previ-

ously obtained (6).

These expressions for the instantaneous modal frequencies in

the presence of time-variant rotation reveal that λ1 and λ2 of the

gyroscope are modulated by the input angular rate Ωz (Fig. 4).

This rate-dependent change in modal frequencies presents a

challenge for conventional high-Q mode-matched gyroscopes

because rotation results in mode detuning and loss of linearity.

The closed-form analytical solution (6) demonstrates that

the instantaneous modal frequencies λ1 and λ2 are functions

of only the instantaneous input angular rate Ωz . In contrast,

the input angular acceleration Ω̇z does not affect the modal

frequencies. A graphical demonstration of the gyroscope be-

havior for a time-varying angular rate Ωz = Ω0 sin(ǫt), where

Fig. 5. Free vibration of an ideal mode-matched gyroscope with respect to the
rotating frame of reference OXY for the case of a sinusoidal input rate with
amplitude of 72 000 deg/s (200 Hz) and frequency of 100 Hz.

Ω0 = 200 Hz and ǫ = 100 Hz, is shown in Fig. 5. The solid

line in Fig. 5 corresponds to the direct numerical solution of (1)

for ω of 2 kHz and the following initial conditions: x(0) = 1,

ẋ(0) = 0, y(0) = 0, and ẏ(0) = 0. The dashed line represents

the analytical solution in the form of a sum of two sinusoids

with modal frequencies λ1 = ω + Ωz and λ2 = ω − Ωz , ob-

tained for the same parameters. The data show a complete

overlap of the analytical and numerical solutions, verifying our

analytical derivations for time-varying angular rates.

B. Frequency-Based Detection of Input Rate

In this section, we propose to take advantage of the modal

frequency splitting to enable direct FM measurement of the

input rotation rate. Based on the eigenfrequency solution (6)

for an initially mode-matched gyroscope, the input rotation rate

Ωz can be measured from the observed modal frequencies λ1

and λ2 according to a linear expression

Ωz =
1

2
(λ1 − λ2) for ∆ω = 0. (8)

The proposed FM-based operational principle can also be

extended to the more general case of a gyroscope with an initial

frequency mismatch (∆ω > 0) by algebraically solving (7) for

the input angular rate

Ωz =
1

2

√

(λ1 − λ2)2 −
4ω2∆ω2

4ω2 + ∆ω2 − (λ1 − λ2)2
. (9)

The obtained closed-form solutions (8) and (9) provide the

basis for the frequency-based measurement of the input rate by

tracking the modal frequency split in a high-Q nearly mode-

matched vibratory gyroscope. The quasi-digital FM approach

resolves the Q versus linear range and bandwidth tradeoff of

conventional analog AM-based vibratory rate sensors. Max-

imization of the FM-operated gyroscope Q factor improves

the frequency stability and rate resolution. At the same time,
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the linear input range of an FM-operated gyroscope is inde-

pendent of the Q and is only limited by the device nominal

frequency (Ωz < ω). The modal frequency split provides an

instantaneous measure of the input rate, allowing the use of

high-Q structures without the sensor bandwidth sacrifice. An

additional advantage of the approach is the self-calibration

against common drifts in the modal frequencies enabled by the

differential frequency measurement (i.e., λ1 − λ2).

III. HIGH-Q TRANSDUCER DESIGN

In this section, we describe a symmetric high-Q vibratory

gyroscope structure tailored for FM operation.

A. Design Requirements for FM Instrumentation

Several design criteria must be met by the mechanical sensor

element to fully realize the advantages of the proposed FM

operation. Since the rate measurement relies on modal fre-

quency tracking, a geometrically symmetric and mode-matched

structure is needed to optimize the minimal detectable angular

rate signal and increase the temperature stability of the sensor.

High Q factors allow achieving high frequency stability and low

phase noise [16]. Identical high Q is needed in both modes

of mechanical vibration to maximize the modal frequency

stability and rate resolution. These requirements are satis-

fied by an X−Y symmetric dynamically balanced antiphase-

operated gyroscope, such as the recently introduced QMG

architecture [11].

B. QMG Architecture

The mechanical structure of the QMG mechanical sensor

element comprises four identical symmetrically decoupled tines

with linear coupling flexures as well as a pair of antiphase

synchronization lever mechanisms for both the X- and the

Y -modes (Fig. 6). This X−Y symmetric system of four

antiphase tines provides the structure with two antiphase dy-

namically balanced modes of mechanical vibration at a single

operational frequency (Fig. 7). The complete X−Y struc-

tural symmetry of the device improves robustness of fre-

quency matching against the fabrication imperfections and

temperature-induced frequency drifts. An additional advantage

of the QMG antiphase levered architecture is the mechanical

suppression of the parasitic common-mode inphase displace-

ment in the coupled tines.

IV. EXPERIMENTAL CHARACTERIZATION

In this section, we experimentally evaluate the FM-based rate

detection approach using a vacuum-sealed QMG and a custom

signal processing scheme.

A. Prototype Fabrication and Packaging

The QMG sensor element used for the experimental charac-

terization was fabricated using an in-house single-mask wafer-

scale silicon-on-insulator (SOI) process with a conductive

Fig. 6. Structural design of the symmetric dynamically balanced QMG me-
chanical transducer.

Fig. 7. QMG architecture provides balanced low-dissipation modes of X- and
Y -axis vibrations at the same frequency (FEM). (a) X-mode displacement.
(b) Y -mode displacement.

100-μm-thick device layer and a 5-μm-thick buried oxide. First,

a hard mask for sensor structures was defined by patterning

a thermally grown 1-μm layer of surface oxide with a Sur-

face Technology Systems Advanced Oxide Etching tool. The

gyroscope structures were then defined by deep reactive-ion

etching using a Unaxis Versaline VL-7339 tool. The singulated

sensors were released using a timed 20% hydrofluoric acid wet

etch. The released QMG devices were bonded to ceramic dual

in-line packages using Au–Sn eutectic solder and wire bonded.

To enable stand-alone high-Q operation, the packaged sensors

were vacuum sealed using custom-made glass lids with getter

material [17] providing robust submillitorr vacuum inside the

package cavities (Fig. 8).

B. Structural Characterization

The dynamically balanced antiphase design and vacuum

packaging of QMG sensors were expected to yield isotropic

high Q factors for stable FM operation. The structural X- and
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Fig. 8. Photograph of a SOI prototype of high-Q QMG that is vacuum
packaged at submillitorr cavity pressure using a custom lid with getters.

Fig. 9. Experimental characterization of the packaged QMG using ring-down
test, revealing identical Q factors for both modes (with ∆Q/Q of 1%).

Fig. 10. Measured Q factor versus temperature for QMG, showing 1/T 3

dependence of thermoelastic dissipation for T > 0 ◦C.

Y -modes of a vacuum-sealed QMG prototype were experimen-

tally characterized at different temperatures using ring-down

tests in a TestEquity 107 thermal chamber. Exponential fits of

the time-domain amplitude decay data showed time constants

of τx = 167.1 s and τy = 168.8 s for the X- and Y -modes,

respectively, confirming structural and damping symmetry, with

∆(1/τ) = 6 × 10−5 s−1 (Fig. 9). This value of time constant

allows to observe free gyroscope dynamics during several

minutes. The Q factors were calculated by the formula Q =
πfnτ , with the measured natural frequency fn = 2.2 kHz. A

Q factor of X- and Y -modes of 1.16 million approaches the

fundamental thermoelastic limit of 1.3 million obtained using

finite-element modeling (FEM). Characterization of Q factors

over a −40 ◦C to +100 ◦C temperature range is shown in

Fig. 10. For T > 0 ◦C, the data exhibit 1/T 3 dependence,

which is characteristic of thermoelastic dissipation [18]. Be-

Fig. 11. Block diagram of QMG signal processing for mechanical FM mea-
surements, showing X- and Y -mode control loops.

low 0 ◦C, the device Q factor levels off at approximately

1.7 million, attributed to anchor loss caused by slight structural

imbalances. A more detailed analysis of anchor loss due to

structural imbalances in tuning-fork MEMS is reported in [19].

C. Interface Electronic and Signal Processing

For rate table characterization, a vacuum-packaged QMG is

mounted to a printed circuit board containing signal detection

electronics. Front-end amplification of the output signals is

done using two transimpedance and instrumentation ampli-

fiers for each X-mode and Y -mode. All postprocessing was

implemented in real-time-DSP field-programmable gate array

lock-in amplifier HF2 from Zurich Instruments. Separation of

the useful signal from the feedthrough signal is accomplished

using electromechanical AM (EAM), where a carrier voltage of

0.5 V at 52 kHz is applied to the proof mass resulting in the AM

of the motional signal [20]. The modulated signals of both the

X- and Y -modes were fed to phase-locked loops (PLLs) with

the following parameters: a proportional gain of 0.3 Hz/deg, a

time constant of 50 ms, a central frequency of 2177 Hz (equal

to the mechanical frequency ω), and a range of 50 Hz. These

parameters provided a PLL bandwidth of 10 Hz. These are

used to track the natural frequencies and to provide resonant

closed-loop excitation (Fig. 11). Gated excitation is used to

open and close the excitation loop for each X-mode. When

the gate is closed, the excitation is applied, and during this

phase, no measurement is performed. When the gate is open,

the signals are monitored to detect the difference in frequencies

due to an input rotation rate. A practical FM system can be

implemented using either free vibration of the proof mass or

closed-loop excitation to maintain the vibrations. While both

methods were implemented and experimentally verified, the

focus of this paper is on the demonstration of the fundamental

principle of operation using free vibrations.

D. Demonstration of FM Phenomenon

Section II theoretically investigated the typical modal fre-

quency splitting in a vibrating gyroscope and its application

to rate sensing. In order to experimentally demonstrate the



ZOTOV et al.: HIGH-RANGE ANGULAR RATE SENSOR BASED ON MECHANICAL FREQUENCY MODULATION 403

Fig. 12. Measured output of X- and Y -modes of a vacuum-sealed QMG
experimentally illustrates the frequency split phenomenon.

Fig. 13. Measured output of X-mode of a vacuum-sealed QMG in time and
frequency domains for two different input rates. (a) Ωz of 100 deg/s causes
0.48-Hz frequency split. (b) Ωz of 300 deg/s causes 1.44-Hz frequency split.

effect of mechanical FM on the input rotation rate, a vacuum-

packaged gyroscope with a mismatch of about 0.1 Hz was

tested on an Ideal Aerosmith 2102 rate table. Initially, the rate

table is stationary, and one of the gyroscope’s modes (X-mode)

is excited into resonance by closing the gate (Fig. 11). The

gate is then opened to allow free vibration of the gyroscope,

and an input angular rate was applied. Acquisition of the X-

and Y -modes of free vibration is done using a LeCroy Wa-

veRunner 64Xi oscilloscope, while simultaneously conducting

a fast Fourier transform (FFT) analysis with an HP 35665A

dynamic signal analyzer. Fig. 12 shows the vibration in the form

of beating for both the X- and Y -modes as the gyroscope is

rotated at Ωz = 100 deg/s. Fig. 13 shows the X-mode output

signal in both the time and frequency domains during rotations

with 100- and 300-deg/s angular rates. From the FFTs shown in

the right part of Fig. 13, it is evident that the split in frequencies

is proportional to the rate of rotation. The measured data in

Figs. 12 and 13 are an experimental demonstration of the rate-

dependent modal frequency splitting described in Section II.

Fig. 14. Characterization of the FM-based sensor reveals no response drift
between 25 ◦C and 70 ◦C (without any temperature compensation) despite
a 30% Q reduction and a 5-Hz drop of nominal frequency. (a) Differential
FM detection of the Ωz input rate from the modal frequency split (λ1 − λ2)
is invariant to temperature. (b) Measured FM rate responses for 25 ◦C and
70 ◦C using differential detection of the modal frequency split with inherent
self-calibration.

E. Rate Characterization

In conventional AM-operated vibratory rate gyroscopes,

drifts of modal frequencies and Q factors are major sources

of sensor output scale factor and bias drift over temperature.

Theoretical analysis of the proposed FM rate sensor suggests

immunity against these drift mechanisms by virtue of the

differential frequency detection, i.e., measuring the frequency

split by (8) or (9). To experimentally investigate this hypothesis,

a vacuum-packaged QMG sensor instrumented for real-time

closed-loop FM operation was characterized on a temperature-

controlled Ideal Aerosmith 1291BR rate table at 25 ◦C and

at 70 ◦C. For these experiments, the X- and Y -modes of

the QMG device were electrostatically excited into resonances

using a combination of 0.1-Vdc bias and 0.1-Vac driving signals

produced by two separate digital PLLs. The motional signals

for both modes of vibration were detected using capacitive

detection with EAM. The two modal frequencies of the gy-

roscope mechanical structure were continuously monitored by

the two PLLs (Fig. 11). As theoretically expected for a mode-

matched gyroscope, the measured split between the nominally

equal modal frequencies was directly proportional to the input

rate [Fig. 14(a)]. Unlike the conventional AM approach, the

FM detection of the input rate from the modal frequency

split demonstrated invariance to changes in temperature and Q



404 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 21, NO. 2, APRIL 2012

Fig. 15. Characterization of the FM-based rate sensor reveals less than 0.2%
of nonlinearity in wide range of input range up to 18 000 deg/s.

Fig. 16. Measured Allan variance of the FM sensor showing 1.6 deg/
√

h of
ARW and 27-deg/h bias instability, for 18 000-deg/s linear range.

factors [Fig. 14(b)]. Without any active temperature compen-

sation, experimental characterization of the FM angular rate

sensor at 25 ◦C and 70 ◦C revealed less than 0.2% response

fluctuation (limited by the accuracy of the experimental setup)

despite a 30% reduction of the Q factor and a 5-Hz drop of

the nominal frequency caused by temperature dependence of

Young’s modulus.

Based on the theoretical analysis in Section II, the proposed

FM gyroscope operation suggests a very wide sensor input

range, limited only by the device natural frequency (Ωz needs

to be less than ω). In order to experimentally investigate this

hypothesis, a vacuum-packaged QMG was mounted on an

Ideal Aerosmith 1571 High-Speed Position and Rate Table

System and characterized from 0 to 18 000 deg/s (i.e., 50 r/s).

Without any compensation, the FM gyroscope demonstrated

less than 0.2% nonlinearity (limited by noise, not systematic

nonlinearity) throughout the entire range (Fig. 15).

Experimental characterization of the FM gyroscope reveals

the following value of frequency split: λ1 − λ2 = 2κΩ, where

κ = 0.864. The coefficient κ depends on the gyroscope design;

for the QMG architecture shown in Fig. 6, this coefficient is

calculated as κ = M/(M + 2mshuttle), where M is the proof

mass and mshuttle is the mass of the shuttle. For the particular

physical layout, the theoretical value of κ is equal to 0.870.

Noise performance of the FM sensor is limited by the frequency

stability of the two modes of vibration in the gyroscope. Fig. 16

shows the measured Allan variance of the FM sensor showing

angular random walk (ARW) of 1.6 deg/
√

h, bias instability of

TABLE I
MEASURED PARAMETERS OF THE QMG FOR AM, FM, AND AM/FM

INTERCHANGEABLE OPERATION

27 deg/h, and a dynamic range of 128 dB in the FM regime of

operation (from 50 deg/h to 18 000 deg/s).

Previously, we reported two other regimes of operations for

the QMG transducer. Whole-angle regime was demonstrated in

[15], while interchangeable operation in whole-angle and AM-

rate modes was demonstrated in [11]. Detailed experimental

characterization of QMG as conventional AM systems was

studied in [21]. Rate characterization of QMG in conventional

AM-rate regime demonstrated a bias instability of < 1 deg/h

[21], providing a 156-dB dynamic range (from < 1 deg/h to

18 000 deg/s) of this transducer for the AM/FM interchangeable

operation. Table I summarizes the parameters of QMG charac-

terized in conventional AM and FM regimes as proposed in this

paper.

V. CONCLUSION

We have proposed and demonstrated, for the first time, a

quasi-digital angular rate sensor based on mechanical FM of an-

gular rate input. This approach eliminates the gain–bandwidth

tradeoff of conventional AM vibrating gyroscopes and may

enable signal-to-noise ratio improvements through the use

of high-Q-factor structures without limiting the measurement

bandwidth and range. A differential frequency measurement

enables simultaneous detection and decoupling of the input

angular rate and the device temperature. In other words, the

gyroscope becomes its own thermometer, eliminating thermal

drift, lags, and hysteresis issues.

The novel approach was implemented and experimentally

evaluated using a vacuum-packaged mode-matched SOI QMG

rate sensor, with a 2.2-kHz operational frequency and a

measured Q factor of one million. Advantages of the FM-

instrumented QMG over the current state-of-the-art AM-

based gyroscopes include an extremely wide linear range of

18 000 deg/s, dynamic ranges above 128 dB, immunity to

temperature variations, and robustness to external mechanical

interferences and EMIs.

Recently, we have reported the experimental characterization

of the QMG transducer as conventional analog AM system with

a bias instability less than 0.9 deg/h [21]. The operation of the

gyroscope in interchangeable mode (AM mode for low input

range and FM mode for high input range) archives a dynamic

range above 155 dB.
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