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Abstract

The theory of eigenmode operation of Coriolis vibratory gyroscopes and its implementation on a thin-film piezoelectric

gyroscope is presented. It is shown analytically that the modal alignment of resonant gyroscopes can be achieved by

applying a rotation transformation to the actuation and sensing directions regardless of the transduction mechanism. This

technique is especially suitable for mode matching of piezoelectric gyroscopes, obviating the need for narrow capacitive

gaps or DC polarization voltages. It can also be applied for mode matching of devices that require sophisticated electrode

arrangements for modal alignment, such as electrostatic pitch and roll gyroscopes with slanted electrodes utilized for out-

of-plane quadrature cancellation. Gyroscopic operation of a 3.15 MHz AlN-on-Si annulus resonator that utilizes a pair of

high-Q degenerate in-plane vibration modes is demonstrated. Modal alignment of the piezoelectric gyroscope is

accomplished through virtual alignment of the excitation and readout electrodes to the natural direction of vibration mode

shapes in the presence of fabrication nonidealities. Controlled displacement feedback of the gyroscope drive signal is

implemented to achieve frequency matching of the two gyroscopic modes. The piezoelectric gyroscope shows a mode-

matched operation bandwidth of ~250 Hz, which is one of the largest open-loop bandwidth values reported for a mode-

matched MEMS gyroscope, a small motional resistance of ~1300Ω owing to efficient piezoelectric transduction, and a

scale factor of 1.57 nA/°/s for operation at atmospheric pressure, which greatly relaxes packaging requirements. Eigenmode

operation results in an ~35 dB reduction in the quadrature error at the resonance frequency. The measured angle random

walk of the device is 0.86°/√h with a bias instability of 125°/h limited by the excess noise of the discrete electronics.

Introduction

Resonant Microelectromechanical System (MEMS)

gyroscopes have seen tremendous improvements in their

performance over the past decade, enabling their adoption

in various consumer, industrial, and automotive applica-

tions1–6. The current efforts in improving the performance

of high-precision resonant gyroscopes are mainly focused

on two seemingly contradictory metrics, larger bandwidths,

and lower noise levels, to push the technology towards

navigation applications. Considering the advantages

brought about by Q-amplification in micromechanical

resonators, mode matching has been the primary means of

achieving a very high signal-to-noise ratio in Coriolis

vibratory gyroscopes. Although mode matching significantly

improves the noise performance, it imposes a heavy

constraint on the operational bandwidth of high-Q devi-

ces7–12. Capacitive bulk acoustic wave (BAW) gyroscopes

circumvent this problem by increasing the resonance fre-

quency of the device using stiff bulk vibration modes of the

structure at the cost of intricate fabrication processing to

realize high-aspect-ratio gaps13–16. Bulk-mode resonant

devices in the megahertz frequency range have also been

proven to offer superior shock and vibration immunity17–20.

The key enabling factor for the realization of low-noise,

high-bandwidth resonant gyroscopes is the utilization of

a strong electromechanical transducer. Thin-film

piezoelectric-on-silicon technology provides a very effi-

cient transduction mechanism suitable for implementation

of high-frequency gyroscopes without the need for sub-

micron capacitive gaps or large DC polarization vol-

tages21. More importantly, the in-air operation of

piezoelectric devices at moderate Q-values allows for the

implementation of mode-matched gyroscopes with a
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resonant bandwidth exceeding a few hundred hertz.

However, contrary to capacitive devices that exploit the

electrostatic softening mechanism for mode matching,

piezoelectric gyroscopes require alternative techniques for

frequency matching and modal alignment that can be

applied independently of electrostatic transduction.

Dynamic frequency matching of piezoelectric gyroscopes

has been demonstrated based on the application of elec-

tromechanical displacement feedback to adjust the effective

stiffness of the drive mode without the need for electrostatic

tuning22–25. Eigenmode operation has been introduced

recently as a quadrature error cancellation technique for

resonant piezoelectric gyroscopes based on the virtual

rotation of the forcing and readout electrodes regardless of

the transduction mechanism26. Concurrent application

of these two techniques allows for perfect mode matching

of resonant gyroscopes without the need for conventional

electrostatic tuning or physical trimming methods27–29.

In this study, the theory of eigenmode operation based

on modal analysis of an imperfect gyroscope is presented.

The natural frequencies and natural mode shapes are

derived assuming stiffness mismatch and cross-coupling

between the two vibration modes. It is shown that by

applying a linear transformation to the equations of

motion, it is possible to decouple the two modes of the

device to remove zero-rate error independently of the

transduction mechanism. The eigenmode operation

technique is implemented to align the vibration modes of

a piezoelectric-on-silicon annulus resonant gyroscope.

Complete mode matching of the device is shown by

applying a displacement feedback signal to the drive

mode, which in effect tunes the stiffness of the resonator

for frequency matching. The performance of the mode-

matched piezoelectric gyroscope is characterized, showing

a low noise level while offering a much larger bandwidth

than those of mode-matched capacitive devices.

Results and discussion

Theory of eigenmode operation

Coriolis vibratory gyroscopes are often modeled with a

second-order system of differential equations, as shown

below,

M½ � €qf g þ C½ � _qf g þ K½ � qf g ¼ Qf g ð1Þ

where M½ �, C½ �, and K½ � are the mass, damping, and stiffness

matrices defining the gyroscopic system, qf g is the

generalized coordinate vector, and Qf g is the forcing

vector. In an ideal vibratory gyroscope, energy is coupled

between the two resonant modes only due to an applied

external rotation. However, in practice, because of mis-

alignment of the vibration direction with respect to the

location of the input and output electrodes, energy is

transferred between the two modes even in the absence of

an external rotation signal. This coupling effect is modeled

in the equations of motion of the gyroscope by introducing

off-diagonal terms in the stiffness and damping matrices to

cross-couple force to displacement and velocity between the

two modes. The mismatch between the resonant frequen-

cies of the two vibration modes is also modeled by the

introduction of a stiffness mismatch term as given below

m 0

0 m

� �

€q1

€q2

� �

þ
c� Δc c12 � 2mΩ

c12 þ 2mΩ cþ Δc

� �

_q1

_q2

� �

þ k � Δk k12

k12 k þ Δk

� �

q1

q2

� �

¼ Q1

Q2

� �

ð2Þ
where q1, q2, Q1, and Q2 are the generalized coordinate and

force components defined in the physical direction of

gyroscope excitation and readout; m, c, and k are the mass,

damping, and stiffness coefficients for both modes; Δc and

Δk represent the damping and stiffness mismatches

between the two modes; c12 and k12 represent the damping

and stiffness cross-coupling between the two modes; and Ω

is the magnitude of the angular velocity vector, which is

perpendicular to the plane of generalized coordinates.

Modal analysis of the gyroscopic system

First, let us consider the case without mechanical

damping where in the absence of an external rotation

signal, the damping matrix reduces to zero. Considering

zero forcing, we arrive at the homogeneous Eq. (3), which

provides insight into the natural behavior of the system.

M½ � €qf g þ K½ � qf g ¼ 0f g ð3Þ

The solution to the above homogeneous equation is of

the form qf g ¼ < B ϕf gejωtð Þ. Substituting this form into

Eq. (3), we arrive at the following eigenvalue problem.

K½ � � ω2 M½ �
� �

ϕf g ¼ 0f g ð4Þ

Solving Eq. (4) results in the eigenfrequencies and

eigenmodes of the system.

ω1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δk2 þ k212
p

m

s

;ω2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δk2 þ k212
p

m

s

ð5Þ

ϕ1f g ¼
1

Δk�
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Δk2þk2
12

p
k12

( )

; ϕ2f g ¼
1

Δkþ
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Δk2þk2
12

p
k12

( )

ð6Þ

Equations (5) and (6) give the natural frequencies and

natural directions of the vibration for a vibratory gyro-

scope with stiffness mismatch and cross-coupling
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between the two modes. It is important to note that even

in the absence of any stiffness mismatch, the two vibration

modes will still have different resonance frequencies due

to stiffness cross-coupling between the two modes. It is

also informative to consider the eigenvector directions for

the two extreme cases where only the stiffness mismatch

is set to zero or where only the stiffness cross-coupling is

set to zero. The former case results in eigenmodes that are

in the direction of the generalized coordinates or, in other

words, in the physical direction of transduction electro-

des, whereas the latter case results in eigenmodes that are

45° away from the direction of the transduction electro-

des, which corresponds to equal direct and indirect cou-

pling between the two modes.

To take advantage of the orthogonality of the eigen-

modes, the modal masses μ1 and μ2 can be defined as

given below30.

μ1 ¼ ϕ1f gT M½ � ϕ1f g; μ2 ¼ ϕ2f gT M½ � ϕ2f g ð7Þ

The eigenvectors can be normalized by the modal

masses to define the normal modes Φ1f g and Φ2f g and

the normal mode matrix Φ½ � as follows.

Φ1f g ¼ 1
ffiffiffiffiffi

μ1
p ϕ1f g; Φ2f g ¼ 1

ffiffiffiffiffi

μ2
p ϕ2f g ð8Þ

Φ½ � ¼ Φ1f g Φ2f g½ � ð9Þ

The normal modes are orthogonal with respect to the

mass and stiffness matrices, as shown in Eqs. (10) and

(11),

Φ½ �T M½ � Φ½ � ¼ I½ � ð10Þ

Φ½ �T K½ � Φ½ � ¼ ω2
nat

	 


ð11Þ

where I½ � is the identity matrix and ω2
nat

	 


is a diagonal

matrix consisting of the square of the eigenfrequencies.

Based on the normal mode matrix, the following linear

transformation between the generalized coordinates qf g
and the modal coordinates ηf g can be considered.

qf g ¼ Φ½ � ηf g ð12Þ

Substituting for qf g in the differential equations of

motion of the gyroscope, we obtain

M½ � Φ½ � €ηf g þ K½ � Φ½ � ηf g ¼ Qf g ð13Þ

Left-multiplying Eq. (13) with the transpose of the

normal mode matrix, Φ½ �T , and applying the orthogonality

properties in Eqs. (10) and (11) result in the diag-

onalization of the mass and stiffness matrices. In other

words, the modal cross-coupling is removed under nor-

mal modal transformation.

€ηf g þ ω2
nat

	 


ηf g ¼ Φ½ �T Qf g ð14Þ

Eigenmode operation

The reason for the appearance of zero-rate error, or

more specifically quadrature error, in the response of

resonant gyroscopes is the existence of off-diagonal terms

in the system of equations of motion that cause coupling

of the two vibration modes. This misalignment of the

mode shape with respect to the transduction direction is

commonly corrected by aligning the direction of vibration

to the transduction direction via application of electro-

static forces, as shown in Fig. 1a.

Equation (14) represents a new set of modal coordi-

nates, ηf g, along which there is no cross-coupling

between the two modes of the gyroscope. Therefore, it

is alternatively possible to remove the zero-rate error by

aligning the transduction direction to the eigenmode

direction independently of the transduction mechanism.

The method of operating the gyroscope in the direction of

the natural vibration modes of the structure is herein

referred to as eigenmode operation, as depicted in Fig. 1b.

The transformation from qf g to ηf g is via the transpose

of the modal matrix, Φ½ �T which, in essence, represents a

rotation transformation for the gyroscopic system. In
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Fig. 1 Schematic representation of modal alignment techniques.

a The electrostatic alignment technique corrects the misalignment in

the stiffness direction to remove quadrature coupling. b Eigenmode

operation adjusts the excitation and readout directions to the as-

fabricated natural vibration direction
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other words, there exists a direction in the plane of the

original generalized coordinates along which the two

modes of the gyroscope are uncoupled. To be strictly

accurate, it is worth noting that
ffiffiffiffi

m
p

Φ½ �T is the pure

rotation matrix, but the presence of a scaling factor is not

crucial to our discussion. The desired forcing vector for

uncoupled operation is Hf g ¼ Φ½ �T Qf g, and the desired

readout vector is ηf g ¼ Φ½ �T qf g. Therefore, both the

excitation and readout directions must be transformed by

the Φ½ �T matrix to ensure decoupling.

To implement the transformation, we can use pairs of

electrodes that span the two-dimensional subspace of the

plane normal to the axis of rotation for gyroscope exci-

tation and readout. For instance, by applying the scaling

coefficients of α and 1� αð Þ to each pair, it is possible to

sweep the effective direction of transduction between the

two electrodes, in effect creating a set of virtual electrodes

that are aligned to the direction of eigenmodes.

Theoretically, the scaling coefficient α is equal at the

excitation and readout transducers of the gyroscope.

However, to compensate for mismatch effects, the input

and output scaling coefficients can be set slightly dif-

ferently. In addition, the scaling coefficients applied to

the electrodes should be normalized depending on the

angle between the electrodes to keep the total magnitude

of excitation and readout constant as we sweep the

direction of transduction. Assuming an angle of θ

between the two members of each electrode pair, the

scaling coefficients of α and 1� αð Þ need to be normal-

ized by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2α α� 1ð Þ 1� cos θð Þ þ 1
p

to keep the trans-

duction magnitude constant.

The effect of damping on eigenmode operation

If the damping matrix is proportional to the mass and

stiffness matrices, C½ � ¼ β M½ � þ γ K½ �, the same transfor-

mation using the normal mode matrix results in the

diagonalization of the damping matrix and the stiffness

matrix30, which means that the equations of motion will

still be uncoupled, and eigenmode operation using the

same scaling coefficients removes the zero-rate output, as

derived below.

Φ½ �T M½ � Φ½ � €ηf g þ Φ½ �T β M½ � þ γ K½ �ð Þ Φ½ � _ηf g
þ Φ½ �T K½ � Φ½ � ηf g ¼ Φ½ �T Qf g

ð15Þ

€ηf g þ βþ γ ω2
nat

	 
� �

_ηf g þ ω2
nat

	 


ηf g ¼ Φ½ �T Qf g
ð16Þ

Because of the axial symmetry of degenerate resonant

gyroscopes, it is acceptable to assume that even if the

damping matrix is not exactly proportional to the mass

and stiffness matrices, it is almost proportional to those

matrices. It should be noted that the coupling caused by

cross-damping is always 90° apart from that caused by

the off-diagonal stiffness terms. Off-diagonal damping

terms result in a residual coupled signal that is in phase

with the output due to external rotation under mode-

matched conditions. Therefore, compensation for this

term is not possible without affecting the response of the

gyroscope to the rate signal. Measurement results show

that the total magnitude of the zero-rate output

decreases as the effective direction of transduction

approaches the eigenmode direction, which suggests

that the damping matrix is either almost proportional to

the mass and stiffness matrices or that the off-diagonal

terms of the damping matrix are very small.

AlN-on-Si annulus resonant gyroscope

It has been previously demonstrated that in contrast to

capacitive BAW gyroscopes, which commonly use elliptical

vibration mode shapes, the degenerate in-plane flexural

vibration mode shapes of plate structures should be used to

provide strong electromechanical coupling with thin-film

piezoelectric transduction for the realization of mode-

matched resonant gyroscopes. Different axisymmetric

structures can support the in-plane flexural mode shape, and

this work presents the implementation of a piezoelectric

gyroscope using an annulus structure with a network of

supporting tethers that is designed to acoustically decouple

the resonant device from the surrounding substrate.

A scanning electron microscope (SEM) image of the

annulus piezoelectric gyroscope is shown in Fig. 2a. The

device structure comprises a 1.3 µm thin film of alumi-

num nitride (AlN) deposited between 50 nm top and

bottom molybdenum (Mo) electrode layers and stacked

on top of a 15 µm-thick (100) silicon device layer. The

silicon handle layer is etched from the back side to release

the structural device layer.

The annulus structure has an outer radius of 700 µm, an

inner radius of 400 µm, a radial tether span of 0.8°, and a

tangential tether width of 15 µm. The radial trench span is

0.4° and the tangential trench width etched into the sili-

con device layer is 5 µm. The device is anchored to the

substrate through a network of circularly symmetric

double-T supports to ensure structural symmetry of the

drive and sense modes. The tether and trench widths are

designed for maximum acoustic decoupling of the double-

T structure. The support network is also used to route the

electrical signals to the eight metal electrodes attached to

the structure. Figure 2b shows a close-up image of one

section of the supporting tethers with the routing of the

top Mo layer between the device and a signal pad. The

signal electrode pads on the substrate are separated by

eight ground electrodes, which provide a common con-

nection to the bottom Mo layer around the device.

The gyroscope is transduced using eight identical top

electrodes. Pairs of electrodes that are spatially 45°
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apart are used for gyroscope excitation and readout

compatible with eigenmode operation. One pair is used

to excite the drive mode, a second pair is used to pick

off the drive signal, and the remaining two pairs of

electrodes are used for differential readout of the sense-

mode signal.

The displacement and stress field patterns for the pair of

degenerate first-order in-plane flexural gyroscopic vibra-

tion modes are shown in Fig. 3. The orthogonality of the

two mode shapes provides a means for detection of the

Coriolis-induced signal for measurement of the angular

rate of rotation and the uniform stress field pattern of the

flexural mode shape ensures efficient piezoelectric trans-

duction using the top thin film piezoelectric material,

resulting in a low motional resistance, a large-scale factor,

and small mechanical equivalent rotation noise for the

resonator gyroscope.

Experimental results

Eigenmode operation circuitry for the piezoelectric

annulus gyroscope was implemented on a printed circuit

board and the device was interfaced digitally with a field-

programmable gate array (FPGA) module from National

Instruments (NI) to realize the drive loop, the sense

channel, and the dynamic frequency tuning scheme. The

two excitation signals of the gyroscope are scaled using

two voltage dividers followed by buffers to apply the

coefficients of α and 1� αð Þ with the proper normal-

ization factor to the drive electrodes. The same scaling

coefficients are used to scale the drive output and the

differential sense output signals to generate the effective

drive and sense currents from the pick off electrodes. The

effective drive current is integrated and scaled in a digital

feedback loop to provide the displacement signal neces-

sary for dynamic frequency tuning. The level of frequency

tuning is adjusted by an external coefficient to control the

amplitude of the displacement feedback.

Perfect mode matching, where the sense-mode response

is minimized and the drive and sense frequencies are

equal, is achieved by iterative adjustment of the factor α

and matching the drive and sense frequencies by adjusting

the level of displacement feedback.

The normalized drive and sense frequency responses of

the AlN-on-Si resonant gyroscope as fabricated, with

eigenmode operation only, and with eigenmode operation

and dynamic frequency tuning applied simultaneously are

shown in Fig. 4. The amplitudes are normalized with

respect to the drive amplitude at resonance, which was

measured to be approximately −23 dB, translating to a

motional resistance of ~1300Ω. The zero-rate error is

suppressed most when the direction of the virtual trans-

duction electrode is closest to the eigenmode direction,

causing the sense-mode peak to disappear from the drive

frequency response and the sense-mode response to be

reduced significantly. The zero-rate error is reduced by

~35 dB with the application of eigenmode operation. The

device shows a Q of ~6300 while operating in air, corre-

sponding to a large mode-matched mechanical bandwidth

of ~500 Hz.

The measured output current of the piezoelectric

gyroscope as a function of the applied external rotation

rate is plotted in Fig. 5a. The experimental scale factor is

measured to be 1.57 nA/°/s for a 90mV-peak input drive

voltage. The time-domain output waveform of the gyro-

scope is plotted in Fig. 5b over a period of 70 s. The input

mechanical rotation rate to the device is 20, 40, 60, 80, 40,

and 20°/s, applied at a frequency of 1 Hz for the first four

signals and 2 Hz for the last two. The Allan deviation plot

of the piezoelectric gyroscope showing a measured angle

random walk of 0.86°/√h is given in Fig. 5c. The measured

thermal noise value is very close to the simulated

mechanical noise equivalent rotation rate (MNEΩ) of

100 µm MOJTABA

12 Oct 2018 Scan Rot = On

1024 * 768 Width = 2.482 mm Scan Speed = 7 SE2 WD = 15.6 mm 5.00 kV 46 X

a

b

Polaroid 545N = 7 Aperture Size = 30.00 µmLine AvgStage at T = 40.0°

10 µm MOJTABA

12 Oct 2018 Scan Rot = On

1024 * 768 Width = 335.5 µm Scan Speed = 7 SE2 WD = 14.9 mm 5.00 kV 341 X

Polaroid 545N = 7 Aperture Size = 30.00 µmLine AvgStage at T = 40.0°

Fig. 2 SEM images of the annulus piezoelectric resonant

gyroscope fabricated using a simple four-mask AlN-on-Si

process. a Eight top electrodes used for eigenmode operation of the

gyroscope. b The network of peripheral tethers is used to both

support the structure and provide a routing path for the electrical

connections
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24.7°/h/√Hz considering the effect of the interface noise.

The bias instability of the gyroscope is ~125°/h, which is

limited by the precision of modal alignment and excess

noise from the discrete electronics. The precision of

modal alignment is limited by the resolution of the

eigenmode coefficient adjustment. The analog potenti-

ometers that are used at the input and output ports of the

gyroscope to adjust the coefficients of eigenmode opera-

tion impose a significant limitation on the resolution of

the eigenmode coefficients and hence limit the level of

decoupling between the drive and sense modes, which

directly affects the bias instability of the device. The other

limiting factor in achieving a lower bias instability is the

phase noise of the drive signal, which is generated by the

numerically controlled oscillator (NCO) and digital-to-

analog converters31. The phase noise appears as a signal-

dependent flicker component at the output of the gyro-

scope and hence limits the minimum achievable bias

instability regardless of the level of the excitation signal.

Further characterization data are provided in the Sup-

plementary Information.

The temperature behavior of the drive and sense reso-

nance modes of the piezoelectric gyroscope is characterized

from −40 °C to +100 °C, as shown in Fig. 6. The maximum

frequency split between the two modes is 107 p.p.m. with a

maximum frequency split variation of 6 p.p.m. over the

temperature range. The linear temperature coefficient of

frequency is approximately −12 p.p.m./°C. The insertion

losses of the drive and sense modes remain almost constant

over the temperature range, with a maximum difference of

0.9% between the two modes and a maximum variation of

0.6% over the temperature range. Considering mechanical

decoupling from the substrate and homogeneous piezo-

electric losses, the quality factors of the two modes remain

almost constant over the temperature range with a max-

imum difference of 3.2% between the two modes and a

maximum variation of 2.2% from −40 °C to +100 °C.

Materials and methods

Finite element analysis

The performance of the piezoelectric annulus gyroscope

was simulated using the COMSOL finite element analysis

tool. The design was first optimized to minimize anchor

loss and suppress any spurious modes close to the fre-

quency of operation. Anchor loss was computed using

perfectly matched layers, and the anchor quality factor (Q)

value obtained from simulations was larger than

2,000,000, ensuring structural decoupling from the sub-

strate. For simulation of the scale factor and MNEΩ of the

device, a Q-value of 6300, which was obtained from

measurement of the devices after fabrication, and a driv-

ing voltage of 90 mV, according to the testing conditions,

were assumed. The simulated Coriolis output current

results in a scale factor of 1.62 nA/°/s. The simulated

Drive displacement

Drive stress

Sense displacement

1
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Fig. 3 Drive and sense vibration mode shapes of the annulus piezoelectric gyroscope showing the displacement field (top) and the stress pattern

(bottom) of the in-plane flexural resonant mode. The stress field pattern is suitable for top-side piezoelectric transduction
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motional resistance is 1082Ω, and the maximum kinetic

energy of the drive mode is computed to be 0.593 nJ,

corresponding to a gyroscopic coupling coefficient of

0.876 and MNEΩ of 24.7°/h/√Hz. The small motional

resistance value proves the strong electromechanical

coupling of the thin-film piezoelectric layer for trans-

duction of the in-plane flexural vibration modes.

Fabrication process

A cross-sectional view of the four-mask fabrication

process for the piezoelectric gyroscope is depicted in

Fig. 7. The process begins with the deposition of the

piezoelectric stack, which consists of a thin film of sput-

tered AlN sandwiched between a top signal Mo layer and

a bottom ground Mo layer, on a silicon-on-insulator

substrate. Next, the top Mo electrode layer is patterned to

define the signal electrodes and pads. Then, an oxide
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Fig. 4 Frequency response of the AlN-on-Si resonant gyroscope.

The normalized drive and sense frequency responses of the AlN-on-Si

resonant gyroscope as fabricated (a), with eigenmode operation only

(b), and with eigenmode operation and dynamic frequency tuning

applied (c). The zero-rate error is reduced by ~35 dB with the

application of eigenmode operation. The device shows a Q of ~6300

while operating in air, corresponding to a mode-matched mechanical

bandwidth of 500 Hz
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Fig. 5 Rotation rate and bias response of the AlN-on-Si resonant

gyroscope. a The measured output current of the piezoelectric

gyroscope vs. the applied external rotation rate. The experimental

scale factor is 1.57 nA/°/s for an input 90 mV peak drive voltage. b The

time-domain output waveform for different rotation rates at two

frequencies of 1 and 2 Hz, and different rotation amplitudes. c Allan

deviation plot of the piezoelectric gyroscope showing a measured

angle random walk of 0.86°/√h, which is close to the simulated MNEΩ

of 24.7°/h/√Hz considering the effect of interface noise. The bias

instability of the gyroscopes is ~125°/h, which is limited by the

precision and excess noise of the interface circuitry
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mask is deposited on the backside of the wafer and pat-

terned for subsequent handle-layer etching. After that, the

AlN layer is patterned to open access paths to the bottom

Mo layer for ground connections. Finally, the silicon

device layer is etched to define the device structure, the

silicon handle layer is etched for backside release of the

structure, and the device is released with a short step of

hydrofluoric acid oxide etching.

Digital interface architecture

The digital interface was implemented on a FlexRIO

system from NI, which consists of an FPGA in commu-

nication with a real-time controller32,33. An adapter

module from NI provides analog-to-digital and digital-to-

analog conversion capability. A schematic of the interface

system for the piezoelectric gyroscope is shown in Fig. 8.

The drive oscillator loop, the sense channel and the

electromechanical feedback loop for the realization of

frequency tuning are all implemented in the digital

domain. The drive input signal is generated using an

NCO. The frequency of the NCO is controlled based on

the output phase of the drive demodulated signal to track

the resonance peak using a proportional-integral con-

troller. The sense channel demodulators use the same

NCO-generated signal for demodulation of the gyroscope

output signal with a phase shift applied to account for the

delay between the input and output signals to the gyro-

scope. The frequency tuning loop is implemented using

the output drive signal. The output drive signal is pro-

portional to the velocity of the resonator. Therefore, this

signal is integrated and applied back at the input with an

amplification gain to control the displacement-dependent

signal at the input of the gyroscope. Implementing the

eigenmode operation circuitry in the digital domain

results in a large flicker noise in the output signal of the

gyroscope mainly due to the large uncorrelated noise

injected in the system by using two different digital-to-

analog converters. For that reason, eigenmode operation

processing is performed in the analog domain. The

drawback is the limited precision of implementation of

the eigenmode coefficients, which directly affects the

output bias of the gyroscope.

Conclusions

In this study, we presented the theory of eigenmode

operation of Coriolis vibratory gyroscopes and its imple-

mentation on a thin-film AlN-on-Si gyroscope. The

sputter-deposited thin-film piezoelectric material used in

our device offers significant advantages in terms of the

manufacturability of MEMS gyroscopes compared with

the current dominant technology based on bulk piezo-

electric materials. The utilization of the degenerate pair of

in-plane flexural vibration modes of an annular structure

in this work is the key feature that enables efficient thin-

film piezoelectric transduction, resulting in low noise, a

low motional resistance, and a high-scale factor suitable

for low-power applications. To provide mode matching
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Fig. 6 Temperature characterization plots for the AlN-on-Si

resonant gyroscope. a Temperature dependence of drive and sense

resonance frequency deviations from the drive resonance frequency at

20 °C showing a maximum frequency split of 107 p.p.m between the

two modes with a maximum frequency split variation of 6 p.p.m. over

the temperature range. The linear temperature coefficient of frequency

is approximately −12 p.p.m./°C. b Drive and sense-mode insertion loss

vs. temperature. The insertion loss of both modes remains almost

constant over the temperature range with a maximum difference of

0.9% between the two modes and maximum variation of 0.6%. c Drive

and sense-mode Q vs. temperature. Considering mechanical

decoupling from the substrate, the quality factor remains almost

constant over the temperature range with a maximum difference of

3.2% between the two modes and a maximum variation of 2.2%
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Fig. 7 Fabrication process flow for the AlN-on-Si resonant gyroscope. a Deposit the piezoelectric stack on an SOI wafer, b pattern the top Mo

electrode layer, c deposit and pattern the backside oxide mask, d pattern the AlN layer to access the bottom Mo electrode, e etch the silicon device

layer, and f etch the handle layer and release the device
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Fig. 8 Interface architecture and measurement setup for the piezoelectric gyroscope. a Interface system architecture of the piezoelectric

gyroscope. The drive loop, sense channel, and dynamic displacement feedback are implemented in the FPGA in the digital domain. The piezoelectric

gyroscope is actuated and sensed in the analog domain based on eigenmode operation. b Measurement setup, including a FlexRIO system from

National Instruments in communication with the analog frontend mounted on the rate table and controlled by the PC. c Printed circuit board

showing the device actuated by applying the eigenmode input pair voltage and sensed by processing the output current according to eigenmode

operation. Potentiometers at the input and output are used for realization of the eigenmode operation coefficients
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capability, we showed analytically that modal alignment of

resonant gyroscopes can be achieved by applying a rota-

tion transformation to the actuation and sensing direc-

tions regardless of the transduction mechanism. We

applied this eigenmode operation technique to mode

match a piezoelectric gyroscope without the need for

narrow capacitive gaps or DC polarization voltages,

resulting in an ~35 dB reduction in modal coupling at the

resonance frequency. We demonstrated a mode-matched

operation bandwidth of ~250 Hz, along with a motional

resistance of ~1300Ω, a scale factor of 1.57 nA/°/s, and a

measured angle random walk of 0.86°/√h. The gyroscope

bias instability of 125°/h is mainly limited by the precision

of the interface circuitry and excess noise from the dis-

crete electronics. It is worth noting that the application of

eigenmode operation is not limited to piezoelectric devi-

ces and can be extended to modal alignment of resonant

gyroscopes regardless of their transduction mechanism or

axis of operation. In particular, as electrostatic quadrature

cancellation in pitch and roll gyroscopes requires the

implementation of physical electrodes that span the sub-

spaces of both in-plane and out-of-plane vibration modes

to compensate for modal cross-coupling, eigenmode

operation is a good candidate for modal alignment of

those devices without the need for the implementation of

complex fabrication processes.

Acknowledgements

This work was supported in part by the DARPA Microsystems Technology

Office Single-Chip Timing and Inertial Measurement Unit (TIMU) program

through SSC Pacific contract #N66001-11-C-4176. We thank the Georgia Tech

Institute for Electronics and Nanotechnology, a member of the National

Nanotechnology Coordinated Infrastructure (NNCI) supported by the National

Science Foundation (Grant ECCS-1542174), for fabrication support. We also

thank Dr. Arashk Norouzpour-Shirazi for many helpful discussions and Dr.

Chong Li for support with the implementation of the LabVIEW FPGA code.

Author contributions

M.H.-S. designed and fabricated the device, implemented the interface

architecture, performed the experimental measurements, and wrote the

manuscript. F.A. supervised the project and reviewed the manuscript.

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary information accompanies this paper at https://doi.org/

10.1038/s41378-020-00204-3.

Received: 16 September 2019 Revised: 23 June 2020 Accepted: 23 July

2020

References

1. Geen, J. A., Sherman, S. J., Chang, J. F. & Lewis, S. R. Single-chip surface

micromachined integrated gyroscope with 50 deg/h Allan deviation. IEEE J.

Solid State Circ. 37, 1860–1866 (2002).

2. Geen, J. A. Very low cost gyroscopes. Proc. 2005 IEEE Sens. Conf. 2005, 537–540

(2005).

3. Saraswathy, S. G., Geen, J. & Chang, J. High performance gyro with fast startup

time, high range, wide bandwidth, low noise and excellent vibration

immunity. Proc. 2012 IEEE/ION Position, Locat. Navigation Symp. (PLANS) 2012,

20–23 (2012).

4. Seeger, J., Lim, M. & Nasiri, S. Development of high-performance, high-volume

consumer MEMS gyroscopes. Proc. 2010 Solid State Sens. Actuators Microsyst.

Workshop 2010, 61–64 (2010).

5. Prandi, L., Caminada, C., Coronato, L., Cazzaniga, G., Biganzoli, F. & Antonello, R.

et al. A low-power 3-axis digital-output MEMS gyroscope with single drive

and multiplexed angular rate readout. Proc. 2011 IEEE Int. Solid State Circuits

Conf. 2011, 104–106 (2011).

6. Vigna, B. Tri-axial MEMS gyroscopes and six degree-of-freedom motion sensors.

Proc. 2011 Int. Electron Devices Meet. (IEDM) 2011, 29.21.21–29.21.23 (2011).

7. Zaman, M. F., Sharma, A., Hao, Z. & Ayazi, F. A mode-matched silicon-yaw

tuning-fork gyroscope with subdegree-per-hour Allan deviation bias instabil-

ity. J. Microelectromechanical Syst. 17, 1526–1536 (2008).

8. Shao, P., Mayberry, C. L., Gao, X., Tavassoli, V. & Ayazi, F. A polysilicon micro-

hemispherical resonating gyroscope. J. Microelectromech. Syst. 23, 762–764

(2014).

9. Cho, J. Y., Woo, J., Yan, J., Peterson, R. L. & Najafi, K. Fused-silica micro birdbath

resonator gyroscope. J. Microelectromech. Syst. 23, 66–77 (2014).

10. Prikhodko, I. P., Zotov, S. A., Trusov, A. A. & Shkel, A. M. Sub-degree-per-hour

silicon MEMS rate sensor with 1 million Q-factor. Proc. 2011 16th Int. Conf. Solid-

State Sens., Actuators Microsyst. (Transducers) 2011, 2809–2812 (2011).

11. Senkal, D., Askari, S., Ahamed, M. J., Ng, E. J., Hong, V. & Yang, Y. et al. 100K Q-

factor toroidal ring gyroscope implemented in wafer-level epitaxial silicon

encapsulation process. Proc. 2014 27th IEEE Int. Conf. Micro Electro Mech. Syst.

(MEMS) 2014, 24–27 (2014).

12. Askari, S., Asadian, M. H., Kakavand, K. & Shkel, A. M. Vacuum sealed and getter

activated MEMS Quad Mass Gyroscope demonstrating better than 1.2 million

quality factor. Proc. 2016 IEEE Int. Symp. Inert. Sens. Syst. 2016, 142–143 (2016).

13. Johari, H. & Ayazi, F. Capacitive bulk acoustic wave silicon disk gyroscopes.

Proc. 2006 Int. Electron Devices Meet. (IEDM) 2006, 1–4 (2006).

14. Sung, W. K., Dalal, M. & Ayazi, F. A mode-matched 0.9 MHZ single proof-mass

dual-axis gyroscope. Proc. 2011 16th Int. Conf. Solid-State Sens., Actuators

Microsyst. (Transducers) 2011, 2821–2824 (2011).

15. Ayazi, F. Multi-DOF inertial MEMS: From gaming to dead reckoning. Proc. 2011

16th Int. Conf. Solid-State Sens., Actuators Microsyst. (Transducers) 2011,

2805–2808 (2011).

16. Wen, H., Daruwalla, A. & Ayazi, F. A 0.5MHz mode-matched pitch or roll

annulus gyroscope with nano-gap slanted electrodes for quadrature cancel-

lation. Proc. 2017 19th Int. Conf. Solid State Sens. Actuators Microsyst. (Trans-

ducers) 2017, 536–539 (2017).

17. Serrano, D. E., Zaman, M. F., Rahafrooz, A., Hrudey, P., Lipka, R. & Younkin, D.

et al. Substrate-decoupled, bulk-acoustic wave gyroscopes: design and eva-

luation of next-generation environmentally robust devices. Microsyst.

Nanoengineering 2, 16015 (2016).

18. Wen, H., Daruwalla, A. & Ayazi, F. Resonant pitch and roll silicon gyroscopes

with sub-micron-gap slanted electrodes: Breaking the barrier toward high-

performance monolithic inertial measurement units. Microsyst. Nanoengineer-

ing 3, 16092 (2017).

19. Wen, H., Daruwalla, A., Jeong, Y., Gupta, P., Choi, J. & Liu, C. et al. A high-

performance single-chip timing and inertial measurement unit with robust

mode-matched gyroscopes. Proc. 2018 31st IEEE Int. Conf. Micro Electro Mech.

Syst. (MEMS) 2018, 105–108 (2018).

20. Wen, H., Daruwalla, A., Jeong, Y., Gupta, P., Choi, J. & Liu, C. et al. Wafer-level-

packaged HARPSS+MEMS platform: integration of robust timing and inertial

measurement units (TIMU) on a single chip. Proc. 2018 IEEE/ION Position Locat.

Navigation Symp. (PLANS) 2018, 261–266 (2018).

21. Tabrizian, R., Hodjat-Shamami, M. & Ayazi, F. High-frequency AlN-on-silicon

resonant square gyroscopes. J. Microelectromech. Syst. 22, 1007–1009 (2013).

22. Loveday, P. W. & Rogers, C. A. Modification of piezoelectric vibratory gyro-

scope resonator parameters by feedback control. IEEE Trans. Ultrason. Ferroe-

lectr. Frequency Control 45, 1211–1215 (1998).

23. Norouzpour-Shirazi, A., Hodjat-Shamami, M., Tabrizian, R. & Ayazi, F. Dynamic

tuning of MEMS resonators via electromechanical feedback. IEEE Trans.

Ultrason. Ferroelectr. Frequency Control 62, 129–137 (2015).

24. Hodjat-Shamami, M. & Ayazi, F. Active Control of MEMS Resonator Parameters

via Electromechanical Feedback COMSOL Conference, Boston, 2018.

25. Hodjat-Shamami, M., Norouzpour-Shirazi, A., Tabrizian, R. & Ayazi, F. A dyna-

mically mode-matched piezoelectrically transduced high-frequency flexural

disk gyroscope. Proc. 2015 28th IEEE Int. Conf. Micro Electro Mech. Syst. (MEMS)

2015, 789–792 (2015).

Hodjat-Shamami and Ayazi Microsystems & Nanoengineering           (2020) 6:108 Page 10 of 11

https://doi.org/10.1038/s41378-020-00204-3
https://doi.org/10.1038/s41378-020-00204-3


26. Hodjat-Shamami, M., Norouzpour-Shirazi, A. & Ayazi, F. Eigenmode operation

as a quadrature error cancellation technique for piezoelectric resonant gyro-

scopes. Proc. 2017 30th IEEE Int. Conf. Micro Electro Mech. Syst. (MEMS) 2017,

1107–1110 (2017).

27. Gallacher, B. J., Hedley, J., Burdess, J. S., Harris, A. J., Rickard, A. & King, D. O.

Electrostatic correction of structural imperfections present in a microring

gyroscope. J. Microelectromech. Syst. 14, 221–234 (2005).

28. Schwartz, D. M., Kim, D., Stupar, P., DeNatale, J. & M’Closkey, R. T. Modal

parameter tuning of an axisymmetric resonator via mass perturbation. J.

Microelectromech. Syst. 24, 545–555 (2015).

29. Hamelin, B., Tavassoli, V. & Ayazi, F. Localized eutectic trimming of polysilicon

microhemispherical resonating gyroscopes. IEEE Sens. J. 14, 3498–3505 (2014).

30. Ginsberg, J. H. Mechanical and Structural Vibrations: Theory and Applications

(Wiley, 2001).

31. Calosso, C. E., Olaya, A. C. C. & Rubiola, E. Phase-noise and amplitude-noise

measurement of DACs and DDSs. IEEE Transact. Ultrasonics Ferroelectr. Fre-

quency Control 19030165 (2019).

32. Wisher, S. An FPGA-based architecture for the in-run self-calibration of

MEMS gyroscopes. Master of Science thesis (Georgia Institute of

Technology, 2017).

33. Li, C., Wen, H., Wisher, S., Norouzpour-Shirazi, A., Lei, J., Chen, H., et al. An FPGA-

based interface system for high frequency bulk-acoustic-wave (BAW) micro-

gyroscopes with in-run automatic mode-matching. IEEE Transact. Instrum.

Measurement 69, 19449006 (2019).

Hodjat-Shamami and Ayazi Microsystems & Nanoengineering           (2020) 6:108 Page 11 of 11


	Eigenmode operation of piezoelectric resonant gyroscopes
	Introduction
	Results and discussion
	Theory of eigenmode operation
	Modal analysis of the gyroscopic system
	Eigenmode operation
	The effect of damping on eigenmode operation
	AlN-on-Si annulus resonant gyroscope
	Experimental results

	Materials and methods
	Finite element analysis
	Fabrication process
	Digital interface architecture

	Conclusions
	Acknowledgements


