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METHOD AND APPARATUS FOR
SELF-CALIBRATION OF GYROSCOPES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 14/180,748, filed on Feb. 14, 2014, which in
turn is a continuation of U.S. patent application Ser. No.
13/444,413, filed on Apr. 11, 2012, now U.S. Pat. No.
8,763,441, which claims priority to U.S. Provisional Patent
Application Ser. No. 61/562,662 filed on Nov. 22, 2011,
entitled Electrostatic Self Calibration of Gyroscopes, the the
entire contents of which are incorporated herein by this
reference for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The subject matter disclosed herein was made partially
with U.S. Government support from DARPA under contract
W31P4Q-12-1-0004. The U.S. Government may have cer-
tain rights in the invention.

FIELD OF THE INVENTION

The present disclosure relates to gyroscopes, and, more
specifically, to techniques for calibrating a gyroscope with-
out having to physically rotate the gyroscope during the
calibration process.

BACKGROUND OF THE INVENTION

On-chip self-calibration of a gyroscope is a valuable
feature that can eliminate expensive and time consuming
mechanical calibration of the device using rate tables and
address any long term drift of its scale factor. In recent years
a number of self-test and self-calibration techniques for
gyroscopes and accelerometers have appeared in the litera-
ture. A common feature to those techniques is the incorpo-
ration of a mobile platform of some sort (e.g. a rotary stage)
in the sensor die to perform the calibration. With such
systems, the gyroscope is physically rotated and the typical
readout architecture relies on signal amplitude to measure
the rotation rate of the device. With such readout schemes,
only one of two resonance modes of the device is electrically
excited. The Coriolis force caused by a rotation around the
gyroscope axis creates a coupling between the two modes,
so that the amplitude of the second resonance mode—which
is used as the sense signal—is proportional to the angular
velocity of rotation Q,. Unfortunately, rotary stages add to
the complexity and cost of a gyroscope.

Accordingly, a need exists for a system and technique in
which a gyroscope, accelerometer, or other device may be
self-calibrated without the need to physically rotate the
device in order to determine an angular velocity of rotation
for calibration purposes.

SUMMARY OF THE INVENTION

The present disclosure is directed towards systems and
techniques for self-calibration of Coriolis-based vibratory
gyroscopes that do not require the use of any additional
moving parts or a calibration stage. Instead, the effect of the
Coriolis force on the device is mimicked by the application
of a rotating electrical excitation to the device drive and
sense modes simultaneously. Such rotating excitation, which
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can be created by a rotating electrostatic field applied to the
device drive electrodes simultaneously, can be substituted
for physical rotation for calibration purposes.

Disclosed herein is a gyroscope having a resonant body
that utilizes a self-calibration mechanism that does not
require physical rotation of the resonant body. Instead, the
interface circuitry applies a rotating (i.e. a periodically
modulated) electrostatic field to first and second drive elec-
trodes simultaneously to excite both the drive and sense
resonance modes of the gyroscope. A vibratory gyroscope
has two resonance modes that are approximately equal in
frequencies, which are typically called the drive and sense
resonance modes. When drive electrodes associated with
both the drive and sense resonance modes of the gyroscope
are excited by forces of equal amplitude but 90° phase
difference, respectively, the phase shift in the gyroscope
response, as measured by the current output of the sense
electrodes for each resonance mode, is proportional to an
equivalent gyroscope rotation rate.

According to a disclosed system and technique, when the
drive and sense resonance modes of the gyroscope are both
excited by forces of equal amplitude and 90° phase differ-
ence, the phase shift in the gyroscope response is propor-
tional to an equivalent gyroscope rotation rate. This tech-
nique may be utilized with different gyroscope
implementations, including, but not limited to high-fre-
quency bulk acoustic wave (BAW) disk gyroscope, and
low-frequency flexural mode gyroscopes like the ring gyro-
scope or the mode-matched tuning fork gyroscope (M?>-
TFG). The disclosed self-calibration method utilizes a sen-
sor readout architecture in which both the sense and drive
modes of the gyroscope are excited at the same time, which
differs from currently used readout schemes, in which only
the drive mode is excited.

According to one aspect of the disclosure, a gyroscope
apparatus comprises: a resonator body; first and second
drive electrodes coupled to the resonator body; and interface
circuitry for driving the first drive electrode and second
drive electrode simultaneously. In one embodiment, first and
second drive electrodes are capacitively coupled to the
resonator body, and interface circuitry further comprises
circuitry for providing a first drive signal to the first drive
electrode and circuitry for providing a second drive signal to
the second drive electrode. In various embodiments, the first
drive signal and the second drive signal have the same
amplitude and/or a different phase. In another embodiment,
a 90° phase difference exists between the second drive signal
and the first drive signal.

According to another aspect of the disclosure, a gyro-
scope apparatus comprises: a resonator body; and a self-
calibration mechanism that does not physically rotate the
resonator body. In one embodiment, the self-calibration
mechanism comprises drive circuitry for applying a rotating
electrostatic field to the first drive electrode and second drive
electrode simultaneously.

According to another aspect of the disclosure, a method of
calibrating a gyroscope comprises: A) providing a gyroscope
comprising a resonator body having a plurality of drive
electrodes coupled thereto; and B) determining an equiva-
lent rate of gyroscope rotation other than by physically
rotating the gyroscope. In one embodiment, B) comprises
applying a rotating electrostatic field to the drive electrodes
simultaneously.

According to yet another aspect of the disclosure, a
method of calibrating a gyroscope comprises: A) providing
a gyroscope having first and second resonance modes of
operation; B) exciting both the first and second resonance
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modes simultaneously; and C) determining an equivalent
rate of gyroscope rotation from a response of the gyroscope
caused by the excitation of both the first and second reso-
nance modes simultaneously. In the various embodiments,
B) comprises simultaneously providing to first and second
drive electrodes of the gyroscope a signal of either equal
amplitude and/or different phase. In another embodiment, B)
comprises applying a rotating electrostatic field to the drive
electrodes simultaneously. In another embodiment, C) com-
prises determining an equivalent rate of gyroscope rotation
from a phase difference between signal outputs of first and
second sensor electrodes of the gyroscope.

The needs set forth herein as well as further and other
needs and advantages are addressed by the present embodi-
ments, which illustrate solutions and advantages described
below. Various embodiments of the system and method are
described in detail below and are also part of the present
teachings.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure is illustratively shown and
described in reference to the accompanying drawing in
which:

FIG. 1 illustrates conceptually a gyroscope in which the
direction of applied excitation rotates the gyroscope at an
angular velocity equivalent to applying amplitude-modu-
lated excitations in the direction of the coordinate axes,
according to the present disclosure;

FIG. 2 is a schematic diagram of a gyroscope readout
circuit according to the present disclosure;

FIG. 3 is a schematic diagram of an implementation of the
readout circuit of FIG. 2 according the present disclosure;
and

FIG. 4 is a schematic diagram of a gyroscope readout and
self-calibration circuit according to the present disclosure.

DETAILED DESCRIPTION

The present disclosure will be more completely under-
stood through the following description, which should be
read in conjunction with the drawings. In this description,
like numbers refer to similar elements within various
embodiments of the present disclosure. Within this descrip-
tion, the claims will be explained with respect to embodi-
ments. The skilled artisan will readily appreciate that the
methods, apparatus and systems described herein are merely
exemplary and that variations can be made without depart-
ing from the spirit and scope of the disclosure.

The systems and techniques described herein are directed
towards calibrating a gyroscope without having to physi-
cally rotate the gyroscope during the calibration process.
Disclosed herein is a new system and method of measuring
the gyroscope rotation rate based on signal phase instead of
signal amplitude. In the disclosed system, the drive and
sense resonance modes are both excited by forces that are of
equal amplitude but 90° out of phase. The Coriolis force
induces a phase shift in the responses of the two resonance
modes of the gyroscope. For sufficiently small rotation rates,
the phase shift is proportional to the angular velocity of
rotation Q,.

The self-calibration system and technique disclosed
herein is based on the analysis of an equivalent 2-DOF
mass-spring model of vibratory gyroscopes. The analysis
that follows compares a gyroscope response caused by
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rotation to the gyroscope response caused by a rotating
excitation force when the gyroscope remains stationary in an
inertial reference system.

Theoretical Analysis

Assume first that a mode-matched gyroscope (i.e.
f five=Lsense—®o/27) rotates around its z-axis (the sensitive
axis) at a constant angular velocity €2, with respect to a fixed
inertial frame of reference. Excitations that are 90° out of
phase are applied to the two resonance modes of the device.
Then the behavior of the gyroscope, modeled by its equiva-
lent 2-DOF mass-spring system, is described by the follow-
ing equations:

W,
g, + —0511 -2A0,4, + w(z)ql = Fcoswot (A)

Q

W,
g, + 50512 +220,4, + wng = Fhsinwgr

where (q,,q,) are generalized coordinates, w, is the reso-
nance frequency of the mass-spring systems, Q their quality
factor, and A a constant that depends on the gyroscope type
and on the index of the resonance mode of the device. The
steady-state solution to this set of differential equations is
found to be

B
0 V (Fiwo)* + 2FR20A0)" ®)
qu=— > 5 sin(wor — 61)
wWo w§ + (20A8,)
0= 0 \ (Fawo)* + (2F QAL )2 cos(wor — 02)
B T A+ oA,y or=
where
2F,0A0, 2F QAL C
0, = tan”! 200, 9, = tan”! 10AQ, ©
Fluwg Fawg

The equations above show that the Coriolis force intro-
duces phase delays 0, and 8, in the gyroscope response. For
small values of €2,, these phase delays are directly propor-
tional to €,.

In this second analysis the gyroscope is assumed to be
fixed in an inertial frame of reference. A sinusoidal excita-
tion is applied to the gyroscope in such a way that the
direction of the excitation rotates in the generalized coordi-
nates plane at angular velocity €2,. As shown in FIG. 1, a
rotating excitation can be generated by applying amplitude-
modulated excitations in the direction of the coordinate
axes, which correspond to the two resonance modes of the
device. Under these assumptions the behavior of the gyro-
scope is described by the following set of equations:

wo
Q
Wo

Q

g+ —4q, + w%ql = Fycos{,tcoswol D)

g+ —4, + wng = FosinQ),1coswol

The two differential equations are now decoupled, and
each can be solved independently of the other. The corre-
sponding solutions can be obtained by exploiting the trigo-
nometric identities:

cos Q.1 cos wyt=Y4[cos(we+Q,)t+cos(my—-Q,)1]

sin Q.7 cos wor=Y2[sin(w+L2, )—sin(we-LQ,)]
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Standard sinusoidal steady-state analysis techniques, the
details of which are omitted because of space reasons, can
then be used to obtain expressions for the gyroscope
response, which is determined by the following transfer
function

[
H(jw) = 0} — ? +j§°w

Assuming that |1Q, |<<w,, the following approximate
equality holds

|H [j(0g+Q,)] 1= Hfj(0-Q,)]

It can then be shown that the solutions of (D) are given by
the following expressions

Fo . ®
q1(1) = XCOS(QZI — 6p)sinwyt
Fo .
g2(1) = — Xsm(ﬂzt — y)coswyr
where
A = [H[j(wo + Q) = [H[jwo — ]| ®
200
90 = tan_l &
wo

Therefore the application of amplitude-modulated exci-
tations to the drive and sense modes of the gyroscope
induces a phase shift in the modulating envelope of the
gyroscope response. For small values of Q_, this phase shift
is proportional to Q_ through a constant equal to (2Q/w,).
Apart from a factor of A, this is the same proportionality
constant that relates the phase shift in the gyroscope
response created by the Coriolis force to the rotation rate Q.
(assuming F,=F,). It follows that a rotating excitation can be
substituted for physical rotation for the purpose of calibrat-
ing the gyroscope, because for a given type of gyroscope the
value of A depends only on the index of the resonance mode
of the device.

Since the 2-DOF mass-spring model describes the behav-
ior of a large class of resonating gyroscopes, the results of
this analysis are applicable to a wide variety of devices, such
as disk, ring, hemispherical shell and mode-matched tuning-
fork gyroscopes.

A phase-based readout architecture offers several advan-
tages over the more traditional amplitude-based methods.
First, the amplitude of the output signal remains constant,
thus minimizing the effect of additive noise. Second, as
noted previously herein, rotating excitation induces a phase
shift in the responses of the two resonance modes, approxi-
mating the effect of physical rotation, and enabling the
design of self-calibrating gyroscope architectures that do not
require addition of any moving parts to the gyroscope
assembly to perform calibration thereof.

FIG. 2 illustrates a conceptual schematic block diagram of
the phase readout circuit 10A used in conjunction with a
gyroscope 15. Gyroscope 15 comprises a resonator body 21
and drive electrodes 12 and 14 and sense electrodes 16 and
18 coupled thereto. It is generally understood that the drive
and sense electrodes can be coupled to the resonator body
through a number of transduction mechanisms such as
capacitive, piezoelectric, piezoresistive, electromagnetic,
optical and or thermal. Circuit 10A comprises a mode
excitation section SA, a trans-impedance amplification sec-
tion 6A, and a demodulation and rate output amplification
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section 8, as illustrated. Mode excitation section S5A,
receives a signal, e.g. a sinusoidal signal, from a signal
source coupled to an input node 20 thereof and provides the
input signal unprocessed to drive electrode 12 and to signal
mixer/multiplier 25 of demodulation and rate amplification
section 8. Simultaneously, mode excitation section 5A pro-
vides the input signal to a phase shifter element 7, which
shifts the phase of the input signal by 90°. The phase-shifted
signal is provided simultaneously to drive electrode 14 and
to signal mixer/multiplier 27 of demodulation and rate
amplification section 8. These drive signals at circuit nodes
(1) are applied to the two resonance modes of the gyroscope
15 through the drive electrodes 12 and 14, identified as I,,,,..
and Qp,,,,., respectively. The response of gyroscope 15 at the
output terminals of sense electrodes 16 and 18, identified as
Tsense and Q... at circuit nodes (2) are 90° out of phase
with each other as well as their respective inputs at circuit
nodes (1). The drive and sense signals from each comple-
mentary mode are multiplied together, giving the expression
set forth in (G) below:

L al)=F\ 4, cos(@gt)sin(wyt-6,)

Ol D)=F>45 sin(wgf)cos(wyr-6,) (($))

where A, and A, are the coefficients of the sine and cosine
terms in the output signals of electrodes 16 and 18, indicated
at the circuit nodes (2). Using trigonometric identities, the
expressions in (G) simplify to the expression set forth in (H)
below:

FiA; . . (H)
D (2) = [sin(2ewor — 6y ) —sinf; ]
Ay . .
Ot (1) = 3 [sin(2wor — 62) + sinb ]

Following the low pass filtering and rate output amplifi-
cation stages, the frequency components at 2w, are removed
from the expressions (H), reducing the signal of the phase
readout configuration output of FIG. 2 to the expression set
forth in (J) below:

Fi1A; FAy Q)
3 sind,

Lo (D) = = ——=sinfy, Qou(D) =

in which sin 0=0 for small values of 0.

The unprocessed input signal applied to the drive elec-
trode 12 corresponds to one of the two degenerate resonance
modes of the gyroscope (I-mode). The processed signal that
is 90° out of phase with the input signal is applied to drive
electrode 14 corresponding to the other resonance mode
(Q-mode). Two separate amplifiers 24 and 26 forming
separate sense channels in the trans-impedance amplifica-
tion section 6A are used to amplify the I and Q output
currents, after which the phase response is extracted through
synchronous demodulation in demodulation and rate output
amplification section 8. Specifically, utilizing quad multi-
plier 25, the output of the I-mode was mixed with the
unprocessed drive signal of the same mode to generate the
following signal:
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s(1) = Acos(won)sin(wor — 0;)

[sin(2wgz — 6, ) — sinf; |

SIES

The output of the Q-mode and the 90° phase shifted drive
signal was mixed in a similar way utilizing quad multiplier
27. The high-frequency components of each of the output
signals of multipliers 25 and 27 were eliminated using
low-pass filters 30 and 32, respectively which may be
implemented with the configuration of resistive and capaci-
tive elements illustrated in section 8 of FIG. 3. Finally, the
remaining signals were amplified using amplifiers 31 and
33, as illustrated. Assuming that 6, and 6, are sufficiently
small, the remaining DC components are proportional to €,
through the proportionality constants given in (C). The
linear relationship between phase shift in the gyroscope
response and its rotation rate can be verified using ANSYS
numerical simulations of actual designs of a bulk acoustic
wave (BAW) disk gyroscope and a tuning fork gyroscope. A
rate table can be used to provide sinusoidally-varying rota-
tion rates ranging from zero to 175°s.

A BAW disk gyroscope suitable for use with the disclosed
system is described in commonly assigned U.S. Pat. No.
7,543,496. Another BAW gyroscope which may be used in
association with the readout and calibration circuitry dis-
closed herein typically comprises a center-supported disk
structure with capacitively-coupled drive, sense and control
electrodes with an in-plane resonance mode of index n=3
since the two degenerate resonance modes with this index
are spatially 30° apart and therefore have the same reso-
nance frequency. Similarly, a tuning fork gyroscope suitable
for use with the disclosed system is described in commonly
assigned U.S. Pat. No. 7,043,985. It will be obvious to those
reasonably skilled in the arts that other gyroscope designs,
including ring, hemispherical shell and mode-matched tun-
ing-fork gyroscopes, may likewise be utilized with the phase
shift readout and solve calibration architecture and tech-
niques disclosed herein.

FIG. 3 illustrates a phase shift readout circuit 10B that is
conceptually similar in design function to phase shift read-
out circuit 10A of FIG. 2, but implemented with a plurality
of commercially available electronic components depending
on the gyroscope implementation. In circuit 10B, phase
shifter 7 of mode excitation section SA may be implemented
using a discrete op-amp 22 in conjunction with resistive and
capacitive elements, as illustrated, to generate the 90° phase
shift for the Q-mode excitation signal. In the illustrative
embodiment, op-amp 22 may be implemented with any
number of commercially available operational amplifiers
including (but not limited to) the model TI OPA656, com-
mercially available from Texas Instruments, Dallas, Tex.

In circuit 10B, separate trans-impedance amplifier chains
24 and 26 are utilized to implement trans-impedance ampli-
fication section 6A, which reads the I-mode and Q-mode
sense signals, respectively. Trans-impedance amplifier
chains 24 and 26 of FIG. 2 may be implemented in FIG. 3
may be implemented with a plurality of operational ampli-
fiers and associated resistive elements in the configuration
illustrated in FIG. 3. For example, model TI OPA657
operational amplifiers commercially available from Texas
Instruments are used at the sense channel input to provide
current-to-voltage conversion and amplification of the
phase-shifted signal. Each signal chain is then passed to two
voltage amplifiers, which may be implemented with model
TI OPA656 operational amplifiers, to provide additional
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8

amplification and buffering for the mixers/multiplier stages
25 and 27, which may be implemented with quad-multiplier
model ADS35, commercially available from Analog
Devices, Inc., Wilmington, Mass. For the M>-TFG gyro-
scope, model TT OPA656 operational amplifiers may be used
at the sense channel input to provide current-to-voltage
conversion and amplification of the phase-shifted signal to
provide higher gain and lower bandwidth than the TI
OPAG657.

In experimental results, utilizing the circuit of FIG. 3 with
a BAW disk gyroscope, sinusoidally-varying rotation rates
ranging from 0 to 10°/s were applied via a rate table.
Consequently, the output signals denoted as I, and Q,,, in
FIG. 3 were also observed to be sinusoids with amplitudes
proportional to the applied rotation rate. At the applied rates,
it was derived that 6, and 6, would remain small enough to
satisty equation (F). The BAW gyroscope was tested with an
input power of 0 dBm applied to the I, and Qp,..
terminals of the device. The measured data points were
closely aligned along a straight line with a slope of 0.6
mV/%/s. The linearity of the collected measurements con-
firms the response predicted by the theoretical calculations
and numerical simulations.

Measurements were also taken on the M>-TFG gyroscope
using applied rotation rates from 0 to 10°/s; however, the
applied input power was reduced to -4 dBm to prevent the
device from saturating. The scale factor measurements
showed a device sensitivity 0.15 mV/%/s. Like the BAW
gyroscope, the M>-TFG gyroscope also exhibited a very
linear response to the input excitation. Table 1 summarizes
the simulated and measured performance parameters of both
gyroscopes.

TABLE 1
BAW M2-TFG
SIMULATION
Q (simulated) 20,000 50,000
f, (simulated) 10 MHz 5.95 kHz
Phase Sensitivity 3.9 x 107*°/(°/s) 2.51°/(°/s)
MEASUREMENT

Q 32,000 60,000
fo 9.65 MHz 11.7 kHz
Excitation Power 0 dBm -4 dBm
Sensitivity 0.597 mV/(°/s) 0.148 mV/(°/s)

FIG. 4 is a schematic diagram of a gyroscope readout and
self-calibration circuit according to the present disclosure.
FIG. 4 illustrates a phase shift readout and self-calibration
circuit 10C which is conceptually similar in design function
to phase shift readout circuit 10A of FIG. 2, but with the
addition of circuit components which enable the self-cali-
bration of the gyroscope. An equivalent rate of rotation is
detected utilizing the techniques and readout architecture
disclosed herein. Specifically, circuit 10B comprises a signal
generation and drive excitation section 5B, a sense mode
amplification section 6B, and a signal extraction and ampli-
fication section 9, as illustrated. Mode excitation section 5B
is similar to both excitation sections 5A of FIG. 2 and FIG.
3 with the addition of a second phase shift element 11 and
a pair of quad multipliers 13 and 17 in the configuration is
illustrated, which enable a calibration signal to be added
through a second input node to both electrodes 12 and 14
with a 90° phase differential. Sense mode amplification
section 6B, may be similar in construction and function to
trans-impedance amplification section 6A, described previ-
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ously herein. Similarly, signal extraction and amplification
section 9 may be similar in construction and function to the
demodulation and rate amplification section 8, described
previously herein. Note that in circuit 10C, the output of
sense electrode 18 is coupled to amplifier 24 of amplification
section 6B while the output of sense electrode 16 is coupled
to amplifier 26.

A rotating electrostatic field can be created by applying to
the gyroscope electrodes aligned with the drive and sense
modes an amplitude-modulated excitation according to the
expressions given in (D). More specifically, to generate a
gyroscope phase-shift response to a rotating excitation, a
low-frequency sinusoidal signal may be applied to the phase
shifter 11 to generate in-phase and quadrature (90° out of
phase) components of the rotation excitation. Both signals
are independently mixed with a sinusoidal signal operating
at the resonance frequency of the gyroscope 15 to create the
amplitude-modulated excitation sinusoids used to excite the
Tand Q drive electrodes, according to the expressions in (D).
The phases of the output currents of the sense electrodes
may be utilized to measure the modulating angular fre-
quency €., which mimics the gyroscope rotation rate.

The reader will appreciate that the phase-shift readout
configuration disclosed herein is an effective method of
measuring the rotation rate of mode-matched gyroscopes,
e.g. high-frequency (BAW) gyroscope and low-frequency
mode-matched tuning fork (M>-TFG) or ring gyroscopes,
and can be applied to other gyroscope designs and can be
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implemented without the need for rotary stage that physi-
cally rotates the gyroscope for proper operation.

The present disclosure is illustratively described above in
reference to the disclosed embodiments. Various modifica-
tions and changes may be made to the disclosed embodi-
ments by persons skilled in the art without departing from
the scope of the present disclosure as defined in the
appended claims.

What is claimed is:
1. A gyroscope apparatus comprising:
a resonator body,
first and second drive electrodes are operatively coupled
to the resonator body; and
a self-calibration mechanism for applying a rotating elec-
trostatic fleld to the first drive electrode and second
drive electrode simultaneously.
2. The apparatus of claim 1, wherein the self-calibration
mechanism comprises:
circuitry for providing a first drive signal to a first drive
electrode; and
circuitry for simultaneously providing a second drive
signal to a second drive electrode, the second drive
signal having a phase difference with the first drive
signal.
3. The apparatus of claim 2, wherein the second drive
signal has a 90° phase difference with the first drive signal.
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