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(57) Abstract: A method includes receiving a signal from a sensor. The
signal includes a first in-phase component and a first quadrature com-
ponent. The first in-phase and quadrature components are identified. A
rate signal is applied to the sensor and the sensor generates a sensed
rate signal. A second in-phase and quadrature components associated
with the sensed rate signal are determined. A phase error based on the
first and the second in-phase components, and the first and the second
quadrature components is determined. The method may further include
reducing error in measurements associated with the sensor by dynami-
cally compensating for the determined phase error, e.g., by modifying a
clock signal, by changing a demodulation phase of a demodulator used
to identify the in-phase and the quadrature components.
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DEMODULATION PHASE CALIBRATION
BACKGROUND

[6801} Micro-electromechanical systoms (MEMS) and their use has become prevalent,
For example, MEMS may be used as an accelerometer, gyroscope, optical switching,
microphones, stlicon pressure sensor, magnetic sensor, etc., in various indusiries such as the
airbag industry, the aviation industry, the display industry, the tive pressure industey, ete.
Untortunately, package sfress may cause crror snd degradation in the performance of the
MEMS structure, For example, package stress may induce an offset shift in a MEMS

structure, e.8,, 8 quadrature shift in a gyroscope, resulting in an ervor by introducing emvor in

gyroscope demodulation phase angle.

SUMMARY

{3002 Accordingly, a need has arisen to determine ervors introduced, e.g., by package
stress, and further to calibrate the MEMS structure in order to improve the performance of the
MEMS device, Provided herein is a method and system for delennining an exror resulting
from various factors such as package stress. The determined error may be used to calibrate

the demodulation phase of a gyroscope in order improve parformance of the gyroscape.

[BOG3]  According to some embodiments, a method ineludes receiving a signal fioma
sensor, wherein the sigoel comprises a first in-phase component and a first quadrature
component. The method further includes identifying the first in-phase component, The
method also includes identifying the first quadrature component. A rate signal may be applied
to the sensor, wherein the sensor in response to the applying the rale sipnal generates a sensed
rate signal. A second in-phese component associsted with the sensed rate signal and a second

guadrature component associated with the sensed rate signal may be determined, A phase
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error may be determined based on the first and the second in-phase components, and the first

and the second quadrature components,

{8004 The identifving the first in-phase component, the jdentifying the first quadrature
component, and the deternaining the second in-phase component and the second quadrature
component may be through sequential demodulation of the signal and the sensed rate signal,
The identifying the first in-phase component may be through demodulation of the signal
using & first demodulator, and the identifying the first quadratuve component may be through
demodulation of the signal using a second demodulator. It is appreciated that the first
demodulator may be independent from the second demodulator, and the first demodulator

and the second demodudator may be configured to identify the first in-phase component and

[B085] It is appreciated that the second in-phase component may be determined throngh
demodudation of the sensed signal uwsing the first demodulator, and the second quadrature
component may be determined through demodudation of the sensed signal asing the second
demodulator, and the first demodulator and the second demodulator may be configured o
identify the second in-phase compaonent and the second quadrature components of the sensed

rate signal siondtansously.

{0066]  The method may further include applying a rotation to the sensor to generate the
rate signal. In some embodiments, the method may inchude changing rotation rate of the
sensor to generate @ change i the rate sigoal. For example, the change in rotation rate may

cocur by applying electrostatic force, & magnetic force, and a piezoelectric force.

[0607]  The method may further include determining a difference of the fist quadrature

component and the second quadrature component to gensrale a goadrature difference,

]
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determining a difference of the first in-phase componest and the second in-phase component
to gemerate an in-phase difference, and detormining the phase error by processing an

arctangent of the quadratare difference and the in-phase difference.

{0808}  In some embodiments, the method may further inclode reducing emor in
measurements assoctated with the sensor by dynamically compensating for the determined
phase error. It is appreciated that a clock signal may be modified based on the determined

phase ervor to reduce error, and the modified clock may be wsed in detenmining in-phase and

quadratare components.

{08%9]  The method may further include changing 2 demodustion  phese of a
demodulator used to identify the first in-phase component, the first quadrature component,

the second in-phase compoenent, and the second guadrature component.

8016} It is appreciated that the sensor device may be a micro-electro-nechanieal system

gyroscope.

{00} I s apprecisted that the phase error detection may acﬁur in tesponse to detecting &
motion. The method may include perfedically applyving another rate signal to the sensor o
generate another seosed signal, defermining another in-phase component and another
quadrature component associated with the another sensed rate signal, and updating the phase
error based on the determining another in-phase component snd the another quadiature

component associated with the another sensed rate signal.

[0012]  Itis appreciated that in some embodiments the method may include determining a
difference of the first quadrature component and the second quadralure component to

generate a quadrature dilference, determining a differsnce of the first in-phase component

fad
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and the sceond in-phase component to generate an in-phase differsnce, and determining
sensitivity associated with the sensor based on the quadrature difference and the inwphase

difference.

o} .

{0613 In some embodiments, a devive may include g sensor deviee, a fivst demodulator,
a second demodulator, and a processing unit. The sensor device may be configared to
generate a signal comprising a fivst in-phase component and a first quadrature component,
The first demodulator may be configared to identify the first in-phase component. The second
demodulator may be configured to identify the second guadrstore component. The processing
unit may be configured to determine a phase error associated with the sensor device, It is
appreciated that the phase error may be determined based on the first quadrature component
and the first in-phase component and may be further based on a second in-phase component
associated with a sensed rate signal and a second guadrature component associated with the
sensed rate signal, |t is appreciated that the first in-phase component may be determined by
the first demodulator and the first goadrature component may be determined by the second
demodulator. According to some embodiments, the sensed rate signal may be generated by

the sensor device in response to application of a rate signal thereto.

[0014]  In some embodiments, the device may further include a first filter coupled to the
first demodulator. The first filter may be configured to generate an gveraged in-phase
component signal for transmission to the processing unit for determining the phase error, The
deviece may also inclnde a second filter coupled to the second demodulator. The second filler
may be configured to generate an gveraged quadraturs componsnt signal for transmission to
the processing unit for determining the phase error, According to some embodiments, the first
filter and the second filter are selected from 3 group consisting of a low pass filter, Integrator,

and 8 bandpass filter.
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8815} It Is appreciated that the sensor device may be a micro-glectro-mechanical system

EYTOSCOPR.

{0816] The processing unit may be configured to caleulate a difference between the first
quadratare component and the second gquadrature component 1o generate & quadrature
component difference. It i1s appreciated that the processing vnit may be further configured o
calculate o difference between the first in-phase component and the second in-phase
component to generate an in-phase component difference. In some embodiments, the
processing wnid iy further configursd to determine the phase error by caleulating the
arctangent of the quadrature component difference and the fn-phase component difference. In
some embodiments, the processing unit is selected from a2 group consisting of & central
processor, a feld programmable gate aray (FPGA), and an application specific integrated

eircudt (ASIC)

jaa17) According to some embodiments, output readings from the sensor device may be

calibrated to compensate for the phase error.

[0018] In some embodiments, the processing unit may be configured to caloudate a
difference between the first quadrature component and the second quadeature component to
penerate a quadrature component difference. The processing wnit may further be configured
to caleulate 3 difference between the first in-phase component and the second in-phase
component to generate an m-phase component difference. In some embodiments, the
processing unit may be further configured to determine sensitivity of the sensor device based

on the quadrature component difference and the in-phase component difference.

10019] In some embodiments, a device may include g sensor device, a demodulator, and a

processing unit. The sensor device may be configured to generate 8 signal comprising a first

L
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in-phase component and a first quadratuve component. The demodulator may be configured
to sequentially identify the first in-phase component and the first quadrature component, In
some embodiments, the processing unit may be configured to determine 8 phase error
associated with the sensor device. 1t is appreciated that the phase error may be determined
based ot the first quadrature component and the first in-phase corpponent and s further based
on & second in-phase component associated with a sensed rate signal and a second quadrature
coniponent associated with the sensed rate signal. According to some embodiments, the
second in-phase component and the second gunadratire component may be sequentially
determined by the demodulator. Tn some embodiments, the sensed rate signal may be

generated by the sensor device in response to application of a rate signal thereto.

{0020]  The device may include a filter coupled to the demodulator. The filter may be
configured to generate an averaged component signal received from the demodulator. In
some embodiments, the filter is selected from a group consisting of a low pass filter,
integrator, and g bandpass filter. According to some embodiments the averaged component

signal may be ransmitted to the processing unit for determining the phase error.

[0621] It is appreciated that the sensor device may be a micro-electro-mechanical system

gYroseope,

{0022]  The processing unit may be configured to calculate s differenice between the fiest
guadratire component and the second quadrature component o generate a guadeature
component difference. In some embodiments the processing unit may be further configured
to caleulate a difference between the first in-phase component and the second in-phase

component to generate an in-phase component difference. It is appreciated that the processing

anit may further be configured to determine the phase ervor by caleulating the arctangent of

o123
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the quadrature compenent difference and the in-phase companent difference. I is appreciated
that the processing unit may be selected from a group consisting of a central processor, a field
programmable gate aray (FPGA), and an application specific integrated cireuit (ASIC).
Ascording to some embodiments, oufput readings from the sensor device is calibrated to

compensate for the phase error,

{0023]  These and other features and aspocts of the concepts described herein may be

better understood with reference to the following drawings, description, and appended clains,
BRIEF DESCRIPTION OF DRAWINGS

{0024]  Figures 1A-1C show arientation of Coriolis vector in phase domain for caleulating

a phase orror in accordance with some entbodiments.

{8625] Figure 2 shows a system for determining a phase error and for compensating the

phase ervor in accordance with some embodiments.

{0026]  Figure 3 shows another system for determining a phase ervor and for

compensating the phase error in aceordance with some embodiments.

00271 Figure 4 shows one system for determining a phase error and for compensating

the phase ervor In accordance with some embodiments.

[0028]  Figure S shows a single demodulator system for determining & phase error and for

cotmpensating the phase error in accordance with some smbodiments,

{0029} Figure 6 shows another single demodulator sysiem for determining a phase ervor

and for compensating the phase error in accordance with some embodiments,

4
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[B030]  Figure 7 shows yet another single demodulator system for determining a phase

ervor aud for compensating the phase ervor in actordance with some embodiments.

{08631} Figure 8 shows a flow diagram for determining a phase error and for

compensating for the phase error in accordance with some embodiments.

DETAILED DERCRIFTION

{0032]  Before various embodiments are deseribed in greater detail, it should be
understood by persons having ordinary skill in the st that the embodiments ae not Hmiting,
as elements in such embodiments may vary, It should likewise be wnderstood that a
particular embodiment deseribed and/or illustrated herein has elements which may be readily
separated from the partiewdar embodiment and optionally combined with any of several other
embodiments or substituted for elements in any of several other embodiments described

hetein,

{0033} 1t should also be understood by persons having ordinary kil in the art that the
terminology wsed herein is for the purpose of describing the certain concepts, and the
terminology is not intended to be timiting. Unless indicated otherwise, ordinal numbers (e.g.,
first, second, third, ete.) are used to distinguish or identify differont clements or steps ing
group of elements or steps, and do not supply a serial or numerical Hmitation on the slements
or steps of the embodiments thereof. For example, "first," "second,” and "third" clements or
steps need not necessarily appear in that order, and the embodiments thereof need not
necessarily be limited to three elements or steps. It should also be understood that, unless
indicated otherwise, any labels such as "left,” "right,” *front,” "back,” “top.” "middle”
“bottom,” "forward,” "reverse," "clockwise” Teounter clockwise,” "up,” "down,” or other

similar terms such as "upper,” “lower,” "above,” "below,” "vertical,” “horizontal,”

90
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"proximal,” "distal," and the like are used for convenience and are not intended to imply, for
example, any particular fixed location, orlentation, or direction, Instesd, such labels are used
to reflect, for example, relative location, orientation, or divections, It should alse be
understood that the singular forme of "a," "an," and "the" include plural references unless the

context clearly dictates otherwise,

{8034]  Unless defined otherwise, all technical and scientific terms used herein have the

same meaning as commonty understood by persons of ordinary skifl in the art {o which the

embodiments pertain.

0035} A newd has arisen o d»;-:temlin\a—: ervors introduced, e.g., by package sivess, and
further to calibrate the MEMS strocture in order to improve the performance of the MEMS
device. Provided herein is & method and system for determining an ervor resulting from
various {actors such as package stress. The determined srror may be used to calibrate the

demodulation phase of a gyroscope in order improve performance of the gyroscope.

{036} Reterring now to Figures TA-1C, orientation of Corlolis vector in phase domain
for caleulating a phase error in accordance with some embodiments is shown, According to
some embodimants, the orlentation of the Corielis vector in the phase domain may be
determined using a rate table characterization. It is appreciated that aligning the sense mode
demodulation phase to the Corlolis vector, e.g., by changing the demodulation phase, may
improve the performance of the gyroseope. Thus, the demodulation phase angle of the

gyroscope can be trimmed to Corlolis signal, improving the performance of the gyrascope.

{80371 Figure [A shows the in~phase and the quadratuce components of a gyroscope. It is

apprecigted that the true in-phase and the true guadrature components may be unknown, As

9
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such, the phase ervor, for example resulting from package stress, may also be unknown, It is

appreciated that the in-phase error and the quadrature error components may be

[5 e'r'm?*] - [ cos{@error) Sm(@eﬂ*w}} {f tme} ()
Cerror ~stt{Perrgr)  cos{@errordi WQurue '

[O038]  Ris, however, appreciated that the in-phase component at zero rate output may be
megstred, as depieted a8 fewrzro i Figore 1AL Stmilarly, the quadratare component at zero
outpul may be measured, a8 depicted a8 Qoo in Figure 1A It is approciated that the in-

phase error and the quadrature error components for zero rate output may be measured and it

may be
{ferm?; b4 R{}} - g cos{@errord Si“{fpeﬁ‘(}?‘)} {%me } @)
QE?‘?‘G?‘, LRO —Sin{Porror)  CO8(Perror i0true ”

{0038] It is appreciated that the in-phase compopent al a rate input may be measured, as
depicted a8 lewesco in Figure 1B, Similacly, the quadrature component at a rate input may be

measured, as depicted a8 Quranrtor in Figure 1B, It is appreciated that the in-phase error and

the quadrature ervor components for the rate input may be measured and i may be

Ll
S

[f error, 4.C orl - [ cos(@error)  Si{Perror) ] {f true 4 C er} (3
Qerror g Corl  U=si(@error) cos{Perrardil  Qorue '

{0848 It s further apprecinted that the in-phase component at another rate iput may be
measured, as depicted 88 Lo cor i Figure 1€, Similarly, the quadrature component at

another rate input may be measured, as depicted as Qenee-cor it Figure 1C, It is appreciated

16
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that the in-phase error and the quadrature error components for another rate input may be

measured and i may be

Qermr} _Corl  L=sin{@error)  cos{Perror) true o

{0041]

[0042]

Accordingly, the phase error maay be determined,
Porropr = arctan( B, 4) (%)
where d = | error Cor™ { error ZRO = Cor.cos{@error) (6
and
b=y error ZRO Qermrl _Cor = Cor.sinlgeyror). G

I other words, the phase ervor that has been determined may be used to trin snd

glign the phase of the gyroscope, 8.g., by modifying the phase of the demodulator or

changing the phase of the clock, 1o the Coriolis vector, It is appreciated that the sensitivity of

the gyroscope may also be determined using the quadrature difference and the in-phase

difference

[8043]

(%)

Referring now to Figure 3, & system for determining a phase error and for
23 & 3 S

compensating the phase error in accordance with some embodiments is shown. B ig

appreciated that Figure 2 depicts an embodiment for tmplementing the determination of the

phase error, for example doe to package siress, determination of the sensitivity of the

11
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gyroscope as well as compensating for the determined error in order to improve performance

of the gyroscope.

{8844} System 200 includes a sensor 210, ez, 8 gyroscope, demodulators 220 and 230, a
processing unit 240, and an ervor compensator 250, The sensor 210 may be a gyroscope, a
magnetometer, sto, and it may include various components such 8 & piero element, The
sensor 2140 receives aun inpud signal, ¢.g., 7oro rate cutput according to Figure 1A, a rate input
according to Figures 1B and 1€ or an input signal resulting from movements, rotation,

electrostatic force, a magnetic foree, sic

{8045] The sensor 210 may then output signal 212 to the demodulator 220 and it may
output signal 214 to the demodulator 230, The ontput signal from the sensor 210 may be the
sensed signal due to zoro rate cutput or other rate inputs, It is appreciated that according to
some embodiments the two separate paths are configured to detect the in-phase and the
quadrature components. For example, signal 212 input to the demodulator 220 may identify
the in-phase component where as signal 214 inpat to the demodulator 230 may identify the

quadrature component of the signal,

{0046]  According to some embodiments, the demodulator 220 may output the in-phase
component 222 to the processing unit 240 aud the demodulator 230 may output the
guadratiwe component 224 to the processing wait 240, It is appreciated that the in-phase and
the quadrature components may include the zero rate output, and two tate inputs as discussed
with respect to Figures TA-ICL 1 is appreciated that the processing unit 240 may be
configured to determine the phase ervor based on the received signals from the demodulators
220 and 230 and according to equations (1-(R). It is appreciaied that a change in rotation

may cause a change in the rate input. In some cmbodiments, the change in rotation may be
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achieved using one or more actuators. It is appreciated that according to some embodiments,
the actuator may be configured to periodically change the rotation tate. Accordingly, the

phase error may be periodically estimated and corrected,

{8047} It is further appreciated that the sensttivity of the sensor 210 may also be
determined by the processing wait 240, The processing unit 240 may output the readings 244

and 242, Output signals 244 may be used as the output reading of the devics.
Lo - oY

[8048] Signal 242 may be input to the error compensator 230, Signal 242 may be the
phase error that has been determined by the processing unit 240 and according to equations
{13-(8} above. The error compensator 250 way be configured to use the determined phase
error to modify the operation of the demodulators 220 and 230 respectively to adjust for the
determined error. For example, the error compensator 250 may transmit a signal 252 to the
demodulator 220 in order to modify the operation of the demodulator 220 in order to
compensate for the determined erver associated with the in-phase component. Similarly, the
error compensator 230 may transmit a signal 254 to the demodulator 230 in order to modify
the operation of the demodulator 230 in order to compensate for the determined error

associated with the guadrature component,

{048 I is approciated that in some embodiments, the processing unit 240 may be
configured fo frigger phase error caleulation in response to a change in the mie signal. For
example, a first in-phase and quadrature components (e.g., at zero rate) may be deternined
before application of the change in the rate signal {e.g., through an actuator). The in-phase
and the quadrature components associated with the change in rate signal may be determined

after the rate signal is changed, e.2., by using an actuator.

13
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{B050] It is appreciated that the processing wmit 240 may be iriggered to caleulale phase
errors i response to a difference between the fivst and second rate signals (e, difference
between the zero rate and change in the rate signal) exceeding a threshold. In some
embodiments, the processing it 240 may be triggered to calculute phase errors in response
{0 a difference between the first and second in-phase components sxceeding a threshold. The
first and the second in-phase components may be components associated with two different
rate signals, e.g., zero rate and & changed rate for instance. 1t is appreciated that according to
some embodiments, the pmcessifxg unit 240 may be triggered to calculate phase errors in
response to a difference between the first and second quadrgture components exceeding a
threshold, The first and the second goadrature components may be components associated
with two different rale signals, e.g., zevo rate and a changed rate for instance. It is appreciated
that the processing unit 240 may be iriggered to calculate phase errors in response 1o a
difference between the first and second sensed signal exceeding a threshold. It is appreciated
that the first and the sscond sensed signels may be ocutpt signals of the sensor 210 in
response fo various rate inputs, eg., at zero rate and at a changed rate. According o some
embodiments, the zero rate may be sssociated with no motion and a changed rate may be

associated with a constant rale, a transient rate or a rofation.

{8051} According to some embodiments, the phase error correction may be applied, e.g.,
by the ervor compensaor 230, in response to & change in rotation rate, e.g. zero tate and a
changed rate, 1o some embodiments, the change in mte signal may be a difference in average

rates over a pertod of time.

{8052} Referring now to Figwe 3, another svstem for determining a phase ervor and for

compensating the phase error in accordance with some simbodiments is shown, System 300 is

substantially stmilar to that of Figure 2. However, the error compensator 250 is replaced with
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a clock 350 component. The clock 350 may receive the determined phase error and it may
adjust the phase of the clocking signal for the demodulators 220 and 230, As such, the
demodulators 220 and 230 may be aligned with the Coriolis signal and guadratuee signal

respectively.

{00583} Referring now to Figure 4, one system for determining a phase ervor and for
compensating the phase error in gecordance with some embodiments is shown, The systom
400 is substantislly similar fo thet of Figure 2 except that filters 410 and 420 associated with
the demodulators 220 and 230 :‘especﬁveiy are used to average the signals before
transmission to the processing unit 240, It is appreciated that the filters 410 and 420 may be g

low pass filter, integrator, a bandpass filier, or any combination thereof

[0054] It is appreciated that Figure 2-4 depict embodiments where the in-phase and the
quadrature components can be determined simunitaneousty because of different paths, one for
the in-phase path and another for the quadrature path. Ttis also sppreciated that the
determination of the phase error, the sensitivity, and the compensation for the ervor may
goewr at o manufactaring site where the error 15 compensated for or it may aliernatively oconr
dynamically during use and in response to detecting a motion, €.g., movement, rotation, etc.
For example, the phase error determination may oceur in response to detecting a movement, 8
rotation, elc., and the phase ervor may be corrected and compensated for resulting therefrom,
1t is also appreciated that the phase error determination may ocour periodically {e.g.,
predetermined periods), such as once every hotw, once a day, once a month, e, in order to

calibrate the device.

LEIRRY Referring now to Figare §, a single demodulator system for determining s phase

errer and for compensating the phase evror in accordance with some embodiments is shown.
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Figare 5§ is similar to that of Figure 2 except that in this embodiment the in-phase component
and the guadrature component are determined using the same path and therefore the same
components. In other words, the in-phase components, e.g., zero rate output, rate inputs, ete.,
may oectr in sequence with respect to one another and further with respect to the quadrature
compenents for vero rate output, rate fnputs, ete, In other words, the system 500 determines
the in-phase components for the zero rate out, and the rate inputs sequentially. Sinularly, the
system 8300 deternaines the quadrature components for the zero rate out, and the rate inputs
sequentially. The processing unit 240 may use the in-phase components and the quadrature
components that have been received sequentially to determine the phase error. The enror
compensator 230 may use the determined phase error in order to compensate for the ervor

similar to that of Figure 2.

{0036]  Referring now to Figure 6, another single demodulator system for determining a
phase error and for compensating the phase error in accordance with some embodiments is
shown. Figure 6 operates substentially similar o that of Figure § except that the error
compensator 250 has been replaced by the clock 350 where it operates similar to that of

Figure 3,

0857} Refering now to Figure 7, vet another single demodulator system for determining
a phase error and for compensating the phase error in accordance with some embodiments is
shown. Figure 7 operates substantially similar to that of Figure § except that the filter 410 is
mtroduced in order to average the signals being transmitted to the processing nnit 240. The

operation of the filter 410 is similar to that described in Figure 4.

{0658] it is appreciated that Figures 5-7 depict smbodiments where the in-phase and the

guadrature components are determined sequentially by sharing the same path for the in-phase
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path and the quadeature component. s also appreciated that the defermination of the phase
error, the sensitivity, and the compensation for the error may ocour at a manufacturing site
where the ervor is compensated for or it may slternatively ocour dynamically during use and
in response to detecling a motion, e.g., movement, rotation, ete, For example, the phase error
determumnation may oceur in response to detecting a movement, a rofation, efe., snd the phase
error may be corrected and compensated for resulting therefrom. 1 is also appreciated that the
phase error determination may occur periodically (e.g., predetermined periods), such as once

avery hour, once a day, onve & month, ete. in order to calibrate the device.

{039 Retoring now to Figure &, a flow diagram 800 for determining a phase ervor and
for compensating for the phase egror in sccordance with some embodiments i shown. At step
810, a signal e.g., zero rate ougpat, is received from the sensor, e.g., MEMS, gyroscope, ete.,
as discussed above with respeet to Figares 1A-7, At step 820, the fivst in-phase and the first
quadrature compoenents may be identifled, e.g., by using one or more modulators as deseribed
above with respeet to Figures 1A-7, It is appreciated that the first in-phase and the first
quadrature components may be determined sequentially using the same demodulator or

simultaneously through mdependent modulators as described above.

{0068]  Atstep 830, a rate signal, ez, magnetic foree, slectrostatic force, rotation,
movement, etc.,, 1s applied 10 the sensor. Accordingly, the sensor generates g sensed signal, At
step 844, the second in-phase and the second quadrature components associated with the
sensed signal may be identified, e.g., by using one or more modulators as described above
with respeet to Figures 1A-7. It is appreciated that the first in-phase and the first guadrature
components may be determined sequentially nsing the same demodulator or sinwltaneonsly

through independent modulators as described above,



WO 2017/210332 PCT/US2017/035267

{B061] At step 830, the phase error may be determined based on the first in-phase and
quadraiure components and further based on the second in-phase and guadrature coraponents.
For example, in some embodiments, the phase error may be deterntined based on g difference
between the guadrature components {8.g., zero rate output and the rate signal) and further
based on a diffevence between the in-phase components (e.g., vero rate output and the rate
signal). In some embodiments, the phase error may be an arctangent of the twe differences. It

is appreciated that in some embodiments, the phase error may be the ration of the two

differences.

[0062] It is appreciated that the determination of the phase error may occur periodically,
i response to detecting a motion, or during the manufactwing itarocess in order to calibrate
the device, or any combination thereof. For example, the in-phage and the quadrature
components may be periodically be identified and determined in response to detecting a
motion or in response to appHeation of another rate signal. A new phase error may therefore

be caleulated periodically or the old phase error may be updated.

{0863] At step 860, the error may be reduced by using the determined phase error in order
to control the operation of the demodulator(s), as described in Figures 1A-7, in order to
dynamically compensate for the determined ervor. For example, the clock signal used for the
demodulator(s) may be modified based on the determined phase error, thereby changing the

demopdulation phase of the in-phase and the quadrature components,

{3064] It is appreciated that in some exnbodiments the same or ¢ different rate signal may
be applied to the sensor periodically and the process may be repeated in order to recalonlate
the phase ervor. As such, the device may be recalibrated periodically. It is appreciated that in

ane optional embodiment, at step 870, the sensitivity of the sensor may be calculated and
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deterntined based on the quadreture difference and the in-phase difference. For example, the

sensitivity may be based on equation {9) above

{0065] Wihile the embodiments have heen described and/or iHlustrated by means of
particular examples, and while these embodiments and/or examples have been described in
considerable dutail, it is not the intention of the Applivants to restrict or $n any way limit the
scope of the embodiments to such detsil, Additional adaptations andfor modifications of the
embodiments may readily appear to persons having ordinary skill in the ar to which the
embodiments pertain, and, in its broader aspects, the embodiments may encompass these
sdaptations and/or modifications. Accordingly, departures may be made from the foropoing
embodiments and/or examples without departing from the scope of the concepts deseribed
herein. The implementations deseribad above and other implementations are within the

scope of the following claims.
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CLAIMS

What is claimed is:

1. A method comprising:

receiving o signal from g sensor, whersin the signal comprises 8 first in-phase component
and a first quadrature component;

idertifving the first in-phase component;

identifying the first quadrature component;

applying a rate signal to the sensor, wherein the sensor in response to the applying the
rate signal generates a seosed rate signal;

determnindng a second in-phase component associated with the seused rate signal and a
secomd quadratire component associated with the sensed rate signal; and

determining a phase srror based on the st and the second fn-phase components, and the

first and the second quadrature components.

8 The method as described by Claim 1, wherein the identifying the first in-phase
cinnponent, the identifying the first quadretire component, and the determining the second in~
phase component and the second quadrature component is through sequential demodudation of

the signal and the sensed rate signal.

3. A device comprising:
a sensor device configared to generate a first and a second sersed rate signals comprising
a tirst and a second in-phase components and a first and & second quadratore components,

wherein the first sensed rate signal is generated by the sensor device in response to application of
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a fivst rato signal thereto and wherein fhe second sensed signal is generated by the sensor device
i response to application of a second rate signal thersto;

a first demodulator configured to identify the first and the second in-phase components;

a second demodulstor confipured fo identify the fist and the second quadrature
components; and

a processing unit configured to defernine a phase error associated with the sensor device,
wherein the phase error is determined based on the first quadrature component and the first in-
phase component associated with the fisst sensed rafe signal and is firther based on the second
in-phase component gnd the second quadrature component gssociated with the second sensed

rate signal.

4. The device as described by Claim 3 further comprising:

a first filter coupled to the first demodulator, wherein the first filter is configured to
generate an averaged in-phase component signal fr transmission to the processing wmit for
determining the phase error; and

a second {ilter coupled to the second demodulator, wherein the second filter is configured
to generate an averaged quadeature component signal for transimission to the processing umt for

detenmuining the phase error.

5. The device g5 described by Claim 4, wherein the first filter and the second Slter

are selected from a group consisting of a low pasy filter, integrator, and a bandpass fileer,
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6. The device as described by Claim 3, wherein the sensor devics is a micro-glectro-
mechanical system gyroscope.

7. The deviee as deseribed by Claim 3, wherein the processing unit is configared o
calculate 3 difference betwoeen the first quadrature component and the second quadratare
component to generate 8 guadrature component difference, and whersin the processing unit is
further configured to calonleie a differcnce between the first in-phase component and the second
in-phase component to generate an in-phase component difference, and wherein the processing
unit is forther configwred to determine the phase error by calculating a ratio of guadiature
component difference and n-phase component difference or by caleulating the arctangent of the

guadrature component difference and the in-phase component difference.

8. The device ay deacribed by Claim 3, wherein the processing unit is selected from
& group comsisting of a central processor,  field programmable gate amay (FPGA), and an

application specific infegrated circuit (ASIC).

4. The device ax described by Claim 3, wherein output readings from the sensor

device is calibrated to compensate for the phase ervor.

10 The device as described by Claim 3, whereln the processing unit is configured o
calowdute o difference betwsen the first quadature component and the second quadiature

component to generate 1 quadvature component differance, and whetein the processing unit is

further configured 1o calvulate a difference between the first in-phase component and the second
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in-phase component to generate an in-phase component difference, and wherein the processing
unit is further configured to determine sensitivity of the sensor device based on the quadrature

component difference and the in-phase component difference,

11, The device as deseribed by Claim 3 further comprising an actuator 1o generate a

change i rotation rate.

12, The device as described by Claim 11, wherein the actuator Is configured to cregte
a periodic change in rotation rate of periodic estimation and cotrection of phase errors.

13, The device as deseribed by Claim 3, wherein the processing wait s futher
configured to trigger phase error caleulation in response to a shange in rate sigoal, wherein the
first in-phase and guadrahue components are estimated before the change in rate signal and

wherein the second in-phase and guadrature components are estiniated afier the change in rate

sigmnad,

14, The device ss described by Claim 13, wherein the processing unit s triggered in
respouse to a difference hetween the first and second rate signals exceeding a first threshold, or
i response 1o a difference botween the first and second in-phase components exceeding a
second threshold, or in response to a difference between the st and second quadiature
components excesding a third threshold, or in response to a difference between the fisst and

second sensed signal exceeding a fourth threshold.
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15, The device as described by Claim 13, wherein a phase exvor corvection is applied

in response 0 a change in rotation rate,

16, The device as desortbed by Claim 13, wherein the change in rate signal is g

difference in average rates over a perind of time.

17, The device as described by Claim 3, wherein the first rate signal I8 gssociated
with no motion and wherein the second rate signal is associated with a constant rate, or a

ransient rate, or g rotation,

I8, Adevice comprising:

a sensor device conligiwed to generate a first andd 2 second sensed vate signals comprising
a first and a second in-phase components and a first and a second yuadeature components,
wherein the first and the second sensed signals are generated by the sensor device in response to
application of a first and a second rate signals thereto respectively;

a demodulator configared to sequentially identify the first in-phase component and the
first quadrature component, and wherein the demodulator is fiwther configared to identify the
second in-phase and quadrature components sequentially and subsequent to identifying the first
in-phase and quadreture components; and

a processing unit confipured to determine a phase error associated with the sensor deviee,
wherein the phase ¢oror is detenmined based on the first quadrature and fn-phase components
assoctated with the first sensed rate signal and Iy fwther based on the second in-phase and

quadeature companents associated with the second sensed rate signad,

P
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19, The device as described by Claim 18 further comprising:

a filter coupled to the demodulator, wherein the filter is configured to geperaie an
averaged compouent signal received from the demodulator, and wherein the aversged component
signal is transmitted to the processing unit for determining the phase error.

20, The device 83 described by Claim 19, wherein the filter is selected from a group

consisting of a Tow pass filier, integrator, and & bandpass filter,

Eed
10
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