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(57) ABSTRACT

A MEMS accelerometer includes at least one proof mass and
two or more drive electrodes associated with each proof
mass. Self-test signals are applied to the drive electrodes.
The self-test signals have a signal pattern that includes
different duty cycles being applied to the drive electrodes
simultaneously, which in turn imparts an electrostatic force
on the proof mass. The response of the proof mass to the
electrostatic force is measured to determine a sensitivity of
the MEMS accelerometer.
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ACCELEROMETER SENSITIVITY
SELF-CALIBRATION WITH DUTY CYCLE
CONTROL OF DRIVE SIGNAL

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/950,385, filed Dec. 19, 2019,
which is hereby incorporated by reference herein in its
entirety.

BACKGROUND

[0002] Numerous items such as smartphones, smart
watches, tablets, automobiles, aerial drones, appliances,
aircraft, exercise aids, and game controllers utilize sensors
during their operation (e.g., motion sensors, pressure sen-
sors, temperature sensors, etc.). In commercial applications,
microelectromechanical (MEMS) sensors such as acceler-
ometers and gyroscopes capture complex movements and
determine orientation or direction. For example, smart-
phones are equipped with accelerometers and gyroscopes to
understand the movement of the smartphone, to augment
navigation systems that rely on Global Position System
(GPS) information, and to perform numerous other func-
tions. Wearable devices and internet-of-things (IoT) devices
constantly measure movement and other characteristics of a
person, animal, or electronic device. In another example,
drones and aircraft determine orientation based on gyro-
scope measurements (e.g., roll, pitch, and yaw), and vehicles
of all types implement assisted driving to improve safety
(e.g., to recognize skid or roll-over conditions).

[0003] MEMS sensors, such as MEMS accelerometers,
may vary in their performance and operation over time, due
to factors such as manufacturing variances, installation into
end-use products, normal wear of components over time,
environmental conditions where the sensor is operating, and
end-use applications. These factors may result in a change in
sensitivity over time, such that an output of the MEMS
sensor (e.g., a value representative of linear acceleration of
a MEMS accelerometer) may no longer accurately represent
the force or other parameter being measured. For example,
the sensitivity of the MEMS sensor may change such that
measurements lack accuracy and/or precision. In some
instances, self-testing may be performed on the MEMS
sensor such as in a post-manufacturing quality control
procedure. The results of the self-test procedure may be
utilized to calibrate the MEMS sensor, for example, by
modifying processing of a measured signal from the MEMS
sensor. Such self-test and calibration procedures may require
external test equipment to perform specific operations, or
may require that additional components be added to the
MEMS sensor.

SUMMARY

[0004] In some embodiments of the present disclosure, a
microelectromechanical (MEMS) accelerometer comprises
a proof mass that moves along a sense axis in response to a
linear acceleration, a first drive electrode located adjacent to
the proof mass along the sense axis, a second drive electrode
located adjacent to the proof mass along the sense axis and
on an opposite side of the proof mass from the first drive
electrode, and processing circuitry coupled to the proof
mass, the first drive electrode, and the second drive elec-
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trode. The processing circuitry may be configured to provide
a first self-test signal pattern to the first drive electrode and
the second drive electrode, wherein the first self-test signal
pattern has a first duty cycle applied to the first drive
electrode and a first complementary duty cycle applied to the
second drive electrode, and measure a first received signal
from the proof mass in response to the first self-test signal
pattern. The processing circuitry may further be configured
to provide a second self-test signal pattern to the first drive
electrode and the second drive electrode, wherein the second
self-test signal pattern has a second duty cycle applied to the
first drive electrode and a second complementary duty cycle
applied to the second drive electrode, and to measure a
second received signal from the proof mass in response to
the second self-test signal pattern. The processing circuitry
may be further configured to determine a sensitivity of the
MEMS accelerometer based on the first received signal and
the second received signal.

[0005] In some embodiments of the present disclosure, a
MEMS accelerometer comprises a proof mass that moves
out of a MEMS plane in response to a linear acceleration, a
first drive electrode located adjacent to a first portion of the
proof mass in a direction of the movement of the proof mass
out of the MEMS plane, a second drive electrode located
adjacent to a second portion of the proof mass in the
direction of the movement of the proof mass out of the
MEMS plane, and processing circuitry coupled to the proof
mass, the first drive electrode, and the second drive elec-
trode. The processing circuitry may be configured to provide
a first self-test signal pattern to the first drive electrode and
the second drive electrode, wherein the first self-test signal
pattern has a first duty cycle applied to the first drive
electrode and a first complementary duty cycle applied to the
second drive electrode, and to measure a first received signal
from the proof mass in response to the first self-test signal
pattern. The processing circuitry may be further configured
to provide a second self-test signal pattern to the first drive
electrode and the second drive electrode, wherein the second
self-test signal pattern has a second duty cycle applied to the
first drive electrode and a second complementary duty cycle
applied to the second drive electrode, and to measure a
second received signal from the proof mass in response to
the second self-test signal pattern. The processing circuitry
may further be configured to determine a sensitivity of the
MEMS accelerometer based on the first received signal and
the second received signal.

[0006] In some embodiments of the present disclosure, a
method for performing self-test calibration of a MEMS
accelerometer comprises providing a first self-test signal
pattern to a first drive electrode and a second drive electrode,
wherein the first self-test signal pattern has a first duty cycle
applied to the first drive electrode and a first complementary
duty cycle applied to the second drive electrode, wherein the
first drive electrode is located adjacent to a proof mass along
a sense axis, wherein the second drive electrode is located
adjacent to a different portion of the proof mass along the
sense axis, and wherein the proof mass moves along the
sense axis in response to a linear acceleration. The method
may further comprise measuring a first received signal from
the proof mass in response to the first self-test signal pattern.
The method may further comprise providing a second self-
test signal pattern to the first drive electrode and the second
drive electrode, wherein the second self-test signal pattern
has a second duty cycle applied to the first drive electrode
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and a second complementary duty cycle applied to the
second drive electrode. The method may further comprise
measuring a second received signal from the proof mass in
response to the second self-test signal pattern, and deter-
mining a sensitivity of the MEMS accelerometer based on
the first received signal and the second received signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The above and other features of the present disclo-
sure, its nature, and various advantages will be more appar-
ent upon consideration of the following detailed description,
taken in conjunction with the accompanying drawings in
which:

[0008] FIG. 1 depicts an exemplary motion sensing sys-
tem, in accordance with at least some embodiments of the
present disclosure;

[0009] FIG. 2 depicts an exemplary MEMS accelerometer
with sensitivity calibration self-test signals, in accordance
with some embodiments of the present disclosure;

[0010] FIG. 3A depicts exemplary movements of a proof
mass of a MEMS accelerometer in response to self-test
signals, in accordance with at least some embodiments of the
present disclosure;

[0011] FIG. 3B depicts exemplary movements of an
unbalanced proof mass of a MEMS accelerometer in
response to self-test signals, in accordance with at least some
embodiments of the present disclosure;

[0012] FIG. 4A depicts exemplary relationships between
applied voltages and duty cycles for multiple exemplary
self-test signals, in accordance with at least some embodi-
ments of the present disclosure;

[0013] FIG. 4B also depicts exemplary relationships
between applied voltages and duty cycles for multiple
exemplary self-test signals, in accordance with at least some
embodiments of the present disclosure;

[0014] FIG. 4C depicts exemplary relationships between
an equivalent output voltage and duty cycle, in accordance
with at least some embodiments of the present disclosure;
and

[0015] FIG. 5 depicts exemplary steps for performing
self-test and calibration, in accordance with at least some
embodiments of the present disclosure.

DETAILED DESCRIPTION OF THE DRAWINGS

[0016] A MEMS accelerometer includes one or more
proof masses that are located within a MEMS layer of the
MEMS accelerometer. The MEMS layer includes a sus-
pended spring-mass system that is configured to allow
movement of the suspended proof masses in response to
linear acceleration along a sense axis (e.g., X-axis, y-axis, or
z-axis). The movement is sensed such as by capacitive
sensing using fixed drive electrodes. MEMS accelerometers
typically employ either in-plane sensing (e.g., where the
proof masses move along an axis within the MEMS layer
relative to drive electrodes within the MEMS layer) or
out-of-plane sensing (e.g., where the proof masses rotate out
of the MEMS layer about an axis such that portions of the
proof masses move relative to drive electrodes located on
other layers such as a substrate layer parallel to and below
the MEMS layer). Drive electrodes may be configured as
differential electrodes, with at least two drive electrodes
associated with each proof mass and configured such that the
proof mass moves towards one drive electrode and away
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from the other drive electrode based on the direction of the
linear acceleration. Under normal operations, a differential
periodic drive signal is applied to the drive electrodes and
coupled to the proof mass and functions as a carrier signal.
Processing circuitry determines linear acceleration based on
the respective capacitances between the proof masses and
their associated drive electrodes.

[0017] The drive electrodes may be utilized to perform a
self-test of the accelerometer. Because the drive electrodes
are used for the self-test, the self-test procedure may accu-
rately capture information about the actual operation of the
MEMS accelerometer, including any deviations from
expected operation and/or changes in operation over time. In
this manner, the self-test measurements correspond to the
actual mechanical and electrical response of the proof
masses, drive electrodes, and processing circuitry. The self-
test procedure is executed at suitable times during the
functional lifetime of the accelerometer. An initial self-test
may be run during manufacturing, and may be compared to
other self-test procedures (e.g., external testing during
manufacturing QC that applies known forces to the accel-
erometer) to set a baseline for the on-chip self-test proce-
dures utilizing the self-test electrodes. The on-chip self-
testing may then be performed throughout the MEMS
accelerometer life cycle, such as at device startup, periodi-
cally during operation, after sensing of high-gee forces or
shocks, or during extended periods of relative inactivity.

[0018] The self-test signals applied by the drive electrodes
are selected as differential signals but with a duty cycle that
varies from a typical 50% duty cycle. In this manner, one of
the self-test electrodes applies a periodic signal to the proof
mass that has a duty cycle greater than 50%, while the other
self-test electrode applies a differential periodic signal to the
proof mass that has a duty cycle of less than 50%. Based on
the respective duty cycles, the respective signals applied to
the proof mass via the drive electrodes have different effec-
tive DC voltages, with the voltage of the first (>50% duty
cycle) signal being greater than the voltage of the second
(<50% duty cycle) signal. Based on the respective voltages
of the applied self-test signals and the voltage of the proof
mass, an electrostatic force is created that moves the proof
mass towards the higher-voltage drive electrode and away
from the lower-voltage drive electrode. The self-test proce-
dure may be repeated, with the respective duty cycles
applied by the first and second drive electrodes switched to
cause the proof mass to move in the opposite direction.
During each portion of the self-test, the accelerometer output
(e.g., based on the changes in capacitance due to the
movement of the proof mass in response to applied electro-
static forces) is measured. These outputs are used to deter-
mine the sensitivity of the MEMS accelerometer to the
known applied forces, which in turn may be used for
compensation of measured linear accelerations, to identify
errors, to generate warnings, and/or to modify the operation
of the MEMS accelerometer or other associated sensors and
circuitry.

[0019] Insome embodiments, an additional set of self-test
signals having different respective duty cycles may be
applied after the initial application of self-test signals.
Applying a second set of self-test signals with duty cycles
different from the first set of self-test signals (i.e., with both
sets of self-test signals having duty cycles of less than and
greater than 50%) may provide for cancellation of any
residual voltage effects on the MEMS accelerometer (e.g.,
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on the proof mass). In some instances, a residual voltage on
the proof mass and/or electrodes may change over time
during the operational life of the MEMS accelerometer,
which in turn may change the response of the proof mass to
the applied self-test signals. Applying a second set of
self-test signals having different effective DC voltages (e.g.,
based on the different duty cycles of the signals) results in
the effective cancellation of terms related to the residual
voltage in calculations of MEMS accelerometer sensitivity.

[0020] FIG. 1 depicts an exemplary motion sensing sys-
tem 100 in accordance with some embodiments of the
present disclosure. Although particular components are
depicted in FIG. 1, it will be understood that other suitable
combinations of sensors, processing components, memory,
and other circuitry may be utilized as necessary for different
applications and systems. In an embodiment as described
herein, the motion sensing system may include at least a
MEMS accelerometer 102 (e.g., a single- or multi-axis
accelerometer for measuring linear acceleration along one or
more axes) and supporting circuitry, such as processing
circuitry 104 and memory 106. In some embodiments, one
or more additional sensors 108 (e.g., MEMS gyroscopes,
additional MEMS accelerometers, MEMS microphones,
MEMS pressure sensors, and a compass) may be included
within the motion sensing system 100 to provide an inte-
grated motion processing unit (“MPU”) (e.g., including 3
axes of MEMS gyroscope sensing, 3 axes of MEMS accel-
erometer sensing, microphone, pressure sensor, and com-
pass).

[0021] Processing circuitry 104 may include one or more
components providing necessary processing based on the
requirements of the motion sensing system 100. In some
embodiments, processing circuitry 104 may include hard-
ware control logic that may be integrated within a chip of a
sensor (e.g., on a substrate or cap of a MEMS accelerometer
102 or other sensor 108, or on an adjacent portion of a chip
to the MEMS accelerometer 102 or other sensor 108) to
control the operation of the MEMS accelerometer 102 or
other sensors 108 and perform aspects of processing for the
MEMS accelerometer 102 or other sensors 108. In some
embodiments, the MEMS accelerometer 102 and other
sensors 108 may include one or more registers that allow
aspects of the operation of hardware control logic to be
modified (e.g., by modifying a value of a register). In some
embodiments, processing circuitry 104 may also include a
processor such as a microprocessor that executes software
instructions, e.g., that are stored in memory 106. The micro-
processor may control the operation of the MEMS acceler-
ometer 102 by interacting with the hardware control logic,
and process signals received from MEMS accelerometer
102. The microprocessor may interact with other sensors in
a similar manner.

[0022] Although in some embodiments (not depicted in
FIG. 1), the MEMS accelerometer 102 or other sensors 108
may communicate directly with external circuitry (e.g., via
a serial bus or direct connection to sensor outputs and
control inputs), in an embodiment the processing circuitry
104 may process data received from the MEMS accelerom-
eter 102 and other sensors 108 and communicate with
external components via a communication interface 110
(e.g., an SPI or 12C bus, in automotive applications a
controller area network (CAN) or Local Interconnect Net-
work (LIN) bus, or in other applications suitable wired or
wireless communications interfaces as is known in the art).
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The processing circuitry 104 may convert signals received
from the MEMS accelerometer 102 and other sensors 108
into appropriate measurement units (e.g., based on settings
provided by other computing units communicating over the
communication bus 110) and perform more complex pro-
cessing to determine measurements such as orientation or
Euler angles, and, in some embodiments, to determine from
sensor data whether a particular activity (e.g., walking,
running, braking, skidding, rolling, etc.) is taking place. In
some embodiments, some or all of the conversions or
calculations may take place on the hardware control logic or
other on-chip processing of the MEMS accelerometer 102 or
other MEMS sensors 108.

[0023] Insome embodiments, certain types of information
may be determined based on data from multiple MEMS
accelerometers 102 and other sensors 108, in a process that
may be referred to as sensor fusion. By combining infor-
mation from a variety of sensors it may be possible to
accurately determine information that is useful in a variety
of applications, such as image stabilization, navigation sys-
tems, automotive controls and safety, dead reckoning,
remote control and gaming devices, activity sensors, 3-di-
mensional cameras, industrial automation, and numerous
other applications.

[0024] An exemplary MEMS accelerometer 102 may
include one or more movable proof masses that are config-
ured in a manner that permits the MEMS sensor to measure
a desired force (e.g., linear acceleration) along an axis. A
self-test procedure may be performed at certain times during
the operation of the MEMS accelerometer, such as during
startup or periodically during operation (e.g., after a thresh-
old period of time since the measured acceleration exceeds
a threshold). The self-test procedure may involve applying
multiple periodic signals to each of the drive electrodes, with
the periodic signals having different duty cycles and/or
peak-to-peak voltages. From the perspective of a proof
mass, the overall effect of the applied signals is to cause a
movement in the proof mass. The relationship between the
known applied signals (e.g., having known peak-to-peak
voltages and duty cycles) and the MEMS accelerometer
output signal (e.g., based on the value and/or changes to the
value of the MEMS accelerometer output signal) may be
used to calibrate the MEMS accelerometer (e.g., by modi-
fying aspects of the processing used to generate the MEMS
accelerometer output signal).

[0025] FIG. 2 depicts an exemplary MEMS accelerometer
with sensitivity calibration self-test signals, in accordance
with some embodiments of the present disclosure. The
exemplary MEMS accelerometer 200 of FIG. 2 is simplified
for the purposes of illustration. It will be understood that a
MEMS accelerometer as described in the present disclosure
may include a variety of suitable MEMS sensor designs,
such as designs including multiple proof masses and/or
out-of-plane sensing. An illustrative MEMS accelerometer
200 comprises a MEMS layer 202, a substrate layer (e.g., a
CMOS substrate layer below the MEMS layer, not
depicted), and a cap layer (not depicted), where the cap layer
and substrate layer collectively form a hermetically sealed
cavity in which movable components of a suspended spring-
mass system (e.g., depicted as a simplified proof mass 204
in FIG. 2) are located and able to move. The cavity may have
a nominal pressure (e.g., at or near atmospheric pressure, or
another suitable pressure for other particular designs).



US 2021/0190813 Al

[0026] MEMS layer 202 includes a suspended spring-
mass system including proof mass 204, which is suspended
from anchors (not depicted in FIG. 2) by interconnected
springs and/or masses (not depicted in FIG. 2). The com-
ponents of the suspended spring mass system are sized and
configured in a manner to facilitate movement of the proof
mass 204 in response to an inertial force to be measured,
e.g., linear acceleration in the direction of the x-axis. The
exemplary accelerometer 200 is an in-plane accelerometer,
such that stationary drive electrodes 206 and 208 are located
within the MEMS layer 202 (e.g., fixedly attached to respec-
tive anchors) for sensing in-plane movements of the proof
mass 204 along the x-axis. The springs of the suspended
spring-mass system (not depicted in FIG. 2) are coupled
between the proof mass 204 and other components, and are
selectively patterned and positioned such that they are
relatively rigid in directions in which it is not desired to
measure linear acceleration (e.g., in the embodiment of FIG.
2, in the y-axis direction within the MEMS layer 202 and in
the z-axis direction outside of the MEMS layer 202) and
relatively flexible in a direction in which linear acceleration
is being measured (e.g., in the embodiment of FIG. 2, in the
x-axis direction).

[0027] In response to an x-axis linear acceleration expe-
rienced by the MEMS accelerometer (e.g., due to movement
of a device including the MEMS accelerometer at least
partially along the x-axis) the proof mass 204 moves linearly
in plane within the MEMS layer (e.g., along the x-axis) such
that the proof mass 204 moves closer to or farther away from
respective drive electrodes 206 and 208, with the direction
of the movement based on whether the linear acceleration is
in the positive x-axis or negative x-axis, with the degree of
movement (e.g., how much the proof mass 204 moves with
respect to the respective drive electrodes 206 and 208) based
on the magnitude of the acceleration, and with the frequency
of changes in movement based on the frequency of change
of the underlying movement.

[0028] In the exemplary embodiment of FIG. 2, the move-
ment of the proof mass 204 with respect to the drive
electrodes 206 and 208 may be sensed using electrostatic
sensing. Drive electrodes 206 and 208 are located parallel to
the proof mass 204 (e.g., within the MEMS layer 202
adjacent to proof mass 204) to form capacitors with the
proof mass 204 (e.g., drive electrode 206 forming a first
capacitor on the negative x-side of the proof mass 204 and
drive electrode 208 forming a first capacitor on the positive
x-side of the proof mass 204). The capacitances may change
based on the relative distance between the proof mass 204
and each of the drive electrodes 206 and 208. In the
embodiment of FIG. 2, the capacitances are used by pro-
cessing circuitry in the CMOS layer to determine linear
acceleration. While some or all of the processing circuitry
may be described as located within a CMOS layer, in some
embodiments a substrate may not include active processing
components, and may instead simply perform functions such
as routing signals to other processing circuitry (e.g., on
adjacent components to the MEMS sensor and/or stacked on
layers above or below the substrate or cap of the MEMS
sensor).

[0029] Although the exemplary embodiment of FIG. 2 has
been described in reference to an in-plane MEMS acceler-
ometer, such as an x-axis accelerometer, it will be under-
stood that the accelerometers, devices, systems, and meth-
ods described herein may be applied to a variety of suitable
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MEMS accelerometer designs, such as out-of-plane sensing
MEMS accelerometers, y-axis and/or z-axis accelerometers,
and combinations thereof. For example, in an embodiment
of an out-of-plane sensing accelerometer, a proof mass may
rotate out of the MEMS plane in response to a z-axis
acceleration with a portion of the proof mass rotating
towards the substrate and a portion of the proof mass
rotating away from the substrate. Drive electrodes may be
located on the substrate below the portions of the proof mass
and sense the movement of the proof mass in response to
linear acceleration (e.g., a first drive electrode located below
a first portion of the proof mass located to a first side of an
axis of rotation of the proof mass and a second drive
electrode located below a second portion of the proof mass
located to a second side of the axis of rotation of the proof
mass).

[0030] In asense mode for the MEMS accelerometer 200,
a differential periodic electrode drive signal with a 50% duty
cycle may be applied to the respective drive electrodes 206
and 208, for example, with a first drive signal 210" applied
to drive electrode 206 and a second drive signal 210~ applied
to drive electrode 208. The drive signals 210" and 210~ have
a peak-to-peak voltage (e.g., 2.5 volts) and at a 50% duty
cycle apply to equal effective DC voltages 212 and 214 (e.g.,
1.25 volts) to the proof mass 204 via drive electrodes 206
and 208. Proof mass 204 is stationary in response to the
drive signals 210* and 210~ (i.e., in the absence of linear
acceleration). Linear acceleration in the direction of one of
the drive electrodes 206 or 208 causes the proof mass 204 to
move with respect to the drive electrodes 206 and 208 (i.e.,
towards one of the drive electrodes 206/208 and away from
the other of the drive electrodes 206/208). Linear accelera-
tion is sensed based on capacitance measurements between
proof mass 204 and each of the drive electrodes 206 and 208,
for example, based on capacitance(s) measured by one or
more capacitance-to-voltage converters and further process-
ing by additional processing circuitry such as A/D convert-
ers, demodulation circuitry, filters, gain/offset/sensitivity
circuitry, etc. (not depicted).

[0031] The drive electrodes may also function as self-test
electrodes in some embodiments of the present disclosure.
In some embodiments, the differential self-test signal
applied via the respective proof masses may have a different
duty cycle than the normal 50% applied for the sense mass
drive signals. For example, a first self-test signal 220" may
be applied to drive electrode 206 and a second self-test
signal 220~ may be applied to drive electrode 208. In an
exemplary embodiment of a duty cycle of 25% for first
self-test signal 220" and a duty cycle of 75% for second
self-test signal 2207, the effective DC voltage of the first
self-test signal 220" may be 25% of the peak-to-peak voltage
(e.g., 0.625 volts for a peak-to-peak voltage of 2.5 volts) and
the effective DC voltage of the second self-test signal 220~
may be 75% of the peak-to-peak voltage (e.g., 1.875 volts
for a peak-to-peak voltage of 2.5 volts). The attractive
electrostatic force on the proof mass 204 due to the second
self-test signal 220~ applied via drive electrode 208 is thus
greater than the electrostatic force on the proof mass 204 due
to the first self-test signal 220" applied via drive electrode
206, resulting in a movement of proof mass 204 towards
drive electrode 208 and away from drive electrode 206.
[0032] At a second time after the application of the first
self-test signal 220" and the second self-test signal 2207, a
third self-test signal 230" may be applied to drive electrode
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206 and a fourth self-test signal 230~ may be applied to drive
electrode 208. The attractive electrostatic force on the proof
mass 204 due to the third self-test signal 230" applied via
drive electrode 206 is greater than the electrostatic force on
the proof mass 204 due to the fourth self-test signal 230~
applied via drive electrode 208, resulting in a movement of
proof mass 204 towards drive electrode 206 and away from
drive electrode 208. In the exemplary embodiment of FIG.
2, the third self-test signal 230" applied to drive electrode
206 may have the same signal pattern (e.g., peak-to-peak
voltage and duty cycle) that was previously applied as
second self-test signal 220~ to drive electrode 208, and the
fourth self-test signal 230~ applied to drive electrode 208
may have the same signal pattern (e.g., peak-to-peak voltage
and duty cycle) that was previously applied as first self-test
signal 220" to drive electrode 206, such that signals 220 and
230 result in similar forces applied to the proof mass 204 in
opposite directions. The resulting movements of the proof
mass due to the self-test signals may be sensed via the same
sense path used to sense linear acceleration.

[0033] In some embodiments, the respective peak-to-peak
voltages and duty cycles of different self-test signals may not
be equivalent as is depicted in FIG. 2, such that the applied
forces on a proof mass due to different self-test signals are
not equivalent. For example, the peak-to-peak voltages
and/or duty cycle may be varied to apply a variety of
different effective DC voltage shifts to proof masses via
drive electrodes (i.e., to cause unbalanced electrostatic
forces to cause movement of the proof mass). For example,
multiple effective DC voltages may be applied to test proof
mass movement in a single direction in response to different
magnitudes of applied forces. The output of the accelerom-
eter sense circuitry to the different applied forces may be
tracked over time and analyzed to track and identify condi-
tions related to changes in accelerometer performance over
time. By utilizing the same drive electrodes and sense
circuitry that are used for measurement of linear accelera-
tion, the self-test may be performed throughout the life of
the accelerometer (e.g., at device startup, periodically, or
during periods of relative inactivity). Over time, patterns of
self-test data (e.g., responses to different applied self-test
signals) may be identified as corresponding to particular root
causes such as mechanical wear, electrode sensitivity, elec-
trical component drift, etc. This information may be used to
apply compensation to accelerometer signals (e.g., by modi-
fying the operation of filters and/or signal processing such as
gain/offset/sensitivity circuitry) or to identify sensor error
conditions and warnings.

[0034] FIG. 3A depicts exemplary movements of a proof
mass of a MEMS accelerometer in response to self-test
signals, in accordance with at least some embodiments of the
present disclosure. A center line 302 corresponds to a
midpoint between a first drive electrode 306 and a second
drive electrode 308. A proof mass 304 is located between the
drive electrodes 306 and 308, and in the exemplary embodi-
ment of FIG. 3A, has its center of mass located along the
center line 302 when the proof mass 304 is at rest (e.g.,
including when differential drive signals having a 50% duty
cycle are applied to drive electrodes 306 and 308). In the
exemplary embodiment of FIG. 3 A, a first gap 310 between
proof mass 304 and drive electrode 306 is equal to a second
gap 312 between proof mass 304 and drive electrode 308
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while the proof mass is at rest (i.e., in the absence of a sensed
linear acceleration or self-test signals applied via the drive
electrodes).

[0035] As depicted in FIG. 3A, a first self-test signal 320"
having a first equivalent DC voltage 322 may be applied to
drive electrode 306, and a second self-test signal 320~
having a second equivalent DC voltage 324 may be applied
to drive electrode 308. In the exemplary embodiment of
FIG. 3A, the first self-test signal 320" and second self-test
signal 320” may be differential signals with the same peak-
to-peak voltage and complementary duty cycles (e.g., first
self-test signal 320" may have a duty cycle of X % and
second self-test signal 3207 may have a duty cycle of
100%-X %). As a result, a net electrostatic force is applied
to the proof mass 304 that causes proof mass 304 to be
displaced from its initial position 304a by a displacement
316. The accelerometer output is measured based on the
respective capacitances between drive electrode 306 and
proof mass 304 (e.g., an increased capacitance based on
displacement 316) and between drive electrode 308 and
proof mass 304 (e.g., a decreased capacitance based on
displacement 316).

[0036] Also as depicted in FIG. 3A, a third self-test signal
330" having a third equivalent DC voltage 332 may be
applied to drive electrode 306 and a fourth self-test signal
330 having a fourth equivalent DC voltage 334 may be
applied to drive electrode 308. In the exemplary embodi-
ment of FIG. 3A, the third self-test signal 330" and fourth
self-test signal 330~ may be differential signals with the
same peak-to-peak voltage and complementary duty cycles
(e.g., third self-test signal 330* may have a duty cycle of X
% and fourth self-test signal 330~ may have a duty cycle of
100%-X %). As a result, a net electrostatic force is applied
to the proof mass 304 that causes proof mass 304 to be
displaced from its initial position 304a by a displacement
318. The accelerometer output is measured based on the
respective capacitances between drive electrode 306 and
proof mass 304 (e.g., a decreased capacitance based on
displacement 318) and between drive electrode 308 and
proof mass 304 (e.g., an increased capacitance based on
displacement 318).

[0037] In the exemplary embodiment of FIG. 3A, first
self-test signal 320" and fourth self-test signal 330~ may
have the same peak-to-peak voltage and duty cycle, and thus
first equivalent DC voltage 322 may be the same voltage as
fourth equivalent DC voltage 334. Similarly, second self-test
signal 320" and third self-test signal 330" may have the
same peak-to-peak voltage and duty cycle, and thus second
equivalent DC voltage 324 may be the same voltage as third
equivalent DC voltage 332. Accordingly, displacement 316
should be equal and opposite to displacement 318, causing
proof mass 304 to be displaced from its initial position 304a.
In the embodiment of FIG. 3A, where proof mass 304 has its
center of mass at center line 302 and first gap 310 and second
gap 312 are equal when the proof mass 304 is at rest, the
resulting accelerometer output values in response to dis-
placements 316 and 318 should have equal magnitudes and
opposite signs.

[0038] Sensitivity may be measured based on the changes
in accelerometer output (e.g., based on changes in sensed
capacitance) in response to the respective displacements. In
general, sensitivity can be computed as the average capaci-
tance shift in response to a positive and negative displace-
ment as follows:
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[0039] where:
[0040] AC=change in capacitance
[0041] &,=[vacuum permittivity=8.85e-12];
[0042] A=[Area of drive electrodes];
[0043] g, =a first drive electrode to proof mass gap (e.g.,
gap 310);
[0044] g,=a second drive electrode to proof mass gap

(e.g., gap 312);
[0045] x,=a positive displacement (e.g., displacement
316); and
[0046] x,=a negative displacement (e.g., displacement
318).
[0047] In an ideal case where the gaps between the drive
electrodes and the proof mass are equal to a gap value g,
such that g,=g,=g,, the above calculation of sensitivity may
be simplified as follows:

@
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[0048] where:
[0049] C,=capacitance between drive electrode and
proof mass
[0050] In the case of an applied acceleration during a
manufacturing quality test procedure, standardized accelera-
tions (e.g., +1 gee and -1 gee) are applied to the MEMS
accelerometer and the outputs (e.g., values proportional to
sensed capacitances) are output. In this ideal case in which
the proof mass to drive electrode gaps are equal and a fixed
acceleration is applied in both directions, both the positive
displacement x, and negative displacement x,, should have
an equal magnitude in response to the displacement x .. due
to the applied acceleration. Thus, the above equation (2)
simplifies to the following:

©)
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[0051] During self-test as described herein, the sensitivity
can be determined based on the measured MEMS acceler-
ometer outputs and the applied equivalent DC voltages. The
electrostatic forces generated on the proof mass depend on
the square wave rms value of the drive electrodes with
respect to the proof mass. For example, under ideal condi-
tions (i.e., where gap 310 between the proof mass 304 and
first drive electrode 306 is equal to gap 312 between the
proof mass 304 and second drive electrode 308), the respec-
tive positive displacement x,, and negative displacement x,,
correspond to the applied electrostatic forces caused by the
equivalent DC voltages as follows:
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Fo_F 05=(V)? =05=(V,)? 05 C
xo=r” 8o 8o _;_0(‘,2_‘,2)
PT k Tk g b7

Jun. 24, 2021

-continued
O.SQ(VZ)2 —o.sﬂ(vl)2 ®
Fp—Fy 8o 8o 0.5C ., 2
Xn = = =-——(-V3)
k k k g
[0052] where:
[0053] F, =the force of displacement on the proof mass

in a first direction (arbitrarily assigned as positive, for
example, towards first drive electrode 306);
[0054] F,=the force of displacement on the proof mass
in a second direction (arbitrarily assigned as negative,
for example, towards the second drive electrode 308);
[0055] V,=a first rms voltage (e.g., a square wave rms
voltage) based on a first equivalent signal applied to the
drive electrodes at respective times (e.g., signals having
a common peak-to-peak voltage and duty cycle applied
to the first drive electrode 306 as first self-test signal
320" and to the second drive electrode 308 as fourth
self-test signal 3307) and the proof mass voltage; and
[0056] V,=a second rms voltage (e.g., a square wave
rms voltage) based on a second equivalent signal
applied to the drive electrodes at respective times (e.g.,
signals having a common peak-to-peak voltage and
duty cycle applied to the second drive electrode 308 as
second self-test signal 320 and to the first drive
electrode 306 as third self-test signal 330*) and the
proof mass voltage.
[0057] Plugging these displacement equations (4) and (5)
into equation (2) (i.e., relationship between sensitivity and
respective positive and negative displacements) yields the
following equation for the relationship between the applied
signals and the sensitivity as measured from electrostatic
forces created by those signals:

1/ Co\? (O]
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[0058] Accelerometer outputs that do not correspond to
the expected values based on the applied self-test signals
may be indicative of non-ideal sensitivity of the MEMS
accelerometer. For example, the accelerometer outputs may
indicate that the proof mass is unbalanced (e.g., the center of
mass of the proof mass is not located at the center line), that
the sensitivity of the MEMS accelerometer has changed due
to wear or other causes (e.g., as indicated by changes to
accelerometer outputs over time in response to the same
applied self-test signals), or that one or more components of
the MEMS accelerometer are likely damaged (e.g., as indi-
cated by non-linear or disproportionate responses to applied
self-test signals). Where possible, compensation may be
performed by changing filter parameters, scaling values, or
other similar values. Depending on the severity of the
self-test response, errors or warnings may be generated.

[0059] FIG. 3B depicts exemplary movements of an
unbalanced proof mass of a MEMS accelerometer in
response to self-test signals, in accordance with at least some
embodiments of the present disclosure. The configuration of
the proof mass 304 and drive electrodes 306 and 308
depicted in FIG. 3B is similar to the configuration of
like-numbered components in FIG. 3A. In addition, the
applied self-test signals (i.e., self-test signals 320™, 320°,
330", and 3307), equivalent DC voltages (i.e., equivalent DC
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voltages 322, 324, 332, and 334), and displacements in
response to the self-test signals (i.e., displacements 316 and
318) are similar to like-numbered items in FIG. 3A.
[0060] Inthe exemplary embodiment of FIG. 3B, multiple
possible deviations from the ideal case of FIG. 3A (e.g., with
ideal equal gaps between the proof mass 304 and respective
drive electrodes 306 and 308, and with those gaps corre-
sponding to the designed gaps) are depicted as differential
gap 340 and common mode gaps 342 and 344. The differ-
ential gap 340 corresponds to a shift of the at-rest position
of the proof mass 304 from its designed position equidistant
between the drive electrodes 306 and 308 (i.e., with the
center of mass of proof mass 304 located at the center line
302) by a distance corresponding to differential gap 340. In
the exemplary depiction of FIG. 3B, the differential gap 340
causes the at-rest proof mass 304 to be located closer to
drive electrode 308 than to drive electrode 306. As a result,
the first gap 310 and second gap 312 are no longer equal.
[0061] The common mode gap deviations 342 and 344
represent deviations from the designed gaps for the MEMS
accelerometer (e.g., as depicted by gaps 310 and 312 in FIG.
3A) that are not attributable to the differential gap (i.e., gaps
of common/equal distance with respect to proof mass 304).
A MEMS accelerometer may have one or both of differential
and common mode gap deviations for a variety of reasons,
such as manufacturing tolerances, stresses imparted on the
MEMS accelerometer during packaging within a chip or
end-use device, or standard wear incurred over the usable
lifetime of the device. When compared to the ideal situation
depicted in FIG. 3A, in which both of the gaps 310 and 312
are equal to a designed gap “g,”, the gaps 310 (i.e., “g,”) and
312 (i.e., “g,”) may be represented as follows:

8180+ AGcrm+AGa
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[0062] where:
[0063] g,=the gap between the proof mass (e.g., proof

mass 304) and a first drive electrode (e.g., drive elec-
trode 306);

[0064] g,=the gap between the proof mass (e.g., proof
mass 304) and a second drive electrode (e.g., drive
electrode 308);

[0065] g,=designed gap between the proof mass (e.g.,
proof mass 304) and each of the first and second drive
electrodes (e.g., drive electrodes 306 and 308);

[0066] Ag, ~differential gap deviation (e.g., differential
gap deviation 340); and

[0067] Ag,.,=common mode gap deviation (e.g., com-
mon mode gap deviations 342 and 344).

[0068] Plugging the equations of (7) for g, and g, into
equation (1) results in the effective cancellation of the terms
differential gap deviation Ag,, such that in the case of an
applied acceleration during manufacturing quality test pro-
cedure, the sensitivity to the applied acceleration is partially
dependent on the common mode gap deviation (e.g., com-
mon mode gap deviations 342 and 344) as follows:

[& 1 8
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[0069] During self-test as described herein, the sensitivity
is determined based on the measured MEMS accelerometer
outputs and the applied equivalent DC voltages. The elec-
trostatic forces generated on the proof mass depend on the
square wave rms value of the drive electrodes with respect
to the proof mass. For example, under conditions with a
differential gap deviation 340 and common mode gap devia-
tions 342 and 344, the respective positive displacement x,,
and negative displacement x,, correspond to the applied
electrostatic forces caused by the equivalent DC voltages as
follows:
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[0070] Plugging these displacement equations (9) and (10)
into equation (2) (i.e., relationship between sensitivity and
respective positive and negative displacements) yields the
following equation for the relationship between the applied
signals and the sensitivity as measured from electrostatic
forces created by those signals in the presence of differential
and/or common mode gap deviations (e.g., with cancellation
of the differential gap deviations for reasonable expected
differential gap deviations):

L(Co\t (VE- V2 (1
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[0071] Accordingly, the self-test procedures described

herein can determine sensitivity for the MEMS accelerom-
eter even in the presence of gap deviations. The sensitivity
may then be used for calibration the MEMS accelerometer
(e.g., by applying compensation to measured accelerometer
outputs), identification of errors and/or warnings, and data
analysis during the lifetime of the MEMS accelerometer.

[0072] In some embodiments, a sensitivity error (e.g., a
sensitivity error percentage) due to gap deviations may be
determined based on a comparison of the ideal sensitivity to
the real sensitivity (i.e., actual sensitivity with gap devia-
tions) as follows:

Seporr = M.loo 12
Sideat
[0073] Considering the equations (3) and (8) above, the

percentage sensitivity error due to gap deviations as mea-
sured from an applied linear velocity (e.g., +1 gee or —1 gee)
can be approximated as follows:
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[0074] Similarly, the equations (6) and (11) above

approximate the percentage sensitivity error due to gap
deviations as measured with an applied electrostatic dis-
placement due to self-test signals:

Sovernet = a4
%Eq”w‘ﬁ)_%€q1w_w)
k\ g0 Agom  klgo) P 2
1+4—— A
—L 1100 ~ ~4=5" 100
0 8o
[Z0) w22
(2 oz-v
[0075] As can be seen from the approximations of equa-

tions (13) and (14), the sensitivity error detected by elec-
trostatic forces is the same as that detected by the application
of an external linear acceleration, with the exception of a
fixed factor of 2 between the two equations. Accordingly,
measurements from the MEMS accelerometer in response to
the application of self-test signals may be utilized along with
prior ideal measurements to identify a percentage sensitivity
error due to deviations from the designed proof mass and
drive electrode gaps.

[0076] The sensitivity determinations described herein
may be based on applied self-test signals having known
signal patterns (e.g., peak-to-peak voltages and duty cycles)
and expected electrostatic forces imparted on a proof mass
associated with the drive electrodes that are used to apply the
self-test signal. Those expected electrostatic forces depend
in part on voltages of the proof mass and drive electrodes.
In some instances, a residual charging voltage may build
upon the proof mass that may change the electrostatic force
applied to the proof mass by the same self-test signals. In
some embodiments, the residual voltage of the proof mass
may be measured (e.g., by auxiliary electrodes) prior to
applying the self-test signals, such that either the self-test
signals (e.g., the peak-to-peak voltage and/or duty cycle) are
modified and/or the determination of sensitivity is modified
based on the measured residual voltage. In some embodi-
ments, a discharge procedure may be applied to the proof
mass prior to application of a voltage to the proof mass, to
ensure that the voltage of the proof mass corresponds to the
applied voltage.

[0077] In some embodiments, multiple self-test signal
patterns (e.g., including different peak-to-peak voltages and/
or complementary duty cycles) may be applied to the drive
electrodes to substantially remove the effect of a charging
voltage on the MEMS accelerometer. For example, a
residual charging may be considered as a common mode
voltage that is uniform across all of the drive electrodes.
Accordingly, for a first self-test signal pattern having a first
duty cycle D, associated with a first peak-to-peak voltage
V, and a complementary first duty cycle 1-D,, an approxi-
mation (e.g., with non-variable terms disregarded) of the
applied force can be determined as V>V, as follows:
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[0078] where:

[0079]
[0080]
[0081]

V =first peak-to-peak voltage;

V pa~baseline proof mass voltage;
V pa~charge-induced voltage; and
[0082] D =first duty cycle.

[0083] Similarly, for a second self-test signal pattern hav-
ing a second duty cycle Dy associated with a second peak-
to-peak voltage V; and a complementary first duty cycle
1-Dg, an approximation (e.g., with non-variable terms dis-
regarded) of the applied force can be determined as V,2-V,2
as follows:

VE~(Va-VerrtVeuY DpH(=VeartVer)(1-Da) 13
Vi~V VeartVeuV - (1-Dp)+(=VpartV e Dy 19
Vo2V 2=V(2Dp=1) (V=2 part2V c) (20)
[0084] where:
[0085] Vz=second peak-to-peak voltage; and
[0086] Djg=second duty cycle.
[0087] An approximation of a resulting sensitivity signal

as determined from the first and second peak-to-peak volt-
ages and duty cycles may be determined from as follows:

Resulting signal «V_,, = V2=V~ (V*~V,2) (2D
[0088] where:
[0089] V.., ~equivalent voltage
[0090] Because this signal may vary based on the under-

lying charging term V_,, it is desirable to eliminate the
dependency of the output on the charging voltage V_,,. In one
embodiment, this is accomplished by nulling the first deriva-
tive of V, over V_, as follows:
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[0091] For the above equation to be satisfied, it is neces-
sary that the signal patterns for the self-test signals be
selected such that the first duty cycle (D) and second duty
cycle (Dy) have different values, and the first peak-to-peak
voltage (V) and the second peak-to-peak voltage (V) have
different values. Once appropriate values of V,, V, D, and
Dy are selected to satisfy the above equation (23) (i.e., such
that 2V -(2D-1)-2V5(2Dgz-1) is equal to zero), the sen-
sitivity and sensitivity errors may be determined from the
applied self-test signals as described herein.

[0092] FIG. 4A depicts exemplary relationships between
applied voltages and duty cycles for multiple exemplary
self-test signals, in accordance with at least some embodi-
ments of the present disclosure, while FIG. 4B depicts a
close-up view of a portion of FIG. 4A. As described above,
respective values for D, V,, D, and V; may be determined
by selecting appropriate values and solving for the above
equation (23), for example, as follows:
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[0093] This relationship is depicted, for example, in FIGS.

4A and 4B. The abscissae of FIGS. 4A and 4B and are in
units of duty cycle, for example, with 0.1 corresponding to
a 10% duty and 0.9 corresponding to a 90% duty cycle. The
ordinate of FIGS. 4A and 4B is in units of square wave peak
voltage. Respective curves are depicted for each of a plu-
rality of first duty cycles D . A second duty cycle Dz and a
second peak-to-peak voltage V; may be determined by
selecting the appropriate curve corresponding to the first
duty cycle D, (e.g., any of D=0, 0.1,0.2, 0.3, 0.4, 0.5, 0.6,
0.7,0.8,0.9, 1 in the embodiment of FIGS. 4A and 4B) and
choosing among available values for the second duty cycle
Dg and second peak-to-peak voltage V. For example, with
reference to the zoomed in portion of FIG. 4A depicted in
FIG. 4B (i.e., limited to the portion of FIG. 4A in which the
second peak-to-peak voltage V5 of 0-2.5V is suitable for a
typical MEMS accelerometer), if the first duty cycle is 0.3
(and first complementary duty cycle is 0.7), the available
range for the second duty cycle Dz may be a value approach-
ing zero (e.g., at second voltage V of approximately 1V) to
a value approaching 0.3 (e.g., corresponding to a second
voltage V of approximately 2.5V). For example at a second
duty cycle Dy of 0.1 an associated value for second voltage
V is approximately 1.2V while at a second duty cycle Dy
ot 0.2 an associated value for second voltage V is approxi-
mately 1.7V.

[0094] Once suitable values for D, V,, Dz, and V are
selected, the sensitivity and/or sensitivity error may be
determined as described herein, for example, by first apply-
ing signal patterns based on D, and V , to drive electrodes
associated with a proof mass (e.g., by applying complemen-
tary signals based on D, and V, to the drive electrodes to
cause displacement in both the positive and negative direc-
tions of linear acceleration for the proof mass) and measur-
ing the responses, followed by repeating the same procedure
based on Dy and Vj (e.g., by applying complementary
signals based on Dz and V_z to the drive electrodes to cause
displacement in both the positive and negative directions of
linear acceleration for the proof mass). If the values of D,
V4, Dg, and V are properly selected, the equivalent voltage
of equation (21) is no longer dependent on the charging
voltage, as is demonstrated by substitution of equation (24)
into equation 21:
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[0095] The sensitivity error, which is based on Vp 7.,
thus will not be dependent on the charging voltage either:
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[0096] FIG. 4C depicts exemplary relationships between
an equivalent output voltage and duty cycle in accordance
with at least some embodiments of the present disclosure. As
depicted in FIG. 4C, the abscissae are in units of duty cycle
and correspond to the second duty cycle Dy, ranging from 0
(0% duty cycle) to 1 (100% duty cycle). The ordinate of FIG.
4C is in units of equivalent output voltage. A set of curves
correspond to possible values of duty cycle for first duty
cycle D, in 0.05 or 5% increments. Equivalent voltage
values may thus be determined based on the respective duty
cycles as depicted in FIG. 4C.

[0097] FIG. 5 depicts exemplary steps for performing
self-test and calibration, in accordance with at least some
embodiments of the present disclosure. Although FIG. 5 is
described in the context of the particular structures, com-
ponents, and processing of the present disclosure, it will be
understood that the methods and steps described in FIG. 5§
may be applied to a variety of MEMS accelerometer
designs, self-test methods, processing circuitry, and calibra-
tion techniques. Although a particular order and flow of
steps is depicted in FIG. 5, it will be understood that in some
embodiments one or more of the steps may be modified,
moved, removed, or added, and that the order of steps
depicted in FIG. 5 may be modified.

[0098] Exemplary steps for self-test and calibration may
begin at step 502, at which initial output values for the
MEMS accelerometer (e.g., voltages representative of the
measured capacitance associated one or more proof masses
and each proof mass’s associated drive electrodes) may be
measured. These initial values correspond to the output of
the MEMS accelerometer without applied electrostatic
forces from self-test signals of the drive electrodes (e.g.,
with balanced electrostatic forces based on differential drive
electrode signals having equal duty cycles and peak-to-peak
voltages). Once these initial baseline values are obtained,
processing may continue to step 504.

[0099] At step 504, an initial self-test signal pattern may
be applied to the self-test electrodes. In some embodiments,
differential signals are applied to respective drive electrodes
associated with each proof mass of the MEMS accelerom-
eter. The self-test signal pattern includes a peak-to-peak
voltage and a duty cycle that is selected (e.g., at a value of
greater than or less than 50%) such that one of the drive
electrodes applies a signal that has the selected duty and the
other of the drive electrodes applies a signal that is comple-
mentary to the selected duty cycle. In this manner, a net
electrostatic force is applied to the proof mass(es), with an
attractive force moving the proof mass in the direction of the
drive electrode with the greater effective DC voltage (e.g.,
the proof mass that has a duty cycle greater than 50%). Once
the self-test signal pattern is applied to the drive electrodes,
processing may continue to step 506.

[0100] At step 506, the change in the accelerometer output
due to the movement of the proof mass(es) in response to the
applied electrostatic force from the self-test signals may be
measured. The accelerometer output may be measured over
a suitable period of time to discard and/or filter any results
that are impacted by externally applied linear accelerations
or vibrations. Once accelerometer outputs due to the applied
electrostatic forces (i.e., based on the self-test signals
applied to the drive electrodes) are measured and processed
(e.g., scaled, normalized, and/or otherwise modified for
storage and comparison to other measured self-test
responses), processing may continue to step 508.
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[0101] At step 508, it may be determined whether more
self-test voltages need to be applied. As described herein, at
least a second application of self-test signals to the drive
electrodes (e.g., with the respective duty cycles applied to
the respective drive electrodes swapped) may be utilized to
create an electrostatic force in the opposite direction. In
some embodiments (not depicted in FIG. 5), additional steps
such as discharge or filtering of charging voltages on the
MEMS accelerometer may be performed, or in some
designs, the effect of charging may be de minimis. In other
embodiments, further iterations with different duty cycles
and/or peak-to-peak voltages may be used for self-test
signals, for example, to apply a variety of different electro-
static forces to the proof mass to identify different response
patterns, or to remove charging effects as described herein.
If more self-test signals are to be applied to the drive
electrodes, processing may continue to step 510, at which
the voltages and/or duty cycles of the self-test signals are
updated before repeating the processing of steps 504-508. If
all self-test signals have been applied and all accelerometer
outputs have been measured, processing may continue to
step 512.
[0102] At step 512, the sensitivity of the MEMS acceler-
ometer may be determined from the measured output values.
As described herein, the electrostatic forces imparted by the
self-test signals are based on known applied signal patterns,
and the measured output values of the MEMS accelerometer
are used to determine sensitivity and/or sensitivity error. The
sensitivity variation measured with the electrical self-test is
proportional to the acceleration sensitivity. Once the sensi-
tivity is determined at step 512, processing may continue to
step 514.
[0103] At step 514, the MEMS accelerometer may be
calibrated based on the sensitivity measurements. In an
embodiment, operational parameters of the MEMS acceler-
ometer may be modified, such as by increasing scaling
factors and/or gains based on reduced sensitivity, decreasing
scaling factors and/or gains based on increased sensitivity,
modifying filter parameters based on non-linear changes in
sensitivity, modifying digital filtering outputs, and modify-
ing weighting applied to calculation of parameters that are
based on outputs from multiple sensors. Once the calibration
is complete, the processing of FIG. 5 may end until the next
self-test routine is executed (e.g., at device startup, during a
period of extended inactivity, etc.).
[0104] The foregoing description includes exemplary
embodiments in accordance with the present disclosure.
These examples are provided for purposes of illustration
only, and not for purposes of limitation. It will be understood
that the present disclosure may be implemented in forms
different from those explicitly described and depicted herein
and that various modifications, optimizations, and variations
may be implemented by a person of ordinary skill in the
present art, consistent with the following claims.
What is claimed is:
1. A microelectromechanical (MEMS) accelerometer,
comprising:
a proof mass that moves along a sense axis in response to
a linear acceleration;
a first drive electrode located adjacent to the proof mass
along the sense axis;
a second drive electrode located adjacent to the proof
mass along the sense axis and on an opposite side of the
proof mass from the first drive electrode; and
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processing circuitry coupled to the proof mass, the first

drive electrode, and the second drive electrode, wherein

processing circuitry is configured to:

provide a first self-test signal pattern to the first drive
electrode and the second drive electrode, wherein the
first self-test signal pattern has a first duty cycle
applied to the first drive electrode and a first comple-
mentary duty cycle applied to the second drive
electrode;

measure a first received signal from the proof mass in
response to the first self-test signal pattern;

provide a second self-test signal pattern to the first
drive electrode and the second drive electrode,
wherein the second self-test signal pattern has a
second duty cycle applied to the first drive electrode
and a second complementary duty cycle applied to
the second drive electrode;

measure a second received signal from the proof mass
in response to the second self-test signal pattern; and

determine a sensitivity of the MEMS accelerometer
based on the first received signal and the second
received signal.

2. The MEMS accelerometer of claim 1, wherein a first
common mode signal applied to the proof mass by first drive
electrode and the second drive electrode during the first
self-test signal pattern causes the proof mass to move toward
one of the first drive electrode or the second drive electrode
and away from the other of the first drive electrode or the
second drive electrode.

3. The MEMS accelerometer of claim 2, wherein a second
common mode signal applied to the proof mass by first drive
electrode and the second drive electrode during the second
self-test signal pattern causes the proof mass to move away
from the one of the first drive electrode or the second drive
electrode and towards the other of the first drive electrode or
the second drive electrode.

4. The MEMS accelerometer of claim 3, wherein a first
root mean square (RMS) voltage of the first drive electrode
during the first self-test signal is greater than a voltage of the
proof mass, a first RMS voltage of the second drive elec-
trode during the first self-test signal is less than the voltage
of the proof mass, a second RMS voltage of the first drive
electrode during the second self-test signal is less than the
voltage of the proof mass, and a second RMS voltage of the
second drive electrode during the second self-test signal is
greater than the voltage of the proof mass.

5. The MEMS accelerometer of claim 1, wherein the first
duty cycle is equal to the second complementary duty cycle
and wherein the second duty cycle is equal to the first
complementary duty cycle.

6. The MEMS accelerometer of claim 5, wherein a
peak-to-peak voltage for the first self-test signal pattern is
equal to a peak-to-peak voltage for the second self-test
signal pattern.

7. The MEMS accelerometer of claim 1, wherein the
processing circuitry is configured to modify a sensed accel-
eration based on the determined sensitivity.

8. The MEMS accelerometer of claim 7, wherein the
processing circuitry is configured to identify an error when
a change in the determined sensitivity exceeds a threshold.

9. The MEMS accelerometer of claim 1, wherein the
proof mass, the first drive electrode, and the second drive
electrode are all located within a MEMS layer of the MEMS
accelerometer.
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10. The MEMS accelerometer of claim 1, wherein the
proof mass is located within a MEMS layer, further com-
prising a substrate layer parallel to a lower surface of the
MEMS layer, wherein the first drive electrode and the
second drive electrode are located on the substrate layer.
11. The MEMS accelerometer of claim 10, wherein the
first duty cycle is different than the second duty cycle.
12. The MEMS accelerometer of claim 11, wherein the
first peak-to-peak voltage (V,), second peak-to-peak voltage
(V,), first duty cycle (D)), and second duty cycle (D,), are
determined according to the following: 2V, *(2D,-1)=2V,*
(2D,-1).
13. A microelectromechanical (MEMS) accelerometer,
comprising:
aproof mass that moves out of a MEMS plane in response
to a linear acceleration;
a first drive electrode located adjacent to a first portion of
the proof mass in a direction of the movement of the
proof mass out of the MEMS plane;
a second drive electrode located adjacent to a second
portion of the proof mass in the direction of the
movement of the proof mass output of the MEMS
plane; and
processing circuitry coupled to the proof mass, the first
drive electrode, and the second drive electrode, wherein
processing circuitry is configured to:
provide a first self-test signal pattern to the first drive
electrode and the second drive electrode, wherein the
first self-test signal pattern has a first duty cycle
applied to the first drive electrode and a first comple-
mentary duty cycle applied to the second drive
electrode;

measure a first received signal from the proof mass in
response to the first self-test signal pattern;

provide a second self-test signal pattern to the first
drive electrode and the second drive electrode,
wherein the second self-test signal pattern has a
second duty cycle applied to the first drive electrode
and a second complementary duty cycle applied to
the second drive electrode;

measure a second received signal from the proof mass
in response to the second self-test signal pattern; and

determine a sensitivity of the MEMS accelerometer
based on the first received signal and the second
received signal.

14. The MEMS accelerometer of claim 13, wherein the
proof mass is located within a MEMS layer, further com-
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prising a substrate layer parallel to a lower surface of the
MEMS layer, wherein the first drive electrode and the
second drive electrode are located on the substrate layer.

15. The MEMS accelerometer of claim 14, wherein the
first duty cycle is different than the second duty cycle.

16. The MEMS accelerometer of claim 15, wherein the
first peak-to-peak voltage (V ), second peak-to-peak voltage
(V,), first duty cycle (D,), and second duty cycle (D,), are
determined according to the following: 2V, *(2D,-1)=2V,*
(2D,-1).

17. A method for performing self-test calibration of a
MEMS accelerometer, comprising:

providing a first self-test signal pattern to a first drive

electrode and a second drive electrode, wherein the first
self-test signal pattern has a first duty cycle applied to
the first drive electrode and a first complementary duty
cycle applied to the second drive electrode, wherein the
first drive electrode is located adjacent to a proof mass
along a sense axis, wherein the second drive electrode
is located adjacent to a different portion of the proof
mass along the sense axis, and wherein the proof mass
moves along the sense axis in response to a linear
acceleration;

measuring a first received signal from the proof mass in

response to the first self-test signal pattern;
providing a second self-test signal pattern to the first drive
electrode and the second drive electrode, wherein the
second self-test signal pattern has a second duty cycle
applied to the first drive electrode and a second comple-
mentary duty cycle applied to the second drive elec-
trode;
measuring a second received signal from the proof mass
in response to the second self-test signal pattern; and

determining a sensitivity of the MEMS accelerometer
based on the first received signal and the second
received signal.

18. The method of claim 17, wherein the first duty cycle
is equal to the second complementary duty cycle and
wherein the second duty cycle is equal to the first comple-
mentary duty cycle.

19. The method of claim 18, wherein a peak-to-peak
voltage for the first self-test signal pattern is equal to a
peak-to-peak voltage for the second self-test signal pattern.

20. The method of claim 17, further comprising modify-
ing a sensed acceleration based on the determined sensitiv-

ity.



