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Abstract— Inertial measurement units (IMUs) are nowadays
widespread in the automotive industry. Micro-electromechanical
systems (MEMS) IMUs are expanding because of several advan-
tages of this technology. However, a significant research gap
neglected by both manufacturers and recent literature regards
the behavior of their performances under dynamic conditions
and operating under harsh environments. Before the actual
installation on the field, the performances of such devices in the
presence of vibration sources and mechanical load stresses must
be investigated. Trying to fill this gap, this article investigates
the behavior of MEMS-based IMU under dynamic conditions and
random vibration tests. The proposed experimental platform also
includes a specific device used to generate repeatable, controlled
movement, ensuring a dynamic characterization. The analysis
consists of both time and frequency domains, with specific metrics
defined to evaluate the negative effects of harsh conditions on
IMU performances. The results aim to highlight the limitation
of the device under test when used in the automotive industry,
i.e., in the presence of significant vibration noise.

Index Terms— Accelerometers, gyroscopes, inertial navigation,
metrology, testing.

I. INTRODUCTION

INDUSTRY 4.0 is currently representing an important rev-
olution in many manufacturing and technological fields.

Such a process is strongly pushing toward developing and
installing several different kinds of sensors [1], [2]. All these
sensors are used to rapidly and accurately acquire a large
amount of data for real-time decision-making in the context
of diagnostic and prognostic, maintainability, optimization,
and control [3], [4]. Moreover, in many industrial fields, the
adequate use of specific sensors can remarkably improve the
estimation of remaining useful life and the management of
condition-based maintenance. Consequently, system downtime
can be minimized with considerable savings in terms of money
and resources.
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Nowadays, one of the industrial sectors leading toward
this transformation is the automotive industry [5], [6]. Highly
specialized products such as self-driving vehicles, electric
propulsion-based vehicles, racing vehicles, and intelligent
vehicles require many signals to be acquired and analyzed to
achieve optimal performances. In this point of view, several
sensors can be implemented in motorcycles and cars for the
optimization of control strategy, as well as for condition
monitoring and diagnostics [7], [8], [9].

Among all different types of sensing devices, inertial
measurement units (IMUs) are quite commonly installed in
vehicles to obtain data about real-time positioning [10], [11].
In order to do that, IMUs are complex items integrating more
than one “subsensors” in the same package. The most common
are triaxial gyroscopes and triaxial accelerometers, but also
other sensing devices can be integrated, such as magnetome-
ters or thermal transducers. In order to integrate more than
one sensor in a single small package, micro-electromechanical
systems (MEMS) is the optimal choice to achieve an out-
standing tradeoff in terms of dimension and weight, power
consumption, metrological performances, and cost [12], [13].
When such sensors are used in a mission-critical object (i.e.,
a self-driving vehicle), in an explosion risk environment (i.e.,
a battery-powered vehicle), or in a top-performance highly
stressed vehicle (i.e., racing cars or racing motorcycles), the
metrological performances of the MEMS-based IMU become
of significant importance. Piezoelectric materials represent
an alternative technology for IMU. The use of piezoelec-
tric inertial sensors ensures higher performances in terms
of accuracy, resolution, and stability. However, designers’
choices are mostly still toward the MEMS-based IMU because
of dimension and weight constraints. As a consequence,
it is becoming of crucial and fundamental importance the
investigation of the metrological characteristics and reliability
of MEMS-based IMUs. Proper metrological and reliability
parameters are essential in order to ensure adequate system
response in harsh environments during the entire system life
cycle [14].

Most of the time, manufacturers miss extensively consid-
ering the characterization of IMUs in the case of external
stress sources. However, in many practical application fields,
the operating conditions could be highly harsh regarding
mechanical, thermal, or electrical stresses. In the case of
automotive applications, one of the most critical environmental

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0001-6661-6754
https://orcid.org/0000-0001-8146-6088
https://orcid.org/0000-0001-7820-6656
https://orcid.org/0000-0001-9607-866X
https://orcid.org/0000-0002-9537-9724
https://orcid.org/0000-0001-5593-7325


3520713 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 72, 2023

conditions that must be carefully considered is related to
mechanical loads. According to several international standards
and test reports, random vibration sources could affect the per-
formances of electronic devices mounted in cars, trucks, and
motorcycles [15], [16]. The nature of this vibration in terms of
magnitude and frequency could vary remarkably depending on
the electronic device’s type and place of installation. A detailed
review and discussion about this kind of external vibration
stress in the automotive field have already been published
in [17].

A suitable analysis of the sensor under stressed conditions
is required to ensure that the considered MEMS-based IMUs
will work properly after the installation on a real operating
context [18], [19]. However, most of the works found in the
literature are based on a static test performed under nominal
conditions. For instance, the characterization of a microplat-
form composed of a triaxial accelerometer and a triaxial
gyroscope under nominal conditions is presented in [20].

In [21], a characterization and calibration procedure based
on the rate table test and tumble test is presented for
gyroscopes and accelerometers, respectively. Similarly, a mea-
surement setup for evaluating sensitivity for a differential
capacitive MEMS accelerometer is presented in [22], while
steady-state vibration and random acceleration are used to
characterize tactical grade IMU in [23].

In some previous studies, we proposed the analysis of
MEMS-based IMU performances under vibration and tem-
perature stresses and static conditions [24], [25], [26]. The
proposed works aimed at analyzing the performances of the
device considering the real scenario in which the system will
be installed. Only a few similar characterizations have been
found in the literature concerning testing-cost MEMS-based
IMU under temperature, time, and G-level [27] or regarding
the vibration test of wearable IMU devices [28]. The inves-
tigations mentioned above have been carried out considering
the mechanical and thermal loads endured by the IMUs when
installed in terrestrial vehicles. It is important to note that our
previous studies and all the previously published articles found
in the literature consider analyses only in static conditions.
This means that the device was kept on hold in a fixed
position in the previous tests while subjected to external stress
stimuli (either vibration or temperature). The preliminary static
analysis allowed us to investigate, study, and metrologically
describe the cross-axis sensitivity, the transfer function of the
sensor, the spurious response, the sensor’s antialiasing filter,
the signal-to-noise ratio, the temperature drift, and temperature
dependence.

Thus, this work aims to investigate the inertial platform
performances under dynamic conditions, typical of a realistic
scenario like the automotive field. More in detail, the objective
of this article is to study and analyze the IMU’s response and
the ability to precisely acquire a specific repeatable movement
in the presence of a random noise source that well describes
a realistic installation in a terrestrial vehicle (e.g., cars,
trucks, or motorcycles). In order to achieve these purposes,
a customized experimental setup has been developed with the
aim of exciting the device under test with two simultaneous
stimuli, namely, a realistic low-frequency movement toward

two rotational axes, and a high-frequency random noise that
emulates all possible vibration noise sources that can be found
in automotive applications.

The IMU’s response has been analyzed both qualitatively
on the acquired signal and quantitatively with the introduction
of dedicated metrics in both time and frequency domains.

The proposed experimental platform and the combination of
both time- and frequency-domain analyses allowed investigat-
ing, in advance, all the possible issues and faulty behavior
of the device when it is subjected to the actual operating
conditions and before the actual installation in the automotive
field.

A summary of the major contributions brought by this
article is as follows.

1) Development of a specific experimental platform for
IMUs performance analysis under dynamic operating
conditions typical of automotive applications.

2) Investigation of the actual IMU’s response during a
repeatable movement while subjected to external sources
of stress and noise.

3) Time-domain analysis for introducing specific metrics
to characterize performances of the IMU subjected to
external stimuli under dynamic conditions.

4) Frequency-domain analysis for evaluating a noise level
to be used as a ground level in automotive applications.

II. PROPOSED TESTING PROCEDURES FOR DYNAMIC
CHARACTERIZATION OF INERTIAL UNITS

Two external stimuli are required to implement an exper-
imental analysis of an inertial platform under dynamic
conditions. First of all, it is essential to guarantee an automatic,
reproducible, and controllable movement. This stimulus is
based on a set of simple low-frequency spectral components
that simulate the vehicle’s actual movement in which the
inertial platform shall be installed.

Furthermore, it is necessary to generate the external con-
ditions typical of the automotive field of application. In this
work, only external mechanical loads are taken into consid-
eration. However, this study could be extended to include
other stresses typical of automotive fields (such as temperature
and pressure). More in detail, the IMU is forced to endure a
wideband random vibration that emulates the high-frequency
Gaussian noise always present in terrestrial vehicles.

In compliance with the international standard ISO 16750-3
[29] published by the International Organization for Standard-
ization, electronic devices mounted on motorcycles, trucks,
and automobiles are usually subjected to high-frequency ran-
dom vibration noise. The causes of such vibration noise
could be manyfold, such as the engine working, some sudden
movements of the suspensions, the intake air, the natural
mechanical frictions between gears, or simply caused by the
many irregularities of the street surface. There are also other
standards published by international organizations such as
the International Electrotechnical Commission (see [30]), the
Automotive Electronics Council (see AEC-Q100-revH [31]),
and the European Telecommunications Standards Institute (see
ETSI EN 300 019-2-5 [32]) that agrees with the ISO 16750-3
[29] about the presence of such random noise.
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According to the standards mentioned above, the vibration
noise that electronic, microelectronic, and Internet of Things
(IoT) devices must endure on terrestrial vehicles depends on
the type of vehicle (either a motorcycle, a car, or a truck) and
the type of installation (e.g., a device mounted on the engine,
mounted on the gearbox, and installed on the suspension or
directly on the vehicle’s chassis). However, in all cases, the
vibration experienced by the devices is a random combina-
tion of Gaussian components with different amplitudes and
frequencies. The vehicle type and installation influence the
G-level of the spectral components and the excitation band,
which is almost always limited within the range from 200 Hz
to 1 kHz [29]. Only a few exceptional causes could lead to
vibration noise in a higher frequency range; thus, they have
been neglected in this work.

The most suitable type of vibration test for the emulation
of the automotive operating condition is the random vibration
test, as in [30]. In this type of experiment, multiple Gaussian
stimuli, characterized by different excitation frequencies, are
simultaneously applied to the device under test. The severity
of the test plan is thus provided using the acceleration spectral
density (ASD) over the considered frequency range.

The actual operating conditions in this work have been
simulated considering four vibration conditions, as detailed
in the following.

1) NOISE (A): It is characterized by a constant ASD equal
to 0.01 g2/Hz = 1 m2/s3. The wideband random vibra-
tion that makes up this operating condition is uniformly
distributed in the lower part of the considered bandwidth,
between 200 and 500 Hz.

2) NOISE (B): This operating condition can be consid-
ered complementary to the previous case. A constant
wideband random vibration with ASD = 0.01 g2/Hz
is uniformly distributed within the 500 Hz ÷ 1000-Hz
bandwidth.

3) NOISE (C): This stress represents the most severe oper-
ating conditions, where a wideband random vibration
noise is applied in the entire considered bandwidth,
between 200 Hz and 1 kHz. For the sake of comparison
with the previous cases, the spectral acceleration density
is maintained constant and equal to ASD = 0.01 g2/Hz.

4) REFERENCE (NO NOISE): In this case, no random
vibration noise is applied. This operating profile is
used as a reference condition in order to compare the
performances of the IMU under test when external
stresses typical of the automotive field are applied or
not. This comparison allows investigating and quanti-
fying the effects that the actual stresses induced in the
performances of the device.

The random vibration profiles described above and used to
emulate different automotive operating conditions are illus-
trated in Fig. 1.

It is important to note that the proposed noise conditions
are uncorrelated with any kind of movements that the device
should measure and register.

The vibration noise is applied by a dedicated device only to
simulate the real condition experienced in terrestrial vehicles.

Fig. 1. Illustration of the four proposed operating conditions identified by
different vibration noise levels, from Noise (A) at the top, then Noise (B),
Noise (C), and the reference.

In particular, the device is a 22-kN shaker by Sentek Dynamics
that can achieve a maximum peak displacement of ±25 mm.
The features of the selected shaker comply with the require-
ments imposed by the test plan in terms of peak acceleration
(maximum acceleration of the shaker is 100 g in the case
of light payloads) and frequency range (the admissible range
varies from 2 Hz up to 2 kHz). The shaker requires an adequate
calibrated controller, which acquires data from a calibrated
3056B2 piezoelectric accelerometers from Dytran Instruments.
The controller generates a control feedback to precisely adjust
the vibration produced by the shaker during the test based
on the measurements acquired by the accelerometer. In the
presented case, two accelerometers are used. One of them is
installed on the external fixture used to mount the device on
the shaker and is responsible for the control feedback. In this
way, the device is guaranteed to endure the actual acceleration
profiles. The other one is mounted on the body of the shaker,
which could experience vibration levels different from the
device, and it is used only for monitoring purposes.

The shaker included in the proposed experimental platform
is a single-axis device that generates vibration toward a single
direction. In order to test the performances of the device
toward three different directions (x , y, and z), the fixture of the
device to the table must be adjusted. In particular, the z-axis
test can be performed using a standard shaker configuration
(i.e., vibration is applied toward vertical direction), while a slip
table must be used to repeat the experiments toward x- and
y-axes (i.e., vibration is performed horizontally, and device
fixture is rotated to ensure both x- and y-directions).

The random vibration noise described above is insufficient
to ensure a complete analysis of the IMU’s performance under
dynamic conditions. It is also fundamental to develop a repro-
ducible, controlled, and automated low-frequency movement
that represents the vehicle’s actual movement that the IMU
must be able to detect and measure. In other words, this
movement represents the actual input signal of the IMU,
and the device needs to acquire this signal without distor-
tion. Simultaneously, the device responses will be influenced
by the random vibration in Fig. 1, which represents the
measurement noise caused by the actual installation on the
vehicle. It is essential that the low-frequency movement is
acquired, maximizing the accuracy in order to ensure a reliable
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Fig. 2. Photograph of the PTU used to generate the controlled and
reproducible movement. The red and green double arrows represent the
direction of the TILT and PAN rotation, respectively.

position estimation by the suitable algorithms that are usually
implemented. Ideally, the sensors should be able to acquire this
movement in compliance with the metrological characteristics
defined by the manufacturer.

A Pan Tilt Unit PTU-46-17.5 has been used to generate such
basic low-frequency movements. This device precisely moves
small objects, with a maximum payload of 1.81 kg. The PTU
uses a serial communication interface to communicate with a
control unit. The latter, in our case, is a simple laptop with
a customized Python interface used for real-time movement
control. The selected baud rate is the maximum available
(34 800) to ensure fluidity and smoothness of the movements.
Furthermore, the PTU allows controlling the speed, accelera-
tion, and angular limit of the movement toward two different
axes of rotation:

1) x-axis: not feasible.
2) y-axis: TILT rotation.
3) z-axis: PAN rotation.
For the sake of completeness of the analysis, the proposed

analysis includes three different sets of movements, as follows:
1) P-movement (limited only to PAN movement, i.e., z-axis

rotation).
2) T-movement (limited only to TITL movement, i.e.,

y-axis rotation).
3) C-movement (performed by combining the PAN and

TILT movements, with a simultaneous rotation toward
y- and z-axes).

A photograph of the PTU highlighting the direction of the
PAN rotation (green arrow) and TILT rotation (red arrow)
is shown in Fig. 2. The maximum angular aperture in each
movement of the PTU is limited by some physical con-
straints related to the device’s structure. The specific maximum
aperture is provided as a function of the variable rα which
represents the angular position resolution.

More in detail, consider the following angular resolution:

rα = 0.051◦. (1)

Then, the maximum aperture for the TILT movement
TILTαMAX and the maximum aperture for the PAN movement

PANαMAX are given by the following equations:

TILTαMAX = [−909 · rα ÷ 604 · rα]

=
[
−46.356◦

÷ 30.804◦
]

(2)
PANαMAX = [−3103 · rα ÷ 3103 · rα]

=
[
−158.253◦

÷ 158.253◦
]
. (3)

Thus, the following three sequences for the described sets
of movements have been considered.

1) P-Movement: Start from position 0 (central step of the
PTU), then moves toward 1750 · rα before inverting the
direction toward −1750 · rα , and finally heading toward
0 after another direction inversion.

2) T-Movement: Start from position 0 (central step of the
PTU), then moves toward 561 · rα before inverting the
direction toward −800 · rα , and finally heading toward
0 after another direction inversion.

3) C-Movement: Combination of P-movement and
T-movement carried out simultaneously.

The P-movement is the widest set in terms of angle aperture,
with a maximum coverage of 180◦, while the T-movement
covers only 70◦ due to physical constraints. For the sake of
completeness of the investigation, each one of the previous
movements has been repeated changing speed and acceler-
ation. Three different sets of speed/acceleration (given as a
function of the angular position resolution rα) have been
considered:

1) speed set V0
a) P-movement: speed of 1125 rα/s and acceleration

equal to 2400 rα/s2.
b) T-movement: speed of 800 rα/s and acceleration

equal to 2000 rα/s2.
c) C-movement: equal to P-movement for the PAN

rotation; equal to C-movement for the TILT
rotation.

2) speed set V1
a) P-movement: speed of 2250 rα/s and acceleration

equal to 2400 rα/s2.
b) T-movement: speed of 1600 rα/s and acceleration

equal to 2000 rα/s2.
c) C-movement: equal to P-movement for the PAN

rotation; equal to C-movement for the TILT
rotation.

3) speed set V2
a) P-movement: speed of 2250 rα/s and acceleration

equal to 4800 rα/s2.
b) T-movement: speed of 1600 rα/s and acceleration

equal to 4000 rα/s2.
c) C-movement: equal to P-movement for the PAN

rotation; equal to C-movement for the TILT
rotation.

The repetition of the same movement with different sets of
speed and acceleration allows studying the influence of this
parameter on the performances of the IMU. Since the goal is
not to characterize or calibrate IMUs, the experimental setup
has been designed to be simple and inexpensive, involving that
tests along each axis under analysis were conducted by shifting
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Fig. 3. Complete experimental setup for the dynamic characterization of IMU
under vibration conditions: (a) implemented setup for vertical vibration noise
(i.e., noise applied on the z-axis) and (b) implemented setup for horizontal
vibration noise (i.e., noise applied on x-axis or y-axis).

the anchorage of the PTU relative to the direction of the IMU
axis and the direction of shaker excitation. It is important
to note that the speed and acceleration of the T-movement
are slower than the values given for the P-movement. This
is because the P-movement is wider than the T-movement,
and thus, it requires more time to be completed. However,
using the abovementioned speed sets, the P-movement and
T-movement are characterized by the same time length, pro-
ducing a fluid and smooth rotation when combined with
the C-movement. After fixing a type of movement (i.e.,
P-movement, T-movement, or C-movement) and a speed set
(i.e., V0, V1, or V2), 30 consecutive repetitions of the same
movement are implemented for the sake of measurement
repeatability. Between two consecutive repetitions, the PTU
remains still in the static neutral position for 5 s. A photograph
of the complete experimental setup is illustrated in Fig. 3(a) in
the case of vertical vibration noise (i.e., noise applied toward
the z-axis) and in Fig. 3(b) in the case of horizontal vibration
noise (i.e., noise applied toward the x-axis, while noise applied
toward the y-axis is obtained simply rotating the PTU of 90◦).

TABLE I
TRANSMISSIBILITY VALUES OF THE PROPOSED EXPERIMENTAL SETUP IN

THREE DIFFERENT FREQUENCY RANGES

Along with the IMU under test and the PTU, the complete
experimental setup includes the following.

1) A vibration-producing device (i.e., the shaker).
2) An aluminum interface plate called a fixture which is

used to connect the shaker’s head with the PTU (in
the case of vertical vibration) or the shaker’s slip table
with the PTU (in the case of horizontal vibration). The
interface plate has been fixed to the shaker’s head or
the slip table using four M8 screws, while the clamping
between the fixture and the PTU has been achieved with
four M6 screws on the bottom of the PTU.

3) An interface plate bridge made of aluminum is used to
connect the PTU and the device under test. Also, in this
case, clamping has been achieved with adequate screws.

4) A control accelerometer is located on the fixture and
used to ensure that the required vibration from the test
plan is correctly applied on the device.

5) A monitor accelerometer is used to check whether the
shaker is producing the correct vibration or not.

The vibration shaker is used to provide high-frequency ran-
dom vibration noise to emulate the real operating conditions in
terrestrial vehicles. The PTU is mounted on top of the shaker
and is used to generate the low-frequency movement that the
IMU should detect and measure. Furthermore, an acquisition
unit composed of a Nucleo-64 board and a laptop is used to
acquire and store the data from the IMU.

In order to validate the applicability of the proposed setup,
the transmissibility has been determined. This value repre-
sents the ratio between the vibration measured by the two
accelerometers, one of them located on the shaker and the
other one on the fixture. The mean value and the standard
deviation calculated on three frequency ranges are reported
in Table I. The closest the transmissibility is to 1, the better
the fixture validation in terms of stiffness and transmission
capabilities.

III. DEVICE UNDER TEST

The device considered in this work is a low-cost commercial
IMU widely used for several applications. The metrolog-
ical (sensitivity, full scale, and zero-level) and functional
(temperature and voltage range, data output, interfaces, etc.)
characteristics of the device are reported in Table II according
to the manufacturer’s datasheet [33]. The maximum output
data rate (ODR) available for all the embedded sensors in the
IMU is 119 Hz, which automatically introduces an antialias-
ing low-pass filter (LPF) with a 50-Hz cutoff frequency.
Considering the selected ODR, the IMU has different theo-
retical responses when subjected to the excitation described
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TABLE II
EXTRACT OF THE DATASHEET OF THE CONSIDERED IMU, INCLUDING THE

MAJOR METROLOGICAL CHARACTERISTICS

in Section II. A summary of such performances is reported in
Table III.

Most of the errors and influencing factors come out from
the mechanical assembly of the test bench. Analyzing the
contributions one by one, we can group them into the errors
introduced by positioning and the contribution due to the
nonideal PTU. The former was handled by verifying the
correct alignment of the parts on the shaker with a mechanical
jig, while the latter, due to its mechanical characteristics, can
be neglected.

IV. TIME-DOMAIN ANALYSIS

In this section, the response of the IMU during the test plan
illustrated in Section II is reported considering a time-domain
analysis to emphasize how the actual conditions typical of the
automotive field influence the ideal response of the accelerom-
eter and gyroscope sensors.

In this point of view, specific metrics will be introduced.
For a first qualitative analysis, the output of the triaxial

gyroscope embedded in the IMU under test is illustrated using

Fig. 4. 3-D acquisition of the gyroscope toward x-, y-, and z-axes during
the proposed test plan in the presence of Noise A (blue trend) and standard
conditions (orange trend).

Fig. 5. Data dispersion for the x-axis of the accelerometer under different
operating conditions (random vibration noise applied toward the y-axis).

a 3-D plot in Fig. 4. Two different cases are taken into account:
a reference condition in which no additional noise is applied,
and Noise (A) operating condition where a random vibration
noise in the 200 Hz ÷ 500-Hz bandwidth is applied.

The data in Fig. 4 refer only to a single repetition (R10)
of the C-movement with a V2 speed set and vibration noise
applied toward the x-axis. However, it is clearly analyzing
Fig. 4 that the vibration noise introduced by the shaker is not
entirely rejected by the IMU, and thus, its response is partially
influenced by the operating conditions. More specifically, such
influence is reflected in a data dispersion phenomenon for
every axis of every sensor. For instance, two examples of the
data dispersion are illustrated in Figs. 5 and 6, considering
the C-movement with the V1 speed set. More in detail, Fig. 5
refers to the x-axis of the accelerometer while noise is applied
on the y-axis. Similarly, Fig. 6 illustrates the x-axis of the
gyroscope while noise is applied on the y-axis.

Both Figs. 5 and 6 illustrate the noise as a color bandwidth
centered in the average value in standard conditions (continu-
ous blue line) and characterized by an amplitude equal to two
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TABLE III
THEORETICAL RESPONSE OF THE IMU WITH RESPECT TO THE TWO EXTERNAL STIMULI INCLUDED IN THE PROPOSED TEST PLAN

Fig. 6. Data dispersion for the x-axis of the gyroscope under different
operating conditions (random vibration noise applied toward the y-axis).

times the standard deviation. Analyzing both Figs. 5 and 6
clearly emerge a nonnegligible impact of the vibration noise
typical of the automotive field with respect to the standard
operating conditions.

Figs. 5 and 6 emphasize that some dispersion character-
izes both the accelerometer and gyroscope, even in standard
operating conditions. This dispersion slightly increases in the
presence of Noise B (limited to 500 Hz ÷ 1000 Hz), while it
remarkably raises when either Noise A (limited to 200 Hz ÷

500 Hz) or Noise C (complete bandwidth between 200 and
1000 Hz) is considered. This could be verified for almost
every test repetition, regardless of the considered sensor’s axis,
in the case of both accelerometer and gyroscope. However,
it is essential to introduce an adequate metric to quantify
this phenomenon and consider the nonideality of the internal
antialiasing LPF. To fill this gap, the data dispersion DDk on
the k-axis has been defined as the average value (which is
calculated on the entire length of a single movement) of the
standard deviation on every sample for every repetition as

DDk =
1
m

m∑
j=1

(√
1

n − 1

∑n

i=1

(
si, j k

− µs, j k

)2

)
(4)

where
1) m = number of samples in a single movement;
2) n = 30 = number of repetitions of the same movement;
3) si, j k

= j th value acquired by a specific sensor toward
the k-axis during the i th repetition.

4) µs, j k
= average value of the j th sample acquired by a

specific sensor toward the k-axis on all the repetitions.

The data dispersion calculated for both accelerometer and
gyroscope is reported in Tables IV and V, respectively, consid-
ering all four operative conditions applied toward x-, y-, and
z-directions, all three movements, all three speed sets, and all
the axis. Despite the presence of the 50-Hz antialiasing filter,
it can be observed from Tables III and IV that the application
of the high-frequency vibration noise increases the dispersion
of the data, regardless of the axis of excitation and the noise
bandwidth.

The only exception has been found in the gyroscope
y-axis, where NOISE B applied along the z- or y-direction
does not significantly influence the normal dispersion of the
sensor in standard conditions. This indicates a better rejection
of the frequency noise for the gyroscope, especially on the
y-axis. However, when lower spectral components of the
noise are applied (i.e., Noise A and Noise C), the gyroscope
suffers from significant dispersion. Overall, the NOISE B
band is the one that causes the most negligible increase
in dispersion in all the considered sensors and operating
scenarios.

Instead, the maximum values of the dispersion DDk have
been found in the case of NOISE A and NOISE C, as shown
in Table VI, where the maximum dispersion values for each
sensor axis are compared considering the presence or absence
of the random vibration noise.

A summary of the data dispersion is reported in
Figs. 7 and 8 for the accelerometer and gyroscope, respec-
tively. Each group of bars represents the same operating
conditions, where the height of the bars stands for the average
value of the DDk between different speed sets and different
movements, while the black vertical line represents the stan-
dard deviation.

The blue bars in Figs. 7 and 8 stand for the application
of the noise toward the z-axis, while the orange and green
bars stand for the y- and x-directions of application of the
noise, respectively. Finally, each subplot refers to a different
axis of acquisition of the sensor. From Figs. 7 and 8, some
considerations can be drawn.

1) The y-axis of acquisition of the accelerometer is the
most affected by the dispersion regardless of the noise
level, while the x-axis presents a good rejection.

2) The accelerometer shows the worst behavior when the
noise is applied along the x-direction, while it performs
better in the case of noise applied along z.
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TABLE IV
SUMMARY OF THE DATA DISPERSION EVALUATED FOR THE ACCELEROMETER FOR EVERY OPERATING CONDITION

AND EVERY MOVEMENT. LINEAR ACCELERATION [G]

Fig. 7. Mean and standard deviation of the data dispersion for the accelerometer considering different bandwidths and different axes of application of the
noise.

3) The gyroscope has better rejection performances (i.e.,
lower dispersion) when noise is applied along the
z-direction, while the performances in the case of x- and
y-directions of applications of the noise are comparable.

4) Opposite to the accelerometer, the x-axis of the gyro-
scope is characterized by the highest dispersion.

V. FREQUENCY-DOMAIN ANALYSIS

Due to the presence of the 50-Hz antialiasing filter, all the
spectral components of the random vibration noise generated
in different operating conditions should not be visible in the
frequency response of the IMU. Instead, the vibration noise
is present in the IMU’s response as an aliasing issue that
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TABLE V
SUMMARY OF THE DATA DISPERSION EVALUATED FOR THE GYROSCOPE FOR EVERY OPERATING CONDITION AND EVERY MOVEMENT

TABLE VI
MAXIMUM DISPERSION OF ACCELEROMETER AND GYROSCOPE: COMPARISON BETWEEN REFERENCE AND ACTUAL OPERATING CONDITIONS

changes the in-band behavior of the device. Figs. 9 and 10
show the power spectrum of the acquired data consider-
ing the x-axis of the accelerometer and the z-axis of the
gyroscope, respectively. Both Figs. 9 and 10 refer to the
C-movement with V0 speed set and vibration noise applied
in different directions according to the various subplots.
Analyzing the power spectrum, some considerations can be
drawn.

1) The low-frequency peak represents the actual movement
provided by the PTU and correctly sampled by the IMU.

2) Concerning the reference conditions, applying the vibra-
tion noise leads to an increase of the floor level in the
frequency range of 5 Hz ÷ 50 Hz.

3) As a confirmation of the time-domain analysis, Noise
(B) slightly increases the floor level of the gyroscope
while it has a higher impact on the accelerometer.
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Fig. 8. Mean and standard deviation of the data dispersion for the gyroscope considering different bandwidths and different axes of application of the noise.

Fig. 9. Power spectrum for the x-axis of the accelerometer considering different bandwidths and different axes of application of the noise.

Fig. 10. Power spectrum for the z-axis of the gyroscope considering different bandwidths and different axes of application of the noise.

4) In all cases, Noise (C) and Noise (A) represent the worst
operating conditions, with a significant impact on the
IMU’s power spectrum concerning standard operating
conditions.

In order to quantify this impact, the delta floor 1Fk , for
the kth axis, has been introduced as the difference between
the floor level of the power spectrum in the actual operating
condition and the floor level of the reference condition Frefk

Frefk =
1
n

n∑
i

10log10(PS(refi )) (5)

1Fk =
1

30

30∑
j

(
1
n

n∑
i

10log10
(
PS
(
si, j k

))
−Frefk

)
(6)

where n is the number of samples for a specific movement,
ref is the reference operating conditions, and PS is the
power spectrum evaluated using the Kaiser window, 100-Hz
sampling frequency, and single-side fast Fourier transform
(FFT) with a length of 8192. All the delta floor values
evaluated for the accelerometer and gyroscope are reported in
Tables VII and VIII, respectively, including every movement,
every speed set, every noise level (in terms of bandwidth
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TABLE VII
SUMMARY OF THE DELTA FLOOR PARAMETER EVALUATED FOR THE ACCELEROMETER FOR EVERY OPERATING CONDITION AND EVERY MOVEMENT

TABLE VIII
SUMMARY OF THE DELTA FLOOR PARAMETER EVALUATED FOR THE GYROSCOPE FOR EVERY OPERATING CONDITION AND EVERY MOVEMENT

and direction of application), and every axis of the sensors.
Looking at both Tables VII and VIII, some considerations can
be drawn.

1) There is not a particular correlation between different
speed sets and the changes in the 1Fk for both sensors
and all three axes. For instance, the x-axis of the
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gyroscope and the y-axis of the accelerometer suffer,
particularly the speed set V0, with a higher increase of
the 1Fk . Quite the opposite, looking at the x-axis of
the accelerometer and z-axis of the gyroscope, the same
V0 speed set produces the lowest increase of the delta
floor.

2) As a confirmation of the results obtained in the time-
domain analysis, Noise (C) leads to the highest increase
of 1Fk , followed by Noise (A) and then Noise (B).

3) The gyroscope’s response emphasizes better perfor-
mance with respect to the accelerometer, especially in
rejecting Noise (B).

VI. CONCLUSION

This work illustrates an experimental characterization of
the IMU under dynamic operating conditions typical of the
automotive field. A specific platform and a customized test
plan have been developed to simultaneously excite the IMU
with a low-frequency stimulus provided by a PTU (the
actual movement that the IMU must properly acquire) and a
high-frequency vibration noise (that should be wholly rejected)
provided by a shaker. Two analyses have been carried out to
quantitatively estimate the impact of the noisy conditions on
the IMU’s response.

A time-domain analysis has been useful for introducing
a data dispersion parameter, while the frequency-domain
analysis allowed evaluating the increase in the delta floor
level caused by the additional noise. This study carried out
interesting results inherent to the unexpected behavior of
low-cost IMUs operating under dynamic conditions while
applying a different vibration stress typical of the actual
operating conditions in the automotive field of applications.
More in detail, vibration influences the correct operation of
such devices, which could reasonably worsen their usage in
various applications such as positioning algorithms.

Future developments will regard the metrological verifica-
tion and calibration of IMUs under the presented conditions
but also the analysis of such impacts on positioning algorithms,
as well as the integration of temperature stress in the current
characterization.
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