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Abstract — In the recent period, Inertial Measurement Units 
(IMUs) are widely employed in many applications, such as 
smartphones, robotics, Unmanned Aerial vehicles, automotive and 
self‑driving vehicles, artificial intelligence, and numerous others. 
However, the dynamical metrological performances and the 
reliability analysis when these microelectronic devices operate 
under real environmental conditions are not sufficiently covered 
by scientific literature. Starting from standard tests for 
automotive applications, to emulate the real operating conditions 
of IMUs, a new test plan based on sine sweep vibration profiles has 
also been developed, including different service conditions 
characterized by the presence of a sinusoidal component with the 
addition of a random vibration noise typical of automotive 
scenarios. In-depth analysis has been carried out in the time and 
frequency domains leading to the employment of suitable figures 
of merit, highlighting the effects of mechanical stress on the 
metrological performances of microelectromechanical sensors. 
The developed test plan could be used to investigate if sinusoidal 
vibrations at specific frequencies influence the correct operation 
of low-cost platforms in typical automotive applications. The 
experimental results have confirmed the suitability of the 
proposed figures of merit in analyzing the effects of vibrations 
typical of the automotive context on the IMUs operating. In 
particular, they have allowed investigating the axes cross-
sensitivity of triaxial systems, spurious responses, and unexpected 
behaviors due to the devices' non-ideality.   
 

Keywords— Testing, Reliability, Accelerometer, Gyroscope, 
Metrological Performance, Automotive.  

I. INTRODUCTION 

Diagnostic and fault diagnosis are fundamental tools in several 
industrial fields since they let designers achieve high reliability 
and availability targets [1]-[3]. A condition monitoring (CM) 
system is one of the best solutions to achieve effective and 
efficient diagnostic. Several benefits could be obtained by 
means of CM, as follow: the need for corrective maintenance is 
minimized, artificial intelligence tools could be implemented to 
estimate the health-state of the system, the overall management 
costs are reduced, reliability and remaining useful life of the 
system could be easily evaluated [4]-[9].  
Analytics based on large data sets have recently emerged in the 
industrial world; such analytics optimize production quality, 
save energy, optimize diagnostics and improve equipment 

service. In the Industry 4.0 context, the collection and 
comprehensive evaluation of data from many different sources 
(such as CM tools) will become standard support in real-time 
decision-making [10],[11]. 
In automotive applications, which is the topic of this work, 
Inertial Measurement Units (IMUs) are widely used, both as 
design requirements and diagnostic tools [12]-[16]. 
Consequently, the accuracy and reliability of IMUs become a 
fundamental topic to ensure the proper expected performance 
of this system and to guarantee its correct operating throughout 
the system life cycle.  
Commercial IMUs typically integrate the following sensors (or 
a subset of these sensors): 
 

 A triaxial accelerometer used to measure the linear 
acceleration toward the three axes;  

 A triaxial gyroscope to acquire information on the 
angular rate of the system toward the three axes; 

 
Several technologies of IMU are available in the market. To 
ensure small dimensions, low power dissipation, low-cost, high 
accuracy, and high stability, it is possible to use MEMS (Micro 
Electro Mechanical Systems) technology. Consequently, 
nowadays, MEMS-based IMUs are dominating the inertial 
platform market in every field of application. [17]-[20]. 
Recent literature extensively focuses on MEMS-based IMUs 
design and calibration (see, for instance, but not only [21]-[26]). 
Quite the opposite, the characterization of IMUs under a real 
operating context well-representative of actual scenario is not 
adequately considered. Relevant temperature variation, high 
humidity level, significant vibration stresses, mechanical 
shocks are only a few lists of environmental factors that 
profoundly affect the performances of microelectronic devices 
[27]-[30].  

For this reason, this paper deals with the characterization of 
a commercial MEMS-based IMU stimulated with vibration 
stress well-representative of the actual automotive 
environment. A previous work published on [32] highlighted 
the analog antialiasing filter's inadequate performances 
embedded in the IMU under test. Thus, this research aims to 
analyze the IMU frequency response under test in the presence 
of an additive high-frequency white gaussian noise, typical of 
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the automotive context. To do that, a suitable test plan and 
testbed have been designed and developed to carry out the IMU 
characterization through a vibration shaker. The developed 
vibration profile is based on a mixed test including a low-
frequency sinusoidal stimulus and a wideband random 
vibration.  

Unfortunately, no international testing standards related to 
the test of IMUs are available, and a specific procedure for 
MEMS devices is missing. Consequently, international 
standards regarding the environmental test of electronic devices 
for the automotive application have been used to customize the 
proposed test plan.  

The vibration tests have been carried out at the Analytical 
group test laboratory located in Scandicci, Florence (Italy). 
The rest of the paper is organized as follows: Section II 
illustrates the preliminary work presented in a previous paper; 
in section III, the proposed test plan is described along with the 
automatic measurement system developed for this work; 
section IV reports the experimental results achieved with the 
proposed test plan. 

II. PRELIMINARY WORK 

A preliminary work published in [31] introduces an innovative 
vibration step-stress test to investigate a widely-used MEMS-
based IMU frequency response in case of vibration stress at 
different frequencies. In particular, the Devices Under Test 
(DUTs) are a set of three MEMS-based Inertial Measurement 
Units, each one integrating two MEMS sensors:  
 

- A triaxial accelerometer characterized by a linear 
acceleration full scale of ±2g/±4g/±8g/±16g , 
sensitivity of 0.732 mg/LSB in case the highest full 
scale is selected, and a linear acceleration typical 
zero-g level offset accuracy at full scale of ±90 mg. 

- A triaxial gyroscope characterized by an angular 
rate full scale of ±245/±500/±2000 dps which can 
achieve a sensitivity of 70 mdps/LSB when it 
operates at ±2000 dps full scale and an angular rate 
typical zero-rate level at full scale of ±30 mdps. 

 
The IMUs have been connected to three Nucleo-64 

developing boards by "STMicroelectronics" based on an 
STM32F401RE microcontroller [33] to acquire data transfer 
them to a PC for storage purpose using a serial interface. The 
output data rate (ODR) of each sensor has been set equal to 119 
Hz since it is a classical choice for many positioning algorithms. 

In this case, an analog antialiasing filter of 50 Hz is 
automatically introduced on each axis and each sensor.  

The IMUs under test have been subjected to a sinusoidal 
vibration at different frequencies, maintaining a constant peak 
acceleration. The development of the test plan is based on the 
widely known sine sweep vibration profile defined and 
illustrated in many international standards, such as the 
European standard IEC 60068-2-6 (2009) [34] and the military 
standard MIL-STD-810G (2008) [35] regarding the 
environmental engineering considerations and laboratory tests 
of electronic equipment. The test plan developed in [32] is a 
sort of vibration step-test, where the physical quantity that steps 
up is not the peak acceleration but is the frequency of the 
stimulus. More in detail, the test involves a single frequency 
sweep focused on a single freezed frequency for a fixed period 
of holding time. After such a period of time, the frequency will 
be subjected to a fixed step-up. The severity of the test is 
illustrated in table 1, while Fig.1 shows an extract of the test 
profile (i.e., only the subrange 40 – 200 Hz is considered in the 
figure).  

The discussion of the experimental results presented in [31] 
highlights many interesting findings. First of all, all the 
accelerometer's axes not interested directly by the excitation 
shown an unexpected behavior (regardless of the axis on which 
the stimulus is applied). More in detail, their outputs are 
significantly different from zero, leading to the presence of an 
undesired cross-axis sensitivity. Moreover, despite a low-pass 
filter at 50 Hz, the sensors' outputs follow the expectation only 
up to 400 Hz. After that, the outputs of all the axis start present 
suddenly gains and not linear response. All the sensors' axes 
measure high acceleration levels at a frequency higher than 1 
kHz, which was not expected since the test plan involved a 
constant peak acceleration over the whole frequency range. The 
worst behavior was exhibited by applying stimulus on the z-
axes, where both cross-sensitivity and unexpected high-
frequency gain reached extremely high levels. The same results 
have been obtained for all the DUTs under test, both for 
accelerometer and gyroscopes, confirming the presence of an 
important deviation of the operation from the expected one. For 
example, the Root Mean Square value of the accelerometer's 
output is illustrated in Fig. 2, considering the vibration stress 
applied on the y-axis. 

III. PROPOSED TEST PLAN 

This work proceeds the characterization presented in [31], 
illustrating a new vibration-based test plan's experimental 
results. The DUTs and the measurement setup are the same ones 

Fig. 1. Extract of the vibration step-test profile in the frequency range 
40-200 Hz. Source [31] 

Table I. Severity of the vibration step-test proposed in [31] 
 

Parameter Test level 
Minimum frequency 40 Hz 
Maximum frequency 2 kHz 
Frequency step +20 Hz 
Vibration stress 2 g peak acceleration
Type of vibration Sinusoidal
Holding time at each step 25 s 
Number of cycles 1 
Axis X, Y, and Z 
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tested on [31] to ensure significant results. 
This work's testing profile aims to analyze the problems raised 
in [31] through the so-called Sine-On-Random testing 
procedure. The current test plan has been customized on the 
actual automotive scenario using an electronic device's real 
operating stimuli for automotive application. According to the 
international standard ISO 16750-3:2003 [36] (Road vehicles- 
Environmental conditions and testing for electrical and 
electronic equipment – Part 3: Mechanical loads), the vibration 
endured by an electronic device mounted on a road vehicle can 
be divided into two types:  
 

 Sinusoidal vibration: it could be one of the spectral 
components from the acceleration due to the vehicle's 
motion, or it could be caused by unbalanced mass 
forces, vibration induced by the pulsation of the intake 
air, etc.… 

 Random noise from all the other vibration sources of 
an engine (e.g., closing of valves), the noise created by 
the gearwheels' friction, random vibration induced by 
rough-road-driving.  

 
Consequently, ISO 16750-3:2003 [35] suggests performing the 
test as a combined sine and random test in compliance with 
International Standard IEC 60068-2-80 [37]. The latter defines 
"swept frequency sinusoidal vibration on wideband random 
vibration" or simply Sine-On-Random as one or more sinusoids 
swept over a frequency range and superimposed on random 
vibration. In other words, this kind of vibration test is based on 
the application of two different vibration stimuli at the same 
time: wideband random vibration stress and a sinusoidal 
vibration stimulus. This test requires the definition of a 
composite vibration severity, consisting of swept frequency 
sinusoidal components on a random background. In some 
instances, the sinusoidal stimulus could be maintained fixed 
instead of being swept over a frequency range.   
Consequently, both sinusoidal and random vibration severities 
have been customized on the actual operating condition related 
to the application field.  
Regarding the sinusoidal vibration, this stimulus is a low-
frequency sinusoid with a vibration peak of 1 g. Both frequency 
and amplitude are maintained constant over the testing time. 
This vibration stands for a hypothetical IMU input signal, 
which must be acquired without distortion since it represents 
the acceleration that the positioning algorithms must process. 
The truthfulness of this vibration has been proven in a previous 
work [38] in which a suitable measurement system was 

proposed to evaluate the driver's exposure to vibration during a 
ride on a motorcycle. The paper highlights that the vibration 
analysis band for a motorcycle varies from 0.25 Hz to 20 Hz. 
Therefore, four different service conditions (SC) have been 
developed to recreate the automotive application's actual 
vibration. For simplicity, the service conditions are based on a 
single sinusoid, which is not the real vibration experienced in 
the automotive field. Instead, it is only a single spectral 
component of the actual vibration. Three SCs are based on a 
single sinusoid with constant frequency(i.e., 5 Hz – 10 Hz – 15 
Hz), while the last one is based on a frequency sweep from 5 
Hz to 20 Hz.  
The wideband random vibration is based on the excitation of all 
the frequencies in a defined spectrum at any given time. This 
test is extremely useful since vibrations found in everyday life 
scenarios are not repetitive or predictable like sinusoidal 
waveforms. The severity of random vibration is described as 
providing an Acceleration Spectral Density (ASD) over a 
frequency range. The proposed test plan is based on a constant 

0.01	 / 	over the frequency range from 200 Hz to 2 
kHz. This represents a wideband gaussian white noise that 
could distort the low-frequency signal related to the monitored 
item's actual motion. Because of the ODR of the DUTs, a 50 Hz 
antialiasing filter is introduced on the IMU (see section II). 
Consequently, the random vibration should be completely cut-
off by the antialiasing filter. Instead, as extensively explained 
in [32], the accelerometer's output shows an unexpected high-
frequency gain. 
 

Several standards agree that the vibration endured by an 
electronic device for automotive application is a wideband 
stimulus with a maximum frequency of up to 2 kHz. The 
frequency range is strictly related to the exact deployment of 
the DUT. The most significant standards taken into account 
during the development of the proposed test plan are the 
following:  

 ISO 16750-3 was released in 2003 by International 
Organization for Standardizations [36]. It describes the 
mechanical loads that can affect electronic equipment 
mounted on-road vehicles. 

 IEC 60068-2-64 released on 2008 by International 
Electrotechnical Commission [39]. It is a general 
standard that regulates random vibration testing. 

 ETSI EN 300 019-2-5 was released in 2002 by the 
European Telecommunications Standards Institute 
(ETSI) [40]. It deals with environmental testing for 
telecommunications devices installed in ground 
vehicles. 

 AEC-Q100-rev.H was released in 2014 by the 
Automotive Electronics Council [41]. It provides a set 
of qualification tests for integrated circuits used on 
automotive applications. 

 

 
Fig. 2. RMS accelerometer's output with stimulus applied to 

the y-axis. Source [31]. 
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Table II summarizes the normative references used to identify 
the frequency range of the random vibration concerning 
installation type.  

Most of the standards agree that devices mounted on-road 
vehicles are subjected to random vibration up to 2 kHz. This is 
why the proposed test plan includes a random vibration over the 
frequency range from 200 Hz to 2 kHz, although the ODR of 
the sensor is 119 Hz. 

Table III summarizes the severity of the proposed test plan 
highlighting the four different SCs. Note that the random 
vibration is kept unchanged for all service conditions. 

 
Additional information regarding the test are illustrated in the 

following: 
 Test duration: 10 minutes. 
 Axes involved: X, Y, and Z. 
 Repetition: 5 consecutive tests for each SC of each 

axis. 

 The same fixture must be used for all the test run 
along the same axes. 

 For the sake of repeatability, several test repetitions 
must be carried out without dismounting and 
remounting the DUTs to the vibration table (so the 
position stays the same) to minimize the mounting 
uncertainties. This is fundamental to ensure that any 
mechanical load due to the fixture of the DUTs to 
the shaker remains the same in all the repeated tests. 

 
Each test repetition is based on three different phases: 

- "Before zone": 3 minutes of acquisition before the 
application of the vibration profile. No stress is 
involved. 

- "Test zone": data acquisition during the test (10 
minutes). 

- "After zone":  3 minutes of acquisition after the 
application of the vibration profile. No stress is 
involved. 

 
This kind of acquisition allows comparing the performances 

of the DUTs before and after the stress application to identify 
potential failure mechanisms or any possible damages that the 
test could trigger. Fig. 3 summarizes this concept illustrating 
with different colors two consecutive repetitions of the same 
service condition.  

Fig. 3. The test procedure's schematic representation is divided into
three zones: before zone, test zone, and after zone. The different colors
stand for different repetitions of the same service condition.  

Table II. Normative reference for random vibration testing: 
equipment installed on a ground vehicle 

Type of installation 
Maximum 
frequency 

Reference 
standard 

Equipment mounted 
directly on the engine 

up to 2 kHz ISO 16750-3 

Gearbox mounted 
equipment 

up to 2 kHz ISO 16750-3 

Equipment mounted on 
sprung masses (vehicle 
body) 

up to 1 kHz ISO 16750-3 

Equipment mounted on 
unsprung masses (wheel, 
wheel suspension) 

up to 2 kHz ISO 16750-3 

Automotive application: 
Integrity test for 
semiconductor devised  

Up to 2 
kHz 

AEC-Q100 

Automobile, chassis-
mounted. 

up to 1 kHz 
IEC 60068-
2-64 

Automobile, engine 
compartment, attached 
to the body or on the 
radiator. 

up to 0.2 
kHz 

IEC 60068-
2-64 

Telecommunication 
equipment mounted on a 
ground vehicle  

up to 0.5 
kHz 

ETSI EN 300 
019-2-5 

Table III. Summary of the developed test plan: four service
conditions with different severities have been proposed. 

Service 
condition

Sinusoidal Vibration Random Vibration 

Frequency 
Peak 

vibration 
Frequency 

range 
ASD  

[g2 / Hz] 
SC 1 5 Hz 1 g 200 – 2000 Hz 0.01
SC 2 10 Hz 1 g 200 – 2000 Hz 0.01
SC 3 15 Hz 1 g 200 – 2000 Hz 0.01

SC 4 

Sweep from 
5 Hz to 20 Hz 

 
Sweep rate 1 

oct/min

1 g 200 – 2000 Hz 0.01 

 

Fig. 4. Picture of the three DUTs mounted on the vibration generator
during the test (Z-axis is involved).  
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To ensure repeatability of the results, every test repetitions of 
each SC of the same axes have been performed using the same 
fixture, without dismounting the setup between one acquisition 
and the following one. An example of a fixture used for the Z-
axis is illustrated in Fig. 4. 
As for the X-axis and Y-axis, they were separately excited by 
suitably arranging the DUTs according to the shaker reference 
system. In particular, as for the X-axis, all the DUTs have been 
oriented parallel to the direction of the vibration stress provided 
by the shaker, whereas, as for the Y-axis, all the DUTs have 
been oriented perpendicular to the direction of the vibration 
stress provided by the shaker. 

 The test method is based primarily on an electrodynamic or 
a servo-hydraulic vibration generator (also known as shaker) 
with an associated computer-based control system used as a 
vibration testing system. More information about the test-bed 
used for the characterization of the IMUs under vibration 
conditions are reported in [30].  

For the sake of repeatability, the exact vibration provided by 
the shaker during the test execution is measured using a "control 
accelerometer". The latter is directly connected to the 
computer-based control system which uses a feedback to 
actuate the vibration shaker based on the response of the control 
accelerometer. Fig. 5 illustrates the complete testbed developed 
in this work, including both the vibration testing system and the 
acquisition system required to store the data monitored by the 
IMUs.  

According to the test plan, taking the Service Condition SC 
2 as an example, Fig. 6 shows the shaker's vibration profile. The 
signal has been monitored by the control accelerometer located 
on the shaker slip table (see Fig. 5). 
 Fig. 6 illustrates the spectral acceleration density generated by 
the shaker over the considered frequency range. It is visible the 
10 Hz sinusoid and the wideband white noise over one order of 
magnitude lower than the sinusoids. It also presents an additive 
noise over the frequency domain not covered by the sinusoids 
and the random vibration (i.e., for frequencies lower than 10 Hz 
and frequencies from 10 Hz to 2 kHz). Despite this, the latter 
noise is over two orders of magnitude lower than the gaussian 
white noise, and thus it could be neglected. 
 

IV. EXPERIMENTAL RESULTS 

Below are reported the experimental results obtained during 
the excitation of the three DUTs presented considering the test 
profile described in section III. The test aims to evaluate both 
the potential failure mechanisms or any possible damages on 
the DUTs and analyze their operation during the test's 
execution. For this reason, the experimental results section has 
been divided into two different subsections: the former reports 
the results of an analysis "Before-After" introduced in [30], 
while the latter reports the evaluation of particular indexes 
devoted to the exploration of the DUT's behaviors under the 
excitations. . Also if the DUT is factory calibrated, to eliminate 
residual gain and offset errors due to the final installation and 
soldering on development board, an initial 6-point tumble 
sensor calibration has been taken into account according to 
[31]. 

  

a) Before and After analysis 

 
According to Fig.3, the accelerometers' output and the 

gyroscopes of devices under test have been acquired during 
quiet zones of equal length before and after applying excitations 
described in section III.  

From one hand, this test aims to verify the impact of the 
proposed excitation on the DUTs. Generally, the test can report 
unwanted inducted miscalibration on the sensors after the test 
or permanent damages.   

The outcome of these analyses is extremely important. 
Indeed, the evidence that no critical influences are exhibit after 
the tests reveal that the analysis during the test zones (reported 
in the following subsections) has significance. At the same 
time, the "Before-After" analysis can show how much DUTs 
are reliable in terms of any potential failure mechanisms or any 
possible damages during the entire experimental test.  

For example, Table IV reports, for the three DUTs, the mean 
and standard deviation of acquisitions before and after the 
testing zone for SC 1 (see Table III). In particular, for the sake 
of brevity, the results related to the accelerometer sensors when 
the excitation is applied on the x-axis are reported. 

According to Table IV, and better represented in Fig. 7, the 
observed full compatibility (from a measurement point of view) 

 

 Fig. 5. Complete testbed developed for this project, including the 
vibration testing system, the device under test, and the acquisition
system. 

Fig. 6. Test Condition SC2: Vibration profile generated by the shaker 
and measured by the control accelerometer mounted on the table. 
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among all the "before" and "after" conditions for all the 
repetitions and sensors considered indicates two principal 
aspects: i) the tests have not influenced the devices operativity, 
ii) non-miscalibration phenomenon (i.e., a changing of the 
mean value) has been observed during all the tests.  

More in detail, Fig. 7 reports the error plots of the DUT#1 x-
axis, extracted from Table IV. In particular, the comparison of 
the measurements relative to the single repetition can be easily 
evaluated by analyzing the blue lines (relative to the zone before 
the SC1 test) the red lines (relative to the zone after the SC1 
test).  
Similar results have been obtained considering both the 
excitation on the y and z axes and the other Service Conditions 
(SC2, SC3, and SC4).  

The same approach has been considered for the gyroscope 
sensors, obtaining the full compatibility of measurements. 

b) Test zone 

The test zone has considered different indexes introduced in 
[30] to evaluate unwanted sensitivity phenomena on axes 
different from excited ones. For this reason, Rejection Ratios 
(RRi,j) and Spurious response Ratios (SRi,j) for the three axes of 
the sensors during the test have been evaluated according to the 
equation proposed in [30] and reported below: 
 

, 20 ∙ log ,

,
 (1) 

 

, 20 ∙ log ,

,
 (2) 

Where i indicates the not excited (accelerometer or gyroscope) 
axis, j denotes the excited accelerometer axis, RMSi,TZ and 
RMSj,TZ, the RMS values estimated in the test zone for the i and 
j axes, and RMSi,BZ, the RMS value estimated in the zone before 
the test, for the i axis. 
As a consequence, RRi,j describes the rejection ratio of the i axis 

when the excitation is applied on the j axis whereas, SRi,j 
provides the ratio between the spurious response of the DUT on 
the considered axis concerning the expected value (i.e., the 
quiet zone value).  

Besides, due to the nature of the new test plan proposed, 
which consists of a sine vibration at a single frequency 
belonging to a particular scenario related to the slow movement 
of suspended masses in vehicles, with the addition of random 
vibration, the Signal to Noise Ratio (SNR) has been evaluated 
with and without the random vibration introduced in the SC 
conditions.  

- RRi,j and SRi,j 

Starting from the ,  index analysis, Table V reports these 
values calculated for the SC1 during the test zone. 
 In particular, to prove that tests results are consistent 
throughout the "Test Zone" five repetitions for the three DUTs 

Table IV. "Before- After" analysis for the three axes of the accelerometer sensors when the excitation is applied on the x-
axis. 

  

X-axis [g] Y-axis [g] Z-axis [g] 

Before Test After Test Before Test After  Test Before Test After Test 
mean std mean std mean std mean std mean std mean std

DUT#1 

0,0013 0,0017 0,0013 0,0017 -0,0003 0,0019 -0,0003 0,0019 -0,0003 0,0019 -0,0003 0,0019
-0,0002 0,0144 -0,0005 0,0139 0,0006 0,0017 0,0003 0,0017 0,0006 0,0017 0,0003 0,0017
-0,0008 0,0016 -0,0006 0,0016 0,0007 0,0021 0,0008 0,0020 0,0007 0,0021 0,0008 0,0020
0,0005 0,0017 0,0005 0,0017 -0,0007 0,0019 -0,0006 0,0018 -0,0007 0,0019 -0,0006 0,0018
0,0008 0,0134 0,0006 0,0134 0,0018 0,0017 0,0015 0,0017 0,0018 0,0017 0,0015 0,0017

DUT#2 

-0,0004 0,0016 -0,0001 0,0016 0,0001 0,0020 0,0002 0,0020 0,0001 0,0020 0,0002 0,0020
-0,0012 0,0017 -0,0012 0,0017 0,0001 0,0019 0,0001 0,0019 0,0001 0,0019 0,0001 0,0019
-0,0004 0,0139 -0,0006 0,0124 0,0011 0,0017 0,0008 0,0017 0,0011 0,0017 0,0008 0,0017
-0,0003 0,0017 -0,0004 0,0017 -0,0006 0,0020 -0,0006 0,0021 -0,0006 0,0020 -0,0006 0,0021
-0,0001 0,0017 -0,0001 0,0017 0,0011 0,0019 0,0011 0,0019 0,0011 0,0019 0,0011 0,0019

DUT#3 

0,0010 0,0125 0,0006 0,0125 -0,0002 0,0017 -0,0002 0,0017 -0,0002 0,0017 -0,0002 0,0017
-0,0005 0,0017 -0,0001 0,0017 0,0002 0,0021 0,0003 0,0073 0,0002 0,0021 0,0003 0,0073
-0,0009 0,0017 -0,0009 0,0017 -0,0001 0,0019 -0,0002 0,0019 -0,0001 0,0019 -0,0002 0,0019
0,0004 0,0126 0,0003 0,0120 -0,0002 0,0017 -0,0003 0,0017 -0,0002 0,0017 -0,0003 0,0017

-0,0005 0,0017 -0,0006 0,0017 -0,0002 0,0072 -0,0003 0,0021 -0,0002 0,0072 -0,0003 0,0021

 

Fig. 7. Test Condition SC1: Error Bar for the analysis "Before 
- After" of DUT#1 when the excitation is applied on the x-

axis, and the accelerometers sensors are involved. 
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have been reported, and the excitation on the three different 
axes have been considered. Ideally, the RRi,j should tend to 
infinite, representing the ideal case where the excitation 
provided on an axis does not influence the non-excited axis 
considered for the analysis. 
The analysis of Table V can draw many results:  

 with except for one case (i.e., DUT#2, Rep. 2), 
whatever be the DUT and , , the achieved results 
show good repeatability;  

 all DUTs generally show a non-ideal behavior in 
terms of cross-sensitivity for some couples of axes. 

This can be imputable to their internal structure, 
which cannot perfectly avoid the partition of 
mechanical stress on a not excited axis;  

 as for DUT#1, the worst performance is observed for 
RRy,x and for RRy,z which means that the y-axis is the 
most sensitive to vibrations applied on the other axes 
(x and y, respectively); 

 as for DUT#2, the worst performance is observed for 
RRy,x, and for RRx,z, which means that both the y-axis 
and the x-axis are the most sensitive to vibrations 
applied on the other axes (x and z, respectively);  

 as for DUT#3, the worst performance is observed for 
RRx,z and for RRy,z, which means that the excitation 
on the z-axis brings to the highest cross-sensitivity 
concerning the other axes;  

 The different behaviors among the DUTs in terms of 
RRi,j values (for a given couple of i,j they show 
different values of RRi,j) and of couples of axes 
showing the worst performance can be due to the 
intrinsic features' dispersion of the considered low-
cost DUTs. 

The results reported in Table V consider only the SC1 test for 
accelerometers, but similar behaviors can be drawn for the SC2, 
SC3, and SC4 tests and gyroscope sensors. Comparing the 
behaviors obtained for different SC, it reveals a weak influence 
of the particular SC main frequency on RRi,j, as also proved by 
Fig. 8-9. More in detail, these figures report the mean values of 
the RRi,j together with the corresponding standard deviations 
calculated over the five repetitions for DUT#1, and for each SC 
considering respectively accelerometer in Fig. 8 and gyroscope 
in Fig. 9.  

Similar results have been achieved in the case of DUT #2 and 
DUT #3. 

As for the analysis of the ,  , such a figure of merit poses 
the focus on the spurious rejection ratio among the measures 
regarding the quiet zone before each SC test zones and SC test 
zones for the non-excited axes. This index should be ideally 
zero, representing the scenario in which applying the excitation 
on a particular axis j, it does not influence the ratio among the 
measured RMS value of a non-excited axis i, evaluated before 
and during the stimulus's application.  
Table VI reports the SRi,j indexes for the SC1 condition for the 
three DUTs and five repetitions. Looking at the results 
achieved, some considerations can be drawn: 

 the first and the last column of Table VI, 
representing the evaluation of the spurious rejection 
analysis for the y-axis when excitation is applied on 
the x-axis and the z-axis, respectively, reveals to be 
the worst case. Therefore, once again, the lower 
rejection ability of the y-axis seems to be confirmed; 

  with except for some cases (i.e., DUT#2-Rep.2 and 
DUT3#-Rep.1, and DUT#3-Rep.5), whatever be the 
DUT, the achieved results show good repeatability;  

 Again, the differences among the DUTs in terms of 
SRi,j can be imputable to the intrinsic features' 
dispersion of the considered low-cost DUTs. 

Similar results have been obtained for the other SCs in the case 
of the accelerometer sensors, as showed in Fig. 10. In such a 
case, the similar behaviours obtained among the different SCs 

Fig. 8 Bar graph of the mean value of the RRi,j indexes over all the 
repetitions for the different SC conditions (accelerometer of DUT#1 is 

involved). 

Table V. Rejection ratios for the three axes of the 
accelerometer sensors for the SC1 test. 

DUT   Rep. 
RRyx 
[dB] 

RRzx

[dB]
RRxy 
[dB] 

RRzy 
[dB] 

RRxz

[dB]
RRyz 
[dB]

DUT 
#1 

Rep.1 0,2 22,3 32,9 26,6 25,6 0,2

Rep.2 0,0 22,4 32,9 26,6 25,6 0,2

Rep.3 0,1 22,2 32,9 26,6 25,7 0,2

Rep.4 0,1 22,3 33,0 26,7 25,8 0,5

Rep.5 0,0 22,4 33,1 26,8 25,8 0,2

DUT 
#2 

Rep.1 2,9 27,2 22,7 55,6 6,5 52,1

Rep.2 3,0 27,3 22,3 46,1 8,7 22,4

Rep.3 3,2 27,3 22,1 55,5 7,1 49,5

Rep.4 3,0 27,3 22,0 57,5 5,2 49,3

Rep.5 3,1 27,3 21,9 57,8 4,8 52,8

DUT 
#3 

Rep.1 7,6 23,5 33,4 32,7 2,6 0,5

Rep.2 7,3 23,5 33,8 32,8 2,7 0,5

Rep.3 6,8 23,4 33,9 32,9 2,8 0,4

Rep.4 6,9 23,5 33,5 32,9 2,9 0,3

Rep.5 6,6 23,4 34,1 32,8 2,9 0,4
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reveal a low influence of the particular SC's main frequency on 
SRi,j.  
As for the gyroscope sensors, Fig. 11 shows how the behavior 
is less regular concerning the accelerometer sensors. Indeed, in 
the case of SRy,x and SRz,x, such values are weakly influenced by 
the considered SC (i.e., main frequency of the vibration), 
whereas in the other cases (SRx,y, SRz,y, SRx,z and SRy,z) either 
SC3 or SC4 show higher values.  

These results can be imputable to the gyroscope's intrinsic 
features: indeed, typically, they are devoted to measure only the 
rotational rate; however, in a real scenario, gyroscopes exhibit 
sensitivity to acceleration mostly due to the asymmetry of their 

micromachining inaccuracies and mechanical designs. These 
facts lead to significant sensitivity to linear acceleration and 
vibration rectification, representing the largest error source. 
More importantly, low-cost gyroscopes are often not optimized 
for vibration rejection since they are generally designed using 
compact and straightforward mechanical systems. In addition 
gyroscopes are prone to drift, representing an additional error 
source. This phenomenon is mainly due to two causes: a slow-
changing, named bias instability and a higher frequency noise 
variable reported in scientific literature as Angular Random 
Walk (ARW) [42]. 

- SNR 

This test aims to compare the Signal to Noise Ratio (SNR) 
indexes calculated during the SC test zones and the one 
calculated considering only the single sine vibration (without 
the addition of the random noise vibration in the range 200 Hz 

Table VI. Spurious Rejection ratios for the three axes of 
the accelerometer sensors for the SC1 test. 

DUT Rep. 
SRy,x 

[dB] 
SRz,x 

[dB] 
SRx,y 
[dB] 

SRz,y 

[dB] 
SRx,z 

[dB] 
SRy,z 

[dB]

DUT 
#1 

Rep.1 52,8 30,7 23,4 29,8 27,7 53,1 

Rep.2 52,5 30,1 23,2 29,5 27,4 52,8 

Rep.3 52,2 30,1 23,0 29,3 26,6 52,1 

Rep.4 53,0 30,9 23,4 29,8 28,5 53,2 

Rep.5 
51,2 28,9 22,8 29,0 25,9 51,4 

DUT 
#2 

Rep.1 50,0 25,7 35,7 37,5 42,7 43,2 

Rep.2 49,9 25,6 36,1 37,5 40,9 41,6 

Rep.3 48,6 24,4 36,1 37,2 34,1 45,4 

Rep.4 49,6 25,4 34,9 35,6 36,8 48,4 

Rep.5 
49,7 25,5 36,8 37,3 36,8 48,5 

DUT 
#3 

Rep.1 45,4 29,4 23,5 24,1 37,9 40,0 

Rep.2 45,5 29,3 22,9 23,9 38,6 50,8 

Rep.3 45,8 29,2 23,0 24,0 38,8 51,1 

Rep.4 46,3 29,7 23,8 24,4 38,5 51,1 

Rep.5 
46,5 29,7 22,9 24,2 39,7 42,3 

Fig. 9 Bar graph of the mean value of the RRi,j indexes over all the  
repetitions for the different SC conditions (gyroscope of DUT#1 is 

involved) 

Fig. 11 Bar graph of the mean value of the SRi,j indexes over all the 
repetitions for the different SC conditions (gyroscope of DUT#1 is 

involved). 

Fig. 10 Bar graph of the mean value of the SRi,j indexes over all the 
repetitions for the different SC conditions (accelerometer of DUT#1 

is involved). 
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– 2000 Hz). 
According to the Nyquist criterium, the DUT under test, 

selecting an output data rate (ODR) of 119 Hz, applies a low 
pass filter with a cut-off frequency of 50 Hz for both the 
gyroscope and accelerometer. The introduction of the low poss 
filter with the reported specification is fundamental to avoid the 
aliasing phenomena.  
Consequently, this filter should eliminate the noise above the 
Nyquist frequency, mixed down into the baseband, and 
improving the SNR. 

To evaluate the SNR on each acquisition, a MATLAB built-
in function (snr) available in the Signal Processing Toolbox has 
been employed. This function is able to calculate the signal's 
spectrum and automatically labels its main features as the 
fundamental component, the DC value, the harmonics, and the 
noise.  
The SNR analysis leads to evaluate its variation with and 
without random noise on a defined sine vibration (the main 
component of SC1, SC2, and SC3 condition, respectively 5 Hz, 
10 Hz, and 15 Hz). These indications can qualify the sensors' 
ability to reject the vibration noise above the Nyquist frequency 
that, due to the nature of the DUTs (internal LPF with a cut-off 
frequency of 50 Hz in the proposed setup), should be irrelevant. 
To be valid, this analysis must be done on accelerometers' 
signal acquired on the same axes of the excitations. 
Table VII reports the achieved results by comparing the 
reference SNR (achieved when no random vibration is applied) 
against the SNR achieved in the case of random vibration 
superimposed to the sinusoidal one in the case of SC 1 and all 
DUTs.  

c) Discussion of the experimental results  

Looking at results obtained from the previous subsections, the 
following considerations can be drawn: 
 Since the SNRs values significantly decrease concerning the 

reference ones, it proves how the real behaviour of the 
antialiasing LPF filter allows be sensitive to unexpected 
contributions at low-frequency even if the random 
vibrations have been generated in the frequency range 200 
Hz-2000 Hz (which is higher than the filter cut-off 
frequency); 

 the SNR calculation over all the DUTs considering the 
different repetitions and the excited axis, respectively, show 
good repeatability (over the 5 repetitions) whatever be the 
DUT and the axis considered; 

 according to the behaviours revealed with RRi,j, and SRi,j 
also, in this case, the SNR indexes calculated for the y-axis 
during its excitation is smaller concerning the other ones, 
representing the lowest immunity (i.e., the higher 
sensitivity) to the random noise. 
 

Similar behaviours have been achieved in the case of SC2 
and SC3, as shown in Fig. 12, where the mean values of the five 
repetitions of the SNR have been reported for all the SCs with 
respect to the reference SNR, in the case of DUT#1. In 
particular, whatever be the SC, an SNR decreasing (concerning 
the reference one) is clearly observable. 
Finally, similar behaviours have been achieved for DUT#2 and 
DUT#3. 

V. CONCLUSIONS 

In this paper, starting from standard procedures and test plans 
coming from international normative framework, we have 
proposed a new test plan for IMU devices commonly employed 
in terrestrial vehicles. Moreover, the paper proposes some 
figures of merit which allows analysing several indexes related 
to the performance of low-cost commercial IMUs. The main 
goal is to highlight the cross-axes sensitivity of the gyroscope 

Table VII. Reference SNR (SC1 condition without random 
vibrations) and SNR for the three axes of the accelerometer sensors 

for the SC1 condition. 

DUT 
  

Rep. 
SNRx 

[dB] 

Reference 
SNRx  

[dB] 

SNRy 

[dB]

Reference 
SNRy  

[dB] 

SNRz 

[dB] 

Reference
SNRz  

[dB]

DUT 
#1 

Rep.1 13,3 

27,8 

7,1 

30,1 

12,0 

28,5 

Rep.2 13,6 7,3 12,3 

Rep.3 13,4 7,1 11,7 

Rep.4 13,7 7,2 12,1 

Rep.5 13,3 7,1 11,7 

DUT 
#2 

Rep.1 10,8 

27,3 

2,3 

28,5 

11,8 

26,2 

Rep.2 10,8 2,4 12,3 

Rep.3 11,0 2,6 12,2 

Rep.4 11,1 2,5 12,3 

Rep.5 11,0 2,4 11,8 

DUT 
#3 

Rep.1 9,2 

26,2 

5,2 

25,7 

9,4 

27,3 

Rep.2 9,9 5,1 9,8 

Rep.3 9,9 5,1 9,8 

Rep.4 10,1 5,0 9,8 

Rep.5 10,2 5,0 9,9 

Fig. 12 Bar graph of the mean value of the SNR over all the 
repetitions for the different SC1, SC2, SC3 conditions and reference 

(accelerometer of DUT#1 is involved). 
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and accelerometer included in inertial platforms. Thus, the 
evaluation of Rejection Ratio (RRi,j) and Spurious Rejection 
Ratio (SRi,j) have been introduced, revealing significant non-
ideality of the sensors. 

Moreover, the Signal to Noise Ratio (SNR) analysis among 
the different working conditions revealed the non-ideality of the 
antialiasing LPF filters in such a low-cost device. Therefore, its 
non-ideality can mine the reliability of measurements made by 
these kinds of platforms.  

Besides the definition of an original test plan and a testing 
procedure, the achieved results are useful also for suggesting to 
take into account such non-idealities, thus pushing in design 
suitable data processing and digital filtering techniques, to be 
applied in real applications, to improve the measurement data's 
overall reliability, which in turn, could generally feed further 
algorithms like positioning ones. 

. 
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