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Abstract—This paper presents a prioritizable Inertial Measure-
ment Unit (IMU) array, referred to as the Prio-IMU, which is a
systematic approach to mitigate the problem of insufficient sen-
sor’s Full-Scale Range (FSR) and bandwidth, in the case of foot-
mounted Inertial Navigation Systems (INS). The Prio-IMU inte-
grates multiple IMUs with different sensor characteristics, aligns
all the sensor measurements to a universal coordinate frame, and
prioritizes the usage of each integrated sensor based on different
scenarios. We developed a Prio-IMU prototype integrating two
IMUs (ICM-20948 and ICM-20649) and a 3-axis accelerometer
(ADXL375) and conducted a series of pedestrian navigation
experiments involving walking and running. We observed that
during the heel-strike phases of running activity, accelerometer
and gyroscope measurements as large as 70 [gravity (g)] and 2600
[degree per second (dps)] could be picked up by the developed
Prio-IMU prototype. The experimental results showed that the
navigation accuracy of the Zero-velocity-UPdaTe (ZUPT)-aided
INS using the proposed Prio-IMU was improved by 79% and
82% along the horizontal and vertical directions, as compared to
the case of using a single IMU.

Index Terms—IMU Array, ZUPT, Inertial Navigation

I. INTRODUCTION

Development of universal pedestrian navigation systems
can enable multiple critical applications, including contact
tracing, asset monitoring, and firefighter localization. Systems
designed for these purposes need to operate in extreme sce-
narios, where the Global Navigation Satellite Systems (GNSS)
have degraded performance, visibility is poor due to smoke and
airborne particles, and Radio-Frequency (RF) infrastructures
are not accessible [1]. Foot-mounted Inertial Measurement
Units (IMU) have been considered a core technology in
such universal navigation systems, as inertial sensors provide
self-contained measurements, and foot-mounted configurations
allow for enhancing a strapdown Inertial Navigation System
(INS) with a Zero-velocity UPdaTe (ZUPT) algorithm, which
significantly reduces accumulated navigation errors inherent
in an INS by periodically resetting velocity errors during the
stance phase of a human gait cycle [2]. The ZUPT-aided INS
in the case of walking has been analytically predicted and
experimentally demonstrated to have a positioning error of
less than 1% of traveling distances [3].

It is, however, still challenging for the ZUPT-aided INS to
maintain the same level of accuracy as the case of walking
while performing other common pedestrian activities, such as
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Fig. 1. Concept of the proposed Prioritizable IMU array (Prio-IMU).

running, crawling, or jumping [4]. The degraded navigation
performance in the case of non-walking activities is a result
of several factors, including increased difficulties in robust
stance phase detection, increased residual velocities during the
stance phases that lead to unmodeled errors, and increased
demands in inertial sensor’s Full-Scale Range (FSR) and
bandwidth. Many approaches have been developed to address
these difficulties [5]–[7], and this paper focuses on addressing
the problem of sensor’s insufficient FSR and bandwidth. While
performing non-walking activities, foot-mounted sensors have
been shown to experience forces that generate accelerations
and angular velocities exceeding 40 [gravity (g)] and 2000
[degree per second (dps)] during the toe-off and heel-strike
phases in a gait cycle [8]. These forces can saturate many
high-performance Commercial-Off-The-Shelf (COTS) IMUs,
degrading the accuracy of the ZUPT-aided INS.

Previous work on mitigating the problem of insufficient
sensor FSR and bandwidth in foot-mounted IMUs attempted
different approaches. In [9], the research group modified
the ZUPT-aided INS algorithm by applying zero position
change during heel strike phases and adjusting estimation error
covariance matrices. In [10], an additional IMU mounted on
the calf of a human was used to assist a foot-mounted IMU. In
[8], an expensive high-performance IMU with a large sensor
FSR was used to train a machine learning model that predicts
saturated accelerometer measurements based on identification
of saturated periods. The predictions were used to reconstruct
saturated accelerometer measurements of a low-cost IMU. In
[11], an IMU array integrating multiple identical IMUs was
developed, and the measurement range of angular velocities
could be extended by a Maximum Likelihood Estimation



(MLE) approach. Although these approaches were shown to
improve navigation accuracy, they did not universally address
the problems of both insufficient FSR and bandwidth of foot-
mounted inertial sensors operating in the case of pedestrians
performing violent activities.

This paper reports a prioritizable IMU array (Prio-IMU),
a systematic approach utilizing multiple different IMUs to
mitigate the impact of insufficient sensor FSR and bandwidth
on ZUPT-aided INS using foot-mounted IMUs. Fig. 1 illus-
trates the concept of the proposed Prio-IMU. The Prio-IMU
integrates readings from multiple IMUs, each with different
sensor FSRs and noise characteristics. The approach utilizes
the properties that an IMU with good noise characteristics usu-
ally comes with a trade-off of low sensor FSR and bandwidth,
and vice versa. In scenarios when the system experiences large
accelerations and angular velocities, utilizing a sensor with
great noise performance but insufficient FSR could lead to
a larger navigation error, as compared to a sensor with poor
noise performance but sufficiently high FSR.

II. APPROACH

In the proposed Prio-IMU, each IMU in the system needs
to be aligned to a universal coordinate system so that all
the units measure similar physical quantities of accelerations
and angular velocities. This section describes a sensor model,
discusses the alignment of multiple IMUs, and presents a
mechanism to prioritize the usage of different IMUs.

A. Sensor model

The proposed Prio-IMU considers N calibrated IMUs
mounted on different locations of a rigid body, such as a
Printed Circuit Board (PCB). An IMU calibration process
includes identifying errors in the sensor’s scale factors, cross-
axis sensitivities, and turn-on biases, and the procedure could
be done with an estimation algorithm using self-measurements
[12] or through external equipment, such as a shaker or a
rate table [13]. The ith IMU of the Prio-IMU is characterized
by eight different metrics, including accelerometer’s FSR, Fi

a,
bandwidth, Bi

a, Velocity Random Walk (VRW), σi
a,N, and bias

instability, σi
a,B, and gyroscope’s FSR, Fi

g, bandwidth, Bi
g,

Angular Random Walk (ARW), σi
g,N, and bias instability, σi

g,B.
The N IMUs can be chosen such that the characterization
metrics satisfy the following conditions:

∀i > 0 and i < j < N,Fi
a ≤ Fj

a ,Bi
a ≤ Bj

a , σ
i
a,N ≤ σj

a,N,

σi
a,B ≤ σj

a,B,Fi
g ≤ Fj

g,Bi
g ≤ Bj

g, σ
i
g,N ≤ σj

g,N, σ
i
g,B ≤ σj

g,B.

The Prio-IMU produces a single measurement vector at
time k, denoted as uk, by prioritizing the measurements
collected by one of the IMUs integrated into the system. The
prioritization mechanism is discussed in Section II-C. A Prio-
IMU measurement vector uk includes accelerometer readings,
ak, and gyroscope readings, ωk, along the three axes. ak and
ωk are modeled as follows:

ak = āk + b̄a,k + na,k,ωk = ω̄k + b̄g,k + ng,k, (1)

where āk and ω̄k are the true accelerations and angular
velocities that are not measurable, b̄a,k and b̄g,k are unknown
accelerometer and gyroscope time-varying stochastic biases,
and na,k and ng,k are accelerometer and gyroscope white noise
components, modeled as zero-mean Gaussian with standard
deviations of σa,N,k and σg,N,k, respectively.

B. Alignment of Multiple Inertial Sensors

This paper denotes uii
k as a measurement vector collected

by the ith calibrated IMU at time k and expressed in the
sensor’s own body frame. uii

k =
[
aii
k ,ω

ii
k

]⊤
, where aiik and

ωii
k represent accelerometer and gyroscope readings along the

three axes, respectively. The acceleration and angular velocity
measured by the ith IMU can also be expressed in the body
frame of the jth IMU, denoted as uij

k =
[
aij
k ,ω

ij
k

]⊤
.

Angular rates of ωii
k and ωij

k have the following relation-
ships:

ωij
k = Tj

iω
ii
k , (2)

where Tj
i is a Direct Cosine Matrix (DCM) transforming the

body frame of ith IMU to the body frame of the jth IMU.
Acceleration of aii

k and aijk have the following relationships:

aij
k = Tj

iaii
k + [ωij

k ]×([ω
ij
k ]×rji ) + [ω̇ij

k ]×rji . (3)

In (3), ω̇ij
k is angular acceleration, [x]× represents the skew-

symetric matrix of a vector x, and rji represents the position
of the ith IMU in the body frame of the jth IMU. The
terms [ωij

k ]×([ω
ij
k ]×rji ) and [ω̇ij

k ]×rji in (3) correspond to the
centrifugal force and the Euler force, respectively.

The DCM Tj
i and the position vector rji in (2) and (3) are

unknown and assumed to be time-independent values. In this
paper, we followed the estimation algorithm discussed in [11]
to determine the relative geometry Tj

i and rji between two
IMUs. Additionally, the angular acceleration ω̇ij

k is calculated
by taking the difference between two consecutive gyroscope
measurements. That is, ω̇ij

k = (ωij
k − ωij

k−1)/dt, where dt is
the sampling rate of the IMU. In this paper, we aligned all
IMUs to the body frame of the 1st IMU, which has the best
noise performance and lowest FSR and bandwidth.

C. Prioritization Mechanism

At time k, the proposed Prio-IMU chooses the accelerome-
ter measurements collected by the IMU with the best noise
performance among the IMUs that do not have saturated
accelerometer measurements. The accelerometer white noise
component na,k in (1) follows the noise characteristics of the
chosen IMU. The choice mechanism can be mathematically
expressed as follows:

ak = an1k , σa,N,k = σn
a,N, (4)

where
n = min{j | ∀1 ≤ i < j ≤ N, |ai1k | ≥ Fi

a and |ai1k | < Fi
a}.

With the nth IMU being chosen, this paper also estimates the
time-varying accelerometer biases b̄a,k in (1). The estimated
bias, denoted as ba,k, is updated at each time step as

ba,k = bn1
a,k, (5)



where bij
a,k represents the estimated accelerometer stochastic

time-varying bias of the ith IMU expressed in the body frame
of the jth IMU. In our Prio-IMU, the stochastic biases bij

a,k
of the accelerometer of the ith IMU are estimated based on
unsaturated accelerometer measurements collected by the IMU
with the best noise performance. At each timestamp k, bij

a,k is
estimated as follows:

bij
a,k = aij

k−1 − (alj
k−1 − blj

a,k−1), (6)

where lth IMU is chosen such that

l = min{m | ∀1 ≤ m ≤ i, |amm
k−1| ≤ Fm

a }.

A result of (6) is that b11
a,k = 0. This result was intended as

the 1st IMU of the Prio-IMU has the lowest bias instability,
and the available information from the other IMUs does not
allow a more accurate estimation of the bias than zero.

The gyroscope readings of the proposed Prio-IMU, ωk, are
obtained with similar procedures discussed in (4)-(6).

III. EXPERIMENTAL VALIDATION

A. Experimental Setup

To demonstrate the proposed Prio-IMU, we developed a
Prio-IMU prototype, shown in Fig. 2. The current implemen-
tation of the system integrates a Teensy 4.0 microcontroller
with an ICM-20948 6-Degree of Freedom (DoF) IMU, an
ICM-20649 6-DoF IMU, and a 3-DoF ADXL375 accelerom-
eter. Serial Peripheral Interface (SPI) communication protocol
was used to communicate with all three sensors, and the
sampling rate of the system was programmed at 1800 [Hz].
We experimentally characterized the three sensors, and the
characteristics and the Allan deviation plots of each sensor
are shown in Fig. 2.

Fig. 3 presents profiles of accelerometer and gyroscope
measurements collected by the Prio-IMU prototype during the

ICM20948

ICM20649

ICM20948

ICM20649

ADXL375

ICM-20948
Accelerometer
- FSR: 16 [g]
- BW: 473 [Hz]

- 𝜎𝑎,𝑁: 230 [
μg

Hz
]

- 𝜎𝑎,𝐵: 0.1 [mg]
Gyroscope
- FSR: 2000 [dps]
- BW: 361.4 [Hz]

- 𝜎𝑔,𝑁: 0.015 [
dps

Hz
]

- 𝜎𝑔,𝐵: 0.0019 [dps]

ICM-20649
Accelerometer
- FSR: 30 [g]
- BW: 473 [Hz]

- 𝜎𝑎,𝑁: 285 [
μg

Hz
]

- 𝜎𝑎,𝐵: 0.15 [mg]
Gyroscope
- FSR: 4000 [dps]
- BW: 361.4 [Hz]

- 𝜎𝑔,𝑁: 0.0175 [
dps

Hz
]

- 𝜎𝑔,𝐵: 0.0061 [dps]

ADXL375
Accelerometer
- FSR: 200 [g]
- BW: 1600 [Hz]

- 𝜎𝑎,𝑁: 5000 [μg/√Hz]
- 𝜎𝑎,𝐵: 0.4 [mg]

Shoe 
fixture

Microcontroller 
Teensy4.0

ICM-20948
IMU 

(Low FSR)

ADXL375
Accelerometer

(High FSR)

ICM-20649
IMU

(Medium FSR)

FrontBack

Fig. 2. A prototype of the proposed Prio-IMU and the characteristics of the
deployed sensors.
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Fig. 3. Profiles of accelerometer and gyroscope measurements collected by
the Prio-IMU prototype.

heel-strike phase of a running experiment. We could observe
that the accelerometers of both ICM-20948 and ICM-20649
were saturated while the measurements of the ADXL375
were below the sensor accelerometer FSR of 200 [g]. It was
also observed in Fig. 3 that the gyroscope measurements
of the ICM-20948 were saturated at 2000 [dps] while the
measurements of ICM-20649 peaked at around 2600 [dps].

B. Experimental Results

To validate the navigation performance of the proposed
Prio-IMU, we conducted a series of 10 sets of pedestrian
indoor navigation experiments at the University of California,
Irvine. In each trial, a subject first walked a straight line for
around 45 [m] at a pace of around 80 [steps per minute
(spm)] and then ran a straight line for 42.8 [m] at a pace
of around 180 [spm]. The total trajectory length was 87.8
[m]. We compared the navigation performance of the ZUPT-
aided INS using four different configurations of the Prio-IMU
prototypes. Each configuration used a unique combination of
the three inertial sensors shown in Fig. 2. In this paper, we
implemented the ZUPT-aided INS in an Extended Kalman
Filter (EKF) framework with the Stance Hypothesis Optimal
dEtection (SHOE) detector [3], [14]. Two fixed thresholds
for the SHOE detector were determined, one for the case of
walking and the other for running, such that the navigation
errors were minimized.

Fig. 4 presents the experimental results using the four
different configurations. We used the horizontal Root-Mean-
Square-Errors (2D RMSEs), Circular Error Probables (CEPs),
and vertical (⊥) RMSEs to evaluate each navigation solution.
We could observe that Configuration 4, where all three sensors
on the Prio-IMU prototype were used, had the minimum
navigation errors, as compared to the other configurations.
The experimental results proved that it is beneficial to use
the proposed Prio-IMU to improve navigation accuracy in the
case of foot-mounted IMUs.

Two remarks can be made on the developed Prio-IMU
prototype. First, the quality of the Prio-IMU measurements
was sensitive to errors in alignments of multiple IMUs. In
our current approach, aligning the accelerometers of different
IMUs, as discussed in (3), involved compensation of the
centrifugal force and the Euler force, which required infor-
mation of relative position vectors between each integrated
IMU. The positions were results of algorithmic estimation
with uncertainties. Moreover, the angular accelerations in
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Fig. 4. Estimated trajectories of the experiments.

(3) were derived from gyroscope measurements by taking
the derivative, which could introduce high-frequency noise
components. One approach to reducing errors introduced by
IMU alignment is to minimize displacements between each
inertial sensor, and this could potentially be achieved through
micro-fabrication technology. Second, the three inertial sensors
integrated into the Prio-IMU prototype shown in Fig. 2 were
chosen with a consideration of flexible development. The
choice of sensors could be refined by not only increasing the
FSR and bandwidth but also optimizing the noise performance
of a particular axis of an accelerometer or gyroscope. For
example, integrating an ultra-low-noise z-axis gyroscope could
reduce the unobservable yaw angle errors in the ZUPT-aided
INS, increasing the long-term navigation accuracy.

IV. CONCLUSION

This paper presents a Prio-IMU, a systematic approach
utilizing multiple IMUs to simultaneously increase sensor FSR
and bandwidth while maintaining great noise performance.
We developed a Prio-IMU prototype integrating three different
inertial sensors, and the experimental results involving walking
and running showed that both the horizontal and vertical
RMSEs of the ZUPT-aided INS using the Prio-IMU prototype
were improved by 79% and 82%, as compared to the case
of using a single ICM-20948 IMU. The approach showed a
method for resolving trade-offs in selection of inertial sensors
for foot-mounted IMUs in pedestrian navigation scenarios.
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