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Abstract: In this paper, we analyze the performance of a positioning system based on the fusion of
Ultra-Wideband (UWB) ranging estimates together with odometry and inertial data from the vehicle.
For carrying out this data fusion, an Extended Kalman Filter (EKF) has been used. Furthermore,
a post-processing algorithm has been designed to remove the Non Line-Of-Sight (NLOS) UWB
ranging estimates to further improve the accuracy of the proposed solution. This solution has been
tested using both a simulated environment and a real environment. This research work is in the scope
of the PRoPART European Project. The different real tests have been performed on the AstaZero
proving ground using a Radio Control car (RC car) developed by RISE (Research Institutes of Sweden)
as testing platform. Thus, a real time positioning solution has been achieved complying with the
accuracy requirements for the PRoPART use case.

Keywords: UWB; extended Kalman filter; dynamic tests; high velocity; autonomous vehicle; RC car;
precise positioning; real outdoor environment

1. Introduction

Currently, the vehicle industry is focusing on developing autonomous vehicles in order to improve
driving safety and efficiency. For optimal operation, an autonomous vehicle requires to know with
a high accuracy its global position. Traditionally, this issue has been covered by Global Navigation
Satellite Systems (GNSS) in combination with odometry and inertial data of the vehicle. The result
of this data fusion under good GNSS conditions is a significantly reliable and accurate positioning
system [1].

However, there are certain environments where GNSS signal reception is limited or impossible,
compromising the positioning and navigation of autonomous vehicles. Every satellite system needs,
among other requirements, an unobstructed Line-of-Sight (LOS) to four or more satellites in order
to provide an enough accurate positioning solution. In some environments, such as urban canyons
or tunnels, this can be a great challenge, since the satellite signals need to overcome numerous obstacles
before reaching the vehicle’s receiver. When GNSS signals are not available, the positioning is only
based on the vehicle’s inertial and odometry data [2]. Positioning estimates based on odometry and
inertial estimates have a tendency to drift with time, increasing the positioning error. Therefore, if GNSS
signals are blocked during a long period of time, the vehicle’s position will be extremely inaccurate.

This unreliable performance of satellite-based positioning systems in some particular
environments generates a need for a complementary positioning system that can guarantee the
continuity of accurate positioning.
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Ultra-Wideband (UWB) [3] is one of the most promising technologies to be used as
a complementary positioning system providing accurate ranging estimates to be fused with on-board
sensors like odometers or inertial sensors. Thus, some previous work have been found with this
focus [4,5]. However, most existing UWB systems are designed for indoors positioning [6–12], and less
attention has been given to apply this technology for autonomous vehicles. Furthermore, in the case of
automated manoeuvres, as required in PRoPART project, highly accurate solution is needed working
not only outdoors but also at high speed over large distances. Although the UWB range is limited,
in the case of PRoPART several UWB nodes can be deployed on the gantry poles required for other
purposes and installed every 200 m. It can be said that other equipment such as Road Side Units (RSUs)
are required on these gantry poles to be able to do an automated maneovre. These RSUs will send the
required corrections to the Real Time Kinematic (RTK) system on-board through Vehicle-to-Everything
(V2X) communications and will use radar technology to detect if the lane is free or not before the lane
change. Thus, the developed system will permit to know if another equipped or non-equipped vehicle
is occupying the lane or otherwise if it is safe to do the manoeuvre. Hence, this use case allows us to
deploy the UWB nodes easily and without additional infrastructure to cover large distances.

Another important issue is to perform tests in a real environment because the performance of the
solution is deeply affected by the environmental conditions and surrounded objects. Hence, ad-hoc
calibration methods are required to comply with the accuracy and range requirements for an specific
scenario. To tackle the above challenges, this paper makes the following contributions:

• Equip the Road Side Units (RSUs) located aside the roads with UWB fixed nodes for redundancy
and robustness in areas where the coverage of GNSS is poor. These ranging units will allow the
automated vehicle to calculate its distance to known points on the road.

• Development of an accurate and robust positioning solution based on the data fusion of UWB
ranging estimates together with inertial and odometry data. This solution enhances the vehicle’s
positioning in those environments where the GNSS signal reception is limited or impossible.

• An Extended Kalman Filter (EKF) has been built for fusing the UWB ranging estimates with
the on-board data of the vehicle. Moreover, an algorithm for post-processing the UWB ranging
estimates has also been developed. The combination of both algorithms computes an accurate and
reliable position over time, enhancing the individual performance of the different data sources.

• Validation of the proposed solution by different tests performed in both a simulated environment
and a real environment. On the one hand, the simulations have been carried out for proving the
correct operation of the proposed solution in its initial design. On the other hand, the real tests
have been carried out on the Astazero proving ground [13] in Sweden, using a relevant setup for
the PRoPART use case. For these tests, a Radio Control car (RC car) developed by RISE (Research
Institutes of Sweden) has been used as testing platform.

• Accurate UWB sensor based on an external antenna connected through a cable to achieve a flexible
deployment of our solution. To our best of knowledge, none of the research works found in the
literature proposes such a flexible solution.

The remainder of this paper is organized as follows. In Section 2, some related work are introduced.
In Section 3, the methodology is described. The details of the implementation of our approach are
presented in Section 4. Section 5 provides the experimental results and comparison of the accuracy
and range of the UWB solution for different trajectories. Finally, the conclusions are summarized in
Section 6.

2. Related Work

2.1. Introduction

Over the past two decades there has been an increase in the research and development of
autonomous vehicle technologies. An autonomous vehicle is capable of sensing its environment
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and move with no human input. These vehicles combine a large variety of sensors to perceive their
surroundings, such as radars, lidars, ultrasonic sensors, GPS, odometry and Inertial Measurement Unit
(IMU). The information provided by these sensors combined with advanced control systems, allow the
vehicles to identify appropriate navigation paths, as well as obstacles and relevant signals [1].

2.2. Precise Outdoor Positioning

An outdoor positioning system is a system that identifies and tracks the location of objects or
people in real time in an outdoor environment. Traditionally, this global location has been provided
by a GNSS system. The GNSS data are usually combined with an Inertial Navigation Solution (INS)
in order to monitor at a high rate the exact location of the target. As previously mentioned, fusing data
from these sources can provide, under good GNSS conditions (clear view of the sky), a reliable and
accurate position.

However, there are certain environments in which the performance of GNSS systems
is compromised due to tunnels and obstacles that block the satellite signals. In these environments,
the GNSS receiver situated on the target is not able to track a sufficient number of satellites for
computing an accurate position. Or in the worst case, the GNSS receiver completely looses the signals
from all the satellites. Hence, one of the main challenges of outdoor positioning is to face the possible
interferences and signal outages of GNSS systems.

In order to overcome these situations, different positioning technologies have been studied.
One of these technologies is UWB which can be used for enhancing the positioning performance and
guaranteeing a continuity and availability in the positioning.

In the literature, several examples based on the fusion between UWB sensor-based and INS
sensor-based positioning systems can be found. This sensor fusion allows to remove or minimize the
limitations of each technology, enhancing the accuracy and reliability of the final positioning solution.

Traditionally, UWB positioning solutions have been used for tracking in indoor environments,
since the UWB radio technology is capable of providing accurate positioning information. In [6]
the indoor positioning performance of an Ultra-Wideband/Inertial Measurement Unit (UWB/IMU)
solution based on an 8-state EKF is proposed and tested in real time. The dynamic test results, carried
out in a simulated platform and also in a real indoor environment, show better performance of this
fusion than using an stand-alone UWB positioning solution. In [7], a Sage–Husa Fuzzy Adaptive
Filter (SHFAF) solution based on INS/UWB positioning is proposed for autonomous indoor mobile
robots. Their solution was validated in real time by carrying out dynamic tests in both a simulated
environment (using Gazebo simulator) and a real scenario (using a mobile robot). This approach
obtained a position estimation error of less than 20 cm in the 88.6% of the measurements. In [8] an
UWB/IMU fusion algorithm based on the EKF and Unscented Kalman Filter (UKF) was studied
for indoor navigation. The proposed Indoor Positioning System (IPS) was validated in real time
in a real environment by carrying out dynamic tests using a three wheeled omnidirectional robot.
The obtained results when applying UKF showed a mean positioning distance error of 7 cm and a
maximum positioning distance error of 21 cm.

In the last years, the literature has shown some Ultra-Wideband/Inertial Navigation System
(UWB/INS) positioning approaches for outdoor applications. In [4], an UWB/IMU integrated
navigation solution based on a EKF is presented for outdoor environments where GNSS signal
reception is limited or impossible. The proposed solution for navigating and positioning vehicles and
people was validated in a real environment by using a real vehicle moving at a speed up to 18 km/h.
For characterising the positioning performance of the UWB/IMU approach, a GNSS solution was
used as ground truth. The presented results showed a Root Mean Square Error (RMSE) positioning
distance error of around 30 cm in the best case scenario. In [5], the performance of a tightly-coupled
GPS/UWB/INS cooperative positioning scheme for vehicles based on a Robust Kalman Filter (RKF)
supported by Vehicle-to-Everything (V2X) communication is presented. The proposed solution
was dynamically tested in a real environment by using two people walking with the equipment.
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After post-processing the data, a RMSE 3D positioning distance error of around 57 cm in the best
case scenario was achieved. The results showed how the performance of the proposed sensor fusion
improve the accuracy and availability of the system in denied GPS environments.

Table 1 shows a summary of the related work. Although some UWB approaches have been found
for outdoor applications, the literature shows how UWB technology is mainly used for positioning in
indoor applications.

Table 1. Summary of the main features of the related work that propose an UWB/INS
positioning solution.

Article Outdoor
App.

Motion
App.

Sensor
Fusion

Fusion
Alg. Validation Real Time

Pos.

[6] No Yes
UWB/
IMU 8 state-EKF

Real/
Simulations Yes

[7] No Yes
UWB/

INS SHFAF
Real/

Simulations Yes

[8] No Yes
UWB/
IMU EKF/UKF Real Yes

[4] Yes Yes
UWB/
IMU EKF Real Yes

[5] Yes Yes
GPS/UWB/

IMU RKF Real No

[9] No Yes
INS/PDR/

UWB AKF Real Yes

[10] No Yes
INS/
UWB EKF Real Yes

[11] No Yes
INS/
UWB PAKF

Real/
Simulations Yes

[12] No Yes
INS/Vision/

UWB EKF Simulations Yes

[14] Yes Yes
GPS/UWB/

Bearing (V2V) EKF Real Yes

[15] Indoor/Outdoor Yes
GPS/INS/

UWB KF Real Yes

[16] Yes Yes
GPS/
UWB KF Real Yes

Different publications that propose an UWB/INS positioning solution for IPS highlight that
the performance of the UWB systems can be really affected by the environment. Depending on the
environment different sources of error, such as multipath interferences, can affect the UWB system.
Normally, in an indoor application, these kind of errors can be in somehow determined and mitigated
beforehand, since the scenario is known and does not change over time. However, there are cases
in which the testing scenario is not known and the mentioned errors cannot be determined previously.
For overcoming these errors, [7] proposes an adaptive solution for tracking the dynamic changes in
the performance of the UWB ranging estimates.

In an outdoor application, it is not possible to characterise the environment, since it undergoes
continuous changes. This supposes a great challenge when working with UWB systems, reflecting
in a great variation of the uncertainty of the UWB ranging estimates. In the last years, several
publications that evaluate the performance of an UWB/INS positioning solution for vehicles in
an outdoor environment have reflected this issue. In general, the aim of these publications is to build
an UWB/INS positioning solution that enhances the performance of GNSS based positioning systems,
especially, in the areas in which GNSS signals are affected.

Despite the fact of being applications based on vehicle’s positioning, only in [4,14] a real
vehicle was used for evaluating the performance of the proposed solution. Furthermore, only in [4]
an integrated UWB/IMU positioning solution is proposed, as [14] is more focused on integrating
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GPS/UWB/Bearing for Vehicle-to-Vehicle (V2V) communications. The fact of using a real vehicle
or a similar platform that can emulate its behaviour to test the proposed positioning solution provides
a better understanding of its performance within a real case scenario.

In conclusion, UWB based positioning systems are widespread in indoor positioning applications.
In comparison, little research has been made in terms of outdoor positioning, indicating that more
work is needed in order to evaluate their performance in outdoor applications.

Hence, this paper proposes an outdoor positioning system based on a sensor fusion between an
UWB based ranging solution and an INS positioning system. This sensor fusion makes use of the
UWB ranging estimates to calibrate the position computed from the vehicle’s inertial and odometry
data to avoid long term drifts and reduce its uncertainty. Furthermore, the proposed system has been
validated in a real outdoor environment emulating a relevant setup for the PRoPART project. On the
other hand, our proposal is based on an external antenna connected through a cable to achieve a
flexible deployment of our solution. This cable solution does not comprise the accuracy of our system
which obtains good results in real tests. To our best of knowledge, none of the research works found in
the literature proposes such a flexible solution.

3. Methodology and Experimental Procedure

As mentioned, this paper is focused on the study of a positioning system based on the
UWB/IMU/Odometry fusion as a complementary system to those based on GNSS signals.
Our approach is based on an UWB system formed by several fixed UWB nodes, called anchors, with a
known position and one mobile UWB node, called tag, which is located in the vehicle. This system
will compute UWB ranging estimates between the different UWB anchors and the UWB tag in order to
correct over time the vehicle’s position computed from its on-board data. To evaluate the performance
of this positioning system, it is necessary to select an appropriate measurement procedure as well as
a clear statistical analysis of the results.

3.1. Methodology

In a positioning system, its accuracy is studied analysing the distance error, εp, made in the
estimation of the position. In this paper, this error is defined as:

εp =
√
(x− x̂)2 + (y− ŷ)2, (1)

where (x, y) are the real Cartesian coordinates of the tag position and (x̂, ŷ) represent the estimated
coordinates of the tag position. The figures of merit selected to evaluate the performance of the
proposal are the mean distance error, the standard deviation of the distance error (and the variance)
and the RMSE explained in detail in [17].

3.2. Experimental Procedure

The experimental procedure followed to perform this work was organised in two steps:

• Step 1: use of a dynamic platform simulator to design the algorithms for fusing the data coming
from UWB sensors, odometry and IMU.

• Step 2: use a vehicle, an RC-Car, to collect data in a real and representative scenario to validate
the proposed positioning system.

These steps are explained in more detail in the following.

3.3. Step 1: Dynamic Platform Simulator

A simulation tool has been used to emulate a real case scenario (similar position and number
of anchors, same data rate, etc.). Using a simulator has been very helpful to obtain an initial
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characterisation of the EKF variables before carrying out the real tests. This simulator has been
used to obtain an initial characterisation of the EKF variables before carrying out the real tests.

Basically, the simulation tool permits to emulate the behaviour of a real RC car test platform by
simulating its odometry and inertial data [18]. Thus, the user can get information about the orientation,
the travelled distance, the real position or the velocity of the simulated vehicle at the desired rate.
It should be pointed out that some inertial parameters, as the acceleration, are not provided by the
simulator. Apart from simulating the odometry and inertial data, the RC car simulator allows the user
to build an UWB ranging system. The user can set different UWB anchors and their positions, as well
as the rate in which the ranging estimates will be generated. Once the UWB ranging system has been
set, the RC car simulator provides ranging estimates at the configured rate containing the distance
between the simulated car and the UWB anchors.

3.4. Step 2: Radio Control Car

The RC car, shown in Figure 1, is a testbed for research and development within the areas of
autonomous driving and accurate positioning. This is able to achieve high position accuracy and low
latency using low-cost hardware by fusing data from multiple sensors (accelerometer, gyroscope,
odometry, and Real-Time Kinematic Satellite Navigation (RTK-SN)) to take advantages of their
individual strengths [19]. This testbed is scalable to a wide range of model vehicles. The custom
hardware and all involved software are open source for easy development and extension.

Figure 1. RC car as testbed.

The RC car has been the testing platform used for the real tests of the outdoor positioning system
proposed in this work. This platform has been extended to embed the HW and SW related to our UWB
data fusion solution. Furthermore, the RTK-SN system of this platform has been used as ground truth
to compare the accuracy obtained.

4. Design of the Outdoor Positioning System

To obtain an accurate position of the RC car, our proposed positioning system makes use of
different data sources: the UWB ranging system, Odometry and IMU. This data fusion makes the
positioning more robust. Figure 2 shows the architecture of the developed positioning system.

It is important to point out that this system is a two dimensional model, meaning that it only
calculates the x and y position of the RC car. As it can be seen in Figure 2, the developed positioning
system is based on an EKF. On the one hand, the prediction step of the EKF is applied each time new
data from the RC car sensors are received. On the other hand, each time a new UWB ranging estimate
arrives into the system, the correction step of the EKF is applied for correcting the last position of the
RC car computed by the prediction step.
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Figure 2. Architecture of the positioning system developed.

To initialise the positioning system it is necessary to know the initial position of the RC car.
The accuracy of the initial position is significantly important as it affects the accuracy of the positioning
system during the initial steps. In the tests carried out in this work, the initial position of the RC
car corresponds with the one provided by its RTK-SN positioning system based on GNSS signals.
This RTK positioning system provides a two-dimensional position of the car with an error lower than
5 cm under good conditions for the GNSS signals [19].

The main purpose of the overall solution is to provide a high rate accurate position of a vehicle
based on UWB ranging estimates combined with inertial and odometry data from the vehicle sensors.
This data combination is done through two different processes:

• Updating the RC car position. This is carried out in the prediction step of the EKF. This step is
applied each time new odometry and inertial data of the RC car on-board sensors arrive into
the system, resulting in a new position of the RC car. Note that the data of the RC car on-board
sensors are generated at a data rate of 100 Hz, indicating that every 10 ms the prediction step of
the EKF is applied.

• Correcting the RC car position. This is accomplished in the correction step of the EKF. This step is
applied each time a new UWB ranging estimate arrives into the system, correcting the last position
of the RC car computed in the prediction step. The main idea when correcting periodically the
position computed by the prediction step is to bound its positioning error over time. Note that
the UWB ranging estimates are generated at a data rate of 10 Hz, indicating that every 100 ms the
correction step of the EKF is applied.

4.1. Proposed Extended Kalman Filter

The proposed Extended Kalman Filter makes use of the travelled distance and the orientation
of the RC car provided by the odometry and IMU, respectively. These data are used to periodically
update its position during the prediction phase. This position is corrected over time in the correction
phase by using UWB ranging estimates. Therefore, the RC car position is the only navigation state
included in the state vector Θ.

Θk =

[
xk
yk

]
. (2)

Each time the algorithm receives new data from the on-board sensors of the RC car, the a priori
state vector Θ̃ is updated by using the following equation:
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Θ̃k = AΘ̂k−1 + Buk. (3)

where Θ̃k is the new a priori state at timestamp k, Θ̂k−1 is the previous a posteriori state at timestamp
k-1 and uk is the input vector that includes the travelled distance by the RC car in the x and y directions
between timestamps k−1 and k. During the prediction phase of the algorithm, the a priori error
covariance matrix P̃k is also computed based on the a posteriori error covariance matrix P̂k−1 and
the process noise covariance matrix Q. This matrix includes the noise from both the odometry and
IMU data. Note that, if no new UWB ranging estimates are available after the prediction phase,
the computed a priori estimate is used as the previous a posteriori estimate (Θ̂k−1,P̂k−1) during the
next iteration of the EKF.

The computed a priori estimation is corrected over time in the correction phase by making use
of the UWB ranging estimates. This phase is applied each time a new UWB ranging estimate arrives
into the system after post-processing it. The main idea behind post-processing the UWB ranging
estimates is to discard Non Line-Of-Sight (NLOS) measurements that may compromise the accuracy
and robustness of the proposed solution. The developed algorithm for post-processing the UWB
ranging estimates is described in depth in Section 4.2.

Therefore, if an UWB ranging estimate is classified as an outlier, it is discarded and the correction
phase is not applied. In this situation, the a priori estimate of the EKF is used as the previous a posteriori
estimate in the next iteration of the EKF. Otherwise, this measurement is employed for correcting the
a priori information. For this, the measurement estimation h(Θ̃k) has to be computed. This function
relates the a priori state Θ̃k with the UWB ranging estimate by calculating the euclidean distance
between the position of the UWB tag node located in the RC car and one of the anchors that takes place
in the UWB ranging estimate. Note that, the position of the anchor is well-known. Hence, the position
of the tag by knowing its relative position with regard to the RC car position is computed. Due to the
fact that Equation (4) is not linear, an EKF has been considered.

h(Θ̃k) =
√
(xtagk

− xan)2 + (ytagk
− yan)2. (4)

Once the function h(Θ̃k) has been computed, the Jacobian matrix Hk can be directly derived as:

Hk =
δ(h(Θ̃k))

δΘk
=

[
(xtagk

− xan)/h (ytagk
− yan)/h

]
. (5)

The matrix Hk allows to compare the a priori error covariance matrix P̃k with the measurement
noise covariance matrix R, which represents the error of the UWB ranging estimates. By making use
of these two sources of information the algorithm is able to compute the matrix Kk, also known as
the Kalman gain. Basically, the matrix Kk tries to minimise the a posteriori error covariance P̃k by
giving more weight in the a posteriori estimate either to the UWB ranging estimate or to the a priori
estimate computed from the RC car on-board data. Figure 3 shows a basic architecture of the proposed
Extended Kalman Filter.

In this algorithm both the measurement and process noise matrices R and Q have a constant value
over the filter iterations. Meaning that, for obtaining an optimal performance of the filter, their value
must be correctly tuned depending on the application. An incorrect selection of these matrices can
lead to inaccurate positioning results or even to the filter divergence.
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Figure 3. Representation of the proposed Extended Kalman Filter.

4.2. Proposed Algorithm for Post-Processing the UWB Ranging Estimates

As previously mentioned, post-processing the UWB ranging estimates is necessary to eliminate
the Non Line-Of-Sight (NLOS) measurements. The objective is to avoid using high error data in the
EKF correction phase that can lead to the filter divergence. Basically, this algorithm is based on two
steps, see Figure 4.

Figure 4. Architecture of the post-processing algorithm of the UWB ranging estimates.

The first step consists on an orientation detection depending on the relative orientation between
the anchor and tag antennas. Note that, this detection is made by knowing the direction followed by the
RC car and the spatial orientation of the UWB nodes located on the RSUs with regard to the UWB tag.
By combining these data, it is possible to detect the UWB ranging estimations of those UWB anchors
that are facing the UWB tag. In the used setup, see Section 5.2 for further details, two UWB anchor
nodes and one Road Side Unit (RSU) were located on a gantry pole. Thus, each gantry pole includes
two different UWB anchor nodes with a different position and orientation. Therefore, due to this
difference in the position and orientation of the UWB anchor nodes there are two possible situations,
see Figure 5. It is important to highlight that the black arrows situated near the UWB nodes represent
the direction in which their antennas are pointing. Whereas, the opposite planes to the arrows direction
represent the antennas ground planes.

On the one hand, Figure 5a shows the first possible situation regarding the relative orientation
between the tag antenna and the anchors ones. In this case, the antenna of Anchor 1 is directly
pointing to the tag antenna. Whereas, Anchor 2 antenna is not directly pointing to the tag antenna.
In the situation in which the anchor antenna is not pointing to the tag, there is a higher probability
of obtaining NLOS UWB ranging measurements. Therefore, the implemented orientation detection
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algorithm will only take into account the UWB rangings estimates provided by the anchor whose
antenna is directly pointing to the UWB tag node, not considering the ones provided by the other
anchor. Meaning that, in this situation, only the UWB ranging estimates provided by Anchor 1 will be
taken into account.

(a) First situation (b) Second situation

Figure 5. Possible situations regarding the relative orientation of the UWB anchors and tag antennas.

On the other hand, Figure 5b shows the second possible situation that can occur due to the used
setup. In this case, the algorithm for the orientation detecion will only take into account the UWB
ranging estimates of Anchor 2 since its antenna is directly pointing to the tag. Thus, the UWB ranging
estimates of Anchor 1 will be discarded.

The second step is to detect and discard the NLOS UWB ranging estimates. To do so,
the implemented algorithm computes the distance, ρk−n, between the anchor that takes part on
the evaluated UWB ranging estimate and the UWB tag at timestamp k−n, being n the n-instants that
have elapsed since applying the previous correction phase of the EKF. This distance is assumed to be
the real distance between both UWB nodes at timestamp k−n. This distance is computed by using
the tag position at timestamp k−n and the anchor position that takes part in the evaluated UWB
ranging estimation.

ρk−n =
√
(xtagk−n − xan)2 + (ytagk−n − yan)2. (6)

Note that, if the elapsed time between k−n and k is larger than a maximum time limit, it is assumed
that the tag position at timestamp k−n cannot be used to classify the new UWB ranging estimate.
Therefore, this new UWB ranging estimate is assumed as a LOS measure and the correction phase of
the EKF is applied. This maximum time limit is highly related with the vehicle’s speed. Meaning that,
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it will be higher if the vehicle’s speed is lower because the vehicle’s positions at timestamps k−n and k
will be closer, and higher otherwise.

Then, the travelled distance, 4k−n→ k, by the vehicle between k−n and k is calculated from
the odometry data. Finally, a maximum and a minimum limit can be obtained in order to classify the
UWB ranging estimate.

max_distancek = ρk−n +4k−n→ k. (7)

min_distancek = ρk−n −4k−n→ k (8)

The evaluated UWB ranging estimate should be between both limits. However, knowing that
the RC car position has a certain amount of error and that the ranging estimates usually present
an uncertainty with regard to the real distance, these limits are increased by a constant value C.

min_distancek + C ≤ ρ̂k ≤ max_distancek + C (9)

If the UWB ranging estimate is not situated between these limits, it is classified as an NLOS UWB
ranging estimate and discarded, not applying the correction phase of the EKF.

5. Experiments and Results

In GNSS denied areas, the vehicle position is computed directly from its inertial and odometry
data. If the elapsed time without having GNSS data is not significantly high, the positioning
information will remain accurate enough, as the inertial and odometry data alone can provide accurate
positioning estimates over short periods. However, these data have a tendency to increase their error
with time without an upper limit. Meaning that, if GNSS signals are not available over long time
periods the vehicle position will accumulate a high positioning error. For avoiding this behaviour,
as this research work proposes, UWB ranging estimates can be used as a complementary source of
information for correcting the computed position over time from the inertial and odometry data of
the vehicle.

Unlike inertial and odometry data, the UWB ranging estimates have a bounded error over time,
indicating that their error does not increase with time. Therefore, the main goal of the performed
tests is to analyse how the accuracy and reliability of the vehicle position is enhanced by including an
alternative positioning system based on UWB ranging estimates.

As mentioned in Section 3.3, the simulation platform has been used to characterize the EKF
algorithm and test the solution at its initial stage. This platform presents some limitations when trying
to replicate a real scenario. By using the simulator, it has not been possible to take into account the
fact that the UWB tag has an external antenna physically separated from the module. Furthermore,
the different errors that are introduced by the simulator on the positioning data do not correspond
with the ones observed in a real case scenario, being these errors a relatively simple approximation
of the real ones. Regarding the UWB system, the used simulator does not reflect the distance error
highly related to the spatial location of the UWB nodes. Furthermore, this platform is not capable of
emulating the reflections that an UWB system may undergo in an outdoor environment. Due to these
limitations, the main idea when testing the developed algorithm with the simulation platform has
been to prove its correct performance during its initial development phase.

After this initial validation of the solution performance at a simulation level, different real tests
have been carried out to validate the final proposed solution in a real scenario. The main idea behind
these tests is to verify the positioning accuracy and continuity of the developed UWB solution in
a simpler scenario (see Section 5.2) than the one used in the PRoPART use case. The results of these
tests are presented in Section 5.3.
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5.1. Propart Use Case

The PRoPART use case is to perform an automated lane change to the left on the highway that
allows vehicles to enter on the right, as Figure 6 shows. That is why the UWB anchor nodes have
been installed on one side of the road close to the RSUs. Each RSU integrates a GNSS base station,
a radar and V2X communications device. To complete the system, an UWB tag node is placed on-board
the heavy vehicle (a real truck) with the aim of providing a precise positioning when the GNSS signal
is lost. Note that, the antenna of the UWB tag node is located outside the heavy vehicle to avoid the
interferences generated by the vehicle’s structure. Whereas the electronic is kept within the vehicle.
Thus a flexible cable is used to connect both parts.

Figure 6. PRoPART use case.

From this use case, the PRoPART project imposes the following challenges to the UWB
measurements: high accuracy in the centimetre level, range of hundreds of meters and vehicle speeds
up to 40 km/h. The PRoPART concept is explained in detail in [20].

5.2. Real Tests Setup

The positioning solution presented in Section 4 has been tested in the “Multilane Road” of
Astazero proving ground in Sweden. During the different tests, an UWB ranging system formed by
6 UWB anchor nodes and 1 UWB tag node has been used. The location of the UWB anchor nodes is
the same as the one used in the final demonstration of the PRoPART project.

On the one hand, two UWB anchor nodes were located in a gantry pole at a height of 4 m every
200 m covering a total path for testing of around 600 m (see Figure 7). In each gantry pole as the one
in Figure 8, one UWB anchor node had the antenna oriented looking forward, at the direction of the
movement, and the antenna of the other UWB anchor node was oriented at the opposite direction of
the movement, see Figure 9. Note that, the position of these nodes was well-known due to the fact that
each RSU was equipped with a GNSS module. Furthermore, a 3D scan of each RSU was carried out
for computing the real position of the UWB nodes with regard to the position of the GNSS antenna.
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Figure 7. PRoPART scenario.

Figure 8. A couple of UWB anchor nodes installed at one gantry pole in the Astazero proving ground.
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Figure 9. Representation of the testing scenario.

On the other hand, an UWB tag node was attached to the RC car presented in Section 3.4.
This node has been equipped with an external antenna at 0.7 m of height attached to a plastic structure
and oriented looking forward, see Figure 10. The main idea behind using the external antenna is to
emulate as far as possible the setup used on the PRoPART UWB solution, see Section 5.1.

Figure 10. UWB mobile node attached to the RC car.

It is important to highlight that the location of the UWB anchors have been determined to enhance
the visibility and accuracy of the UWB system for the real demonstration of the PRoPART project.
As previously mentioned, a real truck was used as vehicle within this project. Meaning that, the UWB
tag was located higher than in the case of the RC car. Due to the height difference between the
UWB anchors and the UWB tag located on the RC car, the elevation angle between these nodes was
higher. This angle increased when the RC car approached the RSUs, as the distance between the UWB
tag and UWB anchors was reduced. Moreover, the antennas of the different UWB nodes were not
omnidirectional. Meaning that, there was a limitation in terms of the opening angle of the antennas.
Due to these two facts, the spatial orientation between the UWB anchors and the UWB tag located
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in the RC car was not the optimal one for the used setup. However, it was not possible to change
this location as the mentioned tests were carried out in parallel with the ones of the PRoPART project.
Despite this fact, the obtained results have been accurate enough, as will be discussed in Section 5.3.

The UWB system, which is based on the DW1000 chip of Decawave [21], was configured with the
parameters presented in Table 2 as the basic configuration to comply with the PRoPART requirements.
Furthermore, the UWB tag node was calibrated to work properly using an external antenna connected
through a cable of 91.44 cm (36′′) as can be seen in Figure 10.

Table 2. UWB system configuration.

Channel Fc Bandwidth Preamble Preamble PRF Data Max Mean
Length Code Rate Spectral Density

5 6489.6 MHz 500 MHz 128 symbols 3 16 MHz 6.8 Mbps −41.3 dBm/MHz

The trajectory followed by the RC car during the real test has been a straight line within the
testing track. As previously mentioned, the idea behind these tests was to validate the positioning and
accuracy continuity of the developed positioning solution within the whole trajectory. During these
tests, the speed of the RC car was variable, being its maximum speed 20 km/h. Figure 9 shows
a graphic representation of the testing scenario and the direction of movement of the RC car.

In the performed tests, the RTK-SN position of the RC car has been recorded and used as ground
truth. Note that, the RTK-SN position of the RC car does not correspond with its real position.
Nevertheless, as this RTK-SN position has an error lower than 5 cm under good GNSS condition, it is
the best approach to verify the accuracy and robustness of the UWB developed solution.

5.3. Tests Results

5.3.1. UWB Ranging Estimates

When evaluating the performance of the proposed positioning solution, the first step is to
analyse the UWB ranging estimates over the followed trajectory. In order to avoid using NLOS
UWB measurements, the UWB ranging estimates are post-processed, as explained in Section 4.2.

Figure 11 shows the distance error of the UWB ranging estimates before (UWB error (raw)) and
after (UWB error (post-processed)) being post-processed over the whole trajectory. As can be seen,
applying our post-processing approach, the maximum distance error is reduced from 140 cm to 55 cm.
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Figure 11. Distance error of the UWB ranging estimates.

Figure 12 shows the value of the post-processed UWB ranging estimates over the whole trajectory.
There are some specific areas of the trajectory where we have NLOS measurements as in the areas near
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the RSUs or some UWB signal loss due to the spatial orientation explained in Section 5.2. Nevertheless,
the areas without UWB information do not affect the final results since our approach relies on the data
fusion of different technologies as it will be shown in Section 5.3.2. Furthermore, it can be said that
the post-processed UWB ranging estimates cover almost the whole trajectory with high accuracy and
allow us to achieve a good final solution in terms of reliability and availability.
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Figure 12. UWB ranging estimates after post-processing.

5.3.2. Positioning

The proposed positioning approach is based on using a complementary system based on UWB to
correct the long term drifts of the IMU-Odometry solution. Meaning that, the UWB complementary
system is required to achieve an accurate solution to position the vehicle during more than 30 s.

Figures 13 and 14 show a graphical comparison between the RTK-SN trajectory (green line)
used as ground truth, the IMU-Odometry trajectory (black line) and the UWB-IMU-Odometry
(processed) trajectory (blue line). As stated before, Figure 13 reflects how both the IMU-Odometry
and the UWB-IMU-Odometry (processed) trajectories are able to track the RTK-SN trajectory with
a similar positioning performance during the initial steps. However, Figure 14 shows that the
positioning performance of both trajectories is significantly different at the end of the trajectory.
Hence, the UWB-IMU-Odometry (processed) trajectory continues tracking the RTK-SN trajectory in
an accurate way while the RC car on-board data trajectory does not track the ground truth. It can be
seen how the final point of the IMU-Odometry trajectory is situated far behind the final one of the
other two trajectories. This is due to the fact that the IMU and Odometry data have a tendency to drift
with time, increasing their error. In consequence, as time passes, the position computed from these
data has a higher uncertainty and it is not able to track the real trajectory followed by the vehicle.
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Figure 13. Comparison of the different trajectories at the beginning of the experiment.
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Figure 14. Comparison of the different trajectories at the end of the experiment.

Next, we will compare the positioning distance error of the three solutions: only using the RC
car on-board data (IMU-Odometry), by merging these data with UWB ranging estimates, both with
(UWB-IMU-Odometry (processed)) and without (UWB-IMU-Odometry (raw)) post-processing.

Figure 15 shows the positioning distance error, εp, of the three solutions throughout the trajectory.
The obtained results show that the position computed by only taking into account the RC car on-board
data (IMU-Odometry) remains accurate enough when the elapsed time is lower than 30 s. However, as
can be seen, the positioning distance error is higher than 4 m at the end of the trajectory.

Figure 15. Comparison of the positioning distance error, εp, of the different positioning systems.

Figure 15 shows how by using an UWB system the positioning performance is significantly
enhanced. Combining raw UWB ranging estimates together with the vehicle’s on-board data
(UWB-IMU-Odometry (raw)) has a major impact on the positioning performance. As a result of
this combination, the positioning distance error is bounded over time and the maximum positioning
distance error is reduced up to approximately 175 cm. On the other hand, these data also show
that the positioning performance is degraded in the areas close to the RSUs (see Figure 12) with
a positioning distance error much higher than in the rest of the trajectory. However, using the
post-processing UWB ranging estimates (UWB-IMU-Odometry (processed)) instead of the the raw
data, reduces significantly the positioning distance error in those areas. Meaning that, the discard
of the NLOS UWB ranging estimates allows to bound the positioning distance error throughout the
whole trajectory. Thus, the UWB-IMU-Odometry (processed) solution is able to track in an accurate
way the RC car RTK-SN position with its maximum positioning distance error lower than 46 cm over
the whole trajectory.
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Table 3 shows the statistical data of the positioning distance error, εp, of the evaluated positioning
solutions. When only the IMU-Odometry data are used, the RMSE of the positioning distance error is
249.8 cm. Moreover, the 95% of the computed positions have a positioning distance error of 407.3 cm
or less. When using raw UWB ranging estimates for correcting the vehicle’s position, the RMSE of
the positioning distance error is reduced to 41.4 cm. In this case, the 95% of the computed positions
have a positioning distance error of 61.4 cm or less. Finally, the results improve considerably when
post-processing is applied. These results show a RMSE of the positioning distance error of 18.6 cm.
Furthermore, the 95% of the computed positions have a positioning distance error of 27.1 cm or less.

Table 3. Statistical analysis of the positioning distance error εp

Pos.System µ̂εp σ̂εp R̂MSEεp
εp

(P = 95%)
Max(εp)

IMU-Odometry 205 cm 142.8 cm 249.8 cm 407.3 cm 410.6 cm
UWB-IMU-Odometry (raw) 36.1 cm 20.2 cm 41.4 cm 61.4 cm 173.4 cm

UWB-IMU-Odometry (processed) 17.2 cm 7.1 cm 18.6 cm 27.1 cm 46 cm

Figure 16 shows the cumulative distribution function (CDF) of the RC car positioning distance
error when computing its position from its on-board data alone and when combining these data with
UWB ranging estimates, both with and without post-processing. For the first solution (IMU-Odometry),
only 20% of the computed positions have a positioning distance error up to 40 cm. However, these
positions are the ones corresponding with the initial phase of the trajectory when the sensors have
not accumulated a big error. This is reflected in the fact that the 50% and 99.9% of the computed
positions have a positioning distance error up to 200 cm and 410 cm respectively. For the second case
(UWB-IMU-Odometry (raw)), the 20% of the computed positions have a positioning distance error up
to 24.2 cm, improving considerably the results of the first solution. Furthermore, the 50% and 99.9% of
the computed positions present a positioning distance error up to 34.3 cm and 169.6 cm respectively.
For the third solution (UWB-IMU-Odometry (processed)), the 20% of the computed positions have a
positioning distance error up to 10.6 cm. Additionally, the 50% and 99.9% of the computed positions
have a positioning distance error up to 17.6 cm and 44.1 cm respectively, reinforcing again that this last
approach achieves the best results in comparison with the previous solutions.
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Figure 16. Accumulative distribution function of the UWB and the odometry and IMU positioning error.

6. Conclusions

Today’s society is undergoing continuous technological changes that seek to improve the actual
quality of life and work. As a result of these changes, the vehicle manufacturers and governments are
putting a lot of effort in the development of autonomous vehicles to increase road safety and vehicle’s
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efficiency. For having an optimal performance, an autonomous vehicle needs to have, among other
things, a continuous knowledge of its exact location on the road. As it has been recalled, this issue
has been traditionally covered by GNSS signals in combination with on-board data of the vehicle.
This data fusion provides an accurate, high rate and reliable position of the vehicle under good GNSS
conditions, in other words, when the vehicle’s GNSS receiver can track at least four GNSS satellites.

However, this is not always possible, as there are certain environments in where GNSS signal
reception is limited or impossible due to numerous obstacles that block the signals. In these areas,
the vehicle’s position is computed directly from its on-board data. The problem of these data when
used alone is that they have a tendency to drift with time leading to an inaccurate and unreliable
position. Therefore, if the GNSS signal reception is affected over long periods, the position provided
by this data fusion will be extremely inaccurate, making necessary the use of an alternative positioning
system. One of the technologies which can be postulated as a candidate in those areas with no GNSS
coverage is the UWB technology. In the last years, much effort has been devoted to study the potential
of this technology, specially, in indoor applications.

In our research we intended to evaluate a less-studied aspect of this technology, the use of UWB
ranging estimates to track the vehicle’s position in an outdoor environment. The main idea of this
work has been to build an accurate and reliable positioning solution based on the combination of
UWB ranging estimates together with inertial and odometry data of the vehicle. This study has been
characterised inside the scope of the PRoPART project and has made use of a customised UWB ranging
system and a RC car as testing vehicle. Meaning that, the used setup has been determined for validating
the UWB ranging system in terms of accuracy, coverage and continuity in the PRoPART solution.
In addition, our proposal includes an UWB tag in which the antenna is physically separated from
the UWB module by making use of an external antenna connected through a cable. This innovative
proposal allows to have a flexible solution which can be adapted accordingly to the application without
compromising the accuracy.

The proposed positioning solution based on a EKF has been tested by carrying out simulations
and real tests. On the one hand, the simulations have allowed us to better understand the performance
of the positioning algorithm. On the other hand, the real tests carried out in AstaZero proving
ground have proved the enhancement of the RC car positioning when using UWB measurements
for correcting the position computed from the RC car on-board data. The obtained results show a
RMSE of the positioning distance error over the whole trajectory of 18.56 cm, being the maximum
positioning distance error of 46 cm. These results are more accurate and reliable compared to [4],
where a RMSE 2D positioning distance error of around 30 cm was obtained in the best case scenario,
and [5], where a RMSE 3D positioning distance error of 57 cm was achieved in the best case scenario.
However, it should be pointed out that the used setup and the testing application are different than
the ones of those publications. Meaning that, for having a fair comparison and, in consequence,
extracting more conclusion about the different results the same setup and testing application should
be used. Moreover, it can be said that these results overcome in a significant way the ones obtained
directly from the RC car on-board data in which the maximum positioning distance error is higher than
4 m. It should be pointed out that, for enhancing the positioning performance, it is really important
to avoid using inaccurate UWB ranging estimates in the correction phase of the EKF. In this work,
post-processing of these data has been necessary for eliminating the NLOS UWB ranging estimates. By
post-processing these data, the RMSE of the positioning distance error was reduced in almost 23 cm
and the maximum positioning distance error in 127 cm. Therefore, it can be concluded that using UWB
ranging estimates in those areas with no GNSS coverage enables to bound the positioning distance
error of the position computed from the RC car on-board data. The use of UWB ranging estimates for
computing the vehicle’s position leads to a continuity in an accurate and reliable positioning over time.

To summarise, we have shown the potentials of the UWB technology for enhancing the actual
positioning technologies within the vehicle industry. The use of this technology in particular
environments, such as tunnels or urban canyons, can overcome the limits that GNSS based positioning
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technologies are facing. The combination of the actual positioning technology together with UWB
ranging estimates can be crucial for guaranteeing continuity in a precise positioning over time in the
upcoming era of autonomous vehicles.
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The following abbreviations are used in this manuscript:

AKF Adaptive Kalman Filter
CDF Cumulative Distribution Function
EKF Extended Kalman Filter
Fc Central Frequency
GNSS Global Navigation Satellite System
GPS Global Positioning System
IMU Inertial Measurement Unit
INS Inertial Navigation System
IPS Indoor Positioning System
KF Kalman Filter
LOS Line-of-Sight
NLOS Non Line-of-Sight
PAKF Predictive Adaptive Kalman Filter
PDR Pedestrian Dead Reckoning
PRF Pulse Repetition Frequency
RC car Radio Control car
RISE Research Institutes of Sweden
RKF Robust Kalman Filter
RTK Real Time Kinematic
RMSE Root Mean Square Error
RSU Road Side Unit
RTK-SN Real-Time Kinematic Satellite Navigation
SHFAF Sage-Husa fuzzy adaptive filter
UKF Unscented Kalman Filter
UWB Ultra-Wideband
V2V Vehicle-to-Vehicle
V2X Vehicle-to-Everything
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