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Abstract: This paper details the development of a real-time localization system (RTLS) using
the DWM1001C-DEV commercial platform. This platform incorporates the DWM1001C ultra-
wideband (UWB) sensor along with an STM LIS2DH12TR accelerometer. The setup involves
establishing a network of static devices with known coordinates, referred to as anchors, and
a mobile device termed a tag. The tag communicates with all the anchors to measure the
distance between them. With these distances, three different methods were applied to estimate
the position of the mobile device: least squares (LS), weighted least squares (WLS), and the
Kalman Filter (KF) performing sensor fusion with distance and acceleration data. Finally, the
results were compared with a VICON motion-capture system.

Resumo: Este artigo detalha o desenvolvimento de um sistema de localizacdo em tempo real
(RTLS) utilizando a plataforma comercial DWM1001C-DEV. Esta plataforma incorpora o
sensor de banda ultralarga (UWB) DWM1001C e um acelerémetro STM LIS2DHI2TR. A
configuracao envolve o estabelecimento de uma rede de dispositivos estaticos com coordenadas
conhecidas, chamados de ancoras, e um dispositivo mével denominado tag. A tag se comunica
com todas as ancoras para medir a distancia entre elas. Com essas distancias, trés métodos
diferentes foram aplicados para estimar a posigao do dispositivo mével: minimos quadrados (LS),
minimos quadrados ponderados (WLS) e Filtro de Kalman (KF) realizando a fusdo sensorial
com dados de distancia e aceleracao. Por fim, os resultados foram comparados com um sistema

VICON de rastreamento de movimento.
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1. INTRODUCTION

With the growing development of mobile applications and
the demand for localization accuracy in indoor environ-
ments, the use of Ultra-Wideband (UWB) technology has
stood out as a promising solution for creating location
systems. Regarding this technology, it is expected that
its hardware can become even cheaper in the future and
have large-scale applications (Volpi et al., 2023), as it can
currently obtain distance measurements between devices
with an accuracy of a few centimeters (10 - 50 cm) with
low energy consumption, long-range (> 200m), and the
ability to overcome some common challenges encountered
by other location systems.

For example, the application of GPS to indoor environ-
ments is greatly affected by the physical barriers of the
environment Kjeergaard et al. (2010), making it inappro-
priate for purposes that require a level of accuracy in the
order of centimeters. Even in outdoor environments, GPS
is sensitive to the geometric arrangement of the satellites
that make up the system in space, affecting the accuracy
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Figure 1. Cable-driven robot proposed to operate on the
facade of a building. Accurately estimating the posi-
tion of this robot can be a difficult task in a metropolis
using GPS.

of estimating the object’s position on land, especially the
accuracy of estimating the object’s altitude. Although the
same effect, known as Dilution of Precision (DOP) (Tahsin
et al., 2015), can also happen with the network generated
by UWB devices, in general, there is much greater control
over the arrangement of the devices that compose the
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network. Even comparing the UWB system with methods
most used for indoor environments such as Bluetooth,
WiFi, and RFID, this technology presents great advan-
tages regarding range and precision, which are the two
main characteristics of most localization applications.

In this paper, we apply UWB technology to localize a cable
robot designed to paint the exterior of buildings, such as
the one shown in Figure 1. Given that the robot needs
to be able to operate in places like a metropolis that has
many tall buildings and in a vertical orientation, GPS is
not a good option because the environment will affect the
signal with barriers and the altitude estimation is not as
accurate.

Nonetheless, a local network of UWB devices can be easily
installed, and with just the range information the tag
position already can be estimated with good precision by
applying the least square method. But, every measurement
is subject to errors and the UWB sensor is no different so
to increase the precision and robustness of this localization
system, data from an accelerometer contained on the
DWM1001C-DEV board was used to perform sensory
fusion with the UWB distance data through a Kalman
filter which is an excellent option for dealing with the
probabilistic nature of the uncertainties arising from both
Sensors.

A limitation due to the working hardware is the fact that
the motion sensor is only a three-axis accelerometer and
because of this the robot must always maintain the same
orientation, which for the application in question is not
a very serious problem. However, the same approach can
be taken by replacing the 3-axis accelerometer with a
more sophisticated inertial measurement unit (IMU), thus
removing the limitation of maintaining the orientation of
the object to be located.

2. CABLE-DRIVEN ROBOT

Cable-driven robots (Qian et al., 2018), also known as
cable robots or wire-driven robots, represent a distinctive
and versatile class of robotic systems. These robots utilize
cables or wires for actuation, providing unique features
that make them well-suited for various applications.

One notable advantage of cable-driven robots is their large
workspace, often surpassing traditional rigid-link robots.
This expansive range of motion proves beneficial in sce-
narios requiring broad coverage, such as in manufacturing,
construction, or virtual reality systems.

However, to ensure correct control of the robot, it is impor-
tant to know its position at all times so that motors can
control the length of the cables to move the robot. Fur-
thermore, if the position estimation is not precise enough
and the motors act based on erroneous information, the
entire dynamics of the robot can be compromised, leav-
ing the cables without mechanical tension, which is not
desired (Morris and Shoham, 2009).

This work was mainly focused on a cable-driven robot that
will work on building facades. For this specific application,
the robot is not expected to rotate on its axis, which
allows the use of the accelerometer to estimate the position
without the need for a complete IMU.

ISSN: 2525-8311

4585

3. UWB SENSORS

This work will localize a cable robot using the DWM1001C
UWRB radio. In this section, important aspects of the radio
will be presented, including the kind of data collected and
the relationship between the system hardware and physical
aspects that govern the technology. This understanding is
very relevant for an understanding of the methods applied
in this work and the limitations of the system.

3.1 Range Data

The main working principle of a UWB device for local-
ization is the presence of an antenna connected to an
electronic circuit that can operate at high frequencies so
that it is possible to count time in very small steps. This is
essential because although the data of interest is distance,
the UWB device is measuring time.Since it is known that
electromagnet waves travel at a constant speed in the
atmosphere, with a measurement of time it is possible to
calculate a distance (Henry, 2023).

There are two main different methods for estimating the
position of a mobile UWB device (Kolakowski and Djaja-
Josko, 2016): time difference of arrival (TDoA) and two-
way range (TWR). The TDoA method is very similar
to GPS. Multiple reference points, called anchors, are
deployed at a location and synchronized in time. Mobile
devices will send a signal, and when an anchor receives
the signal, it will timestamp it. This method has the
advantage that only a blink is needed to communicate
with all anchors, which results in lower power consumption
and a very high density of devices, although the necessary
synchronization may be difficult to provide.

The TWR method relies on two-way communication be-
tween two devices. As they communicate, the devices also
measure the time of flight (ToF) of the UWB radio fre-
quency signal between them. Ideally, it is possible to derive
the actual distance between the two devices by multiplying
the signal’s round-trip time by the speed of light, ¢, and
then dividing by 2 as:

C(t2 —t — treply)

a , 1)
where t; is the moment that the tag started communi-
cation, t5 is the moment that the tag received a response
from an anchor, and t,.p;, is the time it took for the anchor
to receive and send the response as shown in Figure 2.
Since the speed of the light is extremely high, any error
in time measurements will result in large errors. Also, the
antennas used to send and receive information add a delay
due to their impedance. This effect can be solved by adding
a time that must be calibrated for each device to obtain
better accuracy.

distance =

In this work the method used is the TWR. In practice, an
initializer device, tag, will send a message with a specific
address and start counting the time. After that, the device
with the corresponding address will receive this signal
and send it back to the initializer device incorporating
information on how long it takes to manipulate the data.
In this way, the tag can easily calculate the TOF by
subtracting the total time counted by the tag and the data
contained in the received message, also taking into account
the delay of the antennas.
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Figure 2. Representation of signal dynamics and the time
counting process to estimate the distance between
two devices using the TWR method. Knowing the
troundtrip and treply counted respectively in the tag
and anchor, it is possible to calculate the ToF and
estimate the distance based on the speed of light.

It is important to note that the precision of this mea-
surement is directly related to the operation frequency
to sample the received signal so this results in discrete
data. Even in static devices, the UWB sensor can measure
different distances. Still, empirically, it was observed that
for a static device, the standard deviation is something
close to 7 centimeters and with the correct calibration the
average error can be almost zero.

3.2 Aceleration Data

The DWM1001C UWB radio contains a triaxial ac-
celerometer that can be used to aid in its localization.
Working with an accelerometer can be a difficult task due
to the amount of noise present in the measurement. In
general, for localization purposes, the acceleration data
will be used to estimate speed and position, which re-
quires integration. In this process, the noise will also be
integrated, causing a cumulative error. Another important
concern regarding the use of the accelerometer is that its
orientation needs to be well aligned with the the mobile
frame, otherwise, even a mnoiseless sensor will result in
errors in position and speed estimation.

The accelerometer contained on the device used is the
LIS2DH12, a three-axis linear accelerometer that has user-
selectable full scales of + 2g/4g/8g/16g with 12 bits of
resolution. Knowing that the application of a cable-driven
robot will not have an acceleration greater than 2g, the
scale selected for this project was + 2g, providing a
resolution of 0.0095 7. In addition, the empirical estimate
of the acceleration data variance from this sensor was
0.0475 .

To solve the orientation problem, the acceleration sent by
the sensor was measured in different orientations whose
desired results are known. With this data, it is possible to
calculate a rotation matrix to align the accelerometer with
the system’s frame. By making three data acquisitions
where in each of them one of the board axes is aligned
to gravity, it is possible to set up the following system to
obtain the rotation matrix:
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ATy Yy Zy g 00

M = [amy ayy azy] [0 g 0] . (2)
ar, ay, az, 00g

where ax, represents the value of the acceleration x
measured when the x-axis of the plate coincides with
the orientation of gravity. Likewise, ay. represents the
y-acceleration measured when the z-axis of the plate is
aligned with gravity, and so on.

Still on the accelerometer data, first, the LIS2DH12 will
save the information in an internal buffer and then send
this information through its serial interface. It is important
to note that, although the data sent by the sensor is
very close to the present, it still presents a small delay
between its measurement and sending. In this work, the
accelerometer is working at 400 hz and its buffer is saving
32 values before sending via serial.

4. REAL TIME LOCALIZATION SYSTEM

This section presents three different ways of solving the
localization problem based on the distance (range) data
from the UWB sensors.

4.1 Least Square

By knowing the distance between the target device and
three or more anchors we can solve the localization prob-
lem by applying the least squares method (Li et al., 2023).
This is a method that will find a solution that minimizes
the error in observing the system, in this case, the dis-
tance data. Before applying the least squares method, it is
necessary to write the problem in terms of a linear system.

Given an anchor and a range from its position, an equation
of a sphere can be written where the center of the sphere
is the known position of an anchor and the radius of the
sphere is the distance between this specific anchor and the
target device:

(:Can - I't)z + (yan - yt)2 + (Zan - Zt)2 = T’Z (3)

where the subindex an represents the coordinates of anchor
number n, where n is ordered so that the smaller the value,
the more recent the data is. In this way, anchor number
zero is the anchor that sent the most recent data. The
subindex t represents the coordinate of the tag, and 7,
represents the distance between anchor number n and the
tag.

With at least three equations with different anchors the
system is solvable. However, as the sphere equation is not
linear, it is necessary to manipulate this equation to write
it in matrix format. The chosen linearization method uses
the data from one anchor to linearize all other equations.
Thus, our approach will need at least four anchors to solve
the problem, The system can be written as follows:

Z=H-X (4)
where:
2 2 2 2 2 2 2 2
O I Y i
7 7"2_%2—yaQ_Zaz‘?'%o‘f‘yao"'Zao_’"o (5)

2 2 2 2 2 2 2 2
Tn = Tan ~ Yan _Zan_‘_an +ya0+za0 —To
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(%0 - 33@1) (yaO - ya1) (Zao - yal)

(xa() - xa2) (ya() - ya2) (zaO - ya2)

H=2x (6)

(-TaO - iran) (yaO - yan) (ZaO - yan)

X = [ytt] . (7)

2t

This system can be overdetermined. If morethan four
anchors are operating at the same time, it is necessary
to use the pseudo-inverse of H to obtain the solution to
the problem as:

X =(HTH)'HTZ. (8)

An important feature of solving this localization problem
using only the least squares method is that the speed of
the object that is moving is not taken into account. In
other words, the solution is made only with the distance
data from each of the anchors, which may have an error in
their measurement. Also, because distance measurements
are discrete due to the relationship between the sampling
clock and the speed of light when measuring the position of
a stationary object from the four anchors, the system can
present a result in a grid format as shown in the Figure 3.
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Figure 3. Simulation of the estimated position of the
stopped tag with the LS. It is possible to identify a
result in a grid format due to the discrete uncertainty
in estimating the distance from each device.

4.2 Weighted Least Squares

The tag communicates individually with each anchor when
the TWR method is used. Therefore, the distances mea-
sured between the tag and the anchors will be related to
the same position in space if the tag is not moving. If the
tag is moving the distances measured are relative to the
different positions of the tag at the time the communica-
tion. This effect is more important when the time between
measurements is longer. To minimize the errors caused
by this effect, a weighted least square (Daim and Mohd
Ali Lee, 2019) can be created to make the most recent
data more reliable so that the final estimate is closer to
the most recent data.

A weight matrix is built based on the time difference
between the current time and the time when the data was
received from each anchor so that the most recent data
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has larger weight. In this work, the weights were calculated
as the inverse of the time difference plus a term, k, that
controls the sensitivity of the weights

X =(H"WH) 'H'WY (9)
where:
[ 0 0 o |
(to—t1) + k )
0 0.. 0
0 6 0 !
L (tO - tn) + k-
(10)

Notice that, the higher is k, the smaller is the difference
in weights.

Figure 4 shows the results of a simulation that per-
forms the comparison between standard least squares and
weighted least squares when estimating the position of a
tag moving in a straight line. For both cases, the estimate
was based on data from just four anchors with the same
rectangular arrangement and with a low acquisition rate
compared to the tag speed. It is noticeable that with the
application of the weight matrix, the response approaches
the real trajectory (blue line).
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Figure 4. Comparison of LS (green) and WLS (red) for
estimating tag position in simulated fast straight-line
movement. It is noticeable that the WLS are closer to
the true path (blue).

4.8 Kalman Filter

The Kalman Filter is a powerful tool for managing the
probabilistic nature of sensor measurements in diverse ap-
plications such as navigation (Venkata et al., 2021), control
systems, and signal processing. This method proves to be
very good at improving system stability and reliability by
addressing the uncertainties associated with sensor mea-
surements.

The fundamental premise of the Kalman Filter revolves
around two essential steps: prediction and correction. In
the prediction step, the filter utilizes the system’s dynamic
model to forecast the state estimate and its associated
uncertainty. This involves calculating the predicted state,
Z, and its covariance, P, based on the system’s state
transition matrix, F', control input, U, and the previous
state estimate:

Tpih—1 = FrZp_1)p—1 + BrUk

Pyjj—1 = FiuPy_1ji—1 FF + Qx
where @ is the covariance of the process noise.
Subsequently, in the correction step, the Kalman Filter
integrates new sensor measurements to refine the predicted

state estimate. The Kalman Gain, K is crucial in this step,
representing the balance between the weights assigned to
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the prediction and measurement updates. The updated
state estimate and covariance are then computed, incor-
porating both the insights from the dynamic model and
the actual measurements, z as:

Ky = Py H (Hi Pyj—1 H + Ri) ™" (13)
B = Tppp—1 + Kp(2n — HpZpp—1) (14)
Py = (I — KpHy) Pyj—1 (15)

For this work, the state is the three-dimensional position
and velocity of the tag. The acceleration data is entered as
input after being rotated to correct its orientation in the
system where the B matrix converts this information in
terms of speed and position by integrating the acceleration.
The state, matrix F, B, and U is constructed as follows
knowing that dt is the period of the accelerometer sampling
frequency, which in this case is 400Hz:

Tt
Yt
_ | *
X = Ve, (16)
Vs
VZt
100dt 0 0
0100dt 0
0010 0 dt
F=100010 0 (17)
0000 10
0000 0 1
[ dt? T
— 0 0
2 g
0 5 0
B= 2
0 0 dtz (18)
2
d 0 0
0 dt 0
L 0 0 dt |
g
U= ay]xM (19)
a,

The @ matrix is based on the accelerometer variance
and the B matrix, once an uncertainty is integrated, the
integrated result has an even greater uncertainty:

o2 0 0
Q=Bx|0 o2, 0 (20)
0 0 o2,

For the correction stage, the same matrices constructed for
applying the least squares method will be used to calculate
the error vector where the Z and H have already been
presented in 5 and 6.

The prediction process happens every time data from the
accelerometer is received and the correction step happens
every time distance data is received. Therefore, as the
accelerometer operates at a higher frequency than the
UWRB distance measurements, the prediction stage is more
frequent than than the correction.
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5. EXPERIMENTS

To validate the proposed system, an experiment was de-
veloped to localize a simulated cable-driven robot. For this
purpose, a network was set up with 8 stationary UWB
sensors acting as anchors within a room containing a VI-
CON motion-tracking infrastructure. A mobile device was
installed on top of a cart that can move in any direction
without turning. The sensor installed on the mobile cart
is connected to a computer via serial communication. The
UWRB device sends acceleration and distance data, which
the computer saves for future processing. Figure 5 shows
a photo of the experimental setup.

Figure 5. The experimental setup configured to move a
tag (green) within a network of anchors (blue) to
compare with the Vicon system (red). The car used
is holonomic allowing movements in any direction
without changing the tag orientation.

Furthermore, it is worth mentioning that the accelerometer
rotation matrix was constructed from data obtained from
the top of the experimental car. In other words, the tag
was positioned in three different orientations on the top of
the car following the procedure presented in section 3.2.

As the proposed robot only works in a plane, all anchors
were mounted at the same height to be aligned with
the cart. Furthermore, the localization algorithm was
modified to estimate position in only two dimensions. In
this way, one person moved the cart through the region
where the sensors operate, making sure the cart is not
rotated so as not to disorient the accelerometer data.
During the experiment, a path was made passing through
the diagonals of the operating region and returning to
the initial position. However, each path was made at
an increasingly greater speed starting from a stationary
position.

6. RESULTS AND DISCUSSION

Based on the data collected in the practical experiment,
the algorithms of the three previously discussed methods
(LS, WLS, and KF) were applied. All the methods resulted
in satisfactory results, managing to follow the entire trajec-
tory of the mobile device while maintaining a low level of
error concerning the VICON measurements. The estimate
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of each method along the sensor trajectory is shown in
Figure 6.

KF
WLS
LS
VICON

X-axis (m)

Figure 6. Experimental results. Position prediction using
Least Squares (LS), Weighted Least Squares (WLS)
and Kalman Filter (KF) compared to the VICON

motion capture system.

Figure 7 presents the moving average of the error for each
of the methods developed with a window of 30 distance
measurements, which configures a window of less than
1 second considering that the average data acquisition
frequency is 40Hz. The three methods developed remained
most of the time with a moving average error of less than
20 centimeters, even with the tag moving. This is a good
precision for several applications in indoor environments.
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Figure 7. Moving average error for each method used
and tag speed throughout the experiment. The figure
shows the increase in speed throughout the experi-
ment and how the error of each method behaves.

Figure 7 also shows the value of the tag speed, which
allows us to infer some relevant information about the
application of each of the methods. It is possible to note
that the WLS method performs better than the LS at
higher speeds, which is expected since the weight matrix
applied in this method will prioritize the most recent
distance measurement. However, at lower speeds, the LS
method performs slightly better compared to the WLS, as

ISSN: 2525-8311

4589

the WLS is more subject to intrinsic distance measurement
errors due to the larger relevance of the most recent data.
The KF method, as expected, presented the best result,
reaching accuracy levels below 5 centimeters when at low
speed and moderate accelerations.

30
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Standart Deviation(cm)

o

0 20 40 60 80
Time (s)

Figure 8. Standard deviation throughout the experiment
for each method. It is noticeable that the KF method
achieved a good improvement in the standard devia-
tion of the position estimate.

Another important characteristic regarding the applica-
tion of the different methods is the standard deviation
of the position estimate, which is an indicative of the
estimate confidence. Figure 8 shows the standard deviation
throughout the experiment for each of the methods. It is
noticeable that the KF has the smallest standard deviation
result, followed by the LS and WLS, which makes sense
due to the measurement priority characteristic of WLS.

Finally, the average error throughout the experiment was
12.7cm, 16.7 cm, and 16 cm for KF, WLS and LS respec-
tively. In addition, the standard deviation throughout the
experiment was 7.96 cm, 12.92cm, and 11.09cm respec-
tively.

7. CONCLUSIONS

In this work, a real-time localization system was devel-
oped using the commercial platform DWM1001C-DEV.
The effectiveness of three different methods to solve the
localization problem was evaluated, namely LS, WLS, and
KF. All methods were able to track the movements of
the mobile device with a level of accuracy good enough
for various applications indoors or outdoors, including the
application of the proposed cable-driven robot.

The LS and WLS methods obtained similar results, with
the LS presenting better results at low speeds and the WLS
at high speeds. However, LS achieved slightly better overall
results, in addition to being simpler to implement. The
WLS method may have its most advantageous results in
locations with fewer anchors, lower distance data reception
rates, and higher speeds.

The method using the KF, performing sensory fusion
with the accelerometer present on the board, obtained the
best results, obtaining an average error level throughout
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the experiment of just 12.7cm with a standard deviation
of 7.96cm. At moments of lower acceleration, the KF
application achieves accuracies of around 5 cm.

Therefore, the creation of an RTLS using UWB presents
excellent results taking into account its cost and the
versatility of application locations. Future work includes
redoing the experiments with different numbers of anchor
devices, movement speed, and sampling frequency to make
a better comparison between the LS and WLS methods.
Furthermore, a more sophisticated IMU can be used as
input to the KF instead of the built-in accelerometer
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