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ABSTRACT The advent of Indsutrial Internet of Things is one of the main drivers for the implementation
of Industry 4.0 scenarios and applications, in which wireless communication systems play a key role in
terms of flexibility, mobility and deployment capabilities. However, the integration of wireless communi-
cation systems poses challenges, owing to variable path loss conditions and interference impact. In this
work, an Ultra-Wideband (UWB) system for indoor location in very large, complex industrial scenarios
is presented. Precise wireless channel characterization for the complete volume of a logistical plant is
performed, based on 3D hybrid ray launching approximation, in order to aid network node design process.
Wireless characterization, implementation and measurement results are obtained for both 4 GHz and 6 GHz
frequency bands, considering different densities of scatterers within the scenario under test. Time domain
estimation results have been obtained and compared with time of flight measurement results, showing good
agreement. The proposed methodology enables to perform system design and performance tasks, analyzing
the impact of variable object density conditions in wireless channel response, providing accurate time of
flight estimations without the need of complex channel sounder systems, aiding in optimal system planning
and implementation.

INDEX TERMS Industrial Internet of Things, industry 4.0, ultra-wideband, 3D ray launching, wireless
sensor networks, wireless channel characterization.

I. INTRODUCTION
Industry digitalization to a large degree is supported on Indus-
try 4.0, which will enable companies to combine advanced
techniques in the fabrication and operation process together
with smart technologies, thanks mainly to the Industrial Inter-
net of Things (IIoT) [1]. The IIoT takes advantage of the
features that IoT (Internet of Things) offers in industrial
scenarios thanks to information gathering necessary for the
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process automation using specific sensors and devices, for
example, wireless sensor networks (WSN). In environments
such as factories and industrial plants, an increase in produc-
tivity is sought through predictive and remote maintenance to
monitor manufacturing equipment, as well as the implemen-
tation of smart logistics for asset monitoring and load control.
In this way, the IIoT is able to increase productivity levels
efficiently by optimizing resources.

The use of WSNs in industrial environments is steadily
increasing. An overview of the latest emerging IIoT solu-
tions is presented in [2], focusing on the challenges
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associated with efficiency, availability, performance, inter-
operability, reliability and security in industry. In fact,
in order to obtain the above-mentioned IIoT benefits, a dense
deployment of devices is needed, leading to an energy
efficiency problem and significant wireless channel interfer-
ence. These constraints requires specific wireless channel
and coverage/capacity analysis prior to system deployment.
In this sense, in [3], a novel design methodology is presented
to get trade-off and better performance among the three main
requirements of an IIoT wireless system: Power, latency and
reliability. In [4], an example of IIoT application on data man-
agement in a large petrochemical plant is presented, showing
industrial WSNs as a good solution to overcome industrial
requirements.

Within WSNs, one of the technologies that, in recent
years, is gaining popularity, especially in industrial envi-
ronments, is UWB (Ultra-Wideband). This technology is
based on the IEEE 802.15.4a and 802.15.4z standards,
offering high positioning accuracy, in the range of cen-
timeters, thanks to the transmission of shorter pulses in a
wide frequency range from 3.1 GHz to 10.6 GHz. It offers
advantages over other technologies such as Bluetooth, pro-
viding high-speed transmission (up to 27 Mbps) and low
consumption. In [5], an overview of the IEEE 802.15.4a
standard focusing on design considerations and specifica-
tion of UWB systems (ranging estimation techniques) for
sensor networks implementation is presented. The next ref-
erences describe different UWB localization systems and
their performance in different indoor environments. Ref-
erence [6] presents a development of an embedded UWB
indoor localization system with high accurate and low
latency using an optimized STM32L4 microcontroller and
two-way ranging algorithm. Reference [7] proposes an UWB
multi-channel anchor for indoor localization based on the
technique of time difference of arrival evaluated in multipath
and Non-Line of Sight (NLoS) conditions. In [8], UWB com-
mercial systems (Ubisense, DecaWave, BeSpoon) in NLoS
(Non-Line of Sight) conditions are evaluated, concluding that
the DecaWave system presents the higher accuracy and best
performance. Reference [9] presents the UWB propagation
modelling and characterization in a large indoor scenario
where the obtaining results can be used for sensor network
deployment. In [10], the comparison and evaluation of the
performance of UWB and BLE (Bluetooth low Energy) com-
mercial systems for indoor localization in different industrial
environments are analyzed. Reference [11] presents a soft-
ware location and tracking of forklift trucks using UWB tech-
nology in an industrial environment providing an acceptable
accuracy in LoS (Line of Sight) conditions between tag and
anchors. In [12], a combination of localization systems using
UWB and Pedestrian Dead Reckoning (PDR) based methods
are analyzed in order to provide a strong and reliable tracking
of workers in factory environments. Reference [13] evaluates
an UWB system in a dense node network providing improved
mathematical models that ensure to know the supported user
density of the localization system. In [14] an analysis of the

UWB channel for ranging purposes using a Ray Tracing tool
that validates in terms of path loss and small-scale fading is
presented. Reference [15] describes an experimental assess-
ment of the impact of the body wearable sensor on the UWB
system and performing an error model regarding the shad-
owing effect. Reference [16] presents an UWB positioning
system for reducing the human body shadowing for wearable
sensors at a sub-meter level of localization accuracy.

The use of UWB technology in industrial environments,
such as factories or logistics plants, enables a real-time
localization of the load, forklifts or workers, resulting in an
increase of productivity. Since industrial environments are
high-reflective scenarios, owing to the presence of a large
desnity of scatterers, with NLoS conditions given by obsta-
cle presence and relevant electromagnetic interference, it is
necessary to carry out radio characterization tasks before any
devices deployment. In order to analyze the feasibility of
UWB-based system deployment in an industrial environment,
which is electromagnetically complex, this work provides an
extensive wireless channel analysis in a real logistics plant
with the aim of providing assessment in the use of UWB
technology.

The UWB-based system under test has been deployed
in the Truck & Wheel (T&W) Logistics plant, located in
Arazuri, Navarre (Spain). The T&W Group offers innova-
tive supply chain activities and logistics, agile solutions and
reliable transportations for industries such as the automotive,
manufacturing, mass market and textiles [17]. The logistics
plant analyzed in this work is divided into three defined zones
where the 2nd zone has been selected to deploy the UWB
system due to the high load density, consisting of ten long
racks of five pallets floors and separated by six corridors.

In order to carry out the radio characterization of the
logistics plant, an extensive series of RF (Radio Frequency)
measurements has been performed to validate the determinis-
tic estimations provided by the 3D Ray Launching (3D-RL)
algorithm, which are required for optimized deployment of
the devices. Such coverage/capacity simulations consider the
dimensions and the electrical properties of the objects within
the plant. In addition, an analysis and comparisonwith several
empirical propagation models, specifically with the IEEE
802.15.4a standard in industrial environments, are presented
to highlight the deviation in relation with measurements
compared with the 3D-RL approach, mainly given by the
inherently volumetric estimations given by the later.

Once the radio channel characterization of the plant has
been obtained, the deployment of UWB devices is presented
and evaluated. For that purpose, different UWB-based kits
are discussed, selecting the DecaWave MDEK1001 develop-
ment kit due to its high accuracy and reliability [8]. As an
initial approximation, coverage maps based on the 3D-RL
simulations are shown, which provides the best deployment
option according to received power levels. The main goal is
to test UWB technology and its performance in a harsh RF
logistics environment for indoor assets location and tracking
applications. The assets that could be tracked within logistic

VOLUME 9, 2021 107825



I. P. Guembe et al.: Wireless Characterization and Assessment of UWB-Based System

scenarios are vehicles (Forklifts and Automated Guided
Vehicles), containers, pallets, tools, instrumentation or work-
ers. According to the radio-planning task and other techni-
cal considerations, the deployment was carried out, and the
acquired anchors’ results are presented. In order to evaluate
the UWB-based localization system, a comparison of the ToF
(Time-of-Flight) data provided byDecaWave kits and estima-
tions based on time-domain simulations using the 3D-RL tool
are shown. The results obtained show that in 90% of T&W
Logistics plant, the estimated localization accuracy is less
than 30cm. The proposed systemwill ensure the logistics pro-
cess’s automation and control, reporting accurate real-time
location of the load, tracking and loaded/unloaded confir-
mation, thanks to an optimized and low power UWB-based
system deployment.

The main contributions of this work are the following:
� Specific simulation modules have been developed in
order to dynamically generate objects in order to modify
the density of the loading elements of the pallet, enabling
the analysis of the impact of warehouse item distribution
and density in wireless channel performance, consider
all the morphological details within the scenario under
analysis.

� Time domain analysis has been performed and tested
with measurement results for UWB device deployment
time of flight results, in a realistic location-based appli-
cation showing good agreement and low average errors.

� The in house implemented 3D Ray Launching code can
be employed as an analysis tool applicable for the design
and deployment phases of UWB systems within com-
plex indoor logistical scenarios, without the need of per-
forming complex channel sounder based measurements.

This paper is organized as follows: Section II describes
the wireless characterization of an industrial environment.
Section III presents the measurement and results obtained
from the T&W Logistics plant. Section IV is focused on
UWB technology deployment and assessment. Conclusions
of the results are presented in Section V.

II. INDUSTRIAL ENVIRONMENT CHARACTERIZATION
The advent of Industry 4.0 paradigms, taking advantage
of IoT and Cyber Physical Systems, requires connectivity
capabilities within industrial scenarios. Traditional field bus
communications and workshop level connections are pro-
gressively combined with wireless communication systems,
owing to flexibility, ease of deployment and scalability fea-
tures, among others [18]. The use of wireless communi-
cation systems however is also subject to multiple issues,
including impact in propagation losses owing to dense clutter,
leading to shadowing given by non line of sight conditions
and fast fading owing to multipath propagation. Moreover,
industrial scenarios are potentially prone to relevant inter-
ference, given by external interference sources (e.g., power
electronics switching sources, brush motors, high voltage
welding devices, etc.), as well as by intra system or inter sys-
tem sources. Moreover, concerns are also present in relation

with security issues, given by potential intrusion attacks.
These issues and the need to further enable the integration
of wireless communication systems within industrial envi-
ronments has lead to different studies in order to character-
ize and propose mitigation/adaptation techniques, which is
particularly relevant in the case of IIoT applications [19].
In [20], the impact of variable delay, given by inherent
indoor propagation conditions with high obstacle density
and interference are described, applicable to OFDM based
transmission within the 2.245 GHz and 5.4 GHz frequency
bands. Propagation conditions for the case of line of sight,
obstructed line of sight and non line of sight have been
described with magnitude/phase measurements in the 2GHz
to 6 GHz frequency range [21]. Raw data measurement sets
have also been obtained in order to gain insight in wireless
channel conditions in industrial environments, considering
operational conditions such as the presence of robot arms
[22] in the 2.4GHz frequency range. Propagation conditions
for UWB systems within industrial scenarios have also been
described, considering different clutter conditions (low den-
sity and high density), providing measurement based estima-
tion of parameters such as the path loss exponent, maximum
excess delay or root mean square delay spread, for distances
up to 9 meters [23].

In this section, a deterministic based volumetric approach
will be described in order to performwireless channel charac-
terization as well as subsequent system performance analysis,
for the full volume of the scenario under test and considering
to a full extent all the elements within these scenarios.

A. SIMULATION PROCEDURE
In industrial environments, electromagnetic signal phenom-
ena such as reflection, diffraction and scattering from dif-
ferent structures such as walls, machinery, production lines,
etc., may result in relevant multipath propagation. Reference
[24] presents the path loss measurement-based results from
different industrial environments, showing path-loss expo-
nent values less than two in some cases, indicating the pres-
ence of strong multipath propagation in the channel induced
by highly reflective surfaces. This fact makes the wireless
channel in an industrial environment to behave much dif-
ferently when compared when typical environments such as
residential or office environments. Because of that, it is com-
pulsory to perform wireless channel characterization prior to
the deployment of a wireless communication system in this
type of environments.

Measurement-based techniques prove to be accurate
approaches to channel modeling given a specific environ-
ment. Nevertheless, these techniques can result costly both in
economic and time terms [25]. In order to reduce these costs,
geometry-based modeling approaches can be used achieving
a good trade-off between accuracy and time. In this work,
an in-house three-dimensional Ray Launching technique has
been used to characterize the industrial channel environment.
The algorithm is based on geometrical optics (GO) and the
uniform theory of diffraction (UTD). First, the scenario under
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test is modeled in 3D considering all the obstacles within
the environment. Electromagnetic properties of all the obsta-
cles within the environment are considered by means of the
conductivity and relative permittivity of all the materials at
the frequency under analysis. Then, rays are launched from
the transmitter antenna with a predetermined 3D angular and
spatial resolution. When a ray hits an obstacle, a reflected
and refracted ray are created according to Snell’s law, and
when a ray hits and edge, a new family of diffracted rays are
created according to the UTD coefficients. It is worth noting
that owing to the geometric-stochastic nature of the proposed
algorithm, it consider any potential type of link (i.e., LOS,
NLOS or partial NLOS).

As previously stated, the algorithm in based in the GO
approximation combined with UTD, in three-dimensional
approach, supported by Fresnel equations to model transmit-
ted and reflected waves. The geometry of the scenario as well
as the material parameters in terms of dispersive conductivity
and dielectric constant is implement in Matlab, considering
a discretized mesh of cuboids within the simulation volume.
For a given interface of two mediums 1, and 2, where equiv-
alent ray interaction occurs, the reflection coefficient R‖⊥

and the transmission coefficient T ‖⊥ for the parallel and
perpendicular polarization are obtained for the volume of the
scenario under analysis by the following expressions:

R‖ =
E‖r

E‖i
=
η1cos (ψi)− η2cos (ψt)
η1cos (ψi)+ η2cos(ψt )

(1)

T ‖ =
E‖t
E‖i
=

2η2cos (ψi)
η1cos (ψi)+ η2cos (ψt)

(2)

R⊥ =
E⊥r
E⊥i
=
η2cos (ψi)− η1cos (ψt)
η2cos (ψi)+ η1cos(ψt )

(3)

T⊥ =
E⊥t
E⊥i
=

2η2cos(ψi)
η2cos (ψi)+ η1cos(ψt )

(4)

where η1 = 120π/
√
εr1, η2 = 120π/

√
εr2, εr1 and εr2 are the

relative permittivity of the medium 1 and 2, andψi, ψr andψt
are the incident, reflected and transmitted angles respectively.
T‖⊥ Diffraction is taken into account by considering wedge
diffraction, where new diffracted rays are generated. In the
case of finite conductivity bi-dimensional wedge conditions,
the calculation of diffracted components is characterized by

detecting the corresponding object edges and applying the
following diffraction coefficients [26], [27] (5), as shown
at the bottom of the page, where nπ is the wedge angle,
F the line source model, L the distance parameter (variable
as a function of the propagating wave), a+− are diffraction
angle dependent coefficient, R0,n the reflection coefficients
as a function of the corresponding material layer interfaces,
and 82 and 81 the angles to the observation points before
and after the diffraction wedge. The resulting total E-field
components (i.e., GO and UTD) are given by [28],

E⊥‖GO =

√
PradDt(θt,∅t)η0

25
e−jβ0r

r
X⊥‖L⊥‖ (6)

E⊥‖UTD = e0
e−jks1

s1
D⊥‖

√
s1

s2(s1 + s2)
e−jks2 (7)

where β0 = 2π fc
√
ε0µ0, ε0 = 8.854·10−12F/m, µ0 =

4π ·10−7H/m and η0 = 120π ohms. Prad is the radiated
power of the transmitter antenna, whereas Dt(θt,∅t) is the
directivity considering a spherical coordinate system at an
elevation angle θt and an azimuth angle φt. Parameter e0 is
the free-space field strength, k is the propagation constant
and s1, s2 are the distances from the source to the edge and
from the edge to the receiver point, respectively. In order to
decrease computational cost, hybrid simulation combining
3D RL with diffusion equation based on transport theory.
In this way, excess loss given by edge diffraction is estimated
by calculating obstacle density within 2D planes and hence
estimating aforementioned losses following [29]:

LTex (ra) ∼
10
√
2σgpologe
A0

ra − 5log
(
πp0σgra
√
2A0

)
(8)

where p0 is the obstacle density, A0 the average obstacle
cross-sectional area, σg the geometrical cross section of the
obstacles per unit length and ra is Tx-Rx radial distance.

All the channel information is extracted from the 3D
environment model. The last step of the simulation proce-
dure is to process the information to obtain the required
results, such as received power, path loss, power delay pro-
file, etc. A detailed description of the 3D-RL simulation
operation can be found in [28]. In addition, the different
predetermined parameters have been set according to previ-
ous convergence analysis in different environments, which
can be found in [28], [30]. For the considered simulations,

D‖⊥ =
−e(−jπ/4)

2n
√
2πk



cot
(
π + (82 −81)

2n

)
F
(
kLa+ (82 −81)

)
+ cot

(
π − (82 −81)

2n

)
F
(
kLa− (82 −81)

)
+R‖⊥0 cot

(
π − (82 +81)

2n

)
F
(
kLa− (82 +81)

)
+R‖⊥n cot

(
π + (82 +81)

2n

)
F
(
kLa+(82 +81)

)


(5)
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FIGURE 1. Truck & wheel logistics plant: (a) Plane of the three defined
zones; (b) Distribution of bridges and racks; (c) Distribution of pallets in
five floors racks.

the configured parameters will be shown in Table 2. The
3D-RL tool has been validated in the literature comparing the
obtained results with measurement-based techniques, achiev-
ing accurate results with a root mean square error (RMSE)
of 3-6 dB [14], [31], [32].

B. SCENARIO DESCRIPTION AND MEASUREMENTS SETUP
This subsection describes the industrial environment where
both the radio-electrical characterization measurements and
the deployment of the UWB devices have been carried out.
In addition, the setup of measurements necessary to obtain
results of the received power level at the frequencies of
interest is presented. Since one of the goals in this work is the
validation of these channel measurements, a realistic scenario
has been implemented with the aid of the 3D-RL tool to
obtain results close to reality, which are required for radio
planning tasks.

The environment where RF measurements have been car-
ried out is the T&W Logistics plant, located in Arazuri,
Navarre (Spain). This plant is divided into three defined
zones where the 2nd zone has been selected to deploy the
UWB system (see Fig. 1a) due to the high load density (see
Fig. 1b and 1c). This area is divided into ten long racks of
five pallets floors and separated by six corridors. These racks
are joined by two-floor bridges, as can be seen in Fig. 1b.
There are also two more racks attached to the wall, as shown
in Fig. 1a. The racks are made of metal beams, and the load

FIGURE 2. Truck & wheel logistics plant created with the 3D-RL tool.

TABLE 1. 3D-RL material properties.

of the pallets varies between glass and metal, depending on
the stored product.

In Fig. 2, different views of the created 3D model of the
analysis scenario with the 3D-RL tool are shown. This model
has been generated to the maximum detail both in physical
dimensions of the objects, as well as in the constitutive elec-
trical properties of each material of these objects. In Fig. 2a,
some gaps between the pallets are shown due to the fact that
the scenario has been created with the same number of pallets
as on the day the radio channel measurements were carried
out. This is relevant since, as will be seen later, there are
pallets between the transmitter and the receiver in the area
where the measurements have been performed, which cause
the channel variation from the LoS path to an obstructed
channel (NLoS path). Table 1 shows the electrical properties
of the materials used for the creation of the scenario, such as
the conductivity and relative permittivity [33], [34].

Fig. 3 shows the setup of RF measurements performed
at the 4 GHz and 6.2 GHz UWB frequency bands in T&W
Logistics plant. The transmitter is located under a bridge at
the height of 0.5m above the ground, as shown in Fig. 3a
(real picture of the setup) or Fig. 3d (created scenario with
the 3D-RL tool), using an adjustable tripod. In addition,
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FIGURE 3. (a) View of the measurements setup; (b) Receiver antenna at
the height of 0.5m; (c) Receiver antenna at the height of 1.5m; (d) View of
the transmitter location under a full two-floor bridge using the 3D-RL tool.

the Agilent’s FieldFox N9912A portable spectrum analyzer
is also shown as a receiver to measure the received power
level on the frequencies of interest. Measurements have been
obtained at the heights of 0.5m and 1.5m to characterize the
channel in the first two pallets floors.

A VCO (Voltage Controller Oscillator) device has been
used as a transmitter to carry out the measurements. The
ZX95-4000R model, which has 6.1 dBm transmission power
for 4 GHz and the ZX95-6030C model, which has 2 dBm
transmission power for 6.2 GHz have been used. The
antennas employed in the measurements were DecaWave
WB002 and OmniLOG 30800. The latter is an omnidi-
rectional antenna, covering a wide frequency range from
300 MHz to 8 GHz with a variable gain depending on the
frequency of operation. The corresponding setup (VCO and

TABLE 2. 3D-RL parameter configuration.

the OmniLOG 30800) is depicted in Fig. 3a. Table 2 shows
the simulation parameters configured for the 4 GHz and
6.2 GHz frequencies, obtained according to previous conver-
gence studies of the 3D-RL algorithm [28], [35].

III. VALIDATION RESULTS
In this section, a set of simulation results will be presented
for the 4 GHz and 6.2 GHz frequency bands. In order to
validate these estimations, the results will be compared to
the RF power level measurements and empirical models, such
as the IEEE 802.15.4a in industrial environments previously
mentioned. These simulation results will be analyzed when
the plant is empty, (i.e. no pallets on the racks), and when the
plant is full in terms of the number of pallets. These results
are interesting to compare opposite cases in terms of load
since the received power level in some areas could be low,
close to the devices’ sensitivity threshold, owing to multipath
propagation.

Regarding the calculation of the IEEE 802.15.4a empir-
ical model, reference [36] presents the IEEE document of
the IEEE 802.15.4a channel modeling subgroup. This report
describes the propagation models for UWB channels within
the frequency range from 2 to 10 GHz and some environ-
ments, such as indoor office, outdoor and industrial, just to
name a few. The frequency-dependence path is given by [36]
as

PL (f ) = 0.5 · PLo · ηt · ηr

(
f/
fc

)−2·( +1)
(
d/
do

)n (9)

where PLo is the path loss at 1m distance, η is the efficiency
of the antenna, f is the UWB bandwidth, is the frequency
dependence of the path loss, n is the path loss exponent, d is
the distance and do is the reference distance at 1m. The coef-
ficient are based on measurements carried out in industrial
environments in LoS and NLoS conditions [36], [37].

A. 4 GHz FREQUENCY BAND
Fig. 4a and 4b show 2D horizontal received power level
distribution planes for 4 GHz, at the heights of 0.5m and 1.5m
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FIGURE 4. (a) Estimated 2D RF power distribution planes (XY) for 4 GHz
at 0.5m height for empty and full plant; (b) Estimated 2D RF power
distribution planes (XY) at 1.5m height for empty and full plant;
(c) Difference in estimated power plane between full and empty plant for
0.5m and 1.5m height.

for empty and full plant, using the RL tool. In addition, the
racks’ blueprint has been overlapped for detail of the power
propagation within the plant. It must be taken into account
that the bridges with pallets have not been represented in the
blueprint because the bridges are at a higher height than that
there is illustrated in those 2D cuts (see Fig. 3d). Simulation
times span form 21000 seconds to 207000 seconds, as a
function of scenario pallet loading conditions.

FIGURE 5. (a) Plane of T&W logistics plant; (b) Estimated RF power
distribution bi-dimensional planes (YZ) corresponding to each corridor
according to the load on the pallet racks during the measurements
carried out.

However, in the simulations, the bridges have been taken
into account since they have a notable influence due to the fact
that the transmitter is located just under one of these bridges.
Note that some racks are depicted as empty in the case of the
full plant results because they are not prepared to store pallets.
For both figures, it is shown how a 100% increase in the
number of pallets produces a visible increase in propagation
losses as the distance increases, and the channel is obstructed
with the different racks. Even with that, the received power
level is optimal due to the transmission power and the low
operating frequency. In order to highlight the variation in the
received power level, Fig. 4c shows the RF power level differ-
ence between full and empty plant (of Fig. 4a and 4b). These
planes represent positive increments in dB units, considering
that 10-15 dB values are high variations. Therefore, the load
increment causes variations in the wireless channel, which is
relevant in device deployment planning.

As shown above, simulation results of horizontal planes of
the scenario (XY-axes) have been presented, but as previously
stated, the RL algorithm is three-dimensional, and so, in each
simulation, results are obtained in the entire volume of the
scenario. In this way, a complete radio characterization is
achieved that will serve for radio planning tasks so that the
best location of the nodes can be explored. In fact, in these
industrial-type environments, it is relevant due to the differ-
ent heights of the load. Therefore, Fig. 5b shows vertical
power estimation planes (YZ-axes) for each corridor named
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in Fig. 5a. As it can be seen, in the furthest corridors from
the transmitter (corridor 1 and 2), the received power level
decreases. There are high received power levels for the central
area that connects all the corridors because of the LoS path
until a certain height where the two-floor pallets bridges are
located, which join the racks throughout the Y-axis.

The following figure presents the comparison of RF mea-
surements with the simulation results provided by the 3D-RL
tool. The amount of pallets on the simulated scenario follows
the load on the pallet racks during the measurements carried
out. As shown in Fig. 6a, measurements have been performed
on four paths (A, B, C and D) at the heights of 0.5m and 1.5m.
It is necessary to point out that it is measured each meter from
the transmitter for paths A and B. However, for paths C andD,
the first point is not at one meter from the transmitter because
measurements are made in the center of corridor 5 every one
meter, so there begin from pathA.On pathD, it is important to
note that the last points from 22m, even there are no physical
racks, between two and three pallet floors are stored as shown
in Fig. 1c, and therefore, it has been indicated by adding
graphic blocks to the racks in Fig. 6a. Regarding Fig. 6a, it can
also be anticipated that paths A and B are LoS paths, but in
paths C andD are LoS paths only at the first points (until 2-3m
distance from path A) and then, they become NLoS or partial
NLoS paths (gaps between the pallets cause increments in
the received power level). The percentage of NLoS or partial
NLoS points is about 55% in the case of the measurements
for 4 GHz. Therefore, multipath propagation plays a key role
in wireless radio characterization in this harsh environment.

In Fig. 6b, received power level results are presented for
path A. It shows measurements, simulations provided by
the 3D-RL and two previously analyzed empirical models
(the Cost 231 multiwall and the IEEE 802.15.4a LoS and
NLoS cases). As can be seen, the simulations results are
well adapted to the variations of the wireless channel, pro-
viding accurate estimations with an average error of 2.3 dB
and 1.35 dB at the height of 0.5m and 1.5m, respectively.
Regarding the empirical models, the IEEE 802.15.4a model
better fits in the LoS case because the path is unobstructed.
The other models do not follow the trend of the received
power level. In Fig. 6c, the obtained results for path B are
presented. It shows how the received power level estimations
of the 3D-RL tool for both heights are accurate, getting an
average error of 1.51 dB and 1.21 dB, respectively. The
IEEE 802.15.4a LoS empirical model follows the trend of
measurements and simulations for both heights, whereas the
Cost-231 multiwall model is not a good approximation for
measurements.

In Fig. 6d and 6e, paths C and D, the first measurement
point is under −40 dBm (unlike −35 dBm in paths A and B)
because the first point is at a larger distance than one meter
from the transmitter. In Fig. 6d, the results provided by the
3D-RL tool follow the variation of the results obtained in
the measurements for both heights, that is, the power level

FIGURE 6. Comparison of the measurements, simulations using the
3D-RL tool and some empirical models (the Cost-231 multiwall and IEEE
802.15.4a) at the height of 0.5m and 1.5m for 4GHz: (a) Schematic view of
the analyzed paths; (b) path A; (c) path B; (d) patch C; (e) path D.
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TABLE 3. Root mean square error for 4 GHz.

variations produced by the wireless channel. As expected,
it is a path with a line of sight points and others with NLoS,
and therefore, as shown in the graph, the empirical model
that follows the trend of the measurements would be a com-
bination of the IEEE 802.15.4a LoS and NLoS cases. The
average error for path C is 1.63 dB and 1.35 dB, respectively.
Finally, in Fig. 6e, path D results are shown, where the 3D-RL
continues to provide accurate results concerning measure-
ments. The average error is 1.06 dB and 1.8 dB. Furthermore,
as in the previous case, combining the model for a line of
sight and obstructed sight for industrial environments would
give the best approximation to the results’ trend. Table 3
presents the RMSE for 4 GHz, between measurements and
deterministic (simulations) and empirical models to show
the performance of each one of them. As can be seen, the
simulation results with the 3D-RL show the lowest RMSE
and, therefore, best approximates the multipath propagation.
In the case of empirical models, the IEEE 802.15.4a for paths
A and B, the RMSE is lower for LoS model, as they are
paths with a full line of sight. In the case of paths C and D,
the lowest RMSE occurs for the IEEE 802.15.4a NLoS due
to the fact that from the third measurement point (see Fig. 6d
and 6e), the sight is obstructed by the pallets on the racks.

B. 6.2 GHz FREQUENCY BAND
In this subsection, simulation results will be presented for the
6.2 GHz frequency using the RL tool. As in the case of 4 GHz,
simulation results will be shown for opposite cases regarding
the load within the plant. In addition, the measurements will
be presented, comparing them with the simulations obtained
by the 3D-RL tool and with empirical models, exhibiting a
better fit with measurements in the deterministic case. Fig. 7a
and 7b show 2D received power level distribution planes
at the height of 0.5m and 1.2m for empty and full plant.
Regarding the results shown, the increase in the frequency
produces a very significant increase in losses. In addition,
in this case, the transmitted power is 2 dBm that is 4 dB
lower than the transmitted power by the VCO device used
in the 4 GHz measurements. It should also be noted that the
OmniLog 30800 antenna has low gain for this frequency due
to the wide bandwidth in which it can operate. In Fig. 7c,
the RF power level difference between full and empty plant
are shown (of Fig. 7a and 7b).

FIGURE 7. (a) Estimated 2D RF power distribution planes (XY) for 6.2GHz
at 0.5m height for empty and full plant; (b) Estimated 2D RF power
distribution planes (XY) at 1.2m height for empty and full plant;
(c) Difference in estimated power plane between full and empty plant for
0.5m and 1.2m height.

In Fig. 8, the four paths (the same as in Fig. 6a) for
the 6.2 GHz frequency are shown at the heights of 0.5m
and 1.2m. For all paths, it can be seen the accuracy of the
3D-RL tool compared to the measurements carried out in the
plant. For path A, the average error is 2.02 dB and 1.66 dB
for both heights. In the case of path B, the average error
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FIGURE 8. Comparison of the measurements, simulations using the
3D-RL tool and some empirical models (the Cost-231 multiwall and IEEE
802.15.4a) at the height of 0.5m and 1.2m for 6.2GHz: (a) path A;
(b) path B; (c) patch C; (d) path D.

TABLE 4. Root mean square error for 6.2 GHz.

between measurements and the 3D-RL tool is 1.31 dB and
1.18 dB for both heights. In paths A and B, the empirical
model that best fits measurements is the IEEE 802.15.4a LoS,
since both have a line of sight with the transmitter (as shown
in Fig. 6a) at all the path. However, as mentioned above, it is
an empirical model that follows a trend and does not consider
the variations caused by multipath propagation.

In path C, the average error is 1.39 dB and 1.45 dB, and
for path D, the average error is 0.92 dB and 1.44 dB for both
heights, respectively. Both paths behave differently concern-
ing line-of-sight path results. In fact, as in the 4 GHz results,
they follow a trend that mixes empirical models in industrial
environments of a line of sight (at the first measurement
points) and vision obstructed by pallets (from 6-7m distance
from path A). The percentage of NLoS or partial NLoS points
is about 44% in the case of the measurements for 6.2 GHz.
The Cost-231 multiwall, doesn’t fit in any of the cases since
it isn’t based on measurements carried out in an industrial
environment as the IEEE 802.15.4a model does. Table 4
presents the RMSE for 6.2 GHz between measurements and
deterministic (simulations) and empirical models in order to
show the performance of each one of them. As in the case of 4
GHz, the 3D-RL show the lowest RMSE. Regarding the IEEE
802.15.4a for paths C and D, the RMSE provides similar
values for LoS and NLoS models due to the fact that the load
in the T&W Logistics plant was lower during the 6.2 GHz
measurements. Therefore, there are more gaps on the racks
that cause a higher receiver power level (see Fig. 8c and 8d).

IV. UWB TECHNOLOGY DEPLOYMENT AND
ASSESSMENT BY THE 3D-RL TOOL
Once the 3D-RL tool has been validated, the deployment
of UWB devices is presented and evaluated. For that pur-
pose, different UWB-based kits are discussed, selecting the
DecaWave MDEK1001 development kit. In order to choose
the best option for the devices’ deployment, radio-planning
tasks based on the 3D-RL simulations are presented. Accord-
ing to this, the deployment carried out in T&WLogistics plant
is shown together with anchors’ results during the system
operation. Finally, a comparison of the ToF data provided
by DecaWave kits and estimations based on time-domain
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TABLE 5. DecaWave kits MDEK1001 vs EVK1000.

FIGURE 9. Illustration of a possible UWB anchors deployment covering all
scenario within the plant to localize tags along the corridors.

simulations using the 3D-RL tool are presented to evaluate
the UWB-based localization system.

A. UWB COMMERCIAL DEVICES
It has been reported that DecaWave technology behaves
better under NLoS conditions than other options such as
BeSpoon or Ubisense in terms of reliability and accu-
racy [8]. This is probably because DecaWave technology is
the newest system providing the latest indoor localization
techniques achieving centimeter range accuracy [38]–[40].
Among DecaWave technology options [41], two evalua-
tion kits are available: MDEK1001 and EVK1000. Both
kits are based on the radio transceiver IC DW1000 IEEE
802.15.4-2011 UWB. However, the EVK1000 kit is very
limited and is not valid for a complex deployment, allow-
ing a location test only with two reference anchors. The
MDEK1001 kit is a complete tool that allows implementing
an UWB infrastructure providing coverage in large areas

FIGURE 10. Estimated 2D RF power distribution planes (XY) for the full
plant at the height of 1.5m when the transmitted power is −17 dBm (left)
and 0 dBm (right), for the following anchors: (a) A00, A01, A03, A06,
A09 and A11; (b) A12, A14, A16, A18, A20 and A22.

by installing up to 30 anchors and multiple labels with a
position update frequency up to 10 Hz. It also includes all
the necessary software, such as the stack called DecaWave
Positioning and Networking Stack (PANS), firmware for
Gateways on Raspberry Pi, MQTT protocol and, installation
and monitoring applications by Web Server.

The comparison of the main characteristics of both
kits are shown in Table 5. According to these properties,
the MDEK1001 kit has been selected for UWB-based system
deployment. As can be seen, the MDEK1001 kit works on
UWB channel 5, so the UWB-based system radio planning
and deployment have been carried out for the 6 GHz fre-
quency band. It’s worth noting that the procedure and radio
planning tasks presented in the following section could be
easily applied to other devices, including 4 GHz band-based
solutions due to the versatility of the employed 3D-RL tool.

B. UWB-BASED SYSTEM DEPLOYMENT
In this subsection, UWB-based system deployment is pre-
sented together with the results provided by the anchors.
As an initial approximation, a possible UWB anchors deploy-
ment is shown in Fig. 9 in order to cover all the logistics
plant and localize the tags along the corridors. For this,
DecaWave’s recommendations for the deployment have taken
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FIGURE 11. (a) Anchor’s position on the rack; (b) and (c) Anchors’
positions at the heights of 2m and 3m; (d) Anchor A12 on the wall (see
Fig. 9); (e) Localizable tag along the corridor at the height of 2.4m.

into account. Firstly, it is not recommended to have more than
15-20m distance between the anchors, so the range is limited.
In order to achieve high accuracy, it is recommended that the
tag will be in LoS conditions with four anchors most of the
time. The PANS stack algorithm determines four anchors to
perform the trilateration based on the coordinates where they
are located. One of the characteristics of UWB technology
is that performance is maintained under NLoS conditions.
However, in harsh environments in terms of RF propagation,
such as the logistics plant analyzed in this work, the multipath
propagation and signal attenuation have an important influ-
ence on degrading the localization operation, as shown in the
validation results section. Thus, the deployment with a high
density of anchors, illustrated in Fig. 9, ensures that the tag is
in LoS conditions with the anchors.

FIGURE 12. Capture of a real-time video of the tag tracking along
corridor 4: (a) Test point 1: Using anchors A08, A09, A15 and A20; (b) Test
point 2: Using anchors A15, A20, A29 and A30.

FIGURE 13. Two-ray ranging concept applied by DecaWave’s devices.

FIGURE 14. An example of the data gathered for test point 1, where the
distance between the tag 038D and anchors A08 (840B), A09 (CC84), A15
(88B4) and A20 (901B) is shown.

In order to optimize the deployment of the anchors and
due to the limitation of 30 anchors per cluster (see Table 5 ),
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TABLE 6. ToF and distance comparison between tag and anchors for
DecaWave devices and 3D-RL tool for test point 1.

TABLE 7. ToF and distance comparison between tag and anchors for
DecaWave devices and 3D-RL tool for test point 2.

radio-planning tasks have been carried out using the 3D-RL
tool to get a reliable approximation of the number of nodes to
distribute within the plant. For this purpose, several examples
of simulations have been launched according to the param-
eters of Table 5, where the results of some of the anchors
from A00 to A11 are shown in Fig. 10a and anchors from
A12 to A22 are shown in Fig. 10b. Regarding transmission
power, the certification document of the MDEK1001 kit set it
in 0 dBm. However, the datasheet of the DWM1001 provides
−17 dBm, so both cases have been considered. In this way,
in Fig. 10, 2D horizontal coverage planes are presented for
the full plant (worst case) at the height of 1.5m, when the
transmitted power is −17 dBm and 0 dBm, respectively.
In Fig. 10a, the following anchors have been set as a trans-
mitter on the simulations: A00, A01, A03, A06, A09 and
A11. In Fig. 10b, the following anchors have been set as a
transmitter on the simulations: A12, A14, A16, A18, A20 and
A22. These simulations have been configured to achieve a
trade-off between the aforementioned recommendations try-
ing to keep LoS conditions in the corridors and radio planning
consideration based on the plant’s characterization. In fact,
depending on the percentage of efficiency the system’s loca-
tion can support, the number of anchors could be reduced
since the cost for each of them is quite high. It is worth noting
that it could be unnecessary to keep localization values less
than 10cm for the load or forklifts tracking in T&WLogistics
plant. The results show that the received power level is below
the sensitivity requirement for both cases in the analyzed area
(upper area in Fig. 10a and central area in Fig. 10b).

Fig. 11 shows the deployment of the UWB-based system
in T&W Logistics plant. The deployment of the anchors has
been performed at the heights of 2m, 3m and 4m on the
racks. In order to ensure the quality of the links, and thus,
high accuracy on the localization, more anchors have been

FIGURE 15. Estimated 2D ToF planes for test point 1 at the height of:
(a) Anchor A08 (x = 16.74m; y = 47.26m; z = 3m); (b) Anchor A09 (x =
19.7m; y = 47.26; z = 2m) and anchor A20 (x = 19.7m; y = 26.27m;
z = 2m); (c) Anchor A15 (x = 16.74m; y = 26.27; z = 4m); (d) Tag 038D
(x = 18.3m, y = 33.1m, z = 2.4m).

deployed. Fig. 12 shows a capture of a real-time video of
the tag tracking along corridor 4 (see Fig. 5a) using the open
android app provided by DecaWave’s development kit. After
analyzing the results obtained by DecaWave devices for all
the anchors deployed in T&W Logistics plant, it shows that
in 90% of the plant, the estimated localization accuracy is
less than 30cm. In the following subsection, the anchor’s log
information will be analyzed to compare with the 3D-RL
time-domain estimations.

C. EVALUATION AND TIME-DOMAIN SIMULATIONS
In this subsection, the evaluation of the UWB-based local-
ization system is presented. For this, a comparison of the
ToF data provided by deployed DecaWave kits and estima-
tions based on time-domain simulations using the 3D-RL
tool are analyzed. As stated in Table 5, the DecaWave
MDEK1001 development kit uses the DWM1001 mod-
ule based on the radio transceiver IC DW1000 IEEE
802.15.4-2011 UWB. The DWM1001 operates in channel 5
(6.240-6.739 GHz), with 500 MHz bandwidth, preamble
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FIGURE 16. Estimated 2D ToF planes for test point 2 at the height of:
(a) Anchor A20 (x = 19.7m; y = 26.27m; z = 2m); (b) Anchor A15 (x =
16.74m; y = 26.27; z = 4m and anchor A30 (x = 19.7m; y = 6.32; z = 4m);
(c) Anchor A29 (x = 16.74m; y = 6.32m; z = 3m); (d) Tag 038D (x = 18.3m,
y = 18.17 m, z = 2.4m).

length of 128, 64 MHz pulse repetition frequency and
6.8Mbps data rate. The localization algorithm is based on
two-way ranging algorithm (TWR), that is, the ToF determi-
nation of the signal travelling in order to calculate the distance
between two objects, as can be seen in Fig. 13 [42].

Distance = c · ToF (10)

As mentioned above, the ranging needs three-four anchors
to carry out the trilateration algorithm to localize the tag
(see Fig. 12). For the evaluation, several log files have been
obtained of the tag position along corridor 4 (see Fig. 12a
and 12b), with the anchors located in the same coordinates as
Fig. 9. In these logs, information about the distance between
the tag and each anchor is stored. Fig. 14 shows an example
of samples gathered with an update rate of 10 Hz.

Table 6 and 7 present the localization distance error
between the data provided by the DecaWave (DW) devices
and the 3D-RL tool for test point 1 and test point 2,

FIGURE 17. ToF results comparison between 3D RL estimations (PDP) and
measurements corresponding to cases from Fig. 12 for Test point 1:
(a) Anchor A08; (b) Anchor A09; (c) Anchor A15; (d) Anchor A20.
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FIGURE 18. ToF results comparison between 3D RL estimations (PDP) and
measurements corresponding to cases from Fig. 12 for test point 2:
(a) Anchor A15; (b) Anchor A20; (c) Anchor A29; (d) Anchor A30.

respectively. With the distance from the log data and apply-
ing (2), ToF results have been obtained in order to com-
pare with 3D-RL ToF estimations. Simulations have been
launched according to the tag and anchors’ real posi-
tions in Fig. 12, getting accurate results with respect to
DecaWave devices, around sub-meter distance. The absolute
error between measurements and simulations varies from
1cm to 120 cm, in the worst case, with an average error
between all the results of 48.38cm. These estimated ranging
variations provided by the ToF results of the 3D-RL tool are
affected by the employedmesh resolution for the simulations,
among other considerations, as explained in [14]. In this
way, since the impinging rays are detected on the surface
of the cuboids, the distance estimation varies depending on
the cuboid location and the relative locations of Tx source
and Rx observation point, leading to larger variations when
the defined cuboid size is larger. Fig. 15 shows estimated 2D
ToF planes in the time domain at the height of anchors A08,
A09, A15 and A20 when the tag is located at test point 1.
Fig. 16 shows estimated 2D ToF planes in the time domain
at the height of anchors A15, A20, A29 and A30 when
the tag is located at test point 2. Furthermore, Fig. 17 and
Fig. 18 present the Power Delay Profiles (PDP) obtained by
the 3D RL for both cases of Fig. 12 (Test Point 1 and Test
Point 2), where the comparison between the estimated ToF
(time to the first component of the PDP) and the measured
ToF (vertical black dashed lines) is shown. As can be seen,
the 3D-RL tool provides high accuracy estimations close to
the DecaWave technology does, and therefore, the estima-
tions could be used to optimize the deployment of the devices
and keep the location requirements.

V. CONCLUSION
In this work, wireless channel characterization for UWB
systems in industrial indoor logistic application has been
described. A realistic logistic plant has been considered,
in which volumetric characterization of the complete indoor
scenario under analysis has been performed, with the aid of
in-house hybrid deterministic 3D-RL approximation. Wire-
less channel analysis in frequency/power domain have been
obtained for the 4 GHz and 6 GHz bands, validated by
continuous wave (CW) measurement results, as well as by
localization trials with anchors deployed within the scenario.
The impact of object density is relevant in terms of result-
ing path loss as well as in time domain characterization,
given by multipath propagation components, which has been
described by considering different object density conditions.
Time domain characterization results have been obtained
and compared with measured time of flight results, showing
good agreement and without the need of complex channel
sounder system use. The proposed volumetric deterministic
channel characterization can be applied in order to opti-
mize node configuration and network topology, in order to
maximize coverage whilst minimizing interference impact
and energy consumption. As future work, a new firmware
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will be developed in order to obtain parameters such as the
Channel Impulse Response for a real-time localization within
the logistic scenario of the vehicles (Forklifts and Automated
Guided Vehicles), containers, pallets, tools, instrumentation
or workers.
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