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Abstract
The characteristics of multipath components (MPCs) are addressed in an industrial
environment at 1.3 GHz by means of measurements with a multidimensional channel
sounder. The maximum likelihood estimator, RiMAX, is used to determine the MPCs
parameters and takes into account the diffuse scattering. Both line‐of‐sight (LOS) and
obstructed LOS (OLOS) scenarios have been considered, along with the four polariza-
tion states. We found that the environment is very rich in multipath, that is on average,
about 120 (resp. 70) MPCs in LOS (resp. OLOS) scenario due to the presence of several
metallic reflectors. The azimuthal angle implies clustering of the MPCs, and therefore, the
estimated MPCs are grouped in clusters using the K‐powers‐means algorithm based on
the multipath component distance. In general, one to four clusters are determined with
three clusters occurring with the highest probability, regardless of the scenario. Next, the
intra‐cluster parameters have been determined, and we show that the root‐mean‐square
(rms) delay spread and rms angular spread follow a gamma distribution, regardless of the
polarization. The MPC characteristics agree with the results in the literature and can be
valuable when deploying a wireless sensor network in industrial environments.

1 | INTRODUCTION

Potential benefits of the wireless sensors networks (WSNs)
for the industrial companies have been evidenced for decades
[1–4]. However, companies are reluctant in the deployment of
the WSN, despite its potentials as a lack of reliability or an
outage which may cause severe damage to their materials,
workers, and finances.

Currently, it is expected that the 5th generation (5G) of
mobile communications systems will allow an infinite number
of applications, as all of its capabilities and potentials are not
yet identified until now. One of the use cases of the 5G—
namely the massive Machine‐Type Communications—corre-
sponds to scenarios with a massive number of devices having a
very long battery life [5]. Another use case is the ultra‐reliable
and low‐latency critical communications where stringent re-
quirements for capabilities such as high data rates, very low
latency, and availability will be satisfied. As a consequence, it is

expected that these scenarios will be largely used in industrial
manufacturing for efficient and reliable automation and safety
purposes. Depending on the applications and the associated
requirements, the future 5G will operate at lower frequencies,
for example below 6 GHz [5, 6]. Especially, this will be the case
for manufacturing industries where massive internet of things
(IoTs) devices or networks will be deployed for automation
and safety purposes.

Channel modelling and characterization in industrial envi-
ronments is an important step for the WSN deployments [7, 8].
Indeed, before the deployment of an IoT network in such
environments, the propagation mechanisms and characteristics
must be well determined and understood to optimize the
network performance in terms of data rates, availability, reli-
ability, and so on.

Using an electromagnetic analysis software, ref. [9] predicted
the electric field attenuation and the phase variation as a function
of the frequency in three industrial sites. Measurement‐based
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large‐scale parameters have been determined in different classes
of industrial environments [10], in open production space and
dense factory clutter at 2.3 GHz and 5.7 GHz [11]. Three
ultra‐wide‐band measurement campaigns were conducted in
the frequency range of 3.1–5.5 GHz and 3.1–10.6 GHz in
two different industrial environments [12], wherein the
presence of dense multipath components (DMCs) has been
evidenced, especially due to the abundance of metallic
structures. Moreover, [12–15] show that the multipath com-
ponents (MPCs) arrive in cluster in industrial environments
and the radio channel can be consequently modelled ac-
cording to the Saleh–Valenzuela [16] model.

An analysis of the polarization characteristics of specular
and DMC in a large industrial hall is performed at 1.3 GHz
within 22 MHz bandwidth [17]. The study investigated the co‐
polar and cross‐polar DMC power as well as the cross‐polar
discrimination (XPD) and co‐polar ratio (CPR).

Furthermore, the use of directive antennas in indoor en-
vironments can significantly increase the signal gain and also
decrease the interference level, improving thereby the overall
system performances [18, 19], such as the throughput
enhancement, delay reduction, and so on. However, the
effective directionality of a system depends not only on the
antenna system, but also on the considered environment [20].
Hence, the directions of arrival of the MPCs have been
investigated in various indoor environments [21–29]. The
cross‐polarized signals exhibit similar power levels for all
elevation angles, while co‐polarized signals appear in clusters in
the azimuthal plane [21]. It is also shown that the co‐polarized
signals are more spread in the azimuthal plane, whereas the
cross‐polarized ones are concentrated in few directions [21,
22]. This observation is further confirmed by experiments at
60 GHz in a conference room at 60 GHz [24], in two office
rooms in the V‐ and E‐bands [27], in several indoor envi-
ronments at 28 GHz [28] and in the D‐band [29] where it turns
out that the MPCs are spread over the entire azimuthal plane,
that is, [0, 2π). Besides, the MPCs are more spread in the non
line‐of‐sight (NLOS) conditions than in the LOS [25]. The
variation of the angular spreads as a function of the distance
between transceiver is experimentally investigated at 72 GHz in
an indoor hall, and it is found that the directional dispersion of
indoor channels is more sparse than those obtained at lower
frequencies [23]. Based on a measurement campaign carried
out in an indoor office from 6 to 60 GHz, ref. [26] has shown
that the measured channel power distributions over direction
and delay are similar over the full frequency range in both LOS
and NLOS scenarios.

However, industrial environments are a special case of
indoor environments as they are usually larger and are
comprised of more reflectors and/or obstacles. As a
consequence, compared to other indoor environments, in-
dustrial environments are richer in MPCs and these MPCs
are more diffuse as they stem from various and broader
directions. These differences impact the channel character-
istics, and eventually, the performances of a system deployed
in such environments. For instance, two different indoor
environments have been characterized in [14], and it has

been shown that the technologies based on multi‐functional
antennas can give increased performance in highly reflective
environments, whereas no improvement is gained in highly
absorbent environments. Indeed, the reflections from various
objects in an industrial environment can be a reason for a
good coverage experience in the presence of the LOS
or NLOS conditions. Additionally, the channel impulse
response, delay spread, coherence bandwidth, and so on
have been experimentally investigated at 2.4 GHz [30], and
it is observed that these characteristics do not depend
mainly on LOS conditions, but are rather associated to
heavy obstruction configurations in the investigated indus-
trial environment.

To the best of our knowledge, very few studies have
investigated the MPCs' angular characteristics in industrial
environments. Notwithstanding, ref. [31] derived an analytical
expression of the pdf of the angle‐of‐arrival (AoA) and a ge-
ometry‐based channel model determined analytical expressions
of the probability density functions of channel parameters such
as the AoA, time‐of‐arrival to model wide‐band channel in
industrial indoor environments [20].

The present study aims at filling this gap, that is, charac-
terization of the MPCs—in the angular domain—in an in-
dustrial environment. The novelties of our studies are (i) the
characterization of the multipath in the angular domain, (ii) the
clustering of the multipath, and (iii) the assessment of intra‐
cluster large scale parameters and their properties.

The study is organized as follows. Section 2 shortly de-
scribes the considered environment, the equipments, and the
data collection method. Section 3 presents the data processing
methodology, and Section 4 presents and analyzes the results.
Finally, Section 5 concludes the study.

2 | MEASURED ENVIRONMENT AND
DATA COLLECTION

2.1 | Measured environment

The investigated industrial environment is the same used in
[17]. It is a large hall located in Zwijnaarde, Belgium. The hall
dimensions are 21.3 � 77.2 �12.2 m3. The inventory is a dense
indoor environment comprised of several obstacles such as
metallic machinery, concrete structure, large tables or desks,
storage cabinets, robots and so on. It mainly consists of large
metallic machinery used to test the robustness of small to large
concrete structures. The dominant building material for walls,
floor, and ceiling is concrete. The windows are located near the
ceiling, and a large metallic industrial door is located at one end
of the hall and closes it [17]. Figure 1 illustrates a view of the
investigated environment. The Tx and the Rx were static in
their respective locations during the measurement. Once the
measurement in that configuration was completed, the Tx was
moved in another location, and the measurement was carried
out in a static position of both the Tx and Rx. This process was
repeated for 26 locations of the Tx and 3 locations of the Rx in
either LOS or OLOS, as illustrated in Figure 1(b).
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Furthermore, all the measurements were performed in static
scenario, and no machine was running.

2.2 | Data collection

We use the data measurements from [17] for our study. A
summary of the measurement procedure is as follows. The
environment has been probed with a multidimensional channel
sounder. An Agilent E5071C—4‐port vector network analyzer
(VNA)—was used to measure the full polarimetric radio
channel. The central frequency was set to 1.3 GHz within a
bandwidth of 22 MHz uniformly spaced into Mf = 1601 fre-
quency points. A virtual antenna array was created by mounting
an antenna on an automated rotating arm. The antenna
element used for the measurement is described in [17]. At both
the Tx and Rx side, dual‐polarized patch antennas were used.
The Tx and Rx antennas were mounted at 1.60 m above the
ground level. The virtual array was a planar horizontal uniform
circular array (UCA) with radius of 15 cm and consisting of
MT = MR = 12 antenna elements. MT (resp. MR) is the number
of antenna elements at the Tx (resp. Rx) side. The 4‐port VNA
measures the vertical (V ) and horizontal (H) components at
the Rx simultaneously. The antennas have at least 15 dB XPD
with 120° and 100° half‐power beamwidth measured respec-
tively in the azimuth and elevation plane. The measured co‐
and cross‐polar far‐field radiating patterns of the antenna for
the V and H ports at 1.3 GHz can be seen in the figure 2 of

[17]. Further details on the measurement procedure and the
used antennas can be found in [17].

3 | DATA PRE‐PROCESSING
METHODOLOGY

3.1 | Specular multipath estimation

The full polarimetric channel matrix is given by:

H¼ hHH hHV
hVH hVV

� �

ð1Þ

where hXY ∈ CMT MRMf�1 is the measured radio channel in the
frequency domain. The subscripts X and Y denote the polar-
ization of the Tx and Rx antenna, respectively. X and Y are
either H or V.

The wireless narrow band radio channel hXY can be
considered as a superposition of deterministic specular multi-
path components (SMCs) sðΘXY

smcÞ and stochastic DMC
d(Θdmc) including diffuse components [32, 33] and noise.
sðΘXY

smcÞ and d(Θdmc) are the set of parameters that fully
describe the propagation mechanisms:

hXY ¼ sðΘXY
smcÞ þ dðΘdmcÞ þ n ð2Þ

where hXY, sðΘXY
smcÞ ∈ CMT MRMf�1, dðΘdmcÞ ∈ CMT MRMf�1,

and n ∈ CMT MRMf�1 are the sampled version of an observation
of the channel, the contribution of the SMC, the contribution
of the DMC, and the additive measurement noise. The
contribution sðΘXY

smcÞ is deterministic, whereas the contribu-
tions d(Θdmc) and n are both realization of an independent and
identically distributed (i.i.d) circular complex normal distrib-
uted process expressed respectively by Equations (3) and (4).

dðΘdmcÞ ∼ N cð0;RðΘdmcÞÞ ð3Þ

where N cðm;RÞ designates a complex circular symmetric
Gaussian process with mean m and covariance matrix R.

n ∼ N cð0; σ2
nIÞ ð4Þ

where σ2
n and I are the noise variance, and the identity matrix

of size M � M with M = MT � MR � Mf.
In light of the aforementioned statements, a channel

observation is then distributed according to Equations (5).

hXY ∼ N c sðΘXY
smcÞ;RðΘdmcÞ þ σ2

nI
� �

ð5Þ

The diffuse parameter vector is defined as:

Θdmc ¼ τd α1 βd½ � ð6Þ

(a)

(b)

F I GURE 1 Industrial environment
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where τd, α1, and βd are the normalized base arrival delay of the
diffuse components, the power of the diffuse components at τ
= τd, and the normalized coherence bandwidth of the diffuse
components. The parameter vector ΘXY

smc groups the parame-
ters associated with the SMCs and includes the geometrical
parameters defining each specular path, that is, the azimuth of
departure/arrival, the elevation of departure/arrival, and time
of arrival. These geometrical parameters are identical across all
polarization sub channels. Further, ΘXY

smc includes the complex
amplitude γXY, that differ between different polarization due to
the polarization‐dependency of electromagnetic interactions
(e.g. reflections, diffractions, diffusions, etc.).

The maximum likelihood estimator, RiMAX, [32, 33] is
used for the joint estimation of the parameters ΘXY

smc and Θdmc.
For the collected data, the DMC parameters have been fully
investigated [17]. Also, the large‐scale parameters, such as the
root‐mean‐square (rms) delay spread, the path loss, the XPD,
the CPR, and so on, have also been determined [17]. There-
fore, our main contribution is the investigation of the industrial
multipath angular characteristics.

3.2 | Clustering of the multipath
components

A cluster is a set of MPCs that have similar propagation
characteristics. Several researches have shown that the MPCs
arrive in clusters mode in industrial environments [12–15]. It is
important to consider the multipath clustering in channel
modelling; otherwise, the channel model overestimates the
channel capacity [34].

The clustering of multipath depends on the delays, powers,
and angles of arrival/departure. As our antenna system is a
virtual UCA in the horizontal plan, we assume that the angles
of elevation of MPCs are uniformly distributed [35], and the
angles of azimuth are estimated from the measurement data.
The estimated specular paths are grouped into clusters using
the K‐powers‐means algorithm [36], and the multipath
component distance (MCD) is used as a metric to distinguish
the clusters. For path i and j (i = j), the MCD is determined in
both the azimuthal and elevation AOA in Equation (7) and
delay domains in Equation (8).

MCDi; j
Angle ¼

1
2
|ai − aj| ð7Þ

with ak = sinðθkÞcosðφkÞ; cosðθkÞcosðφkÞ; cosðφkÞ½ �
T where

θk and φk designate the elevation and azimuth angle of the kth
path, respectively.

MCDi; j
Delay ¼ ζ

|τi − τj|τstd

Δτ2max
ð8Þ

where τstd is the standard deviation of the delays, Δτmax =
maxi,j(|τi − τj|), and ζ is a suitable delay scaling factor fixing

the importance of the delay domain. Here, we set ζ = 1. The
resulting metric to discriminate the clusters is as follows:

MCDi; j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

MCDi;j 2

Angle þMCDi;j 2

Delay

q

ð9Þ

The number of clusters N is iteratively determined ac-
cording to the following heuristic [36]. First, the number of
clusters is initialized to Nc = 20. Second, the K‐powers‐means
algorithm is performed with Nc to identify clusters. If one (or
more) estimated cluster power is less than a threshold, then Nc
= Nc − 1 and the second step is executed again; otherwise, the
number of clusters N equals Nc and this ends the heuristic. To
avoid detection of insignificant clusters, the power of an
identified cluster should be at least 1% of the total power.

4 | RESULTS

4.1 | Multipath estimation

The RiMAX algorithm [32] is used to extract the SMC pa-
rameters. For a given path k and polarization state XY, the
considered parameters are the complex amplitude γXY

k , eleva-
tion of arrival θEoA

k , azimuth of arrival φAoA
k , and delay τk. The

power of the estimated SMCs has been normalized so that its
maximum is 0 dB. Besides, the SMCs those relative powers at
least of −50 dB are kept; otherwise, they are not considered
because their contributions are too weak. We focus here on the
angles of arrival as we are more interested in the locations of
the Rx.

Figure 2 (resp. Figure 3) shows the scatter plots of the
MPCs for the four polarizations for location 1 (resp. 20) in
LOS (resp. OLOS) scenario. The colour bar indicates the
path's relative power. Figure 2(a), (b), (c), and (d) consists of
139, 176, 143, and 131 paths, respectively, whereas Figure 3(a),
(b), (c), and (d) consists of 84, 83, 84, and 83 paths, respec-
tively. On an average, we obtain 119 paths and 72 paths for the
LOS and OLOS scenarios, respectively. As it can clearly be
seen in Figure 4, the number of MPCs in LOS condition is
higher than in the OLOS. This is explained by the obstruction
in the OLOS scenario where several MPCs do not reach the Rx
because of their low SNR in contrary to the LOS where more
MPCs are expected. The number of MPCs depend on the
discriminatory power of the algorithm, the SNR, and the
threshold criteria, and indicate the number of MPCs that were
successfully extracted by RiMAX. In reality, there may be tens
or hundreds of MPCs in the channel that could not be extracted
because of the limitations of the algorithm, but the aforemen-
tioned trend in LOS and OLOS conditions will be the same.

Figure 5(a) and (b) show the probability density function
(pdf) of the azimuth AoA for the LOS and OLOS scenarios,
respectively. The azimuth is spread from 0° to 360°, indicating
that the MPCs arrive in diffuse fashion as it as been observed
in various works [20, 37, 27]. Besides, the investigation shows
that the multipath arrive according to favourite directions in
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the azimuthal angle, irrespective of the scenarios and polari-
zations, that is, the majority of the paths arrive within [−100°
−80°] and [80° 100°]. The pdf of the azimuth AoA in both the
LOS and OLOS suggest clustering of the multipath as they
look similar to a multimodal normal distribution [38]. As a
matter of fact, the two pdf show clearly that the multipath can
be classified into two groups, at least in the angular domain. We
will therefore investigate the multipath clustering in the
following section.

4.2 | Clustering results

Figures 6 and 7 show the clustering results of the MPCs at
Position 1 (LOS) and Position 20 (OLOS), respectively. At
these locations, a maximum of three clusters is observed,
regardless of the polarization. The red circles, blue squares, and
black triangles indicate the first, second, and third cluster,
respectively. The yellow marker shows the centroid of the
corresponding cluster. The number of clusters is determined
using the heuristic described at the end of Section :̧ def mbox :
mbox :̧ def :̱ mbox :mbox mbox III‐B:̱ mbox. It varies from 1 to
4 as indicated in Figure 8. The minimum and maximum
number of cluster occur in OLOS and LOS conditions,
respectively. This can be explained as follows. The OLOS

scenario tends to block more multipath to arrive at the Rx as
compared to the LOS. As we obtained similar distribution in
both the LOS and OLOS conditions for the azimuth, it is clear
that more (resp. less) MPCs will lead to more (resp. less)
clusters. However, in either the LOS or OLOS case, three
clusters have been obtained with the highest probability, as
indicated in Figure 8. These findings agree with literature as
four to six clusters (average value of 5) have been assessed in
an industrial environment measurement from 3.1 to 10.6 GHz
[12], whereas six to eight clusters (average value of 7) have
been obtained in another industrial environment [13] mea-
surements campaign from 800 MHz to 4 GHz. Both studies
determined the clusters by visual inspection, hence in a
more or less subjective manner. Although we identify the
clusters in this study with an algorithm, the clustering result
is somewhat eventually subjective because the number of
multipath—hence the number of clusters—will depend on
the dynamic measurement range. Obviously, the measured
frequencies certainly have an impact on the number of
clusters, that is, the number of clusters decreases with
increasing frequencies [27].

The experiment further shows that the first cluster arrives
always in the LOS (or OLOS) direction, and the following
clusters stem from specular reflections on the walls, furniture,
metallic structures, and so on surrounding the receiver.

(a)

(c) (d)

(b)

F I GURE 2 Multipath parameters at Position 1 (LOS conditions). LOS, line‐of‐sight
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Moreover, we investigated the contribution of the first
cluster in the total received power. Figure 9 shows the first's
cluster contribution to the four polarization states. In general,
we observe that the first clusters have the highest contribution
in the total power, especially for the co‐polarization HH and
VV. The remainder clusters may have the highest contribution
of received power, especially for the cross‐polarization HV and
VH. The cdf of the first's cluster contribution in the total
power for the co‐polar are similar, alike for the cross‐polar.
Also, we find that the first cluster contribution for the co‐

polarization is always higher than the one of the cross‐polari-
zation, as it can be seen in Figure 9.

4.3 | Intra‐cluster large‐scale parameters

The multipath clustering and associated properties such as the
intra‐cluster delay and angular dispersion are important fea-
tures [34], especially for an efficient design of WSN in indus-
trial environments. We determine the rms values in the delay
and angular (i.e. azimuth) domains. The knowledge of the rms
delay spread is important as it set the bit error or maximum
achievable throughput of communications systems. The rms
delay spread is also used to generate small‐scale parameters
such as the delays, clusters' powers for link‐level, and system‐
level simulations of a new technology [39]. For a XY polari-
zation, the rms delay spread of a cluster l is expressed as
follows:

σl;XY
DS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑Ml
m¼1ðτm − τlÞ2αXY

m

∑Ml
m¼1αXY

m

v
u
u
t ð10Þ

where τl is the mean arrival delay of the paths within the cluster
l and is defined as follows:

(a) (b)

(d)(c)

F I GURE 3 Multipath parameters at Position 20 (OLOS conditions). OLOS, obstructed line‐of‐sight

0 50 100 150 200 250
number of paths [-]

0

20

40

60

80

100

cd
f 

[%
]

LOS
OLOS

F I GURE 4 Cumulative distribution function of the number of paths
for LOS and OLOS scenarios. LOS, line‐of‐sight; OLOS, obstructed line‐
of‐sight
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τl ¼
∑Ml

m¼1α
XY
m τm

∑Ml
m¼1αXY

m

ð11Þ

Ml, αXY
m =γXYm 2, and τm are the number of paths in the

cluster l, the power (for a XY polarization), and the arrival
delay of the mth path within the cluster l, respectively.

Concerning the rms angular spread, it shows the extent of
the space selectivity, and is related to the space correlation in
multiple‐input multiple‐output (MIMO) antennas systems. The
general definition of the rms angular spread provides values
from 0 to 1 [40], and overcome the periodicity of the angles.
According to that definition, a rms angular spread value of
0 indicates that the MPCs arrive (or depart) in a single

direction,whereas avalueof1 indicates that there isnopreference
inthedirectionofarrival (ordeparture)of theMPCs.However,we
adopt the definition of [41] (expressed in degrees) as it suits for
small values of angular spread as expected for clusters; for anXY
polarization, it is defined as follows.

σl;XY
ASA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPMl
m¼1ðφm − φlÞ

2αXY
m

PMl
m¼1αXY

m

s

ð12Þ

with φm is the azimuth AOA of the mth path in the cluster and
φl is the mean arrival azimuth of the MPCs of a cluster l and is
defined as follows:

(a) (b)

F I GURE 5 Probability density function of the azimuth AoA: (a) LOS scenario and (b) OLOS scenario. AOA, angle‐of‐arrival; LOS, line‐of‐sight; OLOS,
obstructed line‐of‐sight

(a) (b)

(d)(c)

F I GURE 6 Multipath clustering at Position 1 (LOS conditions). The
concentric circles indicate the paths travelled distances (in metres). LOS,
line‐of‐sight

(a) (b)

(c) (d)

F I GURE 7 Multipath clustering at Position 20 (OLOS conditions).
The concentric circles indicate the paths' travelled distances (in meters).
OLOS, obstructed line‐of‐sight
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φl ¼
∑Ml

m¼1α
XY
m φm

∑Ml
m¼1αXY

m

ð13Þ

The statistics of intra‐cluster's rms delay spread (σl;XY
DS ) and

rms angular spread (σl;XY
ASA) are addressed. Figures 10 and

11 show respectively the cdf of the rms delay spread (σDS) and
angular spread (σASA) values for the different polarizations.

We observe that the rms delay spread, that is σDS—for all
the polarizations HH, HV, VH, and VV—follow the same
distribution (Figure 10). This observation is also the same for
the rms angular spread, that is, σASA as we see from Figure 11,
the four cdf follow similar distribution. This tendency is
confirmed by the Kolmogorov–Smirnov (KS) test. For the

HH, HV, VH, and VV polarization, the KS test was respec-
tively performed with 85, 84, 83, and 82 samples (corre-
sponding to the total number of clusters) for both σDS and
σASA with the default p‐value of 0.05 for which the null hy-
pothesis is accepted. In fact, the KS test confirms that the σDS

values for the four polarization states follow the same distri-
bution, alike for the σASA. Furthermore, we have compared
several probability distributions to the empirical cdf of the σDS

and σASA, and it turns out that the gamma distribution is the
one that suits them the best. In Figure 10 (resp. Figure 11), the
solid blue line is the gamma distribution that suits best the
distribution of σl;XY

DS (resp. σl;XY
ASA) for all polarizations.

Hence, for a given polarization XY, the following distri-
bution is considered for σl;XY

DS /σl;XY
ASA:

pdfðx; a; bÞ ¼
xa−1e−x

b

ΓðaÞba ; for x > 0; and a; b > 0 ð14Þ

where Γ(.) is the gamma function and the parameters a and b
are defined in Table 1. Obviously, the gamma distribution
parameters (i.e. a and b) may vary for different environments.
Similar distributions have been observed in [27] for the rms
angular spread in an office and conference room at millimeter‐
wave frequencies.

5 | CONCLUSION

This study provides a comprehensive characterization of the
multipath in the angular domain. The characterization focuses
on the specular paths in an indoor industrial environment in
both LOS and OLOS scenarios, although the presence of
strong diffuse scattering has been evidenced. The full polari-
metric channel is considered, and the multipath parameters are
assessed by means of a maximum likelihood estimator. The
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F I GURE 8 Probability density function of the number of clusters

F I GURE 9 Cumulative distribution functions of the first cluster's
contribution in the total power for polarization HH, HV, VH, and VV

F I GURE 1 0 Cumulative distribution functions of the root mean
square delay spread (σDS)

F I GURE 1 1 Cumulative distribution functions of the root mean
square angular spread (σASA)

TABLE 1 Parameters of the gamma function

a b

σl;XY
DS

2.40 13.90

σl;XY
ASA

1.20 34.70
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investigated indoor industrial environment is very rich in
multipath, for example, several tens, more than in offices or
conference rooms. This is caused by the multiple reflectors and
machinery around the transceivers. Additionally, it turns out
that the number of multipath in LOS scenario is about two
times of that found in NLOS case. Moreover, the assessment
shows that the MPCs arrive in clusters, irrespective of the
polarization and propagation scenario. We obtain one to four
clusters, and the maximum number of cluster occurs for the
LOS scenario. It is observed that the first cluster carries the
majority of the power, and the trend is prominent for the co‐
polar in comparison to the cross‐polar. Explicitly, the first
cluster carries on average about 55% and 80% of the total
power for the cross‐polarization and co‐polarization,
respectively. The statistics of the intra‐clusters parameters
have also been addressed. It is found that both the rms delay
spread and rms angular spread follow a gamma distribution,
and that is independent of the polarization states. In general,
we observe that the polarization and propagation conditions
have very little impact on the multipath characteristics in the
angular domain; but, the environment itself, including the
density and configuration of the scatterers and obstacles, have
an impact thereon. Our findings agree well with those found
in the literature review.

The modelling of the multipath propagation in the delay,
elevation, and azimuth domains in such environments will be
part of our future study.
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