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Abstract: The industrial scenario is indispensable for ubiquitous 6G coverage, which
demands hyper-reliable and low-latency communication for full automation, control, and
operation. To meet these demands, it is widely believed that it is necessary to introduce
not only the conventional sub-6 GHz bands but also high-frequency technologies, such as
millimeter wave (mmWave), terahertz (THz), and visible light bands. In this paper, we
conduct a channel characterization and comparison in the industrial scenario from the
sub-6 GHz to visible light bands. The channel characteristics, including the path loss (PL),
root mean square (RMS) delay spread (DS), and angle spread (AS), were analyzed with
respect to the frequency dependence and the distance dependence. On the one hand, the
visible light band exhibited significant differences in channel characteristics compared
to the electronic wave band. Due to the line-of-sight transmission of VLC, the visible
light band had a higher path loss, and the path loss exponent reached 3.84. Due to the
Lambertian radiation pattern, which has a wide range of reflection angles, the AS of the
visible light band was much larger than that of the electronic wave band, which were 1.73
and 0.80 for the visible light and THz bands, respectively. On the other hand, the blockage
effect of the metal instruments in the industrial scenario will greatly affect the channel
characteristics. As the transceiver distance grows large, signals from both sides of the
receiver will be blocked by metal instruments, resulting in a decreasing trend in the RMS
DS for the electronic wave band. Moreover, the statistical characteristics of the channel
properties were modeled and compared with the 3GPP TR 38.901 standard. It was found
that the height of the receiver caused the difference between the proposed model and the
3GPP model and needs to be taken into account when modeling. Furthermore, we extended
the 3GPP model to the THz and VLC bands and provided the statistical parameters of
the channel characteristics for all frequency bands. This study can provide insights for
the evaluation and standardization of multi-frequency communication technology in the
industrial scenario.

Keywords: channel characteristics; comparison; industrial scenario; VLC; mmWave;
THz; sub-6 GHz

1. Introduction

At the recent International Telecommunication Union Radiocommunication (ITU-R)
Working Party (WP) 5D meeting, a new recommendation was approved which highlights
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six usage scenarios of IMT-2030 [1]. As a typical usage case of the hyper-reliable and
low-latency communication scenario, the industrial scenario has received widespread
attention again. It extends the Ultra-Reliable and Low-Latency Communication (URLLC)
of IMT-2020 and covers specialized use cases that are expected to have more stringent
requirements for enhanced reliability, low latency, and precise positioning [2].

To satisfy the high performance metrics of IMT-2030 for the industrial scenario, com-
munication technology continues to develop from sub-6 GHz toward high-frequency
bands [3]. Firstly, sub-6 GHz bands have low propagation loss and a strong coverage
capability which can provide extensive coverage for the industrial scenario, which has a
larger physical size than an ordinary indoor scenario [4]. Secondly, to meet the typical
business requirements of an ultra-wide bandwidth and ultra-low-latency transmission in
the industrial scenario, high-frequency communication technologies such as millimeter
wave (mmWave) and terahertz (THz) bands are applied [5]. Thirdly, excessive electromag-
netic interference will be generated due to the operation of the abundant equipment in
the industrial scenario, and the visible light band is regarded as a solution to interference
problems due to the significant frequency isolation between the light and radio waves.
Furthermore, an abundance of metallic scatterers in the industrial scenario produces spec-
ular reflection which results in an increasing intensity of reflection and dense multipath
components (MPCs) [6]. Due to the different capabilities for the reflection, diffraction,
and scattering of signals in different frequency bands, the impact of the frequency is more
pronounced than in traditional indoor hotspot scenarios. Hence, it is imperative to explore
the propagation characteristics for all frequency bands within an industrial scenario and
elucidate the distinct channel properties across various frequency bands.

1.1. Literature Review

Looking at the existing literature, a number of works have been reported on channel
characteristics and modeling at multiple bands in the industrial scenario, as shown in
Table 1. In the following subsection, we will review the progress of industrial scenario
channels according to frequency bands.

Table 1. Research progress in channel characteristics at multiple bands in industrial scenarios.

Frequency Band  Frequency Point Modeling Approach Channel Characteristics Influence Factors Ref.
2.4 GHz Channel measurement Path loss Transceiver distance [7]
Sub-6 GHz 4.145 GHz Channel measurement Path loss, RMS DS Environmental density [8]
Transceiver distance,
41 GHz Channel measurement Path loss, RMS DS LOS and NLOS cases [9]
28 GHz Channel measurement Path loss, RMS DS, AS Antenna height [6]
28 GHz Ray-tracing-based simulation Path loss, LOS probability Environmental density [10]
Transceiver distance,
28 GHz Channel measurement Path loss LOS and NLOS cases [11]
28 GHz Channel measurement Path loss, RMS DS, AS LOS and NLOS cases [12]
mmWave
105 GHz Channel measurement PDE, RM5 [.)S’ temp'or'al PDP Time-varying channel [13]
correlation coefficient
142 GHz Channel measurement Path loss, RMS DS, AS Polarization characteristics [14]
142 GHz Channel measurement Path loss, RMS DS, AS Antenna transmlss.lon pattern, [15]
antenna height
142 GHz Channel measurement A 3-D omnidirectional multipath LOS and NLOS cases [16]

channel model based on clusters
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Table 1. Cont.
Frequency Band Frequency Point Modeling Approach Channel Characteristics Influence Factors Ref.
220 GHz Channel measurement Path loss, RMS DS, AS" Environmental density [17]
power delay angle profile
Path gain, path loss, Lo
THz 300 GHz Channel measurement RMS DS, AS Scenario size [18]
304.2 GHz Channel measurement Path gain, PDP, RMS DS Tlme-lnyarlant and tlme‘- variant [19]
settings, antenna height
300.7 GHz Channel measurement Received power, PDP Penetration through glass, [20]
blockage by frame losses
. . . The channel frequency responses, Comparison of visible light
Ray-tracing-based simulation channel direct current gain, RMS DS and infrared frequency bands (21]
VLC ) . . The channel frequency responses, . - s
Ray-tracing-based simulation channel direct current gain, RMS DS Various receiving positions [22]
Ray-tracing-based simulation Path loss, RMS DS, AS Antenna height [23]
3-4 GHz and Channel gain coefficient, RMS DS, ,
38-40 GHz Channel measurement and Ricean K factor LOS and NLOS cases [24]
The Volcano ray-tracing
. 3.7 GHz and 28 GHz channel simulation and Channel gain, RMS DS, AS LOS and NLOS cases [25]
Multiple bands channel measurement
6.75 GHz, 74.25 GHz, .
and 305.27 GHz Channel measurement Path loss, normalized power, DS LOS and NLOS cases [26]
28 GHz, 38 GHz, Channel measurement Path loss, RMS DS, AS, K factor Scenario size [27]

132 GHz, and 220 GHz

With respect to the sub-6 GHz band, the existing channel research on the industrial
scenario mainly concentrates on the path loss and root mean square (RMS) delay spread
(DS), and the reference distance (CI) model is mainly used for path loss modeling. In [7], the
author investigated the multi-wall-multi-floor (MWF) model of the industrial environment,
and measurements were conducted at 2.4 GHz in the multistoried building. By comparing
the MWF model with the path loss obtained through measurements, it was found that the
MMF model can accurately characterize the path loss in industrial scenarios. In [8], the
author presented channel measurements at 4.145 GHz in both a sparse industrial environ-
ment with a normal size and a dense industrial environment with an extra-large size. It
was found that the line-of-sight (LOS) path loss exponents (PLEs) of the CI model were
1.24 and 1.5, and the RMS DS was 22 and 83.2 for the sparse environment and dense envi-
ronment, respectively. This indicates that the path loss and RMS DS are dependent on the
industrial environment. In [9], the CI path loss model and the RMS DS were investigated at
4.1 GHz in both LOS and non-line-of-sight (NLOS) scenarios. The PLEs for the LOS and
NLOS cases were 1.96 and 2.72, and the majority of the RMS DSs for the LoS and NLoS
cases were 172 ns and 204 ns, respectively. However, due to the lack of detailed descriptions
of the measurement scenario and measurement setting in [9], it is difficult to explain why
there were significant differences in the channel characteristic parameters between [8]
and [9]. Moreover, research on the spatial domain is still lacking.

Regarding the mmWave band, channel research for the industrial scenario mainly
focuses on 28 GHz [6,10-12] and 142 GHz [14-16], which is also known as the sub-THz
frequency band. There is sufficient research on channel characteristics such as the path loss,
RMS DS, and angle spread (AS), and many influencing factors, such as the antenna height,
antenna polarization configurations, and time-varying effects, have been taken into account.
In [6], the path loss, DS, and AS were analyzed and modeled in a factory-like scenario
at 28 GHz. The path loss was modeled by both the CI model and the floating intercept
(FI) model, and the FI model showed high accuracy. Moreover, the RMS DS and AS were
modeled by a linear function, and the cumulative distribution function (CDF) fitting line
as well as the fitting parameters were given. Furthermore, it was found that the antenna
heights would have an impact on these channel characteristics. In [10], a ray-tracing-based
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simulation was conducted at 28 GHz in a light factory and a heavy factory. The path loss
was analyzed and modeled by the CI model, and the PLEs were 1.9 and 2.1 for the light
and heavy factories, respectively. In [11], the author presented an extensive measurement
campaign at 28 GHz inside a factory environment. It was found that the path gain in LOS
cases could be well represented by the Friis free space formula, with an RMS error of 3.6 dB.
In [12], the path loss, RMS DS, and AS in the factory environment at 28 GHz were analyzed
and compared to the indoor hotspot (InH) model. The author proposed a path loss model
similar to the FI model and used a logarithmic function to model the RMS DS. In [13],
time-varying THz channel measurements at 105 GHz were conducted in an indoor factory.
The number of MPCs and the RMS DS in LOS and NLOS environments were analyzed and
compared. The correlation between power delay profiles (PDPs) was described by the tem-
poral PDP correlation coefficient. In [14-16], the author conducted channel measurements
at 142 GHz and studied three different aspects of channel characteristics in the industrial
scenario. Ref. [14] focused on the influence of co-polarized and cross-polarized antennas on
the path loss. The omnidirectional and directional path loss with two antenna polarization
configurations produced gross cross-polarization discrimination (XPD) with a mean of
27.7 dB. Ref. [15] conducted measurements with low-RX and high-RX antenna heights
of 0.5 m and 1.5 m to characterize the propagation channel for close-to-floor applications.
Ref. [16] proposed a sub-THz statistical channel model for the indoor factory scenario
based on an extensive dataset of radio propagation characterization in factory buildings at
142 GHz. The temporal and spatial channel parameters were modeled by distribution fitting
and showed satisfactory p-scores in the goodness-of-fit test. However, the channel charac-
teristics in the industrial scenario at frequencies other than 28 GHz and 142 GHz still need
further investigation.

With respect to THz bands, the research on industrial scenario channels is relatively
insufficient, with the frequency points mainly concentrated at 300 GHz. In [17], the au-
thor presented channel measurement campaigns in a frequency range of 215-225 GHz
in micro drilling—milling and large milling areas. The results indicated that the FI model
is potentially more accurate compared to the CI model and the distribution density of
scatterers in the environment has significant effects on the RMS DS and AS. In [18], channel
measurements were conducted at a carrier frequency of 300 GHz with a measurement
bandwidth of 2 GHz in three distinct industrial scenarios. The channel parameters of each
receiver were provided, such as the path gain, path loss, RMS DS, and AS. It can be seen that
there are obvious differences in the channel characteristic parameters in different scenarios.
However, due to the lack of statistical analysis, the impact of scenarios on the channel
parameters has not been quantified. In [19], measurements were conducted at 304.2 GHz
for both time-invariant and time-variant settings. For the time-invariant setups, the evalu-
ation results included the path gain, PDP, and RMS DS. For the time-variant setups, the
evaluation results included a 3D power delay profile and the path gain versus the time for
a fixed delay value. In [20], a novel ultra-wideband dual-polarized double-directional mea-
surement was conducted at 300 GHz for the application of an access point to the inside of a
machine in an industrial scenario. The results showed a sparse spatial/temporal channel
with multiple paths from the different metallic objects and their influence on polarization.
However, the channel characteristics in the industrial scenario at other frequencies in the
THz band have not been fully investigated.

For visible light bands, in two IEEE channel model standards, manufacturing cells
have been defined as typical application scenarios for visible light communication (VLC).
However, the channel characteristics for visible light bands in industrial scenarios are rarely
researched. In the IEEE 802.15.7 [21] released in 2018 and the IEEE 802.11bb [22], which
was released in 2023, the channel frequency responses, channel direct current gain, and
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RMS DS for manufacturing cells were given. However, the simulation environment was
too simplified, with only two machines inside, which cannot reflect the unique channel
characteristics of the industrial scenario. What is more, in [23], the simulation environment
was more realistic, with abundant scatterers, and the path loss, the RMS DS, and the AS
were investigated at the receiving heights of 1.5 m and 2.5 m.

Furthermore, there are works that have conducted measurements at multiple frequen-
cies in the same industrial scenario to fairly compare the channel characteristics of different
frequency bands. In [24], wideband channel characteristics, for example, the channel gain
coefficient, DS, and Ricean K factor at the 34 GHz and 38-40 GHz bands, were analyzed
and modeled. In [25], the Volcano ray-tracing channel simulation was tuned and bench-
marked against field measurements at two frequencies relevant to 5G industrial networks:
3.7 GHz and 28 GHz. Large-scale parameters, such as the PDP, and the CDF of the RMS
DS were explored. In [26], the author performed simultaneous multi-band ultra-wideband
dual-polarized double-directional measurements at the sub-6 GHz (6.75 GHz), mmWave
(74.25 GHz), and THz (305.27 GHz) bands in a small machine room. In [27], channel mea-
surements were conducted at 28 GHz, 38 GHz, 132 GHz, and 220 GHz in four industrial
scenarios. The channel characteristics were extracted and modeled, including the path loss,
K factor, RMS DS, and AS. However, the existing research on the comparison of multi-band
channel characteristics in industrial scenarios only considers a few electronic wave bands,
and there is no fair comparison of the channel characteristics covering the sub-6 GHz,
mmWave, THz, and visible light bands in the same industrial scenario. The impact of
frequencies on the channel characteristics of the industrial scenario is still unknown.

To sum up, some studies have been conducted on the channel characteristics for indus-
trial scenarios in various bands. However, the research on each band has only focused on a
few specific frequency points, for example, 28 GHz and 142 GHz in the mmWave band and
300 GHz in the THz band. Moreover, there is a particular lack of research on industrial
scenario channels in the visible light band. Furthermore, it can be found that some influenc-
ing factors could have a significant impact on the channel characteristics of the industrial
scenario, such as the environment density and antenna height. Therefore, in order to
accurately describe the impact of the frequency on the channel characteristics of industrial
scenarios, it is necessary to conduct channel characteristic research covering the sub-6 GHz
to visible light bands with a unified antenna height in the same industrial scenario.

1.2. Contribution of This Paper

In this paper, we conduct a comprehensive channel characterization and comparison
in the industrial scenario from the sub-6 GHz to visible light bands. The main contributions
are as follows:

(1) The multi-frequency channel simulations were conducted in the same industrial
scenario with the same configuration for both the electronic bands and the visible light
bands. The frequency range covered the sub-6 GHz, mmWave, THz (i.e., 3.5 GHz, 6 GHz,
28 GHz, 60 GHz, 220 GHz, 260 GHz, 300 GHz) and visible light bands, which could
provide channel data for a comprehensive channel characterization and comparison in the
industrial scenario.

(2) We made a comprehensive comparison of the channel characteristics for multiple
electronic bands and visible light bands in the industrial scenario, including the path loss,
shadow fading, RMS DS, and AS. The frequency dependence and the distance dependence
were analyzed based on the industrial features and frequency properties.

(3) The statistical characteristics of the channel properties were modeled and compared
with the 3GPP TR 38.901 standard [28]. Furthermore, we extended the 3GPP model to
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the THz and visible light bands and provided the statistical parameters of the channel
characteristics for all the frequency bands.

1.3. Paper Organization

The rest of this paper is organized as follows. In Section 2, the scenario and ray-
tracing simulation setup are described in detail. In Section 3, the channel characteristic
data processing methods for both the electronic wave band and the VLC band are given.
In Section 4, the channel characteristics, including the path loss, RMS DS, and AS, are
analyzed, and the statistical characteristics are investigated. Finally, conclusions are drawn
in Section 5.

2. Scenario and Ray-Tracing Simulation Setup

In this section, we introduce a realistic industrial scenario and describe how we
conducted a channel simulation at multiple electronic wave bands and VLC bands. Firstly,
detailed information on the industrial scenarios and internal reflectors, including their
position, size, and materials, is presented. Secondly, the channel modeling methodology
for the electronic wave band is introduced, and the corresponding setups are provided.
Thirdly, the channel modeling methodology and the corresponding setups for the VLC
band are introduced.

2.1. Industrial Scenario

We chose the fiber optic cable laboratory of the Beijing University of Posts and Telecom-
munications to conduct the simulation in, which was a typical factory-like scenario. On
the one hand, the size of the scenario was larger than the common indoor scenario, which
reaches 33.3 m x 7.7 m x 3 m. On the other hand, there was a rich variety of metal reflectors
in the scenario, most of which were metal instruments, and the material was defined as
ferrum (Fe). There were a total of 38 metal instruments in the scenario, whose average
height was 1.27 m. The layout of the scenario is shown in Figure 1. In addition, there
was a small number of non-metallic reflectors which could cause the occurrence of pure
Lambertian radiation for VLC, including the floor, ceiling, walls, and workspace. Among
them, the walls were covered by plaster. The window was made of glass. The workspace
in the bottom left corner of Figure 1 and the long office desk surrounding it were made of
galvanized steel and pinewood.

% @H%m%ﬁﬂ
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R == =] E%F@

@zeu =

I xR =
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Figure 1. Layout of the industrial scenario.

2.2. Ray-Tracing Simulation Setup for Electronic Wave Bands

We used Wireless InSite® (Remcom, State College, PA, USA) software tools for channel
modeling at electronic wave bands [29]. Wireless InSite® is a suite of ray-tracing models and
high-fidelity electromagnetic equation solvers for the analysis of site-specific radio wave
propagation. There are five main steps for channel modeling in Wireless InSite®, including
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features, waveforms, antennas, transmitters and receivers, and outputs. In the following
subsection, we will explain the main settings for each step in the simulation study.

The first step was the feature setup, which built the three-dimensional model of the
industrial environment in the software. The computer-aided design (CAD) models for both
the non-metallic reflectors (floor, ceiling, and windows) and the metal instruments were
imported to model the realistic industrial scenario. Then, the surface materials of each
object could be selected from the database. Secondly, for the waveform setup, we used a
sinusoid waveform with carrier frequencies of 3.5 GHz, 6 GHz, 28 GHz, 60 GHz, 220 GHz,
260 GHz, and 300 GHz.

For the antenna, we chose to utilize an isotropic antenna instead of an omnidirectional
antenna. The reason was that an omnidirectional antenna produces an omni-pattern in the
azimuthal XoY plane with a null on the Z-axis. When the transmitter and the receiver are
not placed at the same vertical height, it is very likely that only a small amount of the signal
can be received or even that no signal can be received. Meanwhile, an isotropic antenna
provides a uniform field strength in all directions.

For the transmitter, it was placed on a passable path near the wall and is shown by the
red star in Figure 1. The distance between the transmitter and the wall was 2 m, and the
height of the transmitter was 1.60 m. For the receivers, these were placed on the LOS route
with a height of 1.27 m, and the route is shown by the red square. The interval between
two adjacent points was 0.50 m. A total of 50 points were arranged.

As outputs, Wireless Insite® could generate the received power, the path loss, and
the channel impulse response (CIR) automatically by selecting those items as the intended
results in the output window, which could be used to calculate the channel characteristics.

2.3. Ray-Tracing Simulation Setup for VLC Bands

We utilized the non-sequential ray-tracing software Zemax® (Zemax LLC, Kirkland,
WA, USA) to obtain the VLC channel data [30]. VLC channel models developed using this
non-sequential ray-tracing method were accepted as reference channel models in IEEE
802.15.13 and IEEE 802.11bb [22]. This channel modeling approach has been validated
through experimental results in [31].

The first step was to construct a three-dimensional simulation environment to recreate
the industrial scenario. Firstly, the floor, ceiling, and walls were constructed according to
the scenario size. Then, CAD models that matched the actual length, width, and height
of the metal instruments were chosen and imported into the software according to their
position in the realistic industrial scenario.

Moreover, the reflection characteristics of each object were set according to those of its
actual material. The reflection coefficient refers to the ratio of the intensity of the reflected
light to the intensity of the incident light on the reflective material surface. It is influenced
by the wavelength of the light signal. Due to the large wavelength coverage of visible
light signals, the wavelength dependence of the reflection coefficients for various materials
needed to be taken into consideration, which is shown in Figure 2. Commonly used materi-
als for indoor scenarios, such as those of the ceiling, floor, and plaster wall, were obtained
from [30]. The remaining materials, such as plate window glass, pinewood, galvanized
steel, and Fe, were obtained from [32]. Furthermore, the radiation pattern was set based
on the roughness of the object. For non-metallic reflectors, which are relatively rough, the
pure Lambertian radiation model was adopted. For metal instruments, specular reflection
and Lambertian radiation simultaneously occurred, with each accounting for a proportion
of half of the received power.



Photonics 2025, 12, 257

8 of 22

0.9 T T T T T T T T
JOUTELY TRCTE TERTY ST PP YPRRL YRR )
0.8 [ . > i
“..‘
“.‘“
0.7 - r 4
& e
5 "‘°' ’._.__.._0—0—"'—0-'0—0--0—0-—0
;g 0.6 - 9 - 7
N Y
& 2
Sosf i :
£ §
~N—
S04r j i
S ;
&~ i Ceiling
0.3 i = @ Floor
: =@ Plaster wall
.] —w— Plate window glass
0.2 - l Pinewood
é Galvanizen steel
35 0404 e e 20=00=0=0¢-
0.1 1 1 1 1 Fe
350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 2. The reflection coefficients for various materials.

The second step was to set up the Tx and Rx in the simulation environment. We placed
the Tx and Rx on the same LOS path as that in the electronic wave band simulation. On the
Tx side, we utilized the method of splicing multiple LEDs to ensure that the light source
and the isotropic antenna in the electronic wave band had the same transmission pattern.
Nine commercially available light sources (PAR20) that had a viewing angle of 40° were
used to achieve 360° coverage, with different lights pointing from 0° to 360° (interval of 40°)
at TX. Furthermore, the relative spectral power distribution of the light source followed
that of typical white light distribution, as shown in Figure 3. On the Rx side, we used
rectangular detectors that were facing in the direction of the Tx. All the key parameters can
be found in Table 2.

Table 2. Parameters of simulation setup.

Electronic Wave Band Visible Light Band
Scenario size 333mx77mx3m
Average height of metal instruments 127 m
Central frequency 3.5/6/28/60/220/260/300 GHz White light (380-780 THz)
TX height 1.60 m
TX pattern Isotropic Isotropic-like
Analysis rays 107
Minimum relative ray intensity 103
Transmitter power 1w
Radiation pattern Specular reflection Specular reflection 50%
Lambert radiation 50%
RX height 127 m

RX pattern

Isotropic Rectangular (10 cm)




Photonics 2025, 12, 257

9 of 22

100 T

90 [

70

50 -

40

30

Relative spectral power [%]

20

10

Il

400 450 500 550 600 650 700 750
Wavelength [nm]

Il Il Il Il Il

0¢

Figure 3. The relative spectral power distribution of the light source.

3. Data Processing

In this section, we introduce the channel characteristic parameter extraction method
based on the electronic wave band channel data from Wireless InSite® and the VLC channel
data from Zemax®. Three types of channel characteristics will be presented, including the
path loss, RMS DS, and AS.

For the electronic wave band, the CIR can be given by

N
W) =mé(t—1)+ ), anel?5(t — 1), 1)
n=2

where a; presents the deterministic (typically LOS) component with the excess delay
71. The parameters a,, T,, and ¢, are the amplitude, excess delay, and initial phase of
the nth stochastic (typically NLOS) component, respectively. N denotes the number of
multiple paths.

For the visible light band, the CIR can be given by

N
h(t) =Y and(T— ). )
n=1

In the following equation, the CIR is utilized to obtain the channel characteristics. The
path loss is the reduction in the power density of a radio wave as it propagates, which is
of high importance for coverage prediction and interference analysis. According to the
definition of the path loss, it can be defined by [33]

N
PL[dB] = —10logo( Y () [?), 3)
n=1
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The RMS DS describes the time dispersion of the MPCs, which determines the length
of the guard interval in the OFDM system. It can be expressed by

22]:1(711 - Tmean)2|h(7n) ’2
TRMS = > 4)
J L0 ()]
in which Tyeqn is the average excess delay, which can be derived by
N 2
" Ta|h(T
o D mlh()| -

Z;Iq\]:l|h(Tn)|2 .

The AS can characterize the dispersion degree of MPCs in the angle dimension,
which can be used to represent the gain brought by MIMO technology [34]. In this paper,
we analyze the angle spread of the arrival for the azimuth dimension, which can be
expressed by

Y € |h(Tn)|2
=,|-21 ,
s \l " ):21:1 |h(Tn)|2 : ©

where 6, is the angle of the MPCs in radians.

4. Results and Analysis

In this section, we analyze the channel characteristics, present the channel charac-
teristic models, and compare the channel characteristic model parameters between the
sub-6 GHz, mmWave, THz, and visible light bands. Firstly, the path loss is analyzed and
the distance dependency of the path loss is characterized by the FI model. Secondly, the
RMS delay spread is analyzed with regard to the distance dependency, and the CDF of the
RMS delay spread is modeled. Finally, the azimuth AS is analyzed, and the CDF model of
the AS is presented.

4.1. Path Loss

Figure 4 presents the path loss results for all the frequency bands. It was observed
that along the LOS path, the path loss for all the frequency bands showed an obvious
distance dependence, and the path loss increased with an increasing distance from the
transceiver with a non-linear relationship. Moreover, it could be observed that the path loss
of the visible light band exhibited more significant variation with the transceiver distance
compared with the electronic wave bands, and the path loss variation for various electronic
wave bands was similar. For example, when the transceiver distance increased from 3 m
to 9 m, the variation in the path loss for the visible light band was 15.5 dB, while the path
loss variation for the other electronic wave bands was 6.43, 5.92, 6.49, 6.98, 5.41, 5.12, and
4.55 dB, respectively. This can be attributed to the LOS transmission of VLC. That is, in
the received signal, LOS components account for a majority of the received power, while
NLOS components only account for a small portion. As the LOS component mainly varies
depending on the transceiver distance, the path loss for the visible light channel varies
significantly with the transceiver distance.
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Figure 4. Path loss vs. transceiver distance.

In addition, at the same transceiver distance, the path loss increased with an increase
in the frequency. Specifically, the path loss of the visible light channel was much higher than
that of the electronic wave channel in general. At a small transceiver distance, the difference
in the path loss between the electronic wave and visible light wave was relatively small.
As the transceiver distance increased, the difference in the path loss between the visible
light and electronic wave bands grew larger. For example, at a transceiver distance of
2.8 m, the path loss difference between the visible light signal and the 300 GHz signal,
which was in the THz band, was only 8.37 dB. When the transceiver distance was 23 m,
the path loss difference reached 27.10 dB. This shows that in short-range communication,
there is not much difference in performance between THz communication and VLC. For
long-range communication, electronic wave communication possesses great advantages
over VLC.

In the THz bands, a large frequency change can only bring about small changes in the
path loss, and in the mmWave and sub-6 GHz bands, a smaller frequency change will lead
to a large path loss difference. For instance, at a transceiver distance of 15 m, the path loss
difference between 300 GHz and 220 GHz was only 3.13 dB, while the path loss difference
between 60 GHz and 39 GHz was 8.58 dB, and the path loss difference between 6 GHz
and 3.5 GHz was 3.07 dB. Therefore, there will be significant differences in the coverage
capability when applying different frequency bands, and a strict frequency selection must
be made based on the propagation characteristics during deployment.

To accurately characterize the path loss, the FI model was utilized to fit the path loss
for all the frequency bands, which can be expressed as

PLH(d) = & + 10Blog,d + X, @)

where « is the floating intercept, j is the slope of the model, which is the PLE, and X, is a
zero-mean Gaussian variable with a standard derivation, o, representing the shadow effect.
The fitting parameters for all the frequency bands are shown in Table 3.
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Table 3. FI model fitting parameters.
Frequency/GHz 4 B o
3.5 43.73 1.078 0.603237
Sub-6 GHz
6 47.63 1.054 0.696649
28 62.82 1.174 0.980498
mmWave
60 68.66 1.343 1.04594
220 80.13 1.321 1.11161
THz 260 81.79 1.304 1.22165
300 82.83 1.33 1.19503
VLC 79.25 3.84 10.1258
3GPP 0.5-100 GHz - 2.15 4.00

In 3GPP TR 38.901, the channel parameters of the factory scenario are presented, which
can support the frequency bands for 0.5-100 GHz. The path loss model parameters in the
factory scenario are distinguished based on the density of scatterers and the height of the
transmitter. In our research, the simulation scenario had dense metal instruments and
high transmitters, which corresponds to the DH scenario with dense clutter and high base
stations in 3GPP TR 38.901, and the PLE in 3GPP TR 38.901 is 2.19, which is much higher
than that of the electronic wave bands obtained in our research.

This can be attributed to the inconsistent height of the receiver. In 3GPP TR 38.901, the
height of the receiver is described as embedded, which represents that the receiver height
is the same as the average height of the reflector in the scenario, while in this research, the
receiver was located lower than the average height of the metal instruments, which meant
that there were a large number of metal reflectors distributed around the receiver. The
abundant metal reflectors could lead to various NLOS signals. Therefore, in the received
signal, the ratio of the LOS signal was relatively small, resulting in a smaller PLE. This can
also be verified by the K factor. In 3GPP TR 38.901, the average K factor for the factory
scenario is 7 dB, while in this research, the average K factor for the 3.5 GHz channel was
—7.74 dB. The smaller value of the K factor represents a small proportion of LOS power in
this research. Therefore, the height of the receiver will also greatly affect the parameters of
the path loss model in industrial scenarios, which must be taken into account during path
loss modeling.

Furthermore, due to the abundant NLOS signals, the PLE for the industrial scenario
is lower than that for the common indoor hotspot scenario for all the electronic wave
bands. For instance, for 0.5-100 GHz bands, the PLE for the indoor office scenario is
1.73 in 3GPP TR 38.901. Moreover, for the VLC band, the PLE for the industrial sce-
nario is much higher than that for the common indoor hotspot scenario. For example,
in [35], the PLE is 1.70 for the indoor conference scenario, while the PLE for the industrial
scenario was 3.84 in this research, which is a similar value to that in [23]. This indicates
that the light signals will suffer a faster decay in the industrial scenario. This may be due
to the combined effect of the large size of the industrial scenario and the special specular
reflection on metal surfaces, which would not happen in an indoor office. On the one hand,
the large size makes the reflected light rays take longer paths to the RX. On the other hand,
specular reflection reduces the angle of the reflected signal compared to pure Lambertian
radiation. Therefore, the difficulty for the reflected signals in reaching the receivers is
greatly increased. As the transceiver distance increases, the reflected signals that can reach
the receiver decrease significantly, resulting in a significant attenuation of the received
power with respect to the transceiver distance.
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4.2. RMS Delay Spread

Figure 5 illustrates the RMS DS results in the industrial scenario. Firstly, as the
transceiver distance increased, the RMS DS for the electronic wave bands showed an over-
all trend of first increasing and then decreasing, with the boundary point at a transceiver
distance of 13 m. At the receiver closest to the transmitter, only a few NLOS components
could be received, and the LOS component power accounted for a large proportion of the re-
ceived power; thus, the RMS DS was at its minimum. As the transceiver distance increased,
the number of NLOS components received from different directions increased, resulting in
an increased RMS DS. When the transceiver distance continued to increase and exceeded
13 m, the RMD DS did not increase continuously as in most cases but instead decreased with
an increasing distance. This can be attributed to the height of the transceivers, which was
lower than the height of most metal instruments on both sides. The high-order reflection
MPCs from both sides were obstructed by the metal instruments and could not reach the
receivers, and only some low-order reflection rays from the transmitter direction could
be received, leading to a decrease in the RMS DS. Therefore, in industrial scenarios, the
height of the transmitter and receiver relative to that of the metal equipment can have a
great impact on the RMS DS for electronic wave channels. Especially when the scenario
size is large, a lower height of the transceiver will lead to a decreasing trend in the RMS DS
with an increasing transceiver distance.
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Figure 5. RMS DS vs. transceiver distance.

For the visible light band, the RMS DS increased with an increase in the transceiver
distance. Even when the distance was greater than 13 m, there was no decreasing trend as in
the electronic wave bands. This is because visible light signals exhibit Lambertian radiation
on the surface of metal objects, and the reflected optical signals will have a wide range of
angles. Although the metal instruments on both sides of the receivers may block some
of the optical signals from propagating into the surrounding space, multiple reflections
will still occur between the two rows of metal instruments. As the distance increases, the
received NLOS path increases, resulting in an increase in the RMS DS.
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Thirdly, from a frequency perspective, the RMS DS of the visible light band was
significantly lower than that of the electronic wave band, while in the electronic wave band,
the impact of the frequency on the RMS DS was not significant. On the one hand, the low
RMS DS of the visible light band is attributed to the LOS transmission of VLC. The LOS
components that have a low time delay account for a large proportion of the received signal
power; thus, the RMS DS is relatively small. On the other hand, for the electronic wave
band, the distribution of the MPCs that reaches the receiver is similar, which leads to a
similar RMS DS. In specular reflection on the surface of metal instruments, the attenuation
of signals is relatively small in various frequency bands. There is a low probability that the
MPCs experience excessive power attenuation after multiple reflections due to a frequency
increase which prevents it from reaching the receivers. Therefore, for various electronic
wave bands, there is an obvious frequency dependence of the RMS DS.

Finally, it was found that the RMS DS of both the electronic wave and visible light
bands could be fitted well by a lognormal distribution, as shown in Figure 6. The fitting
parameters are given in Table 4. For the mean of the RMS DS fitting model, that of the
visible light channel was obviously lower than that of the electronic wave channel, which
was —7.93 log,,(s). In the electronic wave bands, the value of u was not significantly
changed with the frequency, ranging from —7.72 to —7.79 log,,(s), with an average value
of —7.741og;,(s). In 3GPP TR 38.901, the mean of the RMS DS is also a fixed value, which
is expressed as

e " = 1ogio(26 x % +14) —9.53, ®

where V is the hall volume in m> and S is the total surface area of the hall in m? (walls +
floor + ceiling). By substituting the volume and area values of the researched scenario into
Equation (8), the mean was obtained as —7.74 log,,(s), which is the same as the average
value of y in our research. This indicates that the 3GPP model of the RMS DS for the factory
scenario can be extended to apply to THz bands. For the standard deviation, the value
for the visible light channel was much larger than that of the electronic wave channel,
which was 0.23. For electronic wave channels, the standard deviation increased with the
frequency, which can be modeled as

ops = 0.034 x logio(1 + f.) +0.10, 9)

where f, is the frequency. The root mean square error (RMSE) was 0.009, indicating that
the proposed model is in good agreement with the simulated data.

Comparing the RMS DS of the industrial scenario with that of indoor hotspot sce-
narios, it was found that there was only a small difference in the electronic wave band.
For example, at 28 GHz, the mean values of the RMS DS for the industrial scenario and
the indoor office scenarios were —7.72 log,,(s) and —7.71 log,,(s), respectively. Fur-
thermore, for the visible light bands, the RMS DS in the industrial scenario was greater
than that in the indoor conference scenario, which was —7.93 log,,(s) and —8.13 log;(s),
respectively. This is because the obstruction of the metal instruments limited the prop-
agation environment of most electronic wave signals to the space between the metal
instruments on both sides, and the impact of the scenario on the signals was not signifi-
cant. In VLC, the optical signal had a larger angle range due to Lambertian radiation, and
the effect of obstruction on the signal was relatively small. The influence of the scenario
size on the channel characteristics became increasingly prominent. Thus, the industrial
scenario, which had a much larger size than that of the indoor conference scenario, had
a greater RMS DS.
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Table 4. Fitting parameters of lognormal distribution for RMS DS (log(s)).

Frequency/GHz H v
3.5 ~7.79 0.12
Sub-6 GHz
p ~7.75 0.12
28 —7.72 0.16
mmWave

60 ~7.75 0.18
220 ~7.72 0.18
THz 260 —7.72 017
300 ~7.73 0.19
VLC ~7.93 0.23
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Figure 6. CDF of the RMS DS.

4.3. Angle Spread

Figure 7 illustrates the AS for all the frequency bands in the industrial scenario. Firstly,

-8 -7.8 -7.6 7.4 -7.2
RMS delay spread [logw(s)]

the AS of the visible light band was much larger than that of the electronic wave bands.

This was due to the different reflection patterns on the surface of metal reflectors for the

visible light and electronic wave bands. There are two kinds of reflection patterns for

visible light signals on non-smooth metal surfaces: specular reflection and Lambertian

radiation. Meanwhile, electronic wave signals mainly undergo specular reflection. In

specular reflection, the direction of the reflected signal is singular, while in Lambertian

radiation, the direction of the received signal exists within the range of 0-360°. Therefore,

the AS for the visible light channel always maintains a high value.
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Figure 7. AS v.s. transceiver distance.

Moreover, in the electronic wave band, the AS slightly decreased with an increase in
the frequency bands, and within each frequency band, the difference in the AS was not
significant. For example, at a distance of 21.50 m, for the sub-6 GHz bands, the AS for
3.5 GHz and 6 GHz was 0.81 and 0.76 log,,(°), respectively. For the mmWave bands, the
AS for 28 GHz and 60 GHz was 0.73 and 0.72 log;,(°), respectively. For the THz bands, the
AS for 220, 260, and 300 GHz was 0.68, 0.68, and 0.69 log,,(°), respectively. This is because
as the frequency increases, the reflection ability of the signal decreases, and the power of
the NLOS signals decreases, resulting in a decrease in the AS.

Secondly, it can be observed that the AS for the electronic wave band channels experi-
enced four stages as the transceiver distance increased. Firstly, at the receiver closest to the
transmitter, the power of the LOS path accounted for a large proportion, and the AS was
small, as shown in Figure 8a. As the transceiver distance increased to 2 m, the AS increased
significantly with an increase in the transceiver distance. On the one hand, the number
of NLOS components increased, which led to an increase in the AS. On the other hand,
there was a metal instrument with a large size located at the position with a transceiver
distance of 2 m, resulting in a series of strong NLOS signals. The strong NLOS signals
caused by this large metal instrument can be clearly seen from the power angular spectrum
(PAS), as shown in Figure 8b, which caused an increase in the AS by a large margin. Within
the transceiver distance range of 2-5 m, the strong NLOS signals caused by this large
metal instrument disappeared, and the AS suddenly decreased. Thirdly, as the transceiver
distance increased from 5 m to 10 m, the power of the LOS component decreased greatly,
and the NLOS components from the metal instruments on both sides gradually intensified,
as shown in Figure 8d, resulting in a slow growth in the AS. Finally, when the transceiver
distance was greater than 10 m, the AS decreased as the transceiver distance increased. It
can be clearly observed from Figure 8e that the angle range of the received signal gradually
converged towards the direction of the transmitter. Due to the lower height of the receivers,
the blockage effect of the metal instruments on both sides caused the angle of the received
signals to continue to be concentrated toward the transmitter, resulting in a continuous
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decrease in the AS. Therefore, in the industrial scenario, both ultra-large metal equipment
and the height of the receivers can have a significant impact on the AS.
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For the visible light channel, the AS almost remained constant with an increasing
transceiver distance and was mainly distributed between 1.6 and 1.8 log;,(°). It can be seen
from Figure 9 that there were MPCs with high power distributed randomly in the range of
0-360° at each receiver for the visible light band, which kept the AS in a stable state.
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Furthermore, we used curve-fitting tools to fit the AS data and found that the AS in
both the visible light and electronic wave channels followed a lognormal distribution, as
shown in Figure 10. The fitting parameters are shown in Table 5.

The CDF for AS

""""" Simulated data for 3.5 GHz
J e I ognormal fitting 3.5 GHz
--------- Simulated data for 6 GHz
== Lognormal fitting 6 GHz

; Simulated data for 28 GHz
Lognormal fitting 28 GHz
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s Lognormal fitting 220 GHz
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: Lognormal fitting 260 GHz
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=== [ognormal fitting 300 GHz
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== [ ognormal fitting VLC
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H|

1.5 2 2.5
AS [log, ()]

Figure 10. CDF of the AS.

Table 5. Fitting parameters of the lognormal distribution for the AS.

Frequency/GHz H o
3.5 0.96 0.13
Sub-6 GHz
6 0.89 0.12
28 0.82 0.08
mmWave
60 0.82 0.12
220 0.81 0.14
THz 260 0.79 0.13
300 0.80 0.14
VLC 1.73 0.17

For the mean of the AS fitting model, the value for the visible light band was much
higher than that for the electronic wave band, which was 1.73 (logio(°)). In the electronic
wave band, the mean had a decreasing trend with an increasing frequency, as shown in
Figure 11, which can be modeled as

pde = —0.07 x logio(1 + f.) +0.96. (10)

The RMSE was 0.031, indicating that the proposed model has a goodness of fit to the
simulated data. For the standard deviation, the value of the visible light band was higher
than that of the electronic wave band, which was 0.17. In the electronic wave band,
the minimum value of the standard deviation was 0.07 at 28 GHz. At other electronic
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wave frequencies, the standard deviation values varied between 0.12 and 0.14, with little
difference and an average of 0.1234.
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Figure 11. The mean value of the lognormal fitting for the AS.

Comparing the AS model of the industrial scenario with that of indoor hotspot sce-
narios in 3GPP TR 38.901, it was found that for the electronic wave band, the y of the
industrial scenario was much lower than that of the indoor office scenario. This was due to
the blockage effect of the metal instruments caused by the lower height of the receivers. For
the visible light band, there is no proposed model of the AS in the existing study. In [36],
the median of the measured AS in the office was 1.40 (logjo(°)), which is lower than the
u in the industrial scenario. This is due to the fact that the abundant metal instruments
generated rich reflection signals which improved the AS.

5. Conclusions

In this paper, we conducted a comprehensive comparison of the channel characteristics
for all the frequency bands, including sub-6 GHz, mmWave, THz, and VLC, in the industrial
scenario. Firstly, the channel characteristics, including the path loss, RMS DS, and AS, were
analyzed with respect to the frequency dependence and the distance dependence. On the
one hand, the visible light band exhibited significant differences in channel characteristics
compared to the electronic wave band. Due to the LOS transmission of VLC, the visible
light band had a higher path loss, and the path loss exponent reached 3.84. Due to the
Lambertian radiation pattern, which has a wide range of reflection angles, the AS of the
visible light band was much larger than that of the electronic wave band, which was
1.73 (log10(°)) and 0.80 (log1o(°)) for the visible light and THz bands, respectively. On
the other hand, the blockage effect of the metal instruments in the industrial scenario
will greatly affect the channel characteristics. As the transceiver distance grows large,
signals from both sides of the receiver will be blocked by metal instruments, resulting in a
decreasing trend in the RMS DS for the electronic wave band.

Secondly, the statistical characteristics of the channel properties were analyzed and
modeled. It was found that both the RMS DS and the AS could be well fitted by the
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lognormal function for all the frequency bands. For the mean of the RMS DS fitting
model, the value for the visible light band was —7.93 (logjo(s)), which was obviously
lower than that of the electronic wave bands. In the electronic wave bands, the value
of the mean was not significantly changed with the frequency and could be modeled
as a constant with the value of —7.74 (logjo(s)). For the mean of the AS fitting model,
the value for the visible light band was 1.73 (logio(°)), which was much higher than
that for the electronic wave band. In the electronic wave band, the mean of the AS
had a decreasing trend with an increasing frequency, which could be modeled as a
logarithmic function.

Finally, the proposed statistical parameters of the channel characteristics were com-
pared with the 3GPP TR 38.901 standard. It was found that the height of the receiver
caused a larger PLE and a lower AS in the electronic wave bands in our research compared
with those in 3GPP TR 38.901. For the RMS DS, the 3GPP model parameter for the factory
scenario can be extended to apply to THz bands. What is more, the channel characteristics
of the industrial scenario were compared with those of the indoor hotspot scenario. For
the electronic wave bands, the channel characteristics of the industrial scenario exhibited a
lower PLE, similar RMS DS, and lower AS. For the visible light bands, the channel charac-
teristics of the industrial scenario exhibited a greater PLE, greater RMS DS, and larger AS.
This study can provide insights for the evaluation and standardization of multi-frequency
communication technology in industrial scenarios.
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