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Abstract

The present report introduces the results on channel modelling at sub-6 GHz, mmWave, and
sub-THz in the industrial scenarios discussed in 6G BRAINS. This model is a quasi-deterministic
approach based on raytracing (RT) simulations from precise maps obtained from 3D laser
scans plus stochastic components derived from extensive radiofrequency (RF) measurements
in the same scenarios. The laser and RF measurements were conducted in a Bosch factory and
a machine room in the facilities of FhG, both in Germany. The acquisition of the 3D CAD models
was discussed in Deliverable D3.1, the RF measurement results in Deliverable D3.3, and in the
present deliverable we validate the RT model by direct comparison between the simulations
and measurements, while introducing the stochastic parameters extracted from the RF
measurements. This raytracing model allows simulations with spatial consistency over the
different bands of interest in 6G BRAINS, providing an accurate geometrical representation of
the environment from the propagation properties for precise localization applications.
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Executive summary

6G BRAINS envisions the integration of novel spectrum bands to support the development of
ubiquitous smart wireless communications in industrial scenarios. Future industrial tasks and
services rely on the simultaneous utilization of sub-6 GHz, mm-waves, THz, and optical
wireless communications (OWC). The free blocks of spectrum available at THz and OWC
enables the implementation of innovatively high data rate wireless links with enhanced
capacity, reliability, and latency. Furthermore, THz and OWC allow resolution on 3D
simultaneous localization and mapping (SLAM) of up to 1 mm accuracy. Therefore, reliable
channel models based on empirical evidence addressing these frequencies are of exceptional
importance for the design, performance evaluation, standardization, and deployment of the
future 6G networks.

However, the development and parametrization of a single model covering such a wide
spectrum of frequency bands and applications is challenging in multiple aspects. Localization
and imaging applications require a precise correspondence between the geometrical
properties of the propagated paths and the location of users and scatterers. Moreover, testing
heterogeneous localization methods, based on the combination of localization methods in
different bands, requires spatial consistency of the model not only in the spatial domain, but
also in the frequency domain: the scatterers must be in the same position for the different
simulated bands. While the 3GPP 38.901 spatial model covers from 0.5 GHz to 100 GHz
[3GP20], the stochastic approach on the modelling of scatterers limits the usability of these
models in these scenarios. Therefore, models with deterministic component are more
appropriate for these applications.

Depending on the parametrization and diversity of the constructive materials in the map,
raytracing (RT) tools allow simultaneous simulations at different frequencies with a precise
geometrical representation of the environment in the propagation parameters of the paths.
Nonetheless, the comparability of the results with reality depends on the complexity of the
RT map/model. Thus, obtaining an accurate RT model with a high level of details and large
number of objects is of crucial importance.

Therefore, one of the goals of the WP3 in 6G BRAINS is to obtain a precise multi-band fused
channel model for simultaneous RF and OWC simulations. This model allows both very precise
and accurate RT results from real scenarios (maps from 3D laser scans) of interest withing 6G
BRAINS, and/or statistical results from the generalization of these scenarios for statistical
analysis. This model consists of a deterministic part from precise RT simulations of accurate
maps and a stochastic part, consisting of components whose properties are either
deterministically or purely stochastically calculated.
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1 Introduction

Channel models are key enablers for the design and development of communication systems,
allowing the prediction of the channel in different situations for testing the response of
systems and algorithms.

The main challenge within the applications foreseen in 6G BRAINS is to obtain a single channel
model with the capabilities to cover all the testing requirements:

e Multi-band simulations addressing RF and OWC technologies: base stations (BS) or
access point (AP) and user equipment (UE) might operate simultaneously with multiple
radio interfaces at different frequencies. Therefore, the model must provide a
frequency dependent channel impulse response (CIR).

e Correlation over the different bands given by the geometrical properties of the
location of the scatterers: this enables simulations to test inter-band algorithms, as
assisted beamforming, or heterogeneous multiband localization methods, in which
certain properties related to the position of the user can be estimated at lower
frequencies, and then, the large available bandwidths at higher frequencies can be
used to increase the accuracy.

e Realistic in terms of the geometrical description of the environment from the delay
and angular propagation properties. Applications as imaging and localization rely on
the geometrical properties of the scattered paths.

The complexity of the models depends on the properties of the systems and the parameters
under test. For example, for a SISO system under test whose evaluation parameter is coverage
or received signal-to-noise ratio (SNR), empirical path-loss models offer an efficient trade-off
between complexity and accuracy. Fading models based on statistics are sufficient for
narrowband systems without the capability of resolving MPCs in the delay domain.

On the other hand, when the resolution of the systems increases in a certain domain, the
spreading characteristics of the signals become a relevant parameter. For example, a key
parameter on the design of broad and wideband systems is the information of the spreading
in the delay domain, i.e., delay spread. Similar is the case for the spatial domain. At high
frequencies, high gain or multi-antenna systems usually employ hybrid beamformers in which
the analogue component steers the array gain in the direction of the dominant paths to
compensate the isotropic path-loss. Therefore, the geometrical properties of the environment,
and propagation parameters as time of flight (ToF), direction of arrival (DoA), and direction of
departure (DoD) become fundamental in these models. The accuracy of these parameters also
defines the applicability of the model for different applications.

In addition, aspects as spatial consistency become more relevant when mobile systems under
test requires the knowledge of the location of the scatterers during displacement, for example,
if they need to consistently track the source of scattered signal to re-point the gain of the
antennas. Moreover, applications as SLAM need an accurate description of the simulated
environment to test realistic conditions.

Physical channel models are frequently classified as deterministic or stochastic. The former
ones are characterized by offering the same channel realization in every run, and the latter
generates different realizations of the channel in every execution, since the parameters are
based on statistical distributions. A third type of classification that is currently gaining
relevance for physical channel models for high frequency applications are the hybrid

Page 10 of (55) © 6G BRAINS consortium 2023
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deterministic/stochastic models. These models combine deterministic and stochastic
components to address different features of the channel [MET15], [WPK16]. Usually, the
deterministic part is based on simplified geometrical calculations [PJK11] or RT maps with
certain complexity, and the stochastic is derived from statistics obtained from extensive
measurement campaigns.

RT is a deterministic methodology for propagation modelling based on the geometrical theory
of propagation (GTP). GTP is an extension of geometrical optics (GO) including geometrical
theory of diffraction (GTD). GTP is based on the concepts of rays to treat the different
propagation mechanisms: reflection and transmission on plane surfaces and diffraction on
edges. The main assumptions in RT are far-field (electromagnetic waves are considered as
plane waves) and high frequency (the wavelength is small compared to the objects in the
environment). In addition, different methods can also be incorporated to treat diffuse
scattering in RT [DFVO7]. RT models are based on 2D or 3D maps of the environment. The level
of details in the environment adds complexity to the simulations and accuracy to the results.
The complexity of the maps depends on the efforts expended during its the acquisition.
However, this effort is minimized with the available technology on point cloud laser scanners
compared to a handcrafted map.

Moreover, RT is suitable for multiband simulations. If the map is parametrized with the
electromagnetic properties of the constructive materials at different frequencies, the
simulations of links operating simultaneously in different bands are therefore straightforward.

However, RT alone is not able to capture multiple propagation characteristics, mostly due to
the limited amount of computing time and resources. The limited number of rays and
interactions order that are possible to calculate (depending also on the level of details and
size of the map) limits aspects as diffuse scattering and dense multipath components (DMC).
In that regard, RT simulations can be enriched with the addition of components from
stochastic distributions, more specifically for components that cannot be resolved by the
system.

Therefore, given the requirements listed before for the physical channel model within 6G
BRAINS, the hybrid deterministic/stochastic methodology offers a good compromise between
accuracy and complexity.

A simple workflow of the process described in this document is shown in Figure 1 and the
details for each step are addressed in the following sections.

f RT tool (winPro) § { Post-processing (MATLAB)

Embed

RT simulations [ Include

Import filter antennas and

bandwidth

with map | stochastic part

[}

* MPCs from precise RT map * Random components in the map * Multiband
channel frequency
response with

« Stochastic properties system properties

* Stochastic events

« Blockage of MPCs

* Deterministic properties

Figure 1: Channel synthesis workflow with stochastic/deterministic components and system
aspects.
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In this document, we focus on the description and validation with measurements of a hybrid
deterministic/stochastic channel model. This model can be used in two different ways: as a
pure standalone deterministic model with a very precise map of the environments studied in
6G BRAINS, or as the baseline model integrating stochastic components. While the complete
modelling methodology is described in this document, only part of them have been
parametrized from measurements within 6G BRAINS. Other components were obtained from
previous results found in the literature, and other components are left for future work.

1.1 Objective of this Document
The main objectives of this document can be summarized as follows:

e Summarizing the state of the art in multiband physical channel models for RF and OWC

e Introducing the methodology adopted in WP3 in 6G BRAINS for multiband propagation
simulations.

e Introducing a new RT map from 3D point-cloud scans to increase the diversity of
scenarios within 6G BRAINS for industrial applications, following a similar approach as
the one described in Deliverable 3.1.

e Validating the channel model with measurements

1.2 Relation to other Deliverables within the WP3

This deliverable D3.4 introduces the modelling methodology used for the multiband physical
channel model developed in the WP3 of the 6G BRAINS project.

The Figure 2 presents the relation between the workflow of the WP3 and the different
deliverables within the WP3. The process of obtaining the RT map from point-cloud data was
described in D3.1, where the model of the industrial hall from Bosch at Blaichach was
introduced. The deliverable D3.2 summarizes the integration of the different technologies for
quad-band channel measurements at RF and OWC, as well as the different calibration
methodologies and test measurements. The results and analysis of these measurements are
presented in Deliverable D3.3. These results are then used in the deliverable D3.4 to validate
the maps and modelling methodology adopted for the physical channel model presented in
WP3.

The verification of the RT simulations based on RF and OWC measurements is divided into two
aspects: the verification of the map by identifying differences between the geometrical
properties obtained from the measured propagation paths and the geometry of the scenario,
and the verification of the electromagnetic properties of the assigned materials to the RT
model by comparing the amplitude levels of the different paths identified in the
measurements. Finally, once the RT model is verified and calibrated, stochastic components
obtained from the measurements are incorporated to the RT results to obtain the fused multi-
band channel model for industrial scenarios.

Deliverable D3.5 finally addresses the results based on the integration of other physical layer
aspects as waveforms.

Page 12 of (55) © 6G BRAINS consortium 2023



Deliverable D3.4 6G BRAINS H2020-ICT 101017226

Point cloud from Fused channel

3D laser scans

CAD model RT model
model

Integration of Multiband RF
the multiband & Eg Measurements in
channel sounder i Ml the RT scenario
Del 3.2 Y, \ Del33 )

| Del3.4

|_Del 35

Figure 2: Relation between workflow of the WP3 and the deliverables.

1.3 Structure of this Document

The rest of the document is organized as follows: in Section 2 we introduce and overview of
hybrid deterministic/stochastic channel models. In addition, we present the concept of the
multiband channel model and the interface to other work packages within 6G BRAINS. In
Section 3 we introduce a new scenario where the measurements were conducted for
parametrization of the model. In Section 4 we introduce the modelling approach behind the
hybrid/stochastic 6G BRAINS physical model. Finally, in Section 5 we compare the RT model
of the machine room scenario with multi-band RF measurements for validation of the results.
Similarly, the laboratory model is validated with OWC measurements in Section 6. A
conclusion is finally summarized with future tasks in Section 7.
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2 Overview of Channel Models

2.1 Stochastic and Deterministic Physical RF Channel Models

Physical models can be sub-classified into deterministic or stochastic. The main difference is
that while the former ones provide the same result every time they are executed, the latter
ones generate a different channel realization on every run since the output is randomly drawn
from statistic distributions. This feature allows the test of wireless systems under different
channels and conditions. Therefore, it is also usual that while the deterministic models are
used to analyse specific features under controlled circumstances and for planning, the results
obtained with stochastic models are based on the analysis of statistics which allows a wider
generalization.

The stochastic or deterministic term is applied here to the nature of the model itself, and not
to the components inside of the model since stochastic models can also have deterministic
components inside. Examples are the map-based models in METIS [MET15], the quasi-
deterministic models in MiWEBA [WPK16], and the inclusion of explicit components as ground
reflection within the 3GPP SCM family [3GP20]. However, all these simulators produce a
different channel every time they are run. Similarly, components or aspects as shadowing can
be treated in some models deterministically (e.g., with the double edge-knife diffraction
approach in METIS) or stochastically, as in MiWEBA.

RT is an example of deterministic models. The simulated channel in these cases account with
more realistic characteristics and considers detailed physic processes. RT offers a very
accurate prediction of the propagation at expenses of high computational needs. However,
the accuracy of the results highly depends on the level of details used to describe the scenario,
i.e., amount and shape of objects and their electromagnetic properties. The high complexity
and computation costs, together with the site and scenario specificity, limits the applicability
of deterministic models. On the other hand, physical stochastic models are pertinent for the
generalization of results. They don’t necessarily represent a realistic case in a single realization,
but the ensemble statistics of multiple repetitions fit with the statistics of real scenarios. Thus,
stochastic models don’t relate the propagation parameters of the MPCs to particular
scatterers, but the parameters are drawn from multi-dimensional random processes, whose
distributions are obtained from extensive measurement campaigns. This means that the CIR
doesn’t correspond to a particular propagation environment, but its statistics do, providing
realistic propagation properties to imaginary scatterers. In contrast to deterministic models,
physical stochastic models offer high flexibility of generating CIRs for multiple scenarios, being
much lighter in terms of computation, but at expenses of reduced accuracy. Examples of
stochastic models are the WIN-II [12], the 3GPP SCM [3GP20], COST 2100 [13], METIS [MET15],
and MiWEBA [WPK16], between others.

The following figure intends to summarize graphically (simplified) the level of deterministic
and stochastic nature of the different models, showing the aim of the 6G BRAINS Channel
Model in this regard.
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Stochastic WINNER I, 3GPP

Deterministic Stochastic COST 2100, Stochastic METIS

I

Deterministic Stochastic MIWEBA

Deterministic Stochastic Map-based METIS, 6G BRAINS

Deterministic RT

Figure 3: Stochastic vs deterministic models.

2.2 OWC Channel Models

Many models of the OWC channel have been proposed in the literature, as illustrated by the
typology of Al-Kinani et al. [AWZ18], shown in Figure 4. These modelling methods can be
divided into two main categories - deterministic methods and stochastic methods - which
gather themselves several approaches.

[ OWC Channel Models J
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Figure 4: OWC channel models classification (extracted from [AWZ18]).

2.2.1 Deterministic Methods

Among deterministic methods, the oldest technique was proposed by Gfeller and Bapst in
1979 [GB79]. They were inspired by the radiosity method, from the field of image synthesis,
to simulate the impulse response of the OWC channel. However, this approach only dealt with
a single reflection, so it was later extended by Barry et al. for multiple successive reflections
[BKK93]. In this work, each surface of the environment is modelled as a set of elementary
surfaces acting as purely Lambertian reflectors, with a fixed reflection coefficient. To evaluate
the impulse response of the channel, the contribution of each reflector is added to the power
received at the receiver, if the latter is in visibility of the reflector, as well as to the power
received by the other reflectors in line of sight for reflections of order greater than one.

In practice, the contribution of these higher order reflections can be computed recursively, as
in Barry et al. [BKK93] and more efficiently in other subsequent works [KB97], [LPB11], or
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iteratively, as proposed by Carruthers & Kannan [CKO2]. However, these two approaches
suffer from the same limitations. Besides the fact that they only work for purely diffuse
surfaces, their efficient implementation remains complex. Moreover, they introduce a bias in
the estimation of the impulse response due to the discretization of the surfaces of the
environment, which can only be reduced by drastically decreasing the size of the reflectors
and thus considerably increasing the computation time and the memory required for their
realization.

For these reasons, iterative and recursive methods are poorly suited to handle complex
environments, especially when considering third order reflections and above, despite
optimizations such as those proposed in the DUSTIN algorithm [LHB97]. A nevertheless
promising approach, recently developed by Schulze, consists in transposing the radiosity
method to the frequency domain, which allows to considerably decrease the computational
time while considering an infinite number of reflections. However, its use is still limited to the
case of purely diffuse surfaces (Lambertian), and the manual definition of the environment
(e.g., reflectors position and characteristics) remains very laborious [SCH16]. To overcome the
latter issue, LIDAR-assisted environment modelling has recently been proposed in [MGK22].
A Leica RTC 360 scanner is used to capture a 3D point cloud of the environment, which is then
pre-processed to assign reflectance parameters to the different walls and objects. The
frequency-domain approach proposed by Schulze is finally applied to estimate the channel
impulse response including all-order reflections.

The ceiling-bounce model, first proposed by Carruthers & Kahn in 1997 [CK97] and then taken
up and improved in several works [PBB97; AJO7; CBH16], consists in modelling the impulse
response of the OWC channel by considering only one reflection, from the respective
distances between the receivers and the reflecting surface as well as a parameter related to
the dispersion of the channel delays. It is therefore based on a coarse environment model and
on very simple analytical formulas, which makes it an easy and fast method, but at the expense
of its accuracy, especially in complex environments.

On the other hand, the complexity of the environment is particularly well taken into account
by geometry-based deterministic models (GBDM) based on raytracing (RT). These methods
are based on the modelling, for example with CAD software, of the OWC environment, then
on the RT simulation of all the rays ending their course at a given receiver point. For this,
commercial software such as OpticsStudio has been used in several works [SUA14; MU15;
YH22]. Initially developed for the simulation of complex optical devices ("sequential
raytracing" mode), OpticStudio indeed offers a simulation mode dedicated to OWC-type
applications ("non-sequential raytracing" mode), in which the rays can interact with obstacles
in the environment in any order. However, the computation time remains very high, and the
GBDM methods are intrinsically limited to a given scenario, so they cannot be easily
transposed to other environments without a precise modelling of the latter.

2.2.2 Stochastic Methods

Stochastic methods are the second major category of OWC channel modelling techniques.
These are based on modelling, according to certain probability distributions, elements of the
geometry of the OWC link (e.g., the distribution of reflectors), and/or of the optical
transmitters/receivers (e.g., the number and direction of transmitted or received light rays).
According to Al-Kinani et al. these methods can be categorized as geometry-based stochastic
methods (GBSM) or non-GBSM. In the first case, the interaction between the transmitted

Page 16 of (55) © 6G BRAINS consortium 2023



Deliverable D3.4 6G BRAINS H2020-ICT 101017226

signal and the environment is modelled by describing geometrical relationships between the
effective reflectors, that may be generated randomly. The impulse response and the gain of
the OWC channel may thus be modelled according to simple analytical formulas that can be
based on known probability distributions [JNHO02, HI07, CCO5]. These methods are therefore
very simple to use, but contain potentially large estimation biases, especially with respect to
the influence of diffuse components. Advanced GBSM have however lately been proposed,
like regular-shape GBSM (RS-GBSM) [AWH16] and 3D semi-GBSM [ZWH22], which can cope
with space-time non stationarity of the OWC channel, special LED radiation patterns, motion
speeds and arbitrary rotation and orientation of the sensors.

The non-GBSM methods are mainly based on the RT associated with the Monte-Carlo
stochastic integration technique. They consist in launching rays in random directions from one
of the sensors, then materializing each propagation path by a succession of reflections on the
surfaces encountered, in randomly chosen directions. The optical power carried by each
contribution is then calculated using the bidirectional reflectance distribution function (BRDF)
of the encountered surfaces as well as the geometric characteristics of the ray (e.g., angle,
length). These methods have, compared to radiosity methods, the advantage of being
applicable to any type of reflective surface, and not only to Lambertian reflectors. Moreover,
their computational complexity varies linearly with the depth of reflection considered, so that
their degree of accuracy depends directly on the number of rays launched and is generally
characterized by the variance of its estimator.

The use of this type of method was proposed for the first time by Lopez-Hernandez et al.in
1998, under the name of Monte-Carlo algorithm (MCA), which allowed to take into account
perfectly diffuse and specular reflecting materials [LPS98a]. Although faster than the
deterministic methods proposed at the time, this MCA approach nevertheless requires the
launching of a much larger number of rays than those which will be effectively detected by
the receivers, a large part of them being lost after multiple reflections. In [LPS98b; PJOO], the
same research group therefore proposed a Modified Monte Carlo algorithm (MMCA), which
ensures that each launched ray will contribute to the impulse response, thus reducing the
variance of the Monte Carlo estimator.

Subsequently, the Blinn-Phong BRDF was first introduced in an optical channel simulation
[RPLO2], as well as the dependence of BRDFs on emitted wavelengths [RPR13]. Coupled with
an accelerating structure for computing the intersection of the rays with the propagation
environment and techniques for parallelizing the simulation algorithm, these methods allow
the simulation of the impulse responses of OWC channels in complex environments with
formats derived from CAD tools. It may be noted that to some extent, the "non-sequential
raytracing" mode of OpticsStudio is similar to these optimized MMCA methods, but presents
nevertheless lower performance.

A variant of the Monte-Carlo methods, called photon tracing algorithm (PTA), has been
proposed in parallel by Lee in [LEEQ9]. Faster than the MMCA method, it is nevertheless less
accurate. More recently, the Combined Deterministic and Modified Monte-Carlo (CDMMC)
method has been proposed by Chowdhury et al. [CZK14]. It consists in calculating the first
order contribution to the impulse response using a radiosity method, then using the stochastic
MMCA method from each reflector for the higher order contributions, which allows to reduce
the computation time for second order reflections and below but induces nevertheless
computation times more important than the MMCA method for higher reflection depths.

© 6G BRAINS consortium 2023 Page 17 of (55)



6G BRAINS H2020-ICT 101017226 Deliverable D3.4

Purely Monte-Carlo methods thus seem to be remained among the most relevant for fast
channel impulse response simulation in complex environment, which is why they are at the
basis of the works carried out by Behlouli et al. In [BCA17], this team presents a Markov-chain
Monte Carlo (MCMC) method, which reduces the number of light rays that must be simulated
to achieve a given accuracy threshold by automatically focusing on the paths that transport
more power. The MCMC method thus reduces dramatically the computation time necessary
to reach a given quality compared to the MMCA method or OpticsStudio. In [CJJ20], it is used
to investigate the impact on the OWC channel of the characteristics of the environment model,
such as the level of geometric description, the reflectivity of materials, but also the influence
of the ambient noise induced by the sun and of the user mobility, in the specific case of an
aircraft cockpit.
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3 Scenario and Applications
The 6GBRAINS channel model covers the following scenarios:

e Llarge industry hall
e Machine room
e Laboratory

The following applications have been tested and considered during the development of the
channel model:

e Fixed point-to-point link for back and front hauling applications
e Access point to mUE

The example in Figure 5 shows the industry hall scenario (Bosch plant in Blaichach) with three
different APs: AP1 with sub-6 GHz radio interface for mobile users and 200 GHz for front-
hauling, AP2 with co-located sub-6 GHz and mmWave for mobility, and sub-THz radio interface
for front-hauling, and AP3 with distributed OWC interfaces for mobility and sub-THz for front-
hauling. This scenario covers most of the different applications described previously.

Figure 5: RT simulation results of the isotropic multi-path components for a single mUE position
connected to AP2 at 30 GHz and AP3 in OWC 3 interface (20 rays simulated).

3.1 Machine Room Scenario

The machine room scenario is in the facilities of Fraunhofer in llmenau, Germany. The
dimensions of the room are 6.48 m x 10.05 m x 6.33 m and there are different tools typically
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found in industrial and machine halls, as shown in the 360° pictures taken from one of the TX
and one of the RX positions in Figure 6, respectively. The predominant constructive materials
of the different items are iron, steel, aluminium, plexiglass, concrete, and steel sheet. This
scenario can be easily compared to a portion of a production line. The main component in the
room is a computer numerically controlled (CNC) milling machine located in the centre of the
room.

Figure 6: Picture of the machine room scenario.

The workflow to obtain the map of the RT model from point-cloud is similar to what was
presented in D3.1, and it is repeated in Figure 7.

Connect and Triangulation and
merge point- Modelling material
clouds assignment

Scanning of the

environment

Figure 7: Workflow for point-cloud to RT model.

Scanning of the environment.

The Leica BLK360 laser scanner was used in this room. It is useful to have more than one
recording position as some areas of the environment would not be recorded due to blockage
of some objects. In this case, as shown in Figure 8(a), the scanner was set in four different
recording positions to avoid blind spots in the environment.
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Connect and merge the point-cloud.

After all recordings have been made, they must be merged, and a final point-cloud must be
registered. Leica Cyclone REGISTER is the most popular software for registering laser scan data
and it has also been used in this case. Figure 8(b) shows the final point cloud by their color and
by the points intensity.

Modelling.

Modelling process is the most time-consuming process in the workflow. It requires a lot of
manual work. In this process, every object in the environment is reconstructed by primitive
blocks — such as boxes or cylinders — with the help of the point cloud. Although some objects,
e.g., pipes or commonly used metal profiles, can be reconstructed easily while using best fit
modelling tools, in most of the cases, the shape, position, and size of a block has to be adjusted
manually. The Cloudworx AutoCAD Pro Add-On allows the user to interact with every single
point or certain areas of the point-cloud and therefore accelerates the modeling process.
Figure 8(c) shows the resulting AutoCAD model of this industrial alike environment. The model
consists of a total of five layers — one for each material. They can be distinguished by their
colors.

Triangulation and material assignhment

Once the model is ready, it can be exported using stereolithography (.stl) format since it can
be read from raytracing simulations software. Afterwards, the model can be imported, and
material properties can be assigned directly in the simulation software, as shown in Figure
8(d). In the present model, we have considered the materials metal, plastic, concrete, wood,
and glass.

(a) (b) () (d)

Figure 8: Different stages of the workflow from scanning to RT model for the machine room
scenario.

3.2 Laboratory Scenario

The electronics laboratory scenario is in the Institut supérieur d'électronique de Paris (ISEP).
The dimensions of the room are 9.58 m x 3.44 m x 2.5 m and there are different instruments
and furniture typically found in electronics laboratory, as shown in the 360° panoramic
pictures in Figure 9. The main component in the room is an electronic experimental bench and
there is an exchange discussion area located in the centre of the room.
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Figure 9: Picture of the electronics laboratory scenario.

Scenario Modelling

The scenario was modelled using the Polycam software installed in iPad was exploited to scan

the 3D model of the scenario. Figure 10 shows the 3D model of the electronics laboratory
scenario.

(a) (b)

Figure 10: 3D model of the electronics laboratory scenario.
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4 Hybrid Deterministic/Stochastic Multi-band RF Physical Model
based on Raytracing.

The objective of this model is to provide a realistic deterministic baseline in the simulation
results, which is enriched with stochastic components that can neither be generated by the
discrete nature of the maps for RT simulations, nor the computation properties of the
underlying simulation tools based on raytracing.

Moreover, most of the available commercial (e.g., WinProp) and non-commercial (e.g., Sionna,
MATLAB) tools allow simulations up to 100 GHz. Therefore, a certain amount of post-
processing must be done on the simulation results to adequate the data to the target
simulations. One of the main limitations is the parametrization of the electromagnetic
properties of the different constructive materials. Hence, in 6G BRAINS we have used latest
measurement results found in the literature to interpolate reflection losses and compensate
them in post-processing steps considering the frequencies of interest. In addition, free-space
propagation loss of each path and Doppler shifts must also be compensated. On the other
hand, aspects as diffraction require the re-computation of coefficients in which the
geometrical properties of the interacting objects are needed. The output of the RT simulations
usually doesn’t provide this information and therefore can’t be compensated. However, as
seen in the Deliverable D3.3, diffraction is very low and therefore these paths can be in the
worst case neglected. This modelling methodology approach is summarized in Figure 11.

RT tool MATLAB

Deterministic Stochastic Random
part part variation of
the map

Deterministic
inisti components
Deterministic Stochastic
components
components
from the map

Random
scatterers in
the map

Dense
Multipath

Components Shadowing

(a)

[h@I?

| ( WLT TT?JTI#;TLLLF ;

(b)

Figure 11: (a) 6G BRAINS stochastic/deterministic model structure and (b) example of CIR with the
different deterministic and stochastic components.
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4.1 Channel Impulse Response

The equivalent baseband multi-dimensional channel impulse response in the frequency band
f- at the j** TX and i*" RX antenna consists of a deterministic and a stochastic part:

h (67, 1) = hiH (e, f) + K6 T, ).

The classification between deterministic and stochastic is in this case from the scenario point
of view. The deterministic part consists of the MPCs corresponding to the map of the scenario
under test. On the other hand, within the stochastic part, we still can have deterministic
components, e.g., randomly created clusters but whose geometrical properties are still
deterministically calculated.

Differently, purely stochastic components in the channel refer to MPCs or events that are not
calculated or generated deterministically, e.g., unresolvable DMCs. They are randomly
generated from distributions parametrized from measurements. These components
represent all the energy in the environment, product of weak diffracted or diffuse scattered
paths that the system cannot resolve. Moreover, events as shadowing of paths are also
determined purely stochastically.

Therefore, as shown in Figure 11, the physical modelling approach followed in 6G BRAINS
considers a deterministic underlaying base model from RT simulations in realistic maps
obtained from precise LiDAR scans of the environments under investigation, with a set of
stochastic components calculated in a post-processing phase, implemented in MATLAB.
However, this stochastic part contains both deterministic and stochastic paths and events (as
shadowing). The workflow with WinProp and MATLAB related to the different
deterministic/stochastic components are summarized in Figure 12.

(" For each time instance

RT tool (winPro)

Define TX and
RX location and
bands

Define/select
map or scenario

Post-processing
(MATLAB)

Modify Generate stati
scatterers (from random
map) scatterers

)

1

Generate

ashing random
scatterers

Generate
blockage of
scatterers

ofthe

Move RT/TX
and/or objects
environment

Embed
antennas and
bandwidth

Generate DMC

Recalculate
path
information

.

Figure 12: Workflow of the deterministic/stochastic model.

Within 6G BRAINS, we have validated the creation and parametrization from measurements

of the following components, shown in Figure 13:

e Deterministic part

o Deterministic map of the environments of interest

e Stochastic part

o Dense multipath components
o Random variation of the map
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o Random scatterers in the map: static
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Figure 13: Deterministic and stochastic components addressed from measurements in this
Deliverable.

4.2 Deterministic Components

There are two sources of deterministic components in the model: the deterministic paths
calculated by the RT tool, and the deterministic paths randomly generated in the post-

processing step.

The deterministic components from the deterministic part are calculated from standard RT,
in this implementation, using the Altair WinProp®© software. Different precise maps with
multiple details have been derived from 3D LIDAR scans (see D3.1) and parametrized with the

electromagnetic properties of the different constructive materials.

The output of the RT simulation for each frequency band f, and position in the map is a set of
L rays with the following parameters:

e 17;:time of flight (delay),

® ¢4, azimuth of arrival,

® 0y, elevation of arrival,

* ¢p,: azimuth of departure,

. HDL: elevation of departure,
olo]

e y, " :amplitude in the TX ¢ — RX ¢ polarization,

¢

* %, amplitude in the TX ¢ — RX 6 polarization,

09,

e y, :amplitude in the TX 6 — RX ¢ polarization,
. yleez amplitude in the TX 8 — RX 8 polarization,

Each [*" path is subdivided in different segments every time there is an interaction with an

interface, providing the following information:

e Object Id and Material Id

e 3D coordinates of the interaction point of the object p,,
e Type of interaction point (reflection, transmission, scattering).

© 6G BRAINS consortium 2023
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The multi-dimensional dual-polarized SISO CIR H(fp, T, ¢4, 64, ¢p,6p) can be constructed
with these parameters and represented as a matrix:

Hdet(fD»T» ®4,64,6p,0p, ) = -

L oP
Z[ o 0= 000 1015001 15001 = )50 = 80)5(00 = 0.

=1

where L is the number of MPCs, and I; € C2*? is the dual-polarized complex scattering matrix
considering the reflection/scattering/penetration and path-loss of each path, and f,; =

fc lth

rRX 1V is the Doppler shift of the [*"* path, where r{x‘l is the spherical unit vector at the RX,

rﬁx_l = [cosOy cosy; €OSOy Sing,; sinbyy],

And v is the RX velocity vector consisting of the unit spherical vector times the scalar speed of
the RX,

vl = vpy - [cOS Ogx COS prx  COS Opx Sin g  Sin Opx].

The discrete time-varying CIR is calculated in the fromRTtoCIR function considering the system
properties:

e antennas,
e bandwidth.

The MPCs obtained with the RT are integrated with the system properties into the time-
varying frequency response of the channel. The band limited frequency response of the i"
antenna at the RX and jt" antenna at the TX is calculated as

Hdet(tk' fn' fc

L RX T TX
___Zl%,z(m,l,eA,z) [;lw “G¢ (‘1’0“6’“)] exp(—j2mfuty)
l

RX
=1 Ge,i (¢A.l' HA.Z) GG J (d)D 1O l) Frequency/delay duality

2 fe j2 £, j2m fy
- exp Ly Trx, 1V ) €Xp rRX 1P; | exp rrxiPj )
Co Co Co
Time/Doppler duality Steering vector at RX  Steering vector at TX

where l'%x,z is the spherical unit vector at the TX,
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r%xz = [cosOp,cos¢pp; cosbp;singp; sinbp].

and p; and p; are the local spherical coordinates of the i" antenna at the RX and j antenna
at the TX, respectively.

The sampling points in the frequency domain are determined by the bandwidth of the signal
and number of samples:

fn = Afn,

where A = Ki is the sub-carrier spacing, B is the total bandwidth, and K; are the total
f

amount of sub-carriers. Similarly, in the time domain,

where T is the total time interval, and K; is the amount of time samples.

4.2.1 Deterministic Displacement of RX

Depending on the number of rays, interactions, and size of the scenario, the re-calculation of
all the MPCs for each new position of a moving RX can result in practically impossible
computational times for RT.

Therefore, in this implementation of the model, under several assumptions, we simulate with
the RT software different positions in the scenario with a large grid in terms of wavelength
(from the sub-THz point of view). Then, the channel model synthesizer (reTrace function)
implemented in MATLAB re-traces all the MPCs for the new position of the RX for the different
time instances. This allows in a cost-efficient way, to obtain sampling points of the channel at
different speeds of the mobile terminal and at sampling times that allow Doppler resolution.
However, this is possible only under the assumption that the interaction points of the MPCs
act as point-scatterers: the reflection losses don’t change with the different impinging and
reflected angles.

The RT provides for each ray the coordinates of the different interaction points p,. Therefore,
the recalculation of the geometrical properties (DoD, DoA, and delay) of each segment within
the path is straightforward. This is implemented in the recursive reTrace function that accepts
as input the current RT CIR with the updated positions of the RX and the interaction points,
the time instance, and the velocity vector to update the RX position.

The updated coordinates of the RX p%y in the time instant t, is calculated by

Prx(tx) = PRx(tk_1) + At vy - [cOS Orx €OS rx  €OS Oy Sin Prx  sin Orx].
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With the updated RX coordinates, the calculation of the DoD, impinging and reflected angles
in the intermediate interactions, the DoA and delays are easily re calculated. Of special
importance is the DoA to estimate the phase difference over time of each MPC to account for
Doppler. Afterwards, within the reTrace function, the different geometrical properties and
path-gain (considering only the extra losses given by the larger propagation distance by free-
space) of all the sub-paths are re-calculated using the new position of this object.

The verification of the performance of this method has been done by comparing the Doppler
spectra of a RX using the reTrace function and the “empirical” Doppler spectra using a fine
simulation grid smaller than half of the wavelength with the RT software (which is
computationally expensive). The power delay profiles for both cases are shown in Figure 14.
There is a slight difference on the RT + retracing result given by the point-scatterers
assumption and the life span of path. While in “reality”, the path seen in Figure 14a slightly
earlier than 30 ns in delay is changing the gain accordingly to the position of the RX. However,
this path has constant gain in Figure 14b due to the point-scatterer assumption. This produces
a sharper peak at approximately 500 Hz in the Doppler spectrum in Figure 14c.

o 01 02 03 04 05 06 o7 [T [ 1 o 01 0z 03 04 05 06 ¥ os 09 1
Delay (s) 17 Delay {s) ~ 7
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E 2100
" "
z- F-100
= =
= =
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Figure 14: comparison of "empirical" Doppler power spectrum and the result of the reTrace
function. Power delay profile and power delay/Doppler spectrum with (a) pure RT simulations and
(b) retrace function. (c) Power Doppler spectrum for RT (empirical) and RT + reTracing.
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4.2.2 Deterministic Displacement of Randomly Selected Objects in the Scenario

Different objects from the map can be selected and moved in a post-processing step during
the simulation. The new location of the object, the delay, directions of arrival and departure,
and difference on amplitude product of the new path-loss are re-calculated with the
implemented function reTrace.

However, this approach considers the scattering objects as point-scatterers, and the
scattering properties don’t depend on the incident or reflected angles. Fresnel coefficients are
also not re-calculated and there is only a change on the path gain due to the difference on
path-loss. In addition, the new position of the objects neither generates new MPCs nor blocks
previously calculated MPCs.

The RT simulator provides for every interaction of the rays with an object, a unique
identification Object_ID and the vector of coordinates p,, of the interaction point. The reTrace
function requires the moving object ID, and the velocity vector (scalar velocity v, and the
direction of displacement given by the unit vector in the azimuthal ¢, and elevation 6,
directions).

For every time instant t;, the coordinates of the moving objects are re-calculated by applying
the spatial translation,

pl(ty) = pL(te_1) + At v, - [cos B, cos P, cosB,sing, sinb,].

Afterwards, within the reTrace function, the different geometrical properties and path-gain of
all the sub-paths are re-calculated using the new position of this object.
4.2.3 Random Variation of Deterministic Multipath-Components from the Map

This option adds random variations on the amplitude of the MPCs resulting from the different
interaction types for every run of the simulations. Therefore, the resulting simulations
represent the same scenario in a more generic manner, since for each run, the underlaying
scenario is represented with a slight variation of the different scattering properties of the
objects.

The implementation procedure is as follows. For every simulation run,
1. Random selection of the number of objects to be modified in the map,
Nopj ~ unif(0, N¢otar),
where Ni,tq; is the total number of objects in the simulation.
2. Random selection of N, ; objects
n= {010,1' O01D,2) ++» 01D,Nobj},
where o;p is the unique index identifier of the different objects.

3. Deterministic or random ([PKJ13]) generation of the modifying factor of the properties
of the material for each object in n,

aste(f.) € C.
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Measurements from 2 to 170 GHz have shown that there is a clear relation on frequency and
the penetration loss [ACC22a], but not in the reflection loss for most of the materials under
test, [ACC22b]. Similar results have been discussed in ITU-R P.2040-2 [ITU19] and METIS
[MET15]. Hence, if the interaction type is a transmission, the extra coefficient is scaled with a
frequency band dependent value. On the other hand, if the interaction type is a reflection,
there is no scaling with frequency in most of the cases. A simplified linear relation between
the frequency band f. and the transmitted power (penetration loss) and reflected power
(reflection loss) is obtained from the plots presented in [ACC22a] and [ACC22b] for many
different materials:

a-b-fc .
an®(fo) = 10720 - exp(jdy,)

where ¢,, ~ uniform(—m, ). The model parameter a and b can be set deterministically from
Table 1 or stochastically generated from uniform distributions limited by the extreme cases
from the same table.

In addition, if the roughness of the surface is proportional to the carrier frequency, the
reflection includes extra losses due to the diffuse scattering calculated as

— oo [ g (FOnCOS@D fe)
ps_ p CO )

where gy, is the standard deviation of the zero-mean height of the surface and ¢; is the
incident angle [LFR96]. The resulting reflection coefficient is then calculated as

an®(fo) = az°(f)ps

Table 1: Parameters of the model for the frequency dependent penetration and reflection loss for
different materials.

Material Width Transmission Reflection Orientation
Aerated concrete 70 mm - a= —13 H/V
b=0

Laminated glass 8 mm a= -1 a= —13 H
b =0.0813 b=0

Blurred glass 3 mm a= -1 a= =5 H
b = 0.0563 b = 0.0625

Plexiglass 19 mm a= —0.5 a= —15 H
b =0.0187 b=0

Composite fiber panel 14 mm a= —05 a= —22 H/V
b =0.0375 b=0
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Plywood 22 mm a= -1 a= —15 v
b =0.1625 b=0
Laminated wood 22 mm a= — - Vv
b =0.25
Medium density fiber (MDF) 22 mm a= — a= —13 H/V
b =0.1187 b=

Plasterboard BA13 13 mm - a= —15 H/V
b=

Plasterboard BA18 18 mm - a= —13 H/V
b=

Mortar (Cement plus sand) 22 mm - a= —20 H/V
b=

Glass wool 19 mm - a= —10 H/V
b=

Polystyrene 19 mm - a= —38 v
b =

Floor vinyl tile 4 mm - a= -7 H
b=

Floor ceramic tile 8 mm - a= —5 H
b=

Office carpet 4 mm - a= —3 H
b=0

—P>— Aerated concrete 70 mm
—>— Laminated glass 8 mm
Blurred glass 3 mm
—>— Plexiglass 19 mm
Composite fiber panel 14 mm
Plywood 22 mm
—O— Medium density fiber (MDF) 22 mm
—O— Plasterboard BA13 13 mm
—O— Plasterboard BA18 18 mm
Mortar 22 mm
—<— Glass wool 19 mm
Polystyrene 19 mm
Floor vinyl tile 4 mm

0 50 100 150 200 250 300 0 100 200 300 | < ;I;or cerami[c‘ttile 8 mm
Frequency (GHz) Frequency (GHz) < ice carpet 4 mm

-20

Laminated glass 8 mm
Blurried glass 3 mm
Plexiglass 19 mm
Composite fiber panel 14 mm
-60 [ Plywood 22 mm

Laminated wood 22 mm
Medium density fiber 22 mm

40

Magnitude (dB)
Magnitude (dB)

-80

Figure 15: Penetration and reflection loss for different materials.

4. The amplitude of every MPC calculated with the RT in the underlaying model that is
interacting with object 0,, is multiplied by I,.

This modelling methodology accounts for a random incident/reflected angle independent
variation of amplitude and phase for different frequencies.

However, it is worth mentioning that this variation depends on the frequency and incident
and reflected angles. The methodology previously described still provides spatial consistency
in terms of the incident angles, but not on the amplitude and polarization of the MPCs.
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4.2.4 Random Paths

As well as in other hybrid deterministic/stochastic channel models [PK13, WPK16], random
components are included to account for the contribution of missing scatterers and enrich the
limited number of elements in the map. In addition, since they are recalculated with every run
of the simulation, they also change the environment to generate a slightly different scenario
on every run (stochastic environment). These components can be present during the complete
run of the simulation (unless they are shadowed), or they can appear and disappear.

4.2.4.1 Static Paths

These paths are defined as point-like scatterers and are set to appear during the complete
simulation time. The position in space of the scatterers is arbitrarily selected from random
numbers within certain margins defined by the scenario size, as shown in Figure 16.

The number of interaction points of each path can be defined as a single order interaction
point or higher order (undefined), in which case, only the position of the scatterers of the first
and last interaction points is defined.

These scatterers are visible for all the frequencies, and the reflection/penetration/scattering
properties can be randomly selected from a database (e.g., Table 1) or drawn from random
distributions.

The implementation is as follows:

1. Define the number of random paths Lg;,.

From the RT map, define a volume V in which the random scatterers will be located.
Randomly select Lg, points psio Within the volume V.

Randomly assign reflection losses to each scatterer.

The function reTrace calculates the different delays, angles, and amplitude for each
new path.

ke wnN
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Figure 16: Example of RT map and random clusters (a) in space, and (b) the CIR.

The statistics of the DS calculated for each run generating up to Lg;, = 10 random scatterers
inavolumeV =32 X 12 X 5 m at 190 GHz is displayed in Figure 17, showing the influence
of the random scatterers on the DS. The mean value of the generated DS considering the
stochastic components with 1000 different runs is, in this example, 7.35 ns. This value is close
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to 8.1 ns, the mean DS reported from measurements in this scenario in the Deliverable 3.3.
Hence, the statistics generated from these components are within meaningful margins.

CDF
o
o

RT
RT+Stochastic components
1

! I I I I !
3 4 5 6 7 8 9 10 1" 12 13
DS (ns) %100

Figure 17: CDF of the DS with random scatterers in the environment.

There are several assumptions that limit the accuracy of this approach:

e Single bounce paths: the simulated scatterers correspond to first order reflections.

e Random selection of reflection losses: this can be further improved with a better
parametrization. So far, the losses are randomly selected from the frequency
dependent reflection losses from Table 1.

e Assumption of point-scatterers: the simulated scatterers act as point-scatterers with
independent reflection losses to the incident angles.

e These scatterers are only related to a single AP — mUE link: two different mUE see
different scatterers, even if they are closely located in the map. This can be improved
by defining a correlation distance that governs the drop of these random scatterers in
the map.

4.2.4.2 Flashing Paths

These clusters appear and disappear randomly over time and represent moving objects that
generate a reflection over a short period of time.

4.2.4.3 Moving Paths

The moving paths are generated as randomly located objects in the environment with a
deterministic displacement. The path parameters of a single bounce from TX to RX is
deterministically calculated and included in the over CIR.

4.3 Stochastic Components

4.3.1 Dense Multipath Components

They represent multipath components that are not resolved by the system. The gain of the
MPCs decreases exponentially with the propagation distance and the departure and arrival
angles are uniformly distributed within certain margins. Measurements in [PSH11, DML20]
have shown a certain correlation on the specular to DMC power ratio over the angle of
departure and arrival. However, for sake of simplicity, spatial correlation of DMC is not
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considered in this model. On the other hand, it is considered a frequency dependence on the
decaying rate Spmc(f), as observed in measurements in industrial scenarios in [DML20],

PpOl (T) — { 0, lfT < TDMC
pMc apmc(f) - eXP(—,BDMc - @- TDMC)), if T > tpmc

The model considers three different parameters: tpyc = T3p + At is the starting delay of the
DMC (where t3p is the delay of the LOS component, or in NLOS, the direct blocked path),
apumc is the gain of the first DMC path, and Spc is the decaying rate.

This model can be linearized in the logarithmic scale (for T = Tpyc):

10 - log, (ng(/)llc(f)) = —10 -log;0(Bomc(f) 7) + 10 - 10g10(“DMc(f))

and the parameters estimated from linear regression of the power delay profile.

An approach utilizing room electromagnetics models the DMC as a process that depends on
the size of the room and the frequency. In this approach, the PDP is divided in three regions:
early components (EC, mostly local scattering with low order reflections) and reverberation,

P(1) = Pgc(T) + Ppyc (7).

The reverberation region may contain also strong late specular components. The starting time
of the reverberation region has shown experimentally, to coincide with the mean delay, and
is calculated as,

_ [tP(r)dr
tomc = [P()dt

The other parameters are estimated per measured power delay profile pro band by linear
regression of the reverberation region,

Ppuc(r) = —10 - logqo(Bpmc(f) T) + 10 - loglo(“DMC(f))-

Where the decaying rate is

101log;o(apmc)

TTEU

DMC =
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The parameters for the different frequencies and visibilities are listed in Table 2.

Table 2: parameters for the DMC in industry hall scenario.

Visibility | Parameter/frequency 6.75 GHz 30 GHz 60 GHz
Mean 130.6 147.1 113.9
Trep (nS)
- Std. 4.2 9.8 10.6
(@)
- Mean -83.4 -104.2 -107.9
apumc (dB)
Std. 0.8 3.0 2.0
Mean 141.1 134.3 109.0
Trep (nS)
8 Std. 12.9 19 20.4
-
= Mean -81.8 -104.9 -110.5
apumc (dB)
Std. 1.3 1.7 2.2

An example of the reconstructed PDP in LOS in the measurements in the industry hall scenario
by BOSCH in Blaichach is shown in Figure 18.

60 Power Delay Profile of L3-17 at 6.75 GHz
=0 T T T T

- Measured PDP

Sim. PDP(original)
--—-Sim.PDP (BW 6.75GHz)
— Sim.PDP + Experimental DMC

01 |y

100+ (W

RX Received Power [dB]

-120 ¢

3 7
Delay [s] <107

Figure 18: Reconstructed PDP with DMC components in industry hall scenario.

4.3.2 Shadowing of Components

Differently to the flashing components that appear and disappear randomly during the
movement of the mUE, paths calculated deterministically from the map and random paths
can be shadowed during the simulations. This phenomenon represents people or objects
moving on the environment. While there are deterministic approaches on the shadowing of
multipath components addressed in the 3GPP [3GP20], METIS [MET15], and MIWEBA
[WPK16], in this model we follow a completely stochastic approach for sake of simplicity.
Therefore, the attenuation of randomly selected MPCs within the CIR is calculated from a
normal distribution parametrized from the empirical path-loss model for industrial scenarios.
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5 Validation of the RT Model of the Machine Room Scenario from
RF Measurements

5.1 Methodology

The deterministic components have been validated by comparing the measured and RT
simulated marginal power profiles (delay, angular, and total received power). The same TX
and RX positions are set in the RT tool as they were set during the measurements. For a fair
comparison, the system aspects (bandwidth and antenna patterns) of the measurement
equipment are embedded in the RT simulations, and the set-up is recreated as well (rotation
of the directive antennas), as shown in the workflow in Figure 19.

Recreate
Embed antennas

RT simulations measurement —+
set-up S Comparison of:

and bandwidth

Marginal power
profiles

LSPs

Multi-band RF
measurements

Figure 19: Workflow for validation of RT simulations with multi-band measurements.

The results of the RT simulations consist of a discrete representation of a limited number of
multipath components. The CIR can be represented as a train of impulses as follows,

Rhr (r b1, 60 80 = ) af 8= )8(d = B3 — 0)8(p — )S@ =9, (1)
l

Where, for sake of simplicity, af = {yl¢¢,yl¢9,yle¢,yf9} is the path amplitude for one of the

possible TX-RX combinations of polarization. The antenna patterns at TX and RX, the process
of rotating the antennas for the directional scans, and the measurement bandwidth can be
embedded as follows:

HET+Ant+BW(kAf' iA@, jAO, mAp, nAY) = ---

Z z al GE (¢, — iAp, 0, — jAB)GT, (9, — mAp,9; — nAI)e /2T kAT T (1)
k l

where G (¢, 0) is the RX antenna pattern in the p polarization, GF_(¢,9) is the TX antenna

pattern in the p polarization and iA¢, jJAB, mA¢, and nAdY are the scanning directions in the
RX azimuth and elevation, and TX azimuth and elevation, respectively. These values are set
during the experiments and can be found in the Deliverable D3.3.
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Finally, the CIR is calculated with inverse Fourier transform:

Rrs ancs 5w (BT, 10, jAO, MA@, nA9) = IFFT (HEp gps sy (Af, i0h, jAB, mAgp, nAD) )

The synthetic omni-directional PDP for the p polarization is calculated summing the PDPs from
all the angular scans at the TX and RX

A 2
Per+ane+sw (AT = Z | N+ ane+ 5w (AT, iAd, jAB, mA@, nAY)|

vivjvmyvn

The differences on the PDP from considering a pure train of impulses and the different system
aspects is displayed in Figure 20. In this case, we emulate the measurement set-up in
Deliverable D3.3, where the TX1 and RX1 are located at the same height, and 15° HPBW
antennas are used at both sides of the link to scan in azimuth (0° elevation plane). The
isotropical characteristic of the simulations make that several path from reflections in the
ceiling and floor appear with a large gain in Figure 20(a). This is attenuated after considering
the antenna pattern due to the high directivity (15° HPBW) in Figure 20(b). The effect of
considering a finite bandwidth is displayed in Figure 20(c), and finally, the reconstructed
synthetic omni-directional PDP (summing the PDP of different scans in angle at TX and RX) is
shown in Figure 20(d).

%1078 RT Isotropic «1078 RT + Ant
T T T T T T T T T T T T T T T T
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Figure 20: Effects of including system aspects into the RT simulations to compare with real-field
measurements.
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Similarly, the power azimuth/azimuth profiles considering pure RT simulations and after
embedding the system aspects are displayed in Figure 21, where the effects of the antenna
resolution can be observed. In addition, since only azimuth scans were performed, several
strong multipath components that appear on the pure RT simulations (from ceiling and floor)
in Figure 21(a) are later attenuated and almost no visible when considering antenna and
bandwidth in Figure 21(b).

RT 200 GHz RT + Ant + BW 200 GHz
19 y
135 *
2 S
90 S
75 s =
60 [ ] =
45 v o _g
R :
[a] =
S (e ® o o ° S
< 15 LY L1 ° >
230 L £
-45 ° c
3 ‘o
108 x
-120 =
-135 .
-150
-165
2180 | | ° | | z
I\%Q,'\("QI\@ SR OSSP ’39 (,Jb :\Q)Q}\@Q:&Q SR OSSP \,19 (,JQ
AoA RX scanning direction (deg)

(a) (b)

Figure 21: PAAP with (a) plain RT results, (b) considering system aspects as bandwdith,
directivity of the antennas, and the rotation for scanning.

5.2 Map Validation from RT Simulations and Visual Inspection

The overlaying of the picture taken from the TX and RX during the RF measurements and the
pure RT simulations in the same TX and RX positions are displayed in Figure 22 for the LOS
measurement and in Figure 23 for the NLOS. In addition, some paths already analysed in the
measurements in Deliverable D3.3 are marked and are used as references.

A very good match between the objects in the environment and the simulated rays can be
observed. Examples are marked in yellow circles: pipes and light holders in the ceiling, the big
crane, frames of the milling machine located on the right side in Figure 22(a), and also the
small machine on the table at -45° azimuth and -15° elevation of departure.
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Figure 22: Underlaid picture and plain RT simulations in the machine room scenario in the LOS
link TX1-RX1 from (a) TX view, and (b) RX view.

Similar results are observed in the NLOS simulations in Figure 23, where the reflections in the
lightbulb holders and pipes in the ceiling are also observed together with the main reflections
in the wall and metallic frames of the door at the end of the room in marked in white circles
in Figure 23(a). In addition, the reflections in the clutter tools at 15° azimuth and -15°elevation
of departure are also well captured by the RT tool, as seen in Figure 23(a).
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Figure 23: Underlaid picture and plain RT simulations in the machine room scenario in the NLOS
link TX1-RX4 from (a) TX view, and (b) RX view.

5.3 Validation of the Deterministic Components from the RT Simulations with
Multi-band Measurements in the Machine Room Scenario
The large industry hall model has been partially validated in the Deliverable D3.1 where it was

introduced. More details can be found in [NDV22]. Therefore, we concentrate in the validation
of the machine room scenario.
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For the sake of simplicity, only two positions (one in LOS and in NLOS) will be analysed in detail.
For consistency, we have chosen the same positions that were used to analyse propagation in
the Deliverable 3.3 in the machine room scenario.

The multi-band RT simulated and measure PAAP for the LOS link TX1-RX1 are displayed in
Figure 24. The effects of the wider antenna pattern at 6.75 GHz are observed in the more
diffused pattern. The dominant clusters (A, B, C, and D) marked in Figure 22(a) are present
both in the measurements and simulations. The path A is the LOS component, B is a single
specular reflection in the milling machine, Cis also a single specular reflection in the wall, and
D is a double bounce reflection in the rear and side walls. The isotropic characteristic of the
channel in LOS seems to be dominated by specular reflections on the macro-structure of the
room/environment.
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Figure 24: Measured and RT simulated multi-band PAAP for the LOS link TX1-RX1 in the machine
room scenario.

Similarly, the NLOS link TX1-RX4 is analysed in Figure 25. Comparing to the picture and plain
RT simulations in Figure 23(a) and (b), we can also observe a good match between the
simulated and measured dominant components. In addition, there are strong components in
the measurements that are not well captured by the simulations, as the one indicated in the
red circle, which is visible at 6.75 GHz, but not at mmWave and (sub-)THz.

The RT simulations assisted on the interpretation of the measurement results. Scatterer D
corresponds to the double reflection on the rear and side walls, marked as D as well in the LOS
measurement. Scatterer A is a strong double reflection on the cupboards and frames of the
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door. Scatterer E is a single reflection in the frames of the doors, and F is most probably from
diffraction (it can also be observed a decaying path gain with increasing frequency). Finally, B
is a high order reflection between the frames of the doors and the milling machine.
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Figure 25: Measured and RT simulated multi-band PAAP for the NLOS link TX1-RX4 in the
machine room scenario.

The analysis of polarization also showed a relatively good match where the RT was able to
accurately predict the influence of polarization. The measured and RT simulated PAAP
decomposed on their polarimetric components is displayed in Figure 26, where similarly to
what was analysed in the Deliverable D3.4, we can observe that the reflection on the wall and
machine (scatterer B and C) are stronger in the V-V polarization than in the H-H. The RT
simulations represented the same case.
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Figure 26: Measured and simulated polarimetric multi-band PAAP comparison in the LOS link
TX1-RX1 in the machine room scenario.
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The simulated and measured power azimuth/delay profile at the RX in the NLOS link TX1-RX4
is displayed in Figure 27, where most of the measured paths are observed in the simulations.
However, there is a scatterer (marked in red) that in the measurements is highly attenuated
at 200 GHz but in the simulations is still strong.
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Figure 27: Measured and simulated PADP at the RX in the NLOS link TX1-RX4 in the machine
room scenario.

Finally, the simulated and measured multi-band synthetic omni-directional PDP in the LOS link
TX1-RX1 and NLOS link TX1-RX4 are displayed in Figure 28(a) and (b), respectively. The discrete
nature of the simulations and the limited number of possible calculated MPCs can be observed
in the result of a sparser PDP than the measured ones.

In the LOS case in Figure 28(a) we can observe that the RT simulates a set of strong MPCs
around 5 and 6.5 m propagation distance that were not captured by the measurements. Many
of them were simulated stronger at sub-6 GHz. A similar result was obtained in the NLOS case
in Figure 28 (b), where there are also paths in the region of 5 to 7 m propagation distance that
were not captured by the measurements. The origin will be further investigated and corrected.

In addition, we can observe a difference on the path gain between the paths found
simultaneously in the measurements and simulations. The origin of this mismatch can be from
multiple sources:

e Differences on the constructive materials between reality and model

e Differences on the electromagnetic properties of the materials

e Fading: in reality, there might be multiple closely located unresolved paths that
generate fading within the measured channel tap considering the limited bandwidth
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5.4 Validation of the Large-Scale Parameters

The LSPs calculated from the RT simulations and measurements individually per link are
summarized in the following figures. In general, a good agreement between the measured
and simulated values of the LSPs are observed. The simulations also present a frequency
dependence due to the different electromagnetic properties of the materials in the

environment.
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Figure 29: Per-link measured and simulated LSPs in the machine room scenario: (a) DS, (b) ASA,
(c) ASD, (d) Received Power, and (e) Path-loss.

The cumulative distribution function of the LSPs separated in LOS and NLOS is presented in
Figure 30 (a) and (b), respectively. There is not a clear relation between the LSPs and the
frequency neither in the simulations nor in the measurements.
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Figure 30: CDF of the LSPs separated in LOS (first column), and NLOS (second column).

It is worth to remember that these values correspond to the simulations considering the same
set-up used during the measurements. These values are only used as a reference to validate
the model. Once the model is contrasted with the measurements, simulations considering
isotropic properties on the antennas can be conducted to estimate LSPs than can be used to

generate statistics of the environment or for application specific simulations.
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6 Validation of the RT Model of the Laboratory Scenario from
Infrared-band Measurements

In an optical wireless communication (OWC) system, there are two types of light paths from
the transmitter to the receiver. The dominant path in OWC is line-of-sight (LOS) from the light
emitting diode (LED) to the receiver. The other paths come from reflections, namely non-LoS
(NLOS). Although the LOS link dominates the channel propagation, NLOS link has a non-
negligible effect, especially in the complex scenario with numerous reflectors [FYH18]. This
can be verified from the practical measurement results of OWC channel on the production
line in the Deliverable D3.3. Thus, a novel OWC channel modelling and channel characteristic
analysis platform was jointly developed by Nanchang University (NCU) and Institut supérieur
d'électronique de Paris (ISEP).
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Figure 31: Structure of the proposed channel modelling and analysis platform

In the practical OWC channel modelling, various reflection and refraction problems may be
encountered, this makes channel modelling more complex. A novel channel modelling and
channel characteristic analysis platform, as shown in Figure 31, was proposed based on the
bidirectional ray tracing method. Specifically, the proposed bidirectional ray tracing combines
both bidirectional ray tracing and Monte Carlo ray launching techniques based on the central
ray tube method. Firstly, to address the most common diffuse reflection challenges in channel
modelling, we have devised a bidirectional ray tracing algorithm that enhances the accuracy
of received power gain contributions from diffuse reflection paths and improves simulation
efficiency. Secondly, to address specular reflection and refraction in channel modelling, we
have designed a central ray tube model combined with a forward tracing algorithm based on
the Monte Carlo ray launching method. This approach allows simultaneous simulation of
specular reflection and refraction phenomena occurring at different medium surfaces,
significantly enhancing computational efficiency and tracking precision. Based on the
proposed structure, we can obtain the direct, reflected, and refracted path components in
terms of received power and optical path length at the receiver, thereby enabling the
computation of channel impulse response and other illumination and communication
performance metrics.
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In order to verify the effectiveness of the proposed channel modelling and analysis platform,
the channel spatial properties are compared between the channel platform-based simulated
and measured OWC channel data. For the sake of simplicity, only the exchange discussion area
located in the centre of the laboratory (as shown in Figure 9) is analysed in detail.
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Figure 32: Spatial properties of simulated and measured OWC channel in the laboratory
scenario.

It can be seen from Figure 32 that the channel gain distribution achieved by the channel
modelling and analysis platform is close to the practical analyzed data from the measured data.
Specifically, we randomly select three channel gain at the same position in the channel gain
distribution figure. The difference between the simulated and the measured data is optimistic
and controllable. The reason for this difference comes from two aspects. On the one hand,
there are still errors between the 3D model obtained through scanning software and the
practical 3D scenario. On the other hand, in order to balance calculation accuracy and
efficiency, the limited number of reflection units and the number of bounces have to be
considered during the simulation calculation process.
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7 Summary and Concluding Remarks

In this deliverable we have presented the physical channel modelling methodology to address
multi-band systems in industrial environments. The presented model is a
deterministic/stochastic model based on precise RT simulations from realistic maps of
scenarios obtained from LiDAR measurements. The different objects in the environment are
parametrized with electromagnetic properties to re-create frequency dependent CIRs. The
core of the simulations are the results of the RT process. They are later combined with
stochastic components generated with two purposes: introduce small variations in the
environment (in case there is not a scenario specific need on the simulations) and to
compensate missing components that are not generated with the RT simulations. In addition,
events as shadowing are also generated randomly to recreate possible obstruction events
during communications.

The map of the RT model and the results of the RT simulations have been validated with multi-
band measurements conducted in the same scenario. The analysis of individual marginal
power profiles has shown large similarities in LOS and NLOS situations. However, small
differences arise since the RT map is a discrete representation of the environment. Therefore,
some MPCs are not present (from objects that were not included in the map), and some extra
MPCs are created during simulations from facets of objects that in the simulations are created
with polygons, but in reality, the surface is smoother. However, even considering these small
differences, the main components have been successfully recreated.

The geometrical properties of the MPCs have matched very well the ones observed in the
measurements. In addition, polarization also has been analysed with positive results, in which
the influence of the polarization was observed in the amplitude of the reflected paths in the
walls and frames of the machine.

This model has been used to support further investigations on system deployment within 6G
BRAINS. As a result, the model can be used purely deterministic based on the maps (BOSCH
factory in Blaichach and machine room in FhG, limenau), or with the stochastic features,
accordingly to the simulation requirements.

Future tasks are to enrich the model with more details and continue adjusting the material
properties to obtain stronger similarities with the measurements in terms of amplitude of the
MPCs. In addition, there are multiple modelling aspects to be improved:

e Displacement at high frequencies: life span of the MPCs.

o Blockage loss at different frequencies: moving objects in the environment not only
block the LOS, but also different MPCs. However, this blockage loss depends on the
frequency, and while the event of blockage (duration and number of MPCs) is the same
for co-located radio-interfaces, the attenuation depends on the band.

e Angular description of the DMCs: so far in this implementation, the analysis of the DMC
was performed over the synthetic omni-directional PDP and the DMCs were calculated
with uniform angular distribution. However, there is a spatial relation on the
concentration of DMC.

Furthermore, the geometrical information obtained from the RT simulations will be used to
integrate the modelling parameters extracted from the OWC measurements in Deliverable
D3.3 to obtain a deterministic/stochastic model covering also this band.
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