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Disclaimer 

The content of the publication herein is the sole responsibility of the publishers, and it does not necessarily represent 
the views expressed by the European Commission or its services. 

While the information contained in the documents is believed to be accurate, the authors(s) or any other participant 
in the TIMES consortium make no warranty of any kind with regard to this material including, but not limited to the 
implied warranties of merchantability and fitness for a particular purpose. 

Neither the TIMES Consortium nor any of its members, their officers, employees or agents shall be responsible or liable 
in negligence or otherwise howsoever in respect of any inaccuracy or omission herein. 

Without derogating from the generality of the foregoing neither the TIMES Consortium nor any of its members, their 
officers, employees or agents shall be liable for any direct or indirect or consequential loss or damage caused by or 
arising from any information, advice, inaccuracy, or omission herein. 

Copyright message 

© TIMES Consortium, 2022-2025. This deliverable contains original unpublished work except where clearly indicated 
otherwise. Acknowledgement of previously published material and of the work of others has been made through 
appropriate citation, quotation, or both. Reproduction is authorised provided the source is acknowledged. 
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Executive Summary 

This deliverable presents a comprehensive study of THz-band channel modeling in industrial 
environments, forming a critical component for enabling reliable, high-performance wireless 
communication in future Industry 4.0 applications. Leveraging deterministic, stochastic, and 
machine-learning approaches, the report delivers insights into the characterization of the unique 
propagation conditions in industrial settings—especially relevant in the sub-THz frequency 
domain. 

Key contributions include: 

• Development and enhancement of deterministic and stochastic models, including those that 
address near-field, line-of-sight (LoS)/non-line-of-sight (NLoS), and RIS-assisted propagation. 

• Integration of advanced ray-tracing simulations calibrated to realistic industrial layouts. 
• Use of machine learning techniques for channel feature extraction and multipath 

component clustering, improving model generalizability and parameter estimation. 
• Extension of existing geometry-based stochastic channel models (e.g., 3GPP 38.901 InF) to 

support THz-specific behavior, validated by empirical measurements. 

The insights and models developed through this work are foundational for the design and 
performance assessment of 6G wireless networks in smart manufacturing and industrial 
automation. 
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1 Introduction 

Scope 

This deliverable outlines the final channel modeling framework developed within the TIMES 
project for industrial environments at sub-THz frequencies. It addresses the limitations of current 
models in representing the unique propagation effects in such high-frequency and obstacle-rich 
settings, providing refined approaches through theory, simulation, measurement, and data-driven 
methods. 

The main objectives of this report are: 

• To extend existing channel models to accurately capture key phenomena at THz 
frequencies in industrial layouts. 

• To provide validated modeling techniques incorporating near-field effects, reconfigurable 
intelligent surfaces (RIS), and integrated sensing and communication (ISAC). 

• To develop and apply machine learning methods for dynamic and adaptable channel 
modeling, including classification, regression, and clustering of multipath components. 

• To analyze using ray tracing techniques the path loss, shadowing, and second order 
statistics of industrial THz channels. 

Structure 

The rest of the document is structured as follows: 

• Section 2 presents extensions to support modeling of THz channels, including near-field propagation, 
LoS MIMO models, and integrated sensing and communication (ISAC) scenarios. 

• Section 3 describes updates to existing channel models based on TIMES measurements, including 
enhancements to the 3GPP 38.901 Indoor Factory model and application-specific geometry-based 
stochastic channel models. 

• Section 4 focuses on machine learning-based approaches for THz channel modeling, including feature 
extraction, LoS/NLoS classification, multipath component clustering, and computer vision-based 
indoor mapping. 

• Section 5 reports on channel measurements and modeling of Reconfigurable Intelligent Surfaces 
(RIS) in the THz band, including initial measurements and ray-tracing-based evaluation. 

• Section 6 presents a ray-tracing-based evaluation of path loss and shadow fading in industrial 
scenarios, supported by numerical simulations and analysis.  

• Section 7 concludes the deliverable with key findings and future directions. 
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2 Extensions to support modeling of THz channels 

This section discusses critical theoretical extensions necessary for accurate THz channel modeling in industrial 
environments. It covers near-field channel effects, line-of-sight (LoS) scenarios, and MIMO communications, 
while also addressing modeling considerations for integrated sensing and communication (ISAC) systems. 
The models span from spherical wavefront to planar approximations, enabling more precise characterization 
at sub-THz frequencies. The extensions and models developed herein are based on the existing literature and 
adapted to THz bands as needed. 

Extensions for modeling THz channels in the near field 

LoS Scenario 
Consider a narrowband communication system in which the receiver is equipped with N antennas and the 
transmitter is a single-antenna device. We want to derive the expression of the channel coefficient between 
the transmitter and the receiving antennas, in a free-space propagation scenario, characterized by the 
absence of scatterers and obstacles. This is the so-called free-space Line of Sight (LoS) propagation scenario. 

Far-field and Near-Field Regions of Antennas 
We start by reporting the following definitions of far-field and near-field region of an antenna [Bal2005]. 

• The far-field region “is that region of the field of an antenna where the angular field distribution is 
essentially independent of the distance from the antenna.” 

• The near-field region “is that part of space between the antenna and the far-field region.” 

In the far-field region, the transmitting antenna behaves like a source point so that the radiated field can 
approximately be characterized by spherical wave fronts. If the antenna has a maximum dimension Lt, which 
is large compared to the wavelength, the far-field region is commonly taken to exist at distances greater than 

 from the antenna, λ	being the wavelength. In practice, Lt can be viewed as the diameter of the smallest 
sphere that completely contains the antenna. The quantity is referred to as the Fraunhofer distance. 

Consider a point P in the far-field region of a transmitting antenna, and let r be the distance from the centroid 
of the antenna to P. The received electric field in P can be approximated as [Bal2005, Eq. (2-92)] 

   (1) 

where k = 2π/λ	is the wavenumber, Z0 is the free-space impedance, iA is the current feeding the antenna, and 

l(eff
t)(θDoD,ϕDoD) is the effective length [Bal2005, Eq. (2-91)] of the transmit antenna in the direction-of-

departure (DoD), identified by the pair (θDoD,ϕDoD) of the elevation and azimuth angles (measured with 

respect to an arbitrary reference system). 

Now, assume that the point P is the centroid of a receive antenna, and that the electromagnetic wave 
produced by the transmitting antenna can be approximated by a plane wave. This plane wave approximation 
can be made provided that the distance between the transmit and receive antenna is greater than , 
where Lr represents the maximum dimension of the receive antenna. It is worth observing that such a 
condition is equivalent to the condition that defines the far-field region of the receive antenna. Accordingly, 
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we can say that the spherical wave front of the transmit antenna can locally be approximated with a planar 
wave front if the transmit antenna is in the far-field region of the receive antenna. Here, locally means “in 
the region occupied by the receive antenna”. A pictorial representation of the far-field regions of the transmit 
and receive antennas is given in Error! Reference source not found.. Under the plane-wave approximation, 
the open-circuit voltage at the receive antenna terminals h can be written as [1, Eq. (2-93)] 

 voc  (2) 

where l(eff
r)(θDoA,ϕDoA) is the effective length of the receive antenna in the direction-of-arrival (DoA) (θDoA,ϕDoA) 

of the electromagnetic wave, and a ·	b denotes the dot (or scalar) product between the vectors a and b. 

Taking (1) into account, we can write 

                                        (3) 

where 

  (4) 

In writing (4), it has been considered that in a LoS scenario the direction-of-departure coincides with the 
direction-of-arrival, and we have set θDoD = θDoA = θ	and ϕDoD = ϕDoA = ϕ. The term β	in 

(3) accounts for the path-loss (through the factor 1/r2) and the polarization loss, due to  (r) 

 [Bal2005, Sect. 2.12.2]. Based on (3), we define the channel gain as 

						 (5) 

LoS Channel Model with Antenna Arrays 
The derivation of the channel model for the receiver antenna array will be made on the basis of the following 
assumptions (also, see Figure 1 and Figure 2). 

1. Each receiving antenna of the array is located in the far field of the transmitting antenna. 
2. The incident electromagnetic wave produced by the transmitting antenna and impinging on a receive 

antenna of the array can be approximated by a plane wave. 

3. The mutual coupling between the array elements is negligible. 

Based on the above assumptions and on the results in the previous section, the complex baseband channel 
from the transmitting antenna to the nth receiving antenna can be written as 

                                       (6) 

where βn accounts for the path loss and the transmit/receive antenna gains, whereas dn denotes the 
Euclidean distance between the centers of the transmitting and the n-th receiving antenna. 
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Figure 1 Meaning of Assumptions 1 and 2. Both the transmit and receive antennas are in the far-field 
regions of each other. At the receive antenna, the spherical wave fronts can be approximated by locally 

planar wavefronts. 
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Figure 2 Antenna near-field and array near-field for an array with two antennas. 

 

Alternative LoS Channel Models 
When the size of the array is smaller than the transmission distance, two approximations of the channel 
model can be adopted. The first is the so-called parabolic model [Do2023] while the other is the well-known 
planar model, commonly used in Multiple-Input-Multiple-Output (MIMO) communication systems operating 
at sub−6 GHz. 

Parabolic Wave Front Model 
In a cartesian coordinate system OXYZ, let s, rn and c denote the position vectors of the transmit antenna, the 
nth receive antenna, and the center of the receive array, respectively. Accordingly, we can write rn = c+δn, 
where δn is the displacement from c to rn. Letting dC = s−c be the displacement from s to c, the distance dn 

from the transmitter to the nth receive antenna is given by 

  
 

    /λ 

  
 

    /λ 

    /λ 
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     (7) 

where dC = ||dC||	is the distance between the transmitter and the center of the receive array, and δn = ||δn||. 

Assume now that the transmitter is at a distance much larger than the array size, i.e.,	dC ≫	δn. In this 

case, we can use the Taylor approximation  in (7) to write  

   (8) 

 

 

where . Plugging (8) into (6) the following parabolic model is obtained: 

   (9) 
It is worth observing that the dependence of hn on dn is much more significant in terms of phase than 
amplitude. Hence, for the computation of βn we can safely consider dn ≈	dC. 

Planar Wave Front Model 
The planar approximation is obtained by considering in (8) only the first order term, i.e., 

(planar) 
 dn ≜ dC −	δn cosαn (10) 
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Figure 3 Fraunhofer array distance dFA as a function of the carrier frequency fc over the whole Terahertz 
(THz) band. 

leading to the planar channel model in the form 

    (11) 
Fraunhofer Distance of a Receive Array 
Since the second-order approximation terms at the exponent are multiplied by 2π/λ, dropping them requires 
that 

 
or, equivalently, 

 

Denoting by LA the maximum dimension of the receive array1, the above condition is commonly replaced by 

  (12) 

where dFA represents the Fraunhofer distance for the receive array. Accordingly, we can say that the planar 
approximation represents a valid channel model provided that the transmitter is in the far-field region of the 
receive array. A pictorial explanation of the near-field and far-field regions of an array with two antennas is 
shown in Error! Reference source not found.. 

 
1 Again, LA can be viewed as the diameter of the smallest sphere that completely contains the array. 



  
D3.4 – Final Report on Channel Models for industrial environments at sub-THz 
frequencies 
 
 

101096307 – TIMES  15 of 91 
 

Figure 3 shows the Fraunhofer distance as a function of the carrier frequency fc ≜ c/λ, where c denotes the 

speed of light in vacuum, for three different values of LA. We see that with LA = 0.1 m (which could correspond 

to a planar square array whose side is 0.1/	  m) dFA ≈	20 m at fc = 300 GHz, and 

 

Figure 4 Diagram of the 2D planar array located in the XY -plane. 

increases to dFA ≈	67 m at fc = 1 THz. These values can be much larger than the typical distances in many 
practical scenarios. 

LoS MIMO Communications 
We consider the planar array shown in Figure 4. The array consists of NV horizontal rows and NH antennas per 
row, for a total of N = NHNV antennas. Each antenna is a squared patch antenna and has an area A. The spacing 
(between edges) is dH and dV along the horizontal and vertical directions, respectively. Thus, the horizontal 
and vertical lengths of the array are respectively given by 

     (13) 

    (14) 

The antennas are numbered from left to right and from the bottom row to the top row so that antenna n is 
located at rn = [rn,x,rn,y,0]T, where 

  (15) 

  (16) 
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with  
Channel Model 
To model h, we consider a User Equipment (UE) equipped with a lossless isotropic antenna located at s = 
[sx,sy,sz]T that transmits a Y -polarized signal when traveling in the Z direction. The squared amplitude βn of 
the free-space channel coefficient at receive antenna n, located at rn, is given by 
[Bjo2020, Bac2023] 

   
 (18) 

The channel entry hn, denoting the channel from UE to receive antenna n, is obtained as hn =  

  (19) 

with dn = ||s −	rn||. 

 

Finally, note that the extensions to support near field for GBSCM system and link level simulations (in 
particular, extensions for 3GPP TR38.901 [3GPP2018]) have been described in Section 0. 

Channel modeling considerations for ISAC 

Extended Target Model 

 

Figure 5 Extended target modeled as a set of scatterers corresponding to grid elements within 
a rectangular region with fixed size, W and L, and area A. 
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In this work, as proposed in [Deh2023], the target is modeled as a set of grid elements P	
within a designated rectangular region A	⊂	R2	with a fixed size and an area of |A|, as shown 
in Figure 5. 

At each time step the sensor measurement is made, the extended target is composed of a 
random number nT	<	|P|	of scatterers. Given that each grid element inside A	can be active, 
i.e., the target scatterer is localized inside that element, with probability q, the number of 
active points, or target scatterers, follows a binomial distribution, with probability q	 and 
number of trials |P|, i.e., nT	∼	B(q,|P|). 

But, if we have no detailed knowledge of the extended target, it is a common practice to 
model the number of target measurements in a frame as a Poisson distribution with mean λT. 
Thus, the proposed extended target model may seem to be in contrast to the Poisson 
assumption. However, if we consider a finite but very large number of elements on the grid, 
i.e., |P|	→	∞, each of which is independent active or non-active, the binomial distribution can 
also be very well approximated by a Poisson distribution, with mean λT	= q|P|. 

General Far/Near-Field Channel Model for Bistatic OFDM-based ISAC 
Introduction - System Model 
This work considers a bistatic multiple-input multiple-output (MIMO) orthogonal frequency-
division multiplexing (OFDM)-based integrated sensing and communication (ISAC) system at 
THz. In particular, such a system consists of a transmitter (Tx) and a receiver (Rx) to form a 
bistatic pair, which is used to jointly communicate with user equipments (UEs) and 
simultaneously localize extended targets in the surrounding environment. The Tx and the Rx 
can be connected by a fronthaul link to a central unit that coordinates sensing operations, 
e.g., by performing synchronization between Tx and Rx. 

At Tx we assume to illuminate one scanning direction at a time using a beamformer w	∈	
CNt×1, where Nt	 is the number of transmit antennas, and scan the environment from one 
direction to another using a time division technique. In each direction, we consider that the 
Tx transmits a frame consisting of M	OFDM symbols, for a duration equal to MTs, and a 
bandwidth of B	= K∆f, where ∆f	 is the subcarrier spacing, Ts	≜ 1/∆f	+Tcp	is the total OFDM 
symbol duration including the cyclic prefix, and K	is the total number of subcarriers, in order 
to perform the sensing task, i.e., to illuminate targets. Moreover, we assume that the system 
operates over a channel with carrier frequency fc	≫	 B, such that the narrowband array 
response assumptions hold [Tre2002]. 

Near/Far Field Channel Model 
The proposed channel model is general, thus it is suitable both for near and far-field 
conditions [Deh2023]. In particular, we consider a generic scenario with a single extended 
target l	modeled as set of P	scatterers, as explained in Section 2.2.1, and line of sight (LoS) 
propagation conditions between the transceiver and the scatterers. For the sake of simplicity, 
we start the channel derivation by considering a single scatterer p	 located at 

 and a transmit uniform linear array (ULA) having Nt	 elements 
located at ptn	= [0,nd]T, with n	= −(Nt	−	1)/2,...,(Nt	−	1)/2, the transmit antenna index, d	the 
spacing between the elements, here set to half the wavelength, and rt,p, ϕt,p	respectively the 
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reference distance and the reference angle of departure (AoD) between the Tx and the 
scatterer p, calculated with respect to the center of the array. 

In LoS conditions, the equivalent low-pass complex channel coefficient for the channel 
between the single antenna element tn	and the scatterer p	at the k-th subcarrier fk	= fc	+ k∆f, 
with k	= −K/2,...,K/2 −	1, and the m-th OFDM symbol can be written as 

    (20) 

where fDt,p	is the Doppler frequency, rtn,p	= ||pp−ptn||2	is the distance between the tn-th antenna 
of the Tx t	and the scatterer p, c	is the speed of light, φ0	∈	U[0,2π)	is the phase offset between 
Tx and Rx. Furthermore, ξtn,p	is the gain factor of the channel between the Tx antenna tn	and 
the scatterer p, which can be written, considering LoS propagation conditions, as 

    (21) 

where PT	is the total transmitted power, GT	is the transmitting antenna gain, and σt,p	is the 
radar cross section (RCS) of the scatterer p, illuminated by the Tx. 

The channel vector ht,p[k,m] ∈	C1×Nt	associated with subcarrier k	and the scatterer p	at time 
instant m, can be obtained by performing simple algebraic manipulations on (20) leading to 

    (22) 
 

where is the reference channel coefficient associated to scatterer p	and 
computed with respect to the center of the Tx ULA antenna, τt,p	= rt,p/c	 is the reference 
propagation delay, rt,p	is the reference scatterer distance, and ξt,p	the reference channel gain, 

while a(ϕt,p,rt,p) ∈	CNt×1, is the array response vector, given by 

 (23) 

It can be easily proved, that by considering the Fresnel approximation, i.e., the second order 
Taylor expansion [Fri2019], of the relationship between the reference distance rt,p	and the 
distance of the tn-th Tx antenna element from the scatterer p, and by assuming nd	≪	rt,p∀n, 
d	= λ/2, and rt,p/rtn,p	≈	1, which are reasonable in the far-field, we obtain the well-known 
array response vector in the far-field  

a .	 	 	 														(24) 

Similarly, the vector hp,r[k,m] ∈	CNr×1, representing the channel between the scatterer p	
and the Rx, consisting of Nr	antenna elements, corresponding to the k-th subcarrier at time 
instant m	is given by 
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  (25) 

where τp,r	= γp,r	is the reference propagation delay from the scatterer p	to 

the center of the Rx antenna array, is the channel coefficient, and 

b(θp,r,γp,r) ∈	CNr×1	is the array response vector defined in (23), with θp,r	the reference angle of 
arrival (AoA). Considering LoS propagation conditions and isotropic antenna elements with 
effective area ), the gain factor ζp,r	can be written as 

 .	 	 	 (26) 

In the end, the generalized near/far-field Nr	×	Nt	bistatic MIMO channel between the Tx 
and the Rx, considering the presence of P	 scatterers from an extended target, at k-th 
subcarrier and m-th time instant can be written as 

    (27) 

where ϵp	= αt,pβp,r	and τp	= τt,p	+ τp,r	are the bistatic complex channel factor and bistatic 
propagation delay, respectively, associated with the p-th scatterer, while fDp	is the bistatic 
Doppler shift, defined as 

      (28) 

where vp	is the modulus of the relative velocity of scatterer p, while β	and δ	are the bistatic 
angle and the angle between the velocity direction and the bistatic bisector, respectively. 

Input-Output Relationship 
The continuous-time OFDM signal transmitted from Tx to the extended target l	is defined as 

                (29) 

where wl	is a (unit-norm) transmit beamforming (in the far-field) or beam-focusing (in the 
near-field) vector to point toward the extended target l, and xt,p[k,m] is a generic complex 
modulation symbol of the K×M	OFDM resource grid used at the Tx to estimate range, angle, 
and velocity parameters of the scatterer p, while gk,m(t) is the modulating pulse. 

The noise-free continuous-time signal transmitted by Tx, scattered by p, and received from 
the Rx is given by 

               (30) 
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Then, after the OFDM demodulator, considering negligible inter-carrier interference (ICI) 
and inter-symbol interference (ISI) and including noise, a received time-frequency grid of 
complex elements y[k,m] is obtained at each antenna element. Therefore, considering the 
channel model in (27), the vector y	of received complex modulation symbols of dimension 
Nr	×	1 is given by 

               (31) 

where  is the complex Gaussian noise. 

By stacking the K	×	M	OFDM transmitted symbol grid into a KM	×	1 vector x, the received 
signal y	∈	CNrKM×1	can be rewritten as 

(32) 

 

where G(·) is the effective channel matrix of dimension NrKM	×	KM, defined for a single 
scatterer p, as 

(33) 

 

 

(34) 
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3 Updates to existing channel models based on TIMES results 

This section provides updates to existing channel models (specifically, 3GPP 38.901 Indoor Factory model and 
application-specific GBSCM models) based on extensive measurements performed within TIMES. 

Updates to 3GPP 38.901 Indoor Factory (InF) geometry based stochastic model 

InF model was developed based on channel measurements and ray tracing simulations in different industrial 
settings, with supported frequencies ranging between 0.5 GHz and 100 GHz. This section summarizes the 
updates to Indoor Factory (InF) channel model as defined by 3GPP TR38.901 [3GPP2018], in particular new 
measurement-based parameters for path loss and large-scale parameters (extracted from the measurements 
performed in industrial environments within SNS TIMES), as well as extensions to support near-field channel 
effects.  

Modification of 3GPP InF-SL parameters based on TIMES THz measurements  
We performed simultaneous multi-band ultra-wideband dual-polarized double-directional measurements at 
sub-6 GHz (center frequency, 6.25 GHz), mmWave (74.25 GHz), and sub-THz (308.2 GHz) in LOS and NLOS in 
an industrial setting depicted in Figure 6 and detailed in [TIMES2023-2]. Referring to the InF scenarios defined 
in [3GPP2018], this environment best matches the InF-SL (sparse clutter, low BS) scenario.  

 

Figure 6 THz channel measurements in industrial setting. 

Based on the channel measurement results, we modified the path loss equation and some of the fast-fading 
channel parameters of the 3GPP procedure from [3GPP2018] for each of the three frequencies, the one in 
308.2 GHz being of particular relevance. If using the 3GPP model to simulate THz channels, we suggest the 
following: 

- Implementing parameters specified in Table 1 and Table 2 into the 3GPP channel coefficient 
generation procedure [3GPP2018]; 

- For parameters not specified in Table 1 and Table 2, using existing InF parameters defined in 
[3GPP2018] for 0.5-100 GHz. 
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Table 1 Multi-band Large Scale Parameters (LSPs) in industrial settings for LOS and NLOS. 

 

 

 

Table 2 ABG pathloss parameters from standards and TIMES measurements 

 

Extension for considering near-field channel effects 
In Section 2.1, we provided the theoretical background to treat the near-field channel modeling and have 
discussed how the single-tap channel considers the near-field effect. In this section, we extended the 
discussion to model the near-field effect in multipath channels. In particular, we extend the 3GPP TR38.901 
channel model to support near-field channel modeling. 

In the Fresnel region, the plane wave approximation is no longer valid and a spherical wavefront model 

should be used instead. In this case, the wave vector 𝑘
→
(𝑥, 𝑦, 𝑧) is no longer constant but varies in the space. 

As a consequence, 𝑘
→
(𝑥, 𝑦, 𝑧)  impinges each antenna element with a different direction which depends not 

only on the incident angle but also on the radius of the spherical wavefront 𝑟". Figure 7 represents the phase 
variation over a 64×64 UPA computed with planar and spherical wavefront models, and 𝑟" 	= 0.01	 · dFA. 
Figure 7-c represents the phase error caused by the planar wavefront assumption. 
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(a) Planar model.   (b) Spherical model.   (c) Approximation error. 

Figure 7: Phase variation over a 64×64 UPA computed with planar and spherical wavefront models, and 
approximation error due to the planar wavefront assumption. 

In the following, we discuss how the channel model in 3GPP TR38.901 can be extended to support the 
modeling of spherical wavefronts introduced in Section 2. We only consider the effects of wave’s curvature 
on the phase, while we neglect any amplitude variation. This condition is satisfied when 𝑟" ≥ 𝑑#, where 
𝑑# = 2𝐷√𝑁 is the Bjornson distance [Bjo2021]. We notice that for large arrays, 𝑑# is much shorter than 𝑑$% 
as it increases with the squared root of the number of elements. A geometric representation of the proposed 
extension is depicted in Figure 8. 

 
Figure 8 Representation of the proposed extension. 

LOS component 

The channel impulse response of the LOS path between s-th transmit and the u-th receive elements is 
expressed as 

ℎ&,()*+(𝑡, 𝜏) = 𝑒,
-./
0 1!"𝑒

-./
0 23#$%

&,(
𝛿(𝜏 − 𝜏)*+)

= 𝑒,
-./
0 1!"𝑒

-./
0 23)*,#$%

&
𝑒
-./
0 23+*,#$%

(
𝛿(𝜏 − 𝜏)*+),

 

where 𝑑45  corresponds to the distance between the center of the transmit and receive arrays, 𝜆  is the 
wavelength, 	𝜏)*+  is the delay of the LOS path, and ΔΦ)*+

(,& = ΔΦ67,)*+
( + ΔΦ87,)*+

&  represents the phase 
variation due to the array geometries. 

When adopting a spherical wavefront model, the phase variation ΔΦ)*+
(,&  is equivalent to the distance 

between the s-th transmit and u-th receive antenna elements. By setting the origin of the coordinate system 

at the center of the transmit array, the position of the s-th transmit element is 𝑃( = 𝑑
→
67
( , while the position 
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of the u-th receive element is 𝑃& = 𝑑45 ⋅ 𝑘
→
67,)*+ + 𝑑

→
87
& , where 𝑘

→
67,)*+ is the spherical unit vector of the LOS 

ray. Then, the phase excitation can be computed as 

ΔΦ)*+
(,& = 𝑑45 − ||𝑃( − 𝑃&||

= 𝑑45 − ||𝑑
→
67
( − 𝑑45 ⋅ 𝑘

→
67,)*+ − 𝑑

→
87
& ||,

 
(35) 

where a normalization with respect to 𝑑45 is needed to avoid a double contribution of the phase shift due 
to the propagation distance. 

NLOS components 

The channel impulse response for the NLOS components between the s-th transmit and u-th receive antenna 
elements can be expressed as  

ℎ&,(9)*+(𝑡, 𝜏) = C
9

:;<

C
=

>;<

D𝑃:
𝑀
𝑒
-./
0 23)*,,,-

&
𝑒
-./
0 23+*,,,-

(
𝛿(𝜏 − 𝜏:), 

where N is the number of clusters, M is the number of rays, 𝑃: is the cluster power, τ: is the cluster delay, 
and the terms ΔΦ67,:,>

(  and ΔΦ87,:,>
&  represents the phase excitation of path m in cluster n due to the 

transmit and receive array geometries. 

For the NLOS components, 𝐶"	corresponds to the position of the first (in case of departing wave) or last (in 
case of arriving wave) scatterer, as represented in Figure 8. Therefore, the phase excitation can be expressed 
as:  

ΔΦ67,:,>
( = 𝑑(?@66,67: − 𝑑(?@66,67

:,(

ΔΦ87,:,>
& = 𝑑(?@66,87: − 𝑑(?@66,87

:,&  
(36) 

(37) 

where 𝑑(?@66,67
:,(  is the distance between the s-th antenna element at the transmitter and the first scatterer 

hit by cluster n, 𝑑(?@66,67:  is the distance between the center of the transmit array and the first scatterer hit 
by cluster n, 𝑑(?@66,87

:,&  is the distance between the u-th antenna element at the receiver and the last scatterer 
hit by cluster n, and 𝑑(?@66,87:  is the distance between the center of the receive array and the last scatterer 
hit by cluster n. Eq. 36 and 37 can be written as: 

ΔΦ67,:,>
( = 𝑑(?@66,67: − ||𝑑(?@66,67: ⋅ 𝑘

→
67,:,> − 𝑑

→
67,(||

ΔΦ87,:,>
& = 𝑑(?@66,87: − ||𝑑(?@66,87: ⋅ 𝑘

→
87,:,> − 𝑑

→
87,&||

 
(38) 

(39) 

where 𝑘
→
67,:,> and 𝑘

→
87,:,> are the spherical unit vector of the m-th ray belonging to the n-th cluster, for the 

transmitter and receiver. Here we make an implicit assumption that all rays belonging to the same cluster 
interact with the same scattering objects. This is reasonable since all rays in a cluster experience the same 
propagation delay2. 

To apply Eq. 38 and 39, we need to determine the distances 𝑑(?@66,67:  and 𝑑(?@66,87:  between the center of the 
transmit (receive) array and the first (last) scattering objects. The 3GPP framework does not provide any 
explicit modeling of the scattering object, therefore  𝑑(?@66,67:  and 𝑑(?@66,87:  cannot be determined directly. A 
possible approach is the one proposed in [Jae2014], which involves the solution of an optimization problem 

 
2 3GPP TR 38.901 subdivides the three strongest NLOS clusters into sub-clusters with different propagation delays. In 
this case, the same formulation applies at a sub-cluster level. 
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for determining 𝑑(?@66,67:  and 𝑑(?@66,87:  such that the distance between the first bounce and last bounce 
scatterer is minimized. Another approach is to regard  these quantities as random variables whose 
distribution is derived from simple geometrical considerations. From the propagation delay, we can compute 
the propagation distance of the n-th cluster as  𝑑: = τ: ⋅ 𝑐 + 𝑑45, where 𝑐 is the speed of light and 𝑑45 is 
the 3D distance between the transmit and receive arrays. 𝑑: represents an upper bound for determining  
𝑑(?@66,67:  and 𝑑(?@66,87: , because the overall propagation distance is greater or equal to the sum of lengths of 
the first and last segments: 

𝑑(?@66,67: + 𝑑(?@66,87: <= 𝑑: (40) 

The equality is reached when cluster n interacts with a single scatterer before reaching the receiver. Based 
on these consideration, 𝑑(?@66,67:  and 𝑑(?@66,87:  can be determined with the following procedure:  

1. compute the overall propagation distance as 𝑑: = 𝜏: ⋅ 𝑐 + 𝑑45;  

2. draw 𝑑(?@66,67: ∼ 𝑈[𝑑# , 𝑑: 	− 𝑑#]; 

3. draw	𝑑(?@66,87: ∼ 𝑈[𝑑# , 𝑑: − 𝑑(?@66,67: ]. 

where the lower bound is set to 𝑑# to avoid significant amplitude variations over the array caused by the 
wave’s curvature. 

To include the modeling of spherical wavefronts, the procedure should be extended as shown in Figure 9. In 
particular, an additional step after step 5 is needed for computing the terms 𝑑(?@66,67:  and 𝑑(?@66,87:  as 
described above. Moreover, step 11 has to be modified for computing the phase components ΔΦ)*+

(,& , 
ΔΦ67,:,>

( , and ΔΦ87,:,>
&  using Eq. 35, 38, and 39. 

 
Figure 9 Modified channel coefficient generation procedure. 
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To validate the proposed extension, we simulated two nodes placed at a distance d and of the same height. 
The receiver is equipped with a 64×64 array, while the transmitter has a single-element antenna. The channel 
modeling parameters are selected according to the UMa scenario and the operating frequency is set to 300 
GHz. We varied the distance 𝑑  between 0.1 ⋅ 𝑑$%  and 2 ⋅ 𝑑$% , generating 100 independent channel 
realizations at each step. For each realization, we evaluated the phase error experienced by the element at 
the upper-right corner of the array caused by LOS and NLOS paths. The motivation behind this choice is that 
elements at the border of the array are more affected by the effect of spherical wavefronts. 

The results are shown in Figure 10. The yellow line represents the approximation error of the LOS path, 
computed as the difference between the phase components calculated with the original model (i.e., 
following the plane-wave approximation) and with the extended model (i.e., including the modeling of 
spherical wavefronts). Instead, blue line represents the approximation error of NLOS paths averaged over all 
independent channel realizations. For a single realization, the approximation error of NLOS paths is 
computed as: 

ϵ = C
𝑃:
𝑀

9

:;<

COΔΦ87,:,>
$$ − ΔΦ87,:,>

9$ O
=

>;<

, 

where ΔΦ87,:,>
$$  corresponds to the phase component calculated with the original model, while ΔΦ87,:,>

9$  
corresponds to the phase component calculated with the proposed extension. 

It can be seen that the approximation error decreases as 𝑑 increases, because the radius of the spherical 
waves increases and plane wave model is approached at the limit. When 𝑑 is larger than the Fraunhofer array 
distance 𝑑$%, the phase error is smaller than π/8 (red dashed line), which corresponds to the maximum error 
in the far-field approximation. For short distances, the phase error of the LOS path is larger than the average 
phase error of NLOS paths, because it is more likely that scatterers are at a distance greater than the LOS 
distance 𝑑. For large 𝑑, the order of the curves flips because the probability of having scatterers that are 
closer to the transmitter or receiver than the LOS distance is increased. 

 

Figure 10 Phase approximation error over distance. 
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Updates to application-specific GBSCM models 

In TIMES IR3.1 [TIMES2023-3], THz Geometric Based Stochastic Channel Model (GBSM) for Indoor Office was 
described. This model was developed by TU Braunschweig Institute of Communication Technologies and 
allows modeling in broadband frequency domain and in time domain with considering spatial channel 
characteristics. Model was introduced for the frequency range from 275 to 325 GHz [Pri2013-2].  

However, provided model parameters have been obtained for a particular office. In this case, the idea is to 
use the same approach but for comprehensive industrial workspace in which measurements presented in 
D3.1 [TIMES2023-2] were performed. Although channel measurements in the environment of interest have 
already been performed, it is also necessary to use ray tracing (RT) to create a comprehensive dataset, which 
is important for the implementation of the stochastic model. For the propagation modeling Simulator for 
Mobile Networks (SiMoNe) RT tool is planned to be used. SiMoNe is a platform that was developed by TUBS 
and includes: a system-level simulator, a link-level simulator and a ray tracing tool.  This tool was described 
in detail in TIMES D2.2 [TIMES2023-4]. 

Scenario description: The scenario of the interest reproduced THz wireless communication between an 
access point (AP) located on the wall, and sensor nodes (SN) on the machines in an industrial environment. 
This environment is a comprehensive industrial workspace with various types of machinery, metal surfaces, 
non-standard ceilings, and different height levels (Figure 11). A schematic view of the workspace is shown in 
Figure 12. The workspace has dimensions 36m x 22m x 11m, height of the upper level is 4m, height of the 
suspended ceilings (beams) is 7.3m. All other dimensions can be obtained from the schematic view. To 
simplify the description of length, two walls were designated as Reference walls (Wall 1 and Wall 2, Figure 
12). The part of the workspace where measurements were taken, and which is the most interesting for 
modeling, is marked by a red square.  

A simplified 3D model of the environment, intended to serve as a starting point for further RT simulation, is 
shown in Figure 13.    

 

Figure 11 Industrial workspace. 
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Figure 12 Industrial workspace schematic view. 

 

 

Figure 13 Simplified 3D model of the investigated industrial workspace environment. 

Channel measurements setup is presented in the Figure 14. The transmitter (Tx) represented AP and the 
receiver (Rx) represented SN. Tx was fixed on the tripod and located on the upper level of the workspace. Rx 
unit was fixed on the tripod and located on the bottom level. There were 4 different positions of Rx. Two of 
them were positioned on one side of the massive machine, and the other two were positioned on the 
opposite side. 

The setup parameters are presented in Table 3, where hTX, hRX are Tx and Rx heights; dTX-W1 is the distance 
between Tx and Wall 1; dTX-W2 is the distance between Tx and Wall 2; dRX-W1 is the distance between Rx and 
Wall 1; dRX-W2 is the distance between Rx and Wall 2. 
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Figure 14 Channel measurements setup.  

Table 3 Measurement setup parameters. 
Setup 

number 
hTx, m hRx, m dTx-W1, m dTx-W2, m dRx-W1, m dRx-W2, m 

1 5.25 1.25 21.5 1 19 8 
2 5.25 1.25 21.5 1 19 6.5 
3 5.25 1.25 21.5 1 24.5 8 
4 5.25 1.25 21.5 1 24.5 6.5 

 

Using RT, it is planned to investigate three different Tx locations, one like in the measurement setup, between 
Rx positions (dTx-W1 = 21.5 m); the second with dTx-W1 = 19 m; and the third with dTx-W1 = 24.5 m. To obtain 
statistics of model parameters derivation, 72 Rx positions are planned to be investigated (this number may 
be increased). The room setup for the simulations is shown in Figure 15 and parameters of Rx positions grid 
are presented in Table 4.    

  

Figure 15 Setup for RT simulation. 

 

Table 4 Simulation setup parameters. 

Setup 
number 

hTx, m hRx, m dTx-W1, m dTx-W2, m dRx-W1, m dRx-W2, m 

1 5.25 1.25 21.5 1 19 4 
2 5.25 1.25 21.5 1 19 4.25 
3 5.25 1.25 21.5 1 19 4.5 
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... ... ... ... ... ... ... 
26 5.25 1.25 21.5 1 19 10 
27 5.25 1.25 21.5 1 19.25 10 
28 5.25 1.25 21.5 1 15.5 10 
... ... ... ... ... ... ... 
42 5.25 1.25 21.5 1 24.25 10 
43 5.25 1.25 21.5 1 24.5 10 
44 5.25 1.25 21.5 1 24.5 9.5 
45 5.25 1.25 21.5 1 24.5 9.25 
... ... ... ... ... ... ... 
71 5.25 1.25 21.5 1 24.5 4.25 
72 5.25 1.25 21.5 1 24.5 4 

 

Channel model realization procedure: The provided channel modeling approach based on spatial path-
specific channel function and consists of seven stage that are implemented step by step:   

1) Calculation of the LOS amplitude (aLOS) and time of arrival (τLOS);  
2) Evaluation of the number of reflection paths and their orders, which are determined based on 

statistics derived from data generated by RT;     
3) Forming ToA vector. That contain τLOS, and times of arrival (ToA) of all reflection’s orders. At first step 

earliest first order reflection paths, that the same for all Rx positions, reflected from ceiling/walls 
geometrically calculated. At the second step, higher order reflection first paths approximated with 
exponential function. Then, all other reflected paths calculated recursively with an interval time that 
described by statistical distribution;   

4) Calculation of the phase-frequency correlation function;  
5) Frequency dispersion function. For LOS dispersion coefficient always equal 1. And for reflected path’s 

function can be approximated with a log-linear attenuation over frequency for all reflected rays;   
6) Fully polymetric amplitudes obtained with the ToA-amplitude function;  
7) AoAs/AoDs evaluation based on the RT statistics.  

  
Model inputs: d, Tx position; f (frequencies vector);  
Model outputs: fully polarimetric amplitudes; ToA vector; frequency dispersion; AoAs/AoDs in both elevation 
and azimuth.  
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4 Machine Learning approaches for THz channel modeling 

This section explores the application of machine learning (ML) in modeling THz channels. It includes 
methodologies for channel feature extraction, LoS/NLoS classification, multipath component (MPC) 
clustering, and indoor map generation. Leveraging supervised and unsupervised learning, the section 
demonstrates how ML can enhance generalizability and accuracy in highly dynamic industrial environments. 

THz channel feature extraction  

Channel modeling methods developed in literature can be classified into three main categories. Deterministic 
methods [Pri2013-1] rely on ray tracing (RT) approaches, stochastic models focus on a statistical description 
[Pri2013-2] which estimates the mean value of propagation parameters, and semi-empirical models use 
hybrid techniques [Cho2018].  

New machine learning (ML)-based techniques can be exploited to improve the description of signal 
propagation and generalize its behavior to unknown and dynamic scenarios. ML can accomplish different 
tasks, including line-of-sight (LoS)/non-LoS (NLoS) link classification and channel parameters extraction. The 
use of ML for LoS/NLoS classification has been partially investigated in the literature with supervised learning 
(SL) algorithms which rely on a priori known information, called label, and through unsupervised learning 
(UL) algorithms when a consistent labelled dataset is not available.  

This section proposes a methodology to adaptively and dynamically reconstruct the channel propagation 
model through the extrapolation of the major channel parameters starting by a partial environment 
knowledge and space-discrete measurements in Industrial IoT (IIoT) scenarios at sub-6GHz, mmWaves, and 
THz frequencies. The input dataset created with a RT tool is firstly processed by a ML classifier to detect data 
referred to a LoS or NLoS link. Then, the best fit line for LoS/NLoS data is derived with a ML regression and it 
is used to estimate the path loss exponent (PLE) and the shadowing standard deviation and therefore to 
reconstruct a narrowband channel model.  

Scenario 

 

Figure 16 Scenario AGVs with MD = {0.08, 0.24, 0.36} the parallelepiped represents the industrial layout, 
cubes are the machines, while red and green dots represent the TXs and the RXs, respectively. 

 The industrial scenario considered is a plant of size WxxWyxWz =20x20x10m3 in which M machines of size 

MxxMyxMz =4x4x2m3 are deployed unevenly with inter-machine distance dM2M =2m and machine-wall 

distance dM2W =2m. We introduce a parameter to estimate the machines’ density, , where AMi is 
the area occupied by machine i∈M and AW is the plant’s area. Focusing on the downlink, we consider a set 
of T =24 possible equally spaced BS locations in (xtx,k, ytx,k, ztx,k) with k∈T and a set of R receivers (RXs) placed 
in (xrx,j, yrx,j, zrx,j) with j∈R. Transmitters (TX) and RXs are equipped with omni-directional antennas. RXs of 
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two categories are considered: mounted over automated guided vehicles (AGVs), Figure 16, or on a machine, 
hereafter denoted as machine nodes (MN). AGVs are uniformly distributed in the plant, while MNs are 
positioned on top and along the edges of the machines, functioning as sensors which collect data from 
underneath the machine.  

  
  

Model 
This section describes the model implemented for channel parameters estimation and reconstruction which 
is illustrated in Figure 17. 

 

Figure 17 Channel parameter estimation model. 

Ray Tracing Tool 
The dataset used to train and test our ML algorithms is generated using 3DScat, a ray tracing (RT) tool 
developed at the University of Bologna in Italy and described with more details in [Vit2015] and [Fus2015]. 
3DScat requires a detailed description of the industrial layout, including information on the location, size, 
and material characteristics of the plant, machines, and TX and RX nodes. The RT tool classifies with a 
category which links are in LoS/NLoS condition using a geometrical approach. This is achieved by applying 
Ray Theory to derive the path loss, PL, and the TX-RX distance d for each link. The resulting dataset is in the 
format of: (d, PL, category). Electromagnetic parameters of the materials for different working frequencies 
(sub-6 GHz, mmWaves, and THz range) are described through the relative dielectric constant εr and the 
electrical conductivity σ for building walls, floor, and ceiling composed of concrete (εr = 5, σ = 0.01 at f = 3.5 
GHz, σ = 0.1 at f = 60 GHz, and σ = 6 at f = 300 GHz) and for machines made of metal (εr = 0, σ = 109) and 
considered as perfect electric conductors (PEC). RT simulation involves a series of interactions listed in Table 
5. This interaction setting is a suitable balance between precision and computational time. Indeed, the 
performance seems to saturate when at least three reflections are 
considered. 

3DScat operates in two phases. Firstly, the trajectories of the optical rays between TX and RX are calculated 
applying an image-RT approach according to the Geometrical Optics Theory and its extensions, such as the 
Uniform Theory of Diffraction and diffuse scattering models. Later, field propagation evolution along the radii 
is computed and multipath effects are evaluated on the RX side. To determine the propagating rays, the 
algorithm recursively sets up a visibility tree, which represents the visibility relationships among devices in 
the scenario. The visibility tree consists of a succession of layers starting from the root, which corresponds 
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to the TX, until the n-th layer that contains the objects which can be detected from those belonging to the 
(n−1)-th layer. The objects are stored in the tree using virtual TXs defined as the symmetric point of the real 
TX according to the image RT approach. A visibility region is defined for each object, representing the area 
that can be illuminated by the virtual TX. The presence of a RX within the visibility region indicates the 
existence of an optical ray connecting TX and RX. Visibility is determined by selecting rays that meet specific 
requirements, such as having a number of interactions that is less than or equal to the input settings. Once 
the tracing procedure for the ray is completed, field computation is performed. 

The diffuse scattering effect produced by surface irregularities is modelled according to the Effective 
Roughness model in which the electromagnetic power impinging on a wall is spread according to a scattering 
coefficient S∈(0, 1), directly related to the amount of power scattered at the expense of specular reflection, 
and a scattering radiation pattern describing the spatial distribution of the scattered power. In contrast to 
other interactions, this phenomenon is hardly modelled by a specific interaction point, as it is generated by 
a multitude of scatterers. For this reason, a ray launching approach is employed. During the visibility 
assessment process several rays are launched from the TX with a preset angular discretisation and the 
scattering tiles are identified as the intersection point between the launched rays and the objects. Each tile 
is regarded as a virtual TX, acting as a secondary source with a fixed area which depends on the source’s 
distance and the angular discretisation. Finally, the interaction coefficients and the rays arriving at the 
receiver are identified. 

Table 5 Interaction settings. 

Kind of Interaction Number 

N MAX INTERACTIONS 5 

N MAX REFL 3 

N MAX DIFF 1 

N MAX REFL WITH SCAT 1 

N MAX DIFF WITH SCAT 0 

N MAX REFL AND DIFF 4 

ML Classification 
LoS/NLoS link classification is performed using the random forest (RF) algorithm. RF is a linear and rule-based 
SL classifier which clusters items with same feature values into groups using a collection of rules [Sar2018]. 
It consists in a combination of tree-structured predictors, where each tree depends on the values of a random 
vector, sampled independently, and with same distribution for all the trees in the forest. Each tree casts a 
unit vote for the most popular class given the input [Bre2001]. The classifier introduces randomness by 
exploiting a random selection of features at each node, resulting in decision trees with decoupled prediction 
errors. Averaging these predictions, it can cancel out some errors that generally depend on the strength of 
the individual trees and the correlation between them. RF is preferred over other ML algorithms because it 
reduces the variance by combining diverse trees and obtains a higher level of accuracy.  

The classification problem is designed as a binary classifier which takes the dataset generated by RT in the 
format of (d, PL, category) as input and predicts the class of LoS/NLoS as outcome. The labels of LoS/NLoS 
are referred to as positive P or negative N, respectively, where the input dataset has size Ntest = N +P. The 
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classifier assigns a label to each element of the dataset: true positive (TP) and true negative (TN) refer to 
correctly detected labels, while false positive (FP) and false negative (FN) account for incorrect decisions. 
These quantities are generally displayed through a 2x2 confusion matrix illustrated in Figure 8.  

 

Figure 18 Binary classifier confusion matrix. 

The accuracy, or success rate, is used as the metric to evaluate LoS/NLoS classification capabilities. It is 
defined as the ratio between the number of correct classifications and the total ones: 

 
 

ML Regression 
ML regression is employed to determine the best fit line for points classified in LoS/NLoS condition. Nonlinear 
regression is a SL technique which models the observed data with a function f, that is a nonlinear combination 
of the estimated parameter vector θ = [θ0, θ1, ..., θn]T and of the independent input variable x. The nonlinear 
regression exploited in this work is the polynomial regression, expressed as: 

  
The goal is to determine the vector θ and the order n of the regression which best fit the cloud of points in 
LoS/ NLoS, respectively. 

 

Parameters Extraction 
After obtaining the best fit lines for LoS/NLoS links, mathematical methods are exploited to derive large-scale 
parameters of the channel, such as PLE and shadowing standard deviation. Assuming far-field conditions (TX-
RX distance much greater than wavelength), the narrowband channel model is built as follows. Path loss PL 
is described as: 

 PLs(d) = c + 10αslog10(d) + ξs,  



  
D3.4 – Final Report on Channel Models for industrial environments at sub-THz 
frequencies 
 
 

101096307 – TIMES  36 of 91 
 

where s stands for the binary value of LoS/NLoS condition, d represents the 3D distance between TX and RX, 
c = 20log10(4π/λ) is the path loss at a reference distance dref = 1 m, αs is the PLE, and ξs represents the 
additional attenuation due to shadowing fluctuations. Shadowing is a phenomenon caused by the presence 
of obstacles obstructing the direct link between TX and RX, resulting in slow fluctuations. It is a large scale 
effect modelled through a zero mean Gaussian distribution ξs ∼ N (0, σs

2) with standard deviation: 

 

 where N is the total number of values, xi represents the i-th value, and μ is the expected value. This channel 
model is also applicable at high frequencies because it has been demonstrated that THz frequency effects, 
such as molecular absorption, have a limited impact on the channel in this moderate sized scenario. 

Results 
This section investigates the accuracy of LoS/NloS classification and the reconstruction of large-scale 
parameters in the developed model. The evaluation includes the variation of channel behaviour in terms of 
PLE and shadowing standard deviation, for different heights of the TX, ztx, for various machine densities MD 
= {0.08, 0.24, 0.36} (corresponding to M ∈ {2, 6, 9} machines in the scenario, respectively), at different 
frequencies, f, and for the two use cases with AGVs and MNs. The BS is positioned at a height ztx∈[2, 10]m 
from the ground. AGVs have a height of zrx,AGV = {0.3, 0.5, 1}m, while zrx,MN = Mz + δ, with δ = 0.01m for MNs 
located on top of the machines, and zrx,MN = {0.3, 0.5, 1}m for MNs located along the edges of the machines. 
The transmitted power is Pt = 0 dBm, TX and RX antenna gains are Gt, Gr = 0 dB, and the working frequencies 
are f = 3.5, 60, 300 GHz. 

ML Dataset 
ML algorithms require a significant amount of data that includes various representative features for the 
investigated layout. A feature is considered poor if does not allow to clearly separate data between different 
classes and satisfying otherwise. The proposed model uses an input dataset comprising over 14,000 data 
points, with 60% allocated to the training phase and 40% for performance validation. Figure 9 illustrates the 
correlation matrix which describes the correlation between the predicted labels and the dataset features, 
i.e., 0.45 and 0.57 for distance and path loss, respectively. In fact, LoS/NLoS condition is closely related to the 
layout geometry. Additionally, LoS probability is generally a decreasing function of distance and path loss. 
Correlation matrix results demonstrate a high correlation between the selected features and the classified 
category, proving the effectiveness of the selected features for the classification task. Also, the model is 
advantageous as it allows to classify data using a limited and easily accessible dataset. 

 

 

Figure 19 Correlation matrix describing the correlation between predicted labels and dataset features. 
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LoS/NLoS Classification 
Various SL algorithms are exploited to achieve optimal LoS/NLoS link classification. These algorithms include 
AdaBoost (A), decision tree (DT), gradient boosting decision tree (GBDT), K-nearest neighbor (K-NN), neural 
network-multi layer perceptron (NN-MLP), and random forest (RF) classifiers. Their mean accuracy and 
standard deviation for the considered scenarios are listed in Table 2. 

Table 6 SL Algorithms accuracy and standard deviation. 

Algorithm Mean Accuracy Standard 
Deviation 

A 89.33% 7.4 

DT 97.01% 3.78 

GBDT 90.98% 6.41 

K-NN 93.39% 4.47 

NN-MLP 89.01% 7.62 

RF 97.58% 3.11 

 

From results it is evident that RF classifier, which is the algorithm exploited in this work, achieves the highest 
mean accuracy of 97.58% and minimum standard deviation of 3.11 across all scenarios. Moreover, DT and 
RF algorithms have similar accuracy, as RF is a DT-derived algorithm that combines tree-structured 
predictors.  

To investigate the classification capabilities of the algorithms, their accuracy behaviour at the variation of the 
TX height is studied and listed in Figure 10. It was discovered that accuracy decreases and reaches a minimum 
value when the TX height is ztx ∈ [3, 5] m. However, as the TX height increases the accuracy improves. This 
behaviour is closely related to the path loss experienced by nodes at various TX heights. When the TX is at a 
height of ztx = 2m most of the links are in NLoS condition. However, increasing the TX height to ztx ∈ [3, 5]m 
results in a varied channel condition for LoS/NLoS nodes, with an increased number of nodes in LoS. Further 
increasing the TX height to ztx ∈ [8, 10] results in the majority of nodes becoming in LoS condition.  
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Figure 20 SL Algorithm accuracy with respect to the variation of the transmitter height. 

 

Also, accuracy values obtained with RF algorithm for various layouts are investigated. The classification 
capability of the ML algorithm depends on the geometry of the industrial layout and, specifically, on the TX 
height, ztx, and machines density, MD, which corresponds to a different number of obstructing machines. 
Indeed, these elements affect the PL in LoS/ NLoS and consequently impact the classification capabilities. 
Figure 11 shows the variation of RF accuracy with respect to the TX height, ztx, for AGVs and MNs at f = 3.5, 
60, 300 GHz. Results suggest that frequency plays a crucial role in determining accuracy as they are directly 
proportional. Lower frequencies result in lower precision, while higher frequencies lead to a higher precision. 
Indeed, the frequency has an important impact on final PL: at higher frequency LoS and NLoS components 
have extremely different PL which leads to a simpler classification, while by decreasing the working frequency 
the difference is reduced. 

Finally, it is evaluated the accuracy variation with respect to different TX heights for AGVs and MNs. From 
results emerges that at ztx = 3m there is a minimum of accuracy due to LoS, NLoS, and obstructed LoS (OLoS) 
nodes. Indeed, OLoS nodes refer to those in NLoS condition but located closely behind the corner, so that 
LoS and OLoS nodes experience a similar attenuation and it is harder to classify them. Increasing the TX height 
further improves accuracy. Also, the accuracy achieved with MNs is higher than that of AGVs, due to the 
specificity of the scenario considered 
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Figure 21 LoS/NLoS classification accuracy with respect to ztx variation for MNs and AGVs at f = 3.5, 60, and 
300 GHz. 

Path Loss exponent  
Regarding the channel behaviour, Figure 12 shows the variation of the PLE, αs, in LoS/ NLoS conditions with 
respect to the TX height, ztx, for MD = 0.08, MD = 0.24, and MD = 0.36 at f = 3.5, 60, and 300 GHz respectively. 
The results obtained demonstrate an extraordinary degree of accuracy. Indeed, Figure 12 illustrates a 
comparison between the channel parameters achieved by a simple fit, assuming the link LoS/NLoS condition 
known, and those obtained by applying ML for classification, regression, and successive calculation of large 
scale parameters with, and without a limitation on the regression order n. Results indicate that by increasing 
the carrier frequency there is an increase of the PLE in NLoS condition, while it remains nearly constant at 
around αLoS = 2 in LoS. In addition, the attenuation experienced by MNs in NLoS is higher than that 
experienced by AGVs, while it is invariant in LoS condition. 

For what concerns MD = 0.08 results, the optimal placement for the BS in the AGVs scenario is at ztx = 3m, 
indeed, by changing the TX height the PLE tends to increase. By decreasing the TX height to ztx = 2m it is at 
the same level as machines, resulting in increased attenuation due to diffraction effects. Instead, by 
improving the height of the TX, PLE increases due to the specific layout. To address this issue, nodes should 
be classified into three classes: LoS, NLoS, and OLoS. The PL for OLoS nodes is not extremely high and if the 
TX height is increased they become in LoS and have an impact on the PLE in LoS. On the other hand, the PLE 
in NLoS comprises only nodes in heavy NLoS condition, causing an increase in PLE. For MNs, increasing the 
TX height tends to decrease PLE in NLoS, as nodes previously in NLoS become in LoS. For this reason, an 
optimal BS placement can be ztx = 10m.  

For what concerns MD = 0.24 results, MNs and AGVs scenarios exhibit similar behaviour. Both cases are 
endowed with an almost constant PLE in NLoS if the TX is located at a height ztx∈[3, 10]m. This suggests that 
each site has the potential to serve as an optimal BS placement for enhancing network performance. While 
reducing the height of the TX to ztx = 2m increases PLE due to diffraction effects.  

In case of MD = 0.36, AGVs’ scenario shows higher PLE for a low BS placement and lower PLE for a higher BS 
employment. The presence of multipath improves the received power in this setting. For MNs, the PLE in 
NLoS tends to decrease initially if the TX height is ztx ∈ [2, 5]m, then it gradually increases. This behaviour is 
intensified by increasing the carrier frequency. Thus, a well-placed BS could have ztx = 5m. 
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Figure 22 PLE variation with respect to ztx for MNs and AGVs at f = 3.5, 60, 300 GHz and MD = {0.08, 0.24, 
0.36}. 

Shadowing Standard Deviation 
Table 3 lists the shadowing standard deviation, σs, in LoS/NLoS for AGVs and MNs for different values of MD 
and carrier frequency f (expressed in GHz). The results indicate that the shadowing standard deviation in 
NLoS tends to rise with the carrier frequency, while it decreases in LoS condition. Also, MNs experience a 
higher shadowing standard deviation than AGVs in both LoS/NLoS conditions. Figure 13 depicts the variation 
of the shadowing standard deviation σs with the TX height ztx at f = 3.5 GHz and MD = 0.24. Results suggest 
that the standard deviation in NLoS decreases with the TX height for AGVs and MNs scenarios. The LoS 
shadowing standard deviation is a decreasing function of the TX height for AGVs and has an increasing trend 
for MNs. Indeed, improving the TX height can change the LoS condition for some nodes that previously were 
in NLoS, resulting in a significant difference in signal propagation. 
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Figure 23 Shadowing standard deviation with respect to ztx variation for MNs and AGVs. 

Table 7 Shadowing standard deviation values. 

 

 

Remarks 
In this section it was implemented an innovative ML-based channel model which can be dynamically applied 
in a variety of IIoT scenarios with sensing capabilities at sub-6 GHz, mmWaves, and THz bands. The model 
exploited ML to classify data in LoS/NLoS using a dataset generated with RT simulation. Subsequently, a ML 
regression is applied to determine the best fit line and derive the main channel parameters, including the PLE 
and the standard deviation of shadowing. The results proved that the developed model is highly accurate, 
achieving an accuracy of over 99.1%, and illustrated PLE and shadowing variation in LoS/NLoS for MNs and 
AGVs in different industrial layouts and at various frequency ranges. The final goal was to investigate the 
impact of the industrial layout on the variation of channel parameters. Moreover, the parameters extracted 
by the extensive RT simulations can be utilised for the purpose of evaluating network performance in IIoT 
scenarios. 
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Subsections below list several channel models that can be used within SNS TIMES, depending on the target 
application of the model, the simulation scope (e.g., link vs system level simulations), the type of 
communication system evaluated (e.g., single vs multi-antenna simulations), etc.   

Identification and clustering of multipath components  

Wireless communication is a trending topic in transforming and modernizing industrial applications, including 
automation, manufacturing, monitoring, and maintenance. With its ease of deployment, together with 
mobility and flexibility, wireless communication is preferred over conventional wired systems to be deployed 
in complex and dynamic environments like manufacturing floors with machinery. Nevertheless, industrial 
settings also pose challenges to wireless communication due to the presence of industrial objects, often with 
metallic surfaces. The resulting complex propagation phenomena, such as reflection, scattering, and 
diffraction, can severely affect the quality and reliability of signals. As a result, analyzing and understanding 
the propagation environment in industrial settings is essential for advancing wireless communication in 
industrial scenarios. 

While the conventional frequency bands (sub-6 GHz) are effective for numerous traditional applications, 
challenges exist for deploying them in industrial applications. Limited capacity and interference, considering 
the multitude of devices to be equipped with communication capability, can constrain the performance of 
wireless communication in terms of throughput and latency. To overcome these challenges, there is a 
pressing need to explore and exploit new frequency bands, particularly in the terahertz (THz) and millimeter-
wave (mmWave) ranges. With a wider spectrum, THz and mmWave communication could alleviate 
congestion in conventional bands and could also provide new propagation characteristics to be harnessed. 
Moreover, the short communication range of mmWave and THz bands is less serious a problem because the 
typical communication in industrial settings occurs over short distances. 

Regardless of frequency, the complex propagation effects in industrial settings yield a multipath effect, where 
signals arriving at the receiver due to different points of reflection, etc. can lead to both constructive and 
destructive interference. Therefore, modeling wireless channels that incorporate multipath components 
(MPCs) become essential for optimizing wireless communication systems in industrial applications. To this 
end, wireless channel models are often built upon modeling electromagnetic propagation with a finite 
number of MPCs, with each of the components characterized by its unique amplitude, delay, and angles of 
arrival and departure. In practice, MPCs with similar characteristics are grouped into clusters, so as to 
facilitate processing received signals in batches and reduce channel estimation complexity. Moreover, 
distinguishing clusters of MPCs is beneficial for systems like rake receivers and multiple-input multiple-output 
(MIMO) to select useful and dominant MPCs with less interferences. Clusters with distinct spatial directions 
can be exploited with beam forming to enhance channel capacity. 

In terms of the identification of MPCs, classic approaches include using parameter estimators on 
measurements, simulating the propagation via ray tracing, and manual inspection on the signals. MPCs are 
often represented as the peak points in the received signal with angular information. For measurements with 
noise, parameter estimators for reconstructing MPC information could yield unreliable results even with high 
complexity in implementation and computation. The availability of validation with a ray tracing platform is 
also not guaranteed, which is dependent on the amount of information known about the propagating 
environment. In the case of an unknown wireless environment, or when the number of MPCs reaches a 
certain multitude, identifying peaks and performing manual clustering of MPCs become time-consuming and 
erroneous. 
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In light of the challenges mentioned, there is a need for efficient processing of measurements to extract the 
information of MPC clusters. In the following subsections, the task was approached from a data processing 
and manipulation perspective, without fitting parameter models. Two well-known clustering algorithms are 
investigated, as well as the effectiveness of different distance metrics in distinguishing MPCs. A complete 
workflow for processing raw measurements, applying clustering algorithms, and extracting cluster 
information is proposed. In the end, the clustering results across different frequency bands are analysed and 
compared. 

Measurement Setup 
The measurements are collected in an indoor factory setting with 3 transmitter locations and 12 receiver 
locations selected to study the propagating condition of line-of-sight (LOS) and non-line-of-sight (NLOS). 20 
measurements on 20 pairs of transmitter–receiver settings are conducted. The directions of transmitting and 
receiving are fixed on the horizontal plane and rotate with a 15∘ separation, aiming to capture the full range 
of propagation scenarios, including LOS and NLOS cases. The measurements cover the THz frequency (300 
GHz), mmWave frequency (74.25 GHz), as well as sub-6 GHz frequency (6.75 GHz), providing a comprehensive 
understanding of the channel characteristics at different bands. For each frequency band, the measurement 
is conducted with two pairs of antenna polarization directions (horizontal–horizontal and vertical–vertical). 
Detailed measurement configurations are documented in Table 8. 

For each transmitter and receiver location, we 
obtained measurement data in the following format: 
𝐻 ⊂	𝑅BC

D×F×G×H×=×9 

(41) 

 

Details of the variables related to the dimension of the data are listed in Table 9. In the following experiment 
and analysis, the elevation scanning angle is 0∘ only, therefore J = 1 and N = 1. 

Table 8 Measurement setup. 

 

 

 

 

 

Table 9 Variables, parameters, and acronyms used in algorithms and experiments. 

𝑇 Measured time steps 

𝑃 Number of polarization pairs of transmitter and receiver 

𝐼, 𝐽 
𝑀,𝑁 

Number of the scanning angles of transmitter 
azimuth/elevation and receiver azimuth/elevation 

𝐻 Measurement data 
𝛼∗ ∗	∈ 	 {𝑇𝐴, 𝑇𝐸, 𝑅𝐴, 𝑅𝐸} , the corresponding angles of 

signals in ray-tracing experiments 

Parameter Sub-6 GHz mmWave THz 

Frequency (GHz) 6.75 74.25 305.27 

Calibrated bandwidth (GHz) 5 

Azi. scanning angles (𝛼!",$") {−180∘, −165∘, … , 165∘	} 

Ele. scanning angles (𝛼!&,$& ) 0∘
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Clustering Algorithm 
To perform direct identification and clustering of the measurement signal, the signal matrix needs to be 
converted into data points that fit the corresponding clustering algorithm. With the clustered output, another 
procedure of post-processing the results is performed to extract characteristic information of the MPC 
clusters. This section is divided into three parts that describe the three procedures. 

Preprocessing: The preprocessing of signal matrix in is shown in Algorithm 1, separated in terms of two 
different metrics for evaluating the distance between signals. For classic Euclidean distance, the power of the 
received signal at the specific time step, as well as the power difference between the current time step and 
the previous/following steps are included in the feature. The angular difference between signals is 
represented by the sinusoidal values (cosine and sine) of the transmitter and receiver angles, which aims to 
differentiate symmetrical angles and keeps the physical continuity of angles at numerical jumps (e.g. 359∘ to 
0∘). The complete process of getting the sinusoidal features is described in Algorithm 2. The number of 
sinusoidal features is reduced by using only cosine/sine values when all of the angular values are in the 
monotonic range of cosine/sine functions. For power distance [Czi2006], the angle information 
(departure/arrival) of a signal is fed to compute the multipath distance (MCD), as later shown in Equation 
(43). 

The conditions to exclude points with p∗, ∀ ∗∈ {𝑓, 𝑏, 𝑡}  in Algorithm 1 are to filter out points in the 
measurement where there is no signal received, thus to reduce the size of data later fed into the clustering 
algorithm and speed up the process. 

Algorithm 1 Preprocessing on measurement matrix. 

 

Clustering: Two clustering algorithms, K-means and DBSCAN, are implemented for comparison. The 
terminology of related terms is detailed in Table 10.  
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Algorithm 2 GetAngles(). 

 

Table 10 Notations in equations. 

𝑑(𝑚, 𝑛) Distance between point m and n 

𝑑U&?  Euclidean distance 

𝑑VW" Originally defined power distance 

𝑑′VW" Newly defined power distance 

𝑃> Power of point m 

𝑀𝐶𝐷>: MCD between m and n 

𝑀𝐶𝐷%W% Angle of arrival component of MCD 

𝑀𝐶𝐷%W5 Angle of departure component of MCD 

𝑀𝐶𝐷!  Time difference component of MCD 

 

In the original versions of the two algorithms, n-dimensional points are input, and the Euclidean distance 
based on all dimensions is used as the metric to determine the proximity of two points: 

𝑑U&?(𝑚, 𝑛) = cC(𝑚X − 𝑛X).
:

X;<

d
</.

 (42) 

Power distance was introduced to evaluated the proximity of an MPC components to its cluster center: 

𝑑VW"(𝑚, 𝑛) = 𝑃> ⋅ 𝑀𝐶𝐷>: , where 𝑛 is the cluster centroid in the K-means algorithm and 𝑚 is the input 
points to be clustered.  
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𝑀𝐶𝐷>:

= ef𝑀𝐶𝐷%W%,>:f
. + f𝑀𝐶𝐷%W5,>:f

. + f𝑀𝐶𝐷Z,>:f
.

 
(43) 

For components in computing 𝑀𝐶𝐷>:: 

f𝑀𝐶𝐷%W%,>:f =
1
2
g
sin 𝜃> cos𝜙>
sin 𝜃> sin𝜙>

cos 𝜃>
−
sin 𝜃: cos𝜙:
sin 𝜃: sin𝜙:
cos 𝜃:

g (44) 

𝑀𝐶𝐷Z,>: = 𝜁 ⋅
|𝜏> − 𝜏:|
Δ𝜏[\]

⋅
𝜏^_`
Δ𝜏[\]

 
(45) 

DBSCAN does not define a centroid for each cluster but finds neighbours for each input point. Therefore, 
when calculating the distance, the power of both signal points should be considered, rather than just one as 
in 𝑑VW"  which results in 𝑑(𝑚, 𝑛) ≠ 𝑑(𝑛,𝑚) . To this end, a variation is derived as 𝑑′VW"(𝑚, 𝑛) =
(|𝑃> − 𝑃:| + 𝑃a@(U) ⋅ 𝑀𝐶𝐷>:  for computing the power distance when applying DBSCAN algorithm. The 
computation of absolute difference ensures symmetry when swapping the input sequence of the two points. 
The addition of 𝑃a@(U serves as the base scalar when two points have similar similar power levels but differ 
in angles.  

For algorithms using both distance metrics, it is necessary to adapt clustering parameters and further scale 
the inputs before feeding data points. The process flow is shown in Algorithm 3 and the scaling factor for 
each of the features is shown in Table 11. Lines 5 – 8 in Algorithm 3 shift the power values of all points when 
using decibel values to be greater than zero, thus guaranteeing that computed power distance is greater than 
zero. 

Algorithm 3 Clustering Process 

 

Table 11 Scaling factors in clustering with Euclidean distance. 

Name Value 

p" , p# , p$ in dB 0.2 

𝑡 7.788 ⋅ 10% 

𝜽 8.0 

 

Post-processing: We propose Algorithm 4 to process the clustered points or the original matrix of the raw 
signal. For simplicity, the dimension of the matrix processed is T × I × M, which suits measurement data with 
only one measuring angle of transmitting and receiving elevations. The algorithm can be further extended to 
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be compatible with data of higher dimensions where the elevation angles are also included. Algorithm 4 
tracks the peak (with power greater than its neighboring angles) of the arriving signals in each time frame 
and consistently logs the location of peaks, with considerations that the peak might shift in angular domains. 
It is worth noting that Algorithm 4 can also be used as a preprocessing step to extract the peaks in the raw 
signals. The advantages of using Algorithm 4 on clustered results lie in the shorter processing time, where it 
is easier to find local maxima in a frame (in Line 6) when processing a sparse matrix yielded by clustered data. 
The information of peaks identified by Algorithm 4 in each cluster, e.g. angular values and duration, is then 
valuable for further microwave applications. 

Algorithm 4 Track Local Maxima Over Time 

 

Experiments 
The scaling factors for each feature used to compute Euclidean distance and power distance are listed in 
Table 11. For the algorithm of K(Power)-Means, the number of clusters k  is the hyper-parameter. For 
DBSCAN, the neighbor-threshold distance e is the parameter to determine if a cluster should expand to 
include another point. The searching range of k and e are listed in Table 12. 

Table 12 Searching range of hyper-parameters in clustering. 

DBSCAN 

𝑒 for Euclidean distance {2.0, 2.5, 3.0} 

𝑒 for power distance {0.001, 0.003, 0.006} 

𝑃a@(U  {0.005, 0.01, 0.02} 

𝜁  {0.1, 0.2, 0.4, 0.8} 

K(Power)-Means 𝑘  {3, 4, … , 10} 
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For any time step in the measurements with signals received from any angle, heatmaps are plotted to 
evaluate if the signal belongs to a certain cluster. For the transmitter–receiver location pairs where there is 
always only one MPC arriving at a time, as shown in Figure 24(a), or more than one MPCs close to each other 
as shown in Figure 24(b), the time range of the corresponding MPC cluster is manually identified, with MPCs 
then clustered based on their time-wise and angular proximity. If there are more than one MPCs arriving at 
a time, which are also distant in arriving angle and thus do not belong to the same cluster (as shown in Figure 
24(c)), clustered results are inspected visually to check if the MPCs are separated correctly. 

 

Figure 24  Heatmaps of multi-path components arriving in three different ways 

Accuracy of time range separation: The accuracy of time range separation is evaluated only for 
measurements in which no multipath components (MPCs) from separate clusters arrive simultaneously. In 
Algorithm 5, each time step is assigned a cluster label based on the majority of cluster assignments for points 
within the corresponding frame. Ground truth labeling is conducted for selected pairs of transmitter–receiver 
(Tx–Rx) locations across all three frequency bands. The cases of TX1–RX1 and TX1–RX8 represent line-of-sight 
(LOS) conditions, while TX2–RX3 and TX2–RX6 represent non-line-of-sight (NLOS) conditions. Accuracy is 
quantified using the Adjusted Rand Index (ARI), as shown in Table 13. Higher ARI values (approaching 1) 
indicate stronger agreement between the experimental results and the ground truth. It is observed that 
DBSCAN with power distance outperforms the other three methods in 7 out of 12 cases, achieving the highest 
average accuracy. Notably, this method performs best in three out of four cases for the THz frequency band 
and in three out of four cases for the mmWave band. A general trend is also noted: clustering accuracy tends 
to increase with higher signal frequencies across all methods. This is attributed to the more rapid attenuation 
of high-frequency signals, which leads to clearer separation of arriving MPCs and thereby simplifies the 
clustering task. 

Algorithm 5 Identifying MPCs' TIme Range 
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Table 13 Evaluation accuracy for selected Tx–Rx locations. 

   K-means DBSCAN 

TX RX Freq. Eucl. p-Dist. Eucl. p-Dist. 

1 1 

THz 0.787 0.835 0.951 0.951 

mmW 0.928 0.727 0.797 0.967 

Sub-6G 0.694 0.395 0.755 0.650 

1 8 

THz 0.712 0.978 0.862 0.780 

mmW 0.657 0.769 0.832 0.995 

Sub-6G 0.514 0.453 0.494 0.801 

2 3 

THz 0.990 0.985 1.000 1.000 

mmW 0.733 0.656 0.686 0.921 

Sub-6G 0.740 0.352 0.650 0.638 

2 6 

THz 0.806 0.750 0.998 0.999 

mmW 1.000 0.651 0.899 0.899 

Sub-6G 0.775 0.425 0.353 0.651 

Average  0.778 0.665 0.773 0.854 

 

Accuracy of simultaneous peak separation: The clustering results of the four methods for the multipath 
components (MPCs) illustrated in Figure 24(b) and Figure 24(c) are visualized and compared. In Figure 25, 
where the two arriving MPCs are also closely aligned in the angular domain and thus belong to the same 
cluster, correct clustering is achieved by all methods except K-means with power distance. Although it is 
practically feasible to separate these MPCs, K-means with power distance fails to correctly classify signals 
detected at the edge angles of the MPCs, as indicated by red-marked pixels in Figure 25. In contrast, when 
the two arriving MPCs are widely separated in the angular domain—as shown in Figure 26—and should 
ideally be assigned to different clusters, none of the four methods yields a perfect solution. The DBSCAN 
algorithm, as seen in Figure 26 (b) and Figure 26 (d), assigns all arriving signals at the same time step to a 
single cluster, regardless of the chosen distance metric. Meanwhile, the K-means algorithm succeeds in 
separating signals that are nearly 180° apart in transmission azimuth. However, K-means with Euclidean 
distance (Figure 26 (a)) does not distinguish the two noise signals at a 15° receiving azimuth. Similarly, K-
means with power distance (Figure 26 (c)) fails to group the signals arriving from a 30° transmitter azimuth 
(shown in yellow) with other neighboring signals marked in red, despite their angular proximity. 
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Figure 25 Clustering results for two MPCs in the same cluster arriving at the same time 

 

Figure 26 : Clustering results for two MPCs in different clusters arriving at the same time 

 

Conclusions 
In this section, two classic clustering algorithms were applied to multiband industrial wireless measurement 
data. Unlike previous approaches that begin by identifying multipath components (MPCs) from the 
measurements, a new process flow was proposed—comprising preprocessing, clustering, and post-
processing steps—to facilitate the extraction of MPC cluster information. 

Building upon insights from prior work, both the power distance metric and the traditional Euclidean distance 
were evaluated within the clustering algorithms. The effectiveness of clustering was assessed through time-
range identification and peak separation tasks. It was found that DBSCAN performs well in identifying MPC 
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delays when only one MPC arrives at a given time. In contrast, when multiple MPCs arrive simultaneously, K-
means demonstrates superior performance in separating them. 

Additionally, the proposed method was observed to be particularly effective for clustering high-frequency 
signals (e.g., in the THz range), attributed to the clearer separation of arriving MPCs resulting from stronger 
attenuation. Future work will focus on automated parameter tuning of the clustering algorithms and a more 
detailed analysis of clustering outcomes under line-of-sight (LOS) and non-line-of-sight (NLOS) conditions. 

Computer-Vision-Based Fast Indoor Map Generation 

An enhanced convolutional model for indoor radio map generation is introduced in this section, with a focus 
on integrating a novel ray-marching feature. The proposed method incorporates a ray-marching feature 
alongside a UNet architecture augmented with dilated convolution layers, leading to notable improvements 
in indoor pathloss prediction accuracy.  

Background 
The generation of indoor radio maps—crucial for optimizing wireless communication systems such as Wi-Fi 
and cellular networks—has traditionally relied on computationally intensive ray tracing techniques. While 
these methods simulate electromagnetic wave propagation with high fidelity, they are resource-demanding 
and poorly suited for real-time or scalable applications, particularly in dynamic environments. Their 
limitations are further amplified by the challenges of modeling complex indoor spaces and the need to 
recompute maps with every change in antenna placement or environmental obstacles. Moreover, ray tracing 
approaches struggle in scenarios with incomplete input data.  

To overcome these limitations, machine learning (ML) models offer a scalable and adaptive alternative. By 
learning from measurement data, ML algorithms are capable of capturing complex relationships between 
environmental characteristics and radio wave behavior, thereby enabling efficient and real-time updates of 
radio maps with minimal computational cost. 

In this section of work, convolutional neural networks were enhanced with a novel ray-marching feature to 
improve path loss (PL) predictions. A transmittance spread feature—derived from wall transmittance 
values—was introduced alongside other relevant inputs such as frequency and antenna information. An 
adapted UNet architecture, incorporating dilated convolution layers, was employed to achieve fast 
convergence and high accuracy in generalizable PL predictions. 

The dataset used for the task in this section is from [Bak2024] and its complexity increases progressively 
across the stages. The initial dataset consists of measurements at 868 MHz using an omni-directional 
antenna, collected from 50 transmitter locations across 25 buildings. The corresponding test set is drawn 
from 6 unseen buildings, introducing spatial generalization. Subsequently, the dataset is expanded to 
evaluate generalization across multiple frequency bands by incorporating measurements at 1.8 GHz and 
3.5 GHz in addition to 868 MHz. The test set for this stage includes samples at 868 MHz and a previously 
unseen frequency of 2.4 GHz. Finally, the dataset is extended to include variation in antenna patterns. Five 
different antennas are used during training—one of which is omni-directional—while the test set includes 
two entirely new antenna patterns alongside the omni-directional antenna. This stage introduces additional 
complexity through antenna diversity and pattern generalization. In all cases, the transmitter (Tx) height is 
fixed at 1.5 m above the floor, with the path loss (PL) sampled on a receiving plane at the same height. The 
spatial resolution is set to 0.25 m, meaning PL is sampled every 0.25 m. Ray tracing is performed with up to 
8 reflections, 10 transmissions, and 2 diffractions per ray path. The input images are in RGB format. The first 
two channels encode (i) normal incidence reflectance and (ii) incidence transmittance in decibels at each 
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point in the grid (both zero for air), while the third channel contains the physical distance from the Tx to each 
point. Each sample additionally includes metadata such as the Tx location, operating frequency, and antenna 
radiation pattern. The target PL maps are represented as grayscale images, with values ranging from 13 dB 
to 160 dB. 

Method 
Data Processing: The original RGB input channels—distance, transmittance, and reflectance—are 
preprocessed to generate additional feature-engineered channels. Samples of both the original and 
processed features are shown in Figure 27. All inputs images are resized to 512 by 512 pixels using bilinear 
interpolation and further augmented during training with flipping and rotation. 

 

 

Figure 27 Selected input features for computer-based radio map generation. 

Additional Feature 1: Ray Marching-Based Features 

The original RGB channels exhibit distinct spatial characteristics, with the reflectance and transmittance 
channels being particularly sparse (as seen in the sampled transmittance feature in Figure 27). To address 
this, an alternative representation is derived from these channels to enhance processing efficiency by 
convolutional filters in U-Net-like architectures, which are limited in their ability to capture non-local 
dependencies due to the locality of convolution operations.  

This enhanced representation enables the model to capture more global spatial relationships. The method is 
inspired by ray marching techniques: from each transmitter location, rays are cast in the 2D plane, and 
transmittance and reflectance values are accumulated along each ray using numerical integration. A new 
value is computed for each pixel as: 

𝑇(V8U@1(𝑥, 𝑦) = | 𝑡(𝑥, 𝑦)	𝑑𝑠
7,b

7/,b/
 

(46) 

The parameter 𝑡 denotes the individual transmittance or reflectance values of objects (e.g., walls) in the 
environment. The integration process involves summing contributions along small segments 𝑑𝑠 from the 
transmitter’s location 𝑥C, 𝑦C to the target location 𝑥, 𝑦. 

Additional Feature 2: Free-Space Loss 

Based on the transmitter location, an additional feature representing the free-space PL is incorporated into 
the learning input: 𝐿&' 	= 	−10	log(𝐺"𝐺() + 20	log(4𝜋) + 20	log(𝑑 ⋅ 𝑓/𝑐). 𝑑 is the propagation distance, 𝑐 is 
the speed of light and 𝑓 is the corresponding signal frequency. 𝐺6 and 𝐺8  are the gains of the transmitter and 
receiver antennas and set to 1 in the experiments. This feature is frequency-dependent and provides a more 
accurate approximation of PL compared to using distance alone. 

Additional Feature 3: Antenna Pattern Spread 
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Based on the transmitter's location and orientation, an additional feature capturing the antenna gain was 
derived. For this feature, each pixel value is determined by the gain associated with the angle between the 
pixel's position and the transmitter's orientation. 

Convolutional Neural Network Structure 

A modified U-Net architecture, referred to as Split U-Net, was devised, incorporating two parallel encoder-
decoder streams. One stream was designed to handle sparse input features (transmittance, reflectance) 
using stacked dilated convolutions for multi-scale feature extraction. The second stream was tasked with 
processing spatially dense features (distance, antenna pattern, free-space loss, and ray-marching-based 
feature) using standard UNet structure as described in [Ron2015]. The latent representations from both 
decoder branches were concatenated prior to the final 1×1 convolutional layer, which generates the PL map. 
This design is based on the intuition that absorption characteristics can be effectively learned from ray-
marching-derived features, whereas reflection patterns are better inferred through the surface reflectance 
data. 

Regularized Perceptual Loss 

For training, a convex combination of mean squared error (MSE) loss and a perceptual loss based on 
structural similarity (SSIM) was employed. The total loss function was defined as follows, with 𝛼	 = 	0.8: 

𝐿 = 𝛼 ⋅ MSE + (1 − 𝛼) ⋅ (1 − SSIM) (47) 

Results and Discussions 
Illustrative qualitative results on a held-out validation set are presented in Figure 28. When the proposed 
method was applied to third-stage dataset, training converged after three epochs of optimization, achieving 
a root mean square error (RMSE) of 7.75 on the training data. On the final test set, RMSE values of 8.09, 
10.94, and 11.54 were obtained for Stage 1, 2, and 3, respectively. 

 

Figure 28 Qualitative results on selected samples. 

Based on visual inspection, the reflection effects—particularly in areas farther from the transmitter—remain 
a challenging aspect of the problem. Potential research directions to address this issue include the application 
of Vision Transformers (ViTs) and the augmentation of training data through selective ray-tracing simulations. 
Despite of these limitations, the proposed solution has performed well overall, ranking third in the IEEE 
ICASSP 2025 First Indoor Path Loss Prediction Challenge (https://2025.ieeeicassp.org/sp-grand-challenges/).  
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5 Ray tracing approaches for THz channel modeling 

Focusing on ray-tracing (RT) simulations, this section quantifies the path loss and shadowing of THz channels 
in diverse industrial scenarios, by using detailed 3D environmental models defined within TIMES. 
Furthermore, analysis of the second-order statistics that are critical for system-level THz communication 
design are presented. 

Evaluation of path loss and shadow fading in industrial scenarios  

This section aims to evaluating the path loss and shadow fading statistics in industrial scenarios, with two 
different comparisons in mind. Specifically:  

i. Comparing the path loss and shadow fading simple industrial scenarios with real and complex 
industrial plants, such as Robopac-Aetna Group and the Bi-Rex pilot line [TIMES2023-4]; 

ii. Comparing the path loss and shadow fading in different frequency bands (specifically, 3.7 GHz, 27 
GHz, and 300 GHz). 

The simulation of signal propagation within the industrial plants is performed using 3DScat RT tool ([Vit2015] 
and [Fus2015]). The objective is to extrapolate the major large-scale channel parameters, such as the path 
loss and the shadowing standard deviation, for base station (BS)-to-node and node-to-node communications 
at sub-6 GHz, mmWaves, and THz frequencies. The investigation aims to analyse the variation of path loss 
and standard deviation of shadowing in the considered scenarios for different candidate frequencies and 
transmitter heights. 

Scenario  

 

Figure 29 Reference scenario industrial environments. 

 

Figure 30 Robopac-Aetna Group industrial environment. 
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Figure 31 Bi-Rex pilot line. 

 

The industrial scenario considered is a plant of size WxxWyxWz m3 in which a set of O obstacles with size 
OxxOyxOz m3 is located. Obstacles can be classified into sets of M machines of size MxxMyxMz m3, C closed 
rooms of size CxxCyxCz m3, and E additional elements of size ExxEyxEz m3; therefore O = {M ∪ C ∪ E}. The 

obstacles’density is defined as , where AOi is the area occupied by obstacle i∈O and AW is 
the plant’s area. Any element of the plant that may impede the direct communication between TX and RX, 
such as machinery and panels, is considered as obstacle. The evaluation of channel propagation includes BS-
to-node communication, simulating uplink and downlink, as well as node-to-node communication simulating 
sidelink, where devices can directly communicate without the presence of an intermediate BS. For BS-to-
node communication it is considered a transmitter placed in (xtx, ytx, ztx) and a set of R RXs located in (xrx,j, yrx,j, 
zrx,j) with j∈R. Every RX can either operate as an automated guided vehicle (AGV) or as a sensor located on 
a machine, hereafter denoted as machine node (MN). 

Thus, three distinct links are considered for various node functionalities: BS to AGV (BS2AGV), BS to MN 
(BS2MN), and a combination of the previous BS to AGV & BS to MN (BS2AGV&BS2MN). The BS has a TX height 
ztx which is limited to a range of ztx ∈ [ztx,min, ztx,max], with ztx,min ≥ Mz and ztx,max ≤ Wz. Regarding the RXs, 
they have a height of zrx ∈ {0.3, 0.5, 1}m for AGVs, zrx,m ∈ [0, Mz,m] for MN located along the edges of machine 
m∈M , and zrx,m = Mz,m + δ with δ = 0.01m for MN located on top of machine m∈M. In the context of node-
to-node communication, a set of T TXs is located in (xtx,k, ytx,k, ztx,k) with k∈T , and a set of R RXs is placed in 
(xrx,j , yrx,j, zrx,j ) with j∈R. Each node, either TX or RX, can function as AGV or MN. Consequently, three different 
links are evaluated for various nodes functionalities: AGV to AGV (AGV2AGV), MN to MN (MN2MN), and a 
combination of the previous MN to AGV & AGV to MN (MN2AGV&AGV2MN). For simplicity TXs and RXs in 
both macro-scenarios (BS-to-node and node-to-node communications) are equipped with omnidirectional 
antennas. 

1) Reference scenario: represents an ideal facility of size 20x20x10m3 in which it is located a set of M 
machines arranged unevenly with same size 4x4x2m3, inter-machine distance dM2M = 2m, machine-wall 
distance dM2W = 2m, and obstacles’ density OD. To that purpose three sub-scenarios were constructed, each 
comprising M = {2, 6, 9} machines with OD = {0.08, 0.24, 0.36}, respectively (Figure 29). The walls, floor, and 
ceiling of the plant are constructed from concrete, while the machines are manufactured from metal and 
considered as PECs. 

2) Robopac-Aetna Group scenario [TIMES2023-4]: is a warehouse with size 52.37x35.4x8.5m3 and OD = 0.23. 
It consists of C closed rooms divided in some offices and a meeting room, as well as an additional element E 
(a panel), and M = 3 packing machines with size 4.2x7.6x5.3m3, as shown in Figure 30. The construction of 
the plant walls is based on a concrete foundation, with the offices and conference rooms constructed from 
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glass and wood, respectively. The ceiling and floor are composed of typical state-of-the-art (SOTA) materials 
[Rec2021]. The panel is made of plywood, while the packing machines are modelled like parallelepipeds 
composed of metal. 

3) Bi-Rex scenario [TIMES2023-4]: is a complex industrial plant, as illustrated in Figure 31, comprising two 
macro-rooms: the pilot line of size 21.45x13.92x9.36m3 and a secondary area of size 11.59x8.6x3.025m3, with 
OD = 0.08. It is equipped with a set of M = 18 machines, including printers, assembly, packing, and 
measurement stations, as well as a set of additional elements, E, such as tables and stairs. Signal propagation 
is evaluated between rooms in a scenario with a not-flat ceiling. The plant walls are constructed from a variety 
of materials, including concrete, glass, and plywood. The machines are made of metal, while the tables and 
stairs are constructed from wood and concrete, respectively. The ceiling and floor are composed of SOTA 
materials [Rec2021]. 

The electromagnetic parameters of the materials for different working frequencies (sub-6 GHz, mmWaves, 
and THz) are described through the relative dielectric constant ϵr and the electrical conductivity σ, listed in 
Table 14 and derived from [Rec2021]. 

Table 14 RT materials characterization [Rec2021]. 

 

 

Channel Modelling 
Signal propagation in the industrial layout is modelled using a narrowband channel model assuming to be in 
far field condition, for which d ≫ λ. It is adopted the close-in free space reference distance path model, since 
it has proven to be superior for modeling path loss over many environments and frequencies [Ju2023]. The 
path loss PL is described as: PL(d) = c + 10αlog10(d) + ξ. Where d represents the 3D distance between 
transmitter and receiver, c = 20log10(4π/λ) is the path loss at a reference distance dref = 1m, α is the PLE, and 
ξ stands for the additional attenuation caused by shadowing. Shadowing is a phenomenon that occurs due 
to the existence of obstacles in between TX and RX direct link which generates slow fluctuations. It is a large 
scale effect modelled as a Gaussian distribution ξ ∼ N (0, σ2) zero mean with standard deviation σ. 

Numerical Results  
This section presents the obtained results in terms of PLE and standard deviation of shadowing for the 
considered facilities at various frequencies and TX height. The transmitted power is Pt = 0 dBm, TX and RX 
gains are Gt, Gr = 0 dB, and the working frequencies are f = 3.6, 27, 300 GHz. 

A. Path Loss Exponent 

The following Figures depict the PLE, α, in relation to the TX height, ztx, and frequency in LoS/NLoS conditions 
for BS-to-node and node-to-node communications for reference scenarios with OD = {0.08, 0.24, 0.36}, 
Robopac-Aetna Group, and Bi-Rex plants.  
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1) Reference Scenario: Results indicate that PLE in NLoS increases with frequency in all scenarios (Figure 32). 
This behaviour is closely related to OD and to the layout’s specificity. Indeed, the number and type of 
interactions vary in accordance with the quantity of obstructing elements. In BS2AGV scenario the PLE in LoS 
is nearly constant at around α=2, instead, BS2MN exhibits an oscillation of PLE with a peak at ztx = 7m, while 
BS2AGV&BS2MN is a trade-off. NLoS component is strictly related to the variation of the TX height and this 
behaviour becomes more pronounced at higher frequencies. PLE for BS2MN in NLoS is higher with respect 
to that of BS2AGV. Regarding PLE variation with frequency (Figure 35), results indicate that it increases with 
frequency in NLoS, while it remains nearly constant or decreases in LoS. Also, different PLE behaviours are 
observed for various OD, as it is closely linked to the specificity of the scenario. Finally, PLE experienced by 
MN2MN is higher than that of AGV2AGV links, while that of MN2AGV&AGV2MN is a trade-off.  

2) Robopac-Aetna Group: Findings highlight that an increase in the frequency leads to an increase in PLE in 
NLoS, while it remains almost constant in LoS (Figure 32). PLE in LoS/NLoS for BS2AGV is nearly constant at 
the variation of the TX height, while for BS2MN it decreases in NLoS and increases in LoS. BS2AGV&BS2MN 
scenario has a PLE behaviour which is a trade-off between those previously described. Regarding PLE 
variation with respect to frequency (Figure 35), the NLoS components tend to increase, while those in LoS 
decrease. MN2MN scenario exhibits the highest PLE, AGV2AGV has the lowest, while MN2AGV&AGV2MN is 
a trade-off in both LoS/NLoS conditions. Finally, it is worth noticing that PLE for node-to-node links is higher 
than that for BS-to-node communications in LoS/NLoS. 

3) Bi-Rex: Results prove that PLE in NLoS increases with the TX height for BS2AGV and BS2AGV&BS2MN, while 
it remains constant for BS2MN links (Figure 34). The PLE in LoS for BS2AGV, BS2MN, and BS2AGV&BS2MN is 
practically unaltered at around α = 2 at f = 27 and 300 GHz, while it is larger at 3.6 GHz. Indeed, in the latter 
case, links overcome the break-point distance and experience higher attenuation. A more accurate fit would 
be obtained with a dual-slope channel model, not considered in this section to perform a fair comparison 
with other frequencies. Regarding PLE variation with respect to frequency (Figure 36), it increases in NLoS 
and decreases in LoS. MN2MN scenario exhibits the highest PLE, AGV2AGV has the lowest, while 
MN2AGV&AGV2MN represents a trade-off. In contrast to other plants this facility presents a different layout, 
comprising heterogeneous walls and a non-flat ceiling.  

 

The two real industrial settings have similar channel behaviour for node-to-node communications, while they 
experience opposite trends for BS-to-node links. This finding highlights the influence of a different TX-RX 
location on channel propagation, and consequently, on network performance. 
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Figure 32: PLE variation with ztx for reference scenarios for BS-to-node links. 

 

Figure 33 PLE variation with ztx for Robopac-Aetna Group for BS-to-node links. 
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Figure 34 PLE variation with ztx for Bi-Rex for BS-to-node links. 

 

Figure 35 PLE variation with f for reference scenarios for node-to-node links. 

 

Figure 36 PLE variation with f for Robopac-Aetna Group and Bi-Rex for node-to-node links. 

B. Shadowing 

Table 28 and Table 29 list the standard deviation of shadowing in LoS/NLoS for BS-to-node and node-to-node 
links at various frequencies for reference scenarios with OD = {0.08, 0.24, 0.36}, Robopac-Aetna Group, and 
Bi-Rex plants.  

1) Reference Scenario: From results emerge that the shadowing standard deviation in NLoS increases with 
frequency for all scenarios, whereas in LoS it decreases for BS2MN and increases for BS2AGV and 
BS2AGV&BS2MN. Also, the standard deviation in LoS/NLoS for BS2MN is greater than that for BS2AGV and 
its value is closely linked to that of OD. Regarding node-to-node communication, the shadowing standard 
deviation in LoS for MN2MN and MN2AGV&AGV2MN decreases with frequency, while it oscillates for 
AGV2AGV. In NLoS it increases with frequency for AGV2AGV and oscillates for MN2MN and 
MN2AGV&AGV2MN. Also, the one of MN2MN is higher than that of AGV2AGV, while that for 
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MN2AGV&AGV2MN is a trade-off. Consequently, the standard deviation of shadowing for node-to-node 
communications is higher than that for BS-to-node links in LoS/NLoS. 

2) Robopac-Aetna Group: Findings highlight that the shadowing standard deviation of BS2MN is greater than 
that of BS2AGV in LoS/NLoS, while that of BS2AGV&BS2MN is a trade-off. In terms of node-to-node 
communication, the shadowing standard deviation of MN2MN is greater than that of AGV2AGV, while that 
of MN2AGV&AGV2MN is a tradeoff in both LoS/NLoS. 

3) Bi-Rex: Results indicate that the standard deviation of shadowing in NLoS of BS2MN is lower than that of 
BS2AGV, while that of BS2AGV&BS2MN is a trade-off. Also, it increases with frequency in NLoS condition. For 
what concerns node-to-node communication, the standard deviation in LoS decreases with frequency, while 
it increases in NLoS. Additionally, the one of MN2MN is higher than that of AGV2AGV for LoS/NLoS, while 
MN2AGV&AGV2MN represents a trade-off. Finally, as observed in the previous scenarios, the standard 
deviation of shadowing for node-to-node communications is higher than that for BS-to-node links in 
LoS/NLoS condition. 

Table 15 Shadowing standard deviation for BS-to-node links in reference scenario, Robopac-Aetna Group, 
and Bi-Rex. 

 

Table 16 Shadowing standard deviation for node-to-node links in reference scenario, Robopac-Aetna 
Group, and Bi-Rex. 
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Final Remarks   
This section investigated signal propagation simulated with the 3DScat RT tool in industrial settings for IIoT 
applications. It compared reference elementary scenarios with existing industrial plants, such as those of 
Robopac-Aetna Group and Bi-Rex ([TIMES2023-4]). The main goal was the analysis of the variation of PLE and 
shadowing standard deviation for BS-to-node and node-to-node communications at sub-6 GHz, mmWaves, 
and THz frequencies in which nodes can either work as AGVs or MNs. It was observed that the investigated 
scenarios, despite differing in size, obstacle density, and material composition, exhibited comparable trends 
in terms of PLE and shadowing standard deviation when the working frequency and TX height were varied. 
Additionally, as expected node-to-node communications have a higher level of PLE and shadowing standard 
deviation compared to BS-to-node links. Indeed, in the first scenario, the TX is situated at a lower height, 
resulting in a higher number of obstacles being encountered by the direct path between TX and RX. 

 

Analysis of second-order statistics of industrial THz channels  

This section deals with the ray tracing-based analysis second order statistics of the wireless channel at 300 
GHz in the indoor industrial environment, focusing on RMS delay spread and coherence bandwidth. Ray 
tracing simulations are performed using a digital model of the BiREX Pilot Plant consisting of a large 
rectangular factory hall with concrete walls. The room has a concrete staircase approximately in the middle 
and along the walls there are several metallic cabinets and various industrial machines. Also, there are few 
pieces of wooden furniture such as tables and chairs. The model is depicted in Figure 37, where we use 
colours to distinguish the different materials. The ceiling of the room is made transparent for better visibility 
of the inner arrangement, but for the ray tracing purposes, it is considered as made of concrete. We utilize 
three different scenarios in our simulation: 

• Sparse clutter (SC) scenario: The clutter level is approximately at 7 %. In this scenario we have five TXs 
in total, one TX in each corner of the room and one in the middle. RXs are placed in a 10 × 10 grid. TXs 
are depicted with red spheres, while RXs are shown in blue. 

• Dense clutter (DC) scenario, depicted in Figure 37. The clutter level is approximately at 40 %. In this 
scenario we increase the clutter level by incorporating several large metallic installations, each 
differently rotated. Those metallic structures represent industrial machines of a rectangular shape. 
The TX and RX placement is identical to the Sparse clutter scenario. 
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Figure 37 Simulated scenarios of an indoor factory environment. 100 RX positions placed in 10×10 grid and 
5 TX locations as depicted above are considered. The depicted Dense clutter (DC) scenario’s 

clutter density is approx. 40%. 

The RX and TX placement is different compared to the other introduced scenarios. In this case, there is a 
central TX and two RX areas, where one area is a LOS area and other group of RX locations experience NLOS. 
In total we have 20 RX locations. As for the number of trajectories, we simulate 10 random parabolic 
trajectories with various length and curvature, each with 10 positions of the sensed object. This scenario then 
assumes 3 antenna setups, (1) omni-to-omni and directive antenna with (2) 4×4 and (3) 8×8 element setups. 
Thus, simulating this scenario we obtained 6000 Channel Impulse Responses (CIRs). 

The result of the ray tracing is a band-unlimited time invariant CIR given as: 

ℎcc(τ, ϕ, ψ) =C𝑎d(τ, ϕ, ψ)
d

⋅ δ(τ − τd), 

where 𝑎d 	is a complex coefficient representing the power of the k-th MPC, 𝛿 is a function locating the MPC 
in the delay domain and 𝜙 and 𝜓 represents the angular information for each MPC in terms of azimuth and 
elevation angles respectively. In this case, the CIR is assumed omni directional. In this work, we compare two 
situations: (i) omnidirectional TX and omnidirectional RX antennas, and (ii) directive TX and omnidirectional 
RX antennas. When considering directional antennas, the channel impulse response is multiplied with 
respective antenna radiation patterns 𝑔6(𝜙, 𝜓) and 𝑔80(𝜙, 𝜓) representing the TX and RX antennas as: 

ℎc(τ) =CCℎcc(τ, ϕ, ψ)
ef

⋅ 𝑔6(ϕ, ψ) ⋅ 𝑔80(ϕ, ψ). 

The ℎc(τ, ϕ, ψ) always contains the angular information, but for the ease of manipulation, in the following 
we drop the ϕ , ψ  parameters meaning that ℎc(τ, ϕ, ψ) = ℎc(τ) . To emulate beam steering operations, 
antennas are rotated towards the direction from which the MPC with the maximum energy is received. To 
this aim, we implemented a two-stage ray tracing procedure. In the first stage, we perform a simulation with 
omnidirectional antennas with the purpose of finding the best beam direction. In the second stage, we apply 
the antenna radiation pattern and rotate the antenna towards the best beam direction. For further 
processing, we limit the bandwidth of the CIR via sinc pulse shaping as ℎ(τ) = ∑ ℎc(τ)g ⋅ sinc(l −𝑊τ>), 
where W is the bandwidth. Throughout this section we limit the channels to 2 GHz of bandwidth. 

The PDP is defined as a temporal average of the CIR:  

𝑃(τ) = 𝑙𝑖𝑚6→D&
1
2𝑇

| |ℎ(𝑡, τ)|.𝑑𝑡
D%

C
. 
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Since ray tracing is a deterministic process and the ergodicity holds, we can write the PDP as 𝑃(𝜏) = |ℎ(𝜏)|.. 
The zeroth-order moment of the PDP represents the received power 𝑃RX = ∑ 𝑃(𝜏)Z .  

RMS delay spread 
An important parameter describing multi-path richness or channel dispersion in delay domain is the second-
order central moment of the PDP, referred to as the RMS delay spread: 

𝐷j=+ = e∑ (g,gm1)F(g)2
∑ F(g)2

 , where τ� = ∑ gF(g)2
∑ F(g)2

 

Figure 38a and Figure 38b show the CDF of the RMS in LOS and NLOS conditions, respectively. In each case, 
we considered both SC and DC scenarios and different antenna configurations. For a better comparison, we 
also reported mean values of the RMS delay spread in Tab. I. When calculating the mean value of the RMS 
delay spread over all RX and TX combinations, we see RMS delay spreads of 8.6 ns to 51 ns in LOS and NLOS 
respectively, assuming the directive 4×4 to omni antenna setup. When the omni-to-omni is assumed, we 
report higher values of 48 ns to 55 ns again for LOS and NLOS. The RMS delay spread is higher in NLOS 
conditions given the lack of a dominant MPC. When considering directional antennas, the RMS delay spread 
decreases. 

 

Figure 38 RMS delay spread and coherence bandwidth under LOS and NLOS conditions. 

Comparing the results obtained for the SC and DC scenarios, we do not observe a clear correlation between 
scatters density and RMS delay spread. In some cases, the RMS delay spread is higher in the DC scenario, 
while in others the opposite happens. Our intuition is that in some cases a higher clutter density may produce 
more MPCs, thus the higher delay dispersion. In others, the dense clutter may block the propagating signals, 
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thus reducing the number of MPCs. We note that in this work we considered 5 bounces (interactions) as the 
upper limit in our simulations, meaning that a ray is traced up until it interacts five times with the 
environment before it is either dropped or reaches the RX. Higher number of bounces may produce slightly 
different results, however, in practical situations the path gain gets below the noise floor after one or two 
interactions. Our results are in line with other works in the literature. For example, in [Xin2021], the RMS 
delay spread at 140 GHz ranges from 10 ns to 90 ns for LOS and NLOS respectively and in extensive study 
[Han2022], the mean delay spread is around 10 ns, but it can reach up to around 100 ns in specific cases.  

Coherence bandwidth 
To compute the coherence bandwidth, we define the correlation function 𝑅H[Δ𝑓] as the Pearson correlation 
coefficient of the channel transfer function 𝐻[𝑓] and a channel transfer function 𝐻[𝑓 + Δ𝑓]	as 

𝑅H[Δ𝑓] =
pqrs[u],w3[5]xrs[uy2u],w3[5785]xz

{3[5785]{3[5]
, ∀Δ𝑓 ∈ {0, . . ,2	GHz} 

where σ and µ denotes the standard deviation and the mean value of the indexed variables, respectively.  

The channel transfer function H[f] has a bandwidth of 2 GHz and the center frequency is set to 300 GHz. By 
definition, 𝑅H[Δ𝑓] = 1 when Δ𝑓 = 0, while 𝑅H[Δ𝑓] ≤ 1 when Δ𝑓 > 0. The coherence bandwidth is then 
obtained as: 

𝐵?W| = 𝑎𝑟𝑔𝑚𝑖𝑛2u}C	|𝑅s[Δ𝑓] 	− 	𝑐	|, 

where c is the correlation coefficient. In this work, we consider c=0.7, which is a commonly used value for 
calculating the coherence bandwidth. In other words, 𝐵?W|is the minimum bandwidth where  𝑅s[Δ𝑓] ≈ 𝑐. 
The use of approximation is due to the fact that 𝑅s[Δ𝑓] is computed for a discrete set of Δ𝑓.  

A lower bound of the coherence bandwidth can be expressed as a function of the delay spread  

𝐵?W| >
1

α ⋅ 𝐷j=+
 

where α is a proportionality constant. Results for the coherence bandwidth and its lower bound are plotted 
in Figure 38c (LOS) and Figure 38d (NLOS). The results are shown for SC scenario and both omni-to-directive 
and omni-to-omni antenna setups. The lower bound is computed assuming α = 25 for LOS and α = 10 for 
NLOS. 
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6 Channel measurements and modeling of RIS in THz bands 

This section discusses cascaded RIS channel models, provides initial measurements with 300 GHz RIS 
prototypes, complemented with ray-tracing-based evaluation of RIS in THz bands. 

Cascaded RIS channel model 

Figure 39 shows a multiuser MISO downlink communication system featuring a RIS equipped with 𝑁 
reflecting elements, aimed at enhancing communications from an AP with 𝑀 antennas to a single-antenna 
user, situated near the RIS. 

 

 

Figure 39 Cascaded channel model. 

Because the signal impinges on the RIS and is reflected towards the user, the link between the AP and the 
RIS is obtained as the cascade of two channels: 𝐆 ∈ ℂ9×=, which is the baseband equivalent wireless channel 
between the AP and the RIS, and 𝐡8 ∈ ℂ<×9, the baseband equivalent wireless channel between the RIS and 
the user. If also the direct link 𝐡1 ∈ ℂ<×= between the AP and the user is present, the received user’s signal 
can be expressed as 

𝑦	 = 	 (𝐡8Θ𝐆	 +	𝐡8)𝒙, 

where Θ denotes the 𝑁 × 𝑁 reflection coefficient matrix and 𝒙 is the transmitted signal.  

The link gains 𝑮, 𝐡8  and 𝐡1  follow the propagation model of standard wireless links and can be modelled 
employing the near-field of far-field channel model depending on the various system parameters. In practice, 
it is reasonable to assume that the connection between the AP and the RIS is in line-of-sight because both 
devices are in fixed positions, optimized for improving the system performance, while the nature of the other 
links depends on the propagation scenario and the user’s position.  

In general, RIS are passive devices and, accordingly, the coefficient matrix Θ is usually modelled as a diagonal 
matrix where the main diagonal is a vector of phase offsets. Dimensioning Θ is a very challenging task and it 
is usually done by solving specific optimization problems, rendered more difficult by the nonconvex 
constraint that the module of each RIS coefficient is unitary.  
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By performing an analysis similar to the one proposed in [Bac2023], let us analyze the differences in 
amplitude and phase between the NF and the FF models. A numerical example is reported in Figure 40, 
which reports the case of a squared RIS equipped with N = 10,000 radiating elements, located in between a 
single-antenna BS (and hence M = 1) and a single-antenna UE. To better visualize the scenario, let us focus 
on the one represented in Figure 41, in which the RIS is located in the XY plane in the origin of the 
reference system: r = (0,0,0). The BS and the UE are spaced apart by a distance d0, and are located 
symmetrically with respect to the Z axis, such that the BS’s coordinates b and the UE’s coordinates u are as 
follows: b = (−d0/2,0,δ) and u = (+d0/2,0,δ), where δ is the distance of both the BS and the UE from the RIS 
on the azimuthal plane, and all entities are located at the same height (otherwise stated, the RIS is not 
elevated with respect to the UE – we will relax this hypothesis in the remainder of the document). 

For our numerical investigation, we consider d0 = 20m and δ = 4m with respect to the line joining BS and UE. 
Three frequencies are considered, f0 = [100,300,1000] GHz, using a spacing across elements equal to λ/2 
and each element’s area equal to (λ/4)2. For the sake of notation, we define the NLoS link as g , hrΘG. 
Amplitude variations between NF and FF models (with each model indicated by the superscript) are 
reported with dotted lines (using the left axis), whereas phase variations between NF and FF models are 
represented by the solid lines (using the right axis). While the amplitude variations are negligible, the phase 
variations are significant, particularly when the carrier frequency increases. This might have an impact, 
especially when the distance across the devices grows large, thus approaching (or even going beyond) the 
Fraunhofer distance [TIMES2023]. 

 

Figure 40 Difference in the amplitude (left axis) and phase (right axis) between the sNF model and the sFF 
approximation. 
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Figure 41 Toy example of sRIS-assisted propagation scenario with symmetric placement of sBS and sUE. 

 

Channel measurements with 300 GHz RISSince the RIS concept is still relatively new, experimentally obtained 
parameters are essential for developing realistic channel models. This section provides an overview of two 
measurement campaigns: one conducted with RIS prototypes designed and fabricated within the TIMES 
project, and another carried out jointly with the TERRAMETA project. The motivation behind the TIMES – 
TERRAMETA collaboration was to leverage the measurement capabilities of project TIMES and the RIS 
prototypes developed by TERRAMETA. 

Within TIMES WP5, three RIS prototypes were developed: two passive and one active. Comprehensive details 
of these prototypes can be found in IR5.1 [TIMES2024], with the more comprehensive measurements 
reported in D3.2 [TIMES2025-2]. 

The measurements discussed below were performed with the first passive RIS prototype, which was designed 
for an incident angle of 0° and a non-specular reflection angle of –30°. This prototype has a diameter of 0.1 m 
and was fabricated on a silicon wafer. Its operational frequency range extends from 270 GHz to 310 GHz, 
with optimal performance achieved between 285 GHz and 300 GHz [TIMES2025-2, TIMES2024]. 

The TUBS CS used in these measurements, operates in the 300–308 GHz band, with a central frequency near 
304 GHz, [TIMES2023-2]. Consequently, a frequency mismatch exists between the RIS optimal operational 
range and the CS measurement band. 

Radiation patterns simulated by WP5 are available for incident angles of 0°, –10°, and 10°, at frequencies of 
both 295 GHz (within the RIS optimal band) and 305 GHz (closer to the CS central frequency), as illustrated 
in Figure 42. For the purposes of this analysis, comparisons between measurements and simulations are 
based on the 305 GHz simulation data.  
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Figure 42 Simulated radiation pattern of the 1st TIMES RIS prototype, provided by WP5: f = 295 GHz and f = 305 GHz: a) 
αINC= 0◦; b) αINC = −10◦, c) αINC = 10◦ 

 

Three passive RIS prototypes were provided by the TERRAMETA project: with 1 bit, 2 bits and 3 bits.  Number 
of bits refers to the phase adjustment capability of the reflected signal and defines the number of possible 
phase states. The number of phase states is calculated as 2N, where N is the number of bits. All three RIS 
prototype patterns are presented in Figure 43. These RISs were designed for an incident angle of 0° and a 
reflection angle of 30°. It can be observed that the 1 bit RIS exhibits a symmetrical pattern, indicating no 
difference between reflection angles of 30° and -30°, while the 2 bits RIS shows a 12 dB gain difference 
between these angles and 3 bits RIS shows a 15 dB gain difference. The difference in gain between the 1 bit 
and 3 bits RIS, with αREF = 30°, is 4.6 dB. The near–far field boundary of these RIS is 10 m. 
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a) b) c) 

Figure 43 TERRAMETA RIS prototypes radiation pattern a) 1 bit b) 2 bits c) 3 bits. 

Measurement equipment: Measurements were conducted using the TUBS correlation channel sounder, 
employing high-gain horn antennas with a gain of 26.4 dBi. Detailed description of this equipment was 
presented in TIMES D3.1 [TIMES2023-2].  

Measurement environment: Measurements were provided in one of the TUBS lecture rooms (Figure 44). 
Room has dimensions 13.9 m x 9.5 m.  

 

Figure 44 TUBS lecture room measurement environment. 

Measurement scenario: Transmitter (Tx), receiver (Rx) and RIS were fixed on the tripods. Distance between 
Tx and RIS was fixed, dTX-RIS = 2.15 m. Distance between Rx and RIS (dRIS-RX) was changed from 0.5 m to 5.5 m. 
The incident angle (αINC) was fixed at 0°. The reflection angle (αREF) had two values 30° and -30°. 
Measurements were provided with 1 bit and 3 bits RIS. Setups’ parameters presented in Table 1. Schematic 
view and photo of measurement scenario presented in Figure 45. 

 

Table 17 Measurement setup parameters. 

Setup 
number RIS dTx-RIS, m dRIS-Rx, m αINC° αREF° 

1 1 bit 2.15 0.5 0 30 
2 1 bit 2.15 0.5 0 -30 
3 1 bit 2.15 1 0 30 
4 1 bit 2.15 1 0 -30 
5 1 bit 2.15 1.5 0 30 
6 1 bit 2.15 1.5 0 -30 
7 1 bit 2.15 2.15 0 30 
8 1 bit 2.15 2.15 0 -30 
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9 1 bit 2.15 3.5 0 30 
10 1 bit 2.15 3.5 0 -30 
11 1 bit 2.15 4.5 0 30 
12 1 bit 2.15 4.5 0 -30 
13 1 bit 2.15 5.5 0 30 
14 1 bit 2.15 5.5 0 -30 
15 3 bits 2.15 0.5 0 30 
16 3 bits 2.15 0.5 0 -30 
17 3 bits 2.15 1 0 30 
18 3 bits 2.15 1 0 -30 
19 3 bits 2.15 1.5 0 30 
20 3 bits 2.15 1.5 0 -30 
21 3 bits 2.15 2.15 0 30 
22 3 bits 2.15 2.15 0 -30 
23 3 bits 2.15 3.5 0 30 
24 3 bits 2.15 3.5 0 -30 
25 3 bits 2.15 4.5 0 30 
26 3 bits 2.15 4.5 0 -30 
27 3 bits 2.15 5.5 0 30 
28 3 bits 2.15 5.5 0 -30 

 

 

a) b) 

Figure 45 Measurement scenario a) schematic view from above b) photo. 
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Measurements results: The initial measurements step involved evaluating the symmetry of the RIS radiation 
pattern. Figure 43 presents a comparison of measured path gain (PG) for the link Tx-RIS-Rx at of reflection 
angles of 30° and -30° for both 1-bit and 3-bit RIS prototypes. For the 1-bit RIS, the measured values at 30° 
and -30° are nearly identical, within the equipment's measurement uncertainty (±2.8 dB), confirming the 
symmetry of the radiation pattern and aligning with simulation results.  For the 3-bit RIS, simulation results 
indicated a 15 dB difference between reflection angles of +30° and -30°. The corresponding differences 
observed in the measurements are summarized in Table 18. Starting from a distance of 1.5 m, noticeable 
deviations appear between the measured data and the expected values.  

Table 18 3bit RIS offset between measured values with reflective angles of 30° and -30°. 

dRIS-RX, m PL30° - PL-30°, dB 
0.5 -3.0449 
1 -4.411 

1.5 -6.5321 
2.15 -16.793 
3.5 -9.3722 
4.5 -13.6987 
5.5 -10.343 

 

 

Figure 46: Comparison of measured path gain for link Tx-RIS-Rx for αREF = 30° and αREF = -30°. 

There are two possible explanations for this behaviour. The first is that the observed distance corresponds 
to the “one-third of the near-field” criterion, which defines the transitional region between the reactive and 
radiative fields. The second explanation is that maintaining precise alignment at short distances is more 
challenging and requires a specially aligned setup. To determine which explanation is correct, the 
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measurements with the 3-bit RIS were repeated using an improved setup. This setup included a cross-laser 
alignment system and a rail mechanism that allowed for changing the distance between the receiver and the 
RIS without altering the reflection angle (Figure 47). Additionally, measurements were extended up to a 
distance of 11 meters.  

  
a b 

Figure 47 Improved measurements setup. 

For a more detailed analysis, the next step involved comparing the measured results with values calculated 
using the radar equation:  

 
  
where PRX – received power; PTX – transmitted power; GTX, GRX – Tx and Rx antennas gain; σ – radar cross 
section, obtained from RIS simulated radiation pattern; dTX-RIS, dRIS-RX – distances between Tx and RIS and RIS 
and Rx respectively.  

The PG was calculated by subtracting the transmitted power and antenna gains from the received power. A 
comparison of the measured and calculated PG values for the 1-bit and 3-bit RIS at a reflection angle αREF = 
30° is shown in Figure 48. For the 3-bit RIS, two measurement sets are presented—labeled "1st" and "2nd"—
corresponding to the initial setup and the improved alignment setup, respectively. 

It can be observed, the improved setup eliminated the pronounced deviation from this constant offset in the 
region below 1.5 m that was present in the initial 3-bit measurement results. Furthermore, both the 1-bit 
and 3-bit RIS exhibit an almost constant offset of approximately 5.5 dB from the values predicted by the radar 
equation. 
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This offset can be explained by a combination of factors. From a physical perspective, the main contributor 
is the production offset of the RIS prototype, which was evaluated to be approximately 3 dB based on VNA 
measurements. From a measurement perspective, additional discrepancies arise due to the error margin of 
the CS system of ±2.8 dB and potential misalignment errors. These measurement-related uncertainties are 
difficult to quantify accurately but should be considered when interpreting the results. 

 

Figure 48 Comparison of Tx-RIS-RX link PG calculated by radar equation and measured data, αREF = 30°. 

   
Figure 49 shows the measurement results for both RIS prototypes, adjusted by a constant offset of 5.5 dB. 
With this adjustment, the results exhibit good agreement with the radar equation across both near-field and 
far-field regions. This confirms the applicability of the radar equation even in the near-field region—an 
important observation, especially considering that the use of THz frequencies, combined with the increasing 
physical size of RIS structures, shifts the communication almost to the near-field region. 
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Figure 49 Comparison of measurements results for 1bit RIS and 3bit RIS shifted to constant off-set of 5.5 dB 
and values calculated with the radar equation. 

However, it is still can be observed that conventional radar equation overestimate PG in near-field regions. 
A possible way to address this limitation was suggested by colleagues from the TERRAMETA project, based 
on the measurements results presented above [Loe2025], [Ale2024]. The approach suggests a distance-
adaptive radar equation in which the power loss exponents are no longer constant but vary smoothly as 
functions of the respective link distances. In this approach the TX–RIS and RIS–RX distances are classified into 
three regimes: near, mid, and far field. These regimes are defined with respect to the Fraunhofer distance 
(𝑑$s), where the near field corresponds to distances less than 𝑑$s, and the boundary between the mid and 
far field defined as 𝑘 ∙ 𝑑$s where k is empirical value derived from the measurements.  

The adjusted radar equation includes distance-dependent exponents pTX and pRX, replacing the fixed 
exponent values typically used. The adjusted bistatic radar equation is given by:  

 

 

The values pTX and pRX are expressed by weighted interpolation:  

 
 

The weight w1,X and w2,X  determine how strongly each regime influences the resulting exponent and are 
computed using logistic functions:  
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where, dX  denotes the relevant distance (dTX-RIS, dRIS-RX) and ddash,X  is the transition distance between two 
adjacent regimes. The parameter s is a logistic function parameter that control the sharpness of transition 
between the regimes [Loe2025].  

Extraction of the large-scale parameters from the RIS-included channel 
measurements    

In the next phase, measurements were conducted using the first RIS prototype developed under the TIMES 
project [TIMES2024]. This prototype was designed for an incident angle (αINC) of 0° and a reflection angle 
(αREF) of -30°. The measurements aimed to investigate the impact of RIS on channel parameters under various 
combinations of incident and reflection angles as well as different distances between the RIS and Rx (Figure 
50).  

Three incident angle values were used: 0°, +10° and -10°. For each incident angle, reflection angles ranged 
from –35° to +30° in 5° increments, with the fixed distances: dTX −RIS = 1.3 m and dRX −RIS = 2 m.  

In the distance-dependence measurements, the incident angle was fix at 0°, dTX −RIS was 1.3 m, dRX −RIS was 
varied from 1.5 m to 3 m, in step of 0.5 m, for reflection angles: -35°, -30°, -25°, and +30°. 

Each setup (position) was measured in three variants: 1) with the RIS prototype; 2) with a metal plate of the 
same size and shape, positioned identically to the RIS; 3) without the RIS or metal plate. 
Detailed description of measurements scenarios and results are presented in [TIMES2025-2].  

Based on the angle combination measurements, the following parameters were extracted: 1) relative PG 
(∆PG), quantifies the difference in PG values between the setups with and without the RIS, Table 19; 2) root 
mean square (rms) delay spread (DS); 3) rms DS excluding the main component (Tx – RIS – Rx path), referred 
to here as excluding rms DS, Table 20 – Table 22. 
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a  b  

Figure 50 Investigation of RIS influence on the channel parameters with different αINC, αREF combinations: 
a) schematic view; b) photo of setup. 

 

Table 19 Relative PG values. 

αINC° αREF° ∆PG, dB αINC° αREF° ∆PG, dB αINC° αREF° ∆PG, dB 
0 -35 41.2 -10 -35 7.9 10 -35 7.3 
0 -30 31.7 -10 -30 0.6 10 -30 7.6 
0 -25 13 -10 -25 29.8 10 -25 18.8 
0 -20 8 -10 -20 27.5 10 -20 -1 
0 -15 -0.1 -10 -15 10.4 10 -15 16.8 
0 -10 2.9 -10 -5 11.2 10 -10 59.5 
0 -5 10 -10 0 13.3 10 -5 26.7 
0 30 34.6 -10 10 47.8 10 0 13.9 
0 10 7.7       

 

Table 20 Values of the rms DS and excluding rms DS, αINC = 0°. 

αREF° DS with RIS, ns excl.DS with RIS, ns DS without RIS, ns excl. DS without RIS, ns 
-35 0.81 25.01 6.42 6.77 
-30 1.07 12.4 3.96 3.58 
-25 2.76 7.2 3.33 4.27 
-20 7.57 7.86 3.86 3.78 
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-15 13.28 16.85 14.73 16.05 
-10 1.46 1.34 1.37 1.27 
-5 3.41 4.38 2.28 2.64 
10 3.09 3.09 5.71 5.71 
30 0.93 10.67 6.98 7.25 

 

Table 21 Values of the rms DS and excluding rms DS, αINC = -10°. 

αREF° DS with RIS, ns excl.DS with RIS, ns DS without RIS, ns excl. DS without RIS, ns 
-35 12.03 14.61 3.22 2.29 
-30 5.46 5.63 4.23 3.97 
-25 1.14 24.75 3.29 2.68 
-20 0.6 13.55 4.98 5.12 
-15 1.76 4.26 3.67 3.3 
-5 11.2 3.45 2.49 2.02 
0 13.3 3.98 1.72 1.58 

10 1.53 2.51 0.6 0.59 
 

Table 22 Values of the rms DS and excluding rms DS, αINC = 10°. 

αREF° DS with RIS, ns excl.DS with RIS, ns DS without RIS, ns excl. DS without RIS, ns 
-35 5.27 9.46 4.09 3.84 
-30 1.38 0.76 0.96 0.39 
-25 1.8 0.89 0.79 0.71 
-20 6.14 8.32 4.22 3.94 
-15 1.97 2.22 1.62 1.37 
-10 1.57 0.95 0.5 0.5 
-5 2.41 3.48 0.57 0.55 
0 2.41 2.76 1.61 1.56 

 

During the distance-depended measurements dTX-RIS was fixed at 1.3 m, while the dRX−RIS was varied from 
1.5 m to 3 m in step of 0.5 m. Measurements were conducted for the following angle combinations: αINC = 0° 
and αREF = -35°; αINC = 0° and αREF = -30°; αINC = 0° and αREF = 30°.  

From these measurements RIS RCS values were extracted using the radar equation These extracted RCS 
values are necessary for calibrating the RIS radiation pattern, which will be used in ray tracing simulations. 
The results are presented in Figure 51.  

The highest RCS values were obtained for the angle combinations of 0° incidence and -35° reflection, even 
though the designed reflection angle was -30°. The variation in RCS values with distance does not exceed 
±2.5 dBsm, which is within the measurement equipments margin of error. The mean RCS values are 3.8 dBsm 
for αREF = -35°, 0.45 dBsm for αREF = -30° and 0.9 dBsm for αREF = 30°.  
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Figure 51 RCS value dependence from distance between RIS and Rx. 

To investigate the influence of the RIS on the power angular profile (PAP), “omni-directional” azimuth 
scanning measurements were conducted in an industrial environment. The measurements included two 
setups with different Tx and Rx positions, as shown in Figure 52. Each setup was measured both with and 
without the RIS. Measurements were taken using an azimuth angle step of 10°. Detailed description of 
measurements and results presented in TIMES D3.2 [TIMES2025-2].  

Based on characterization measurements, which showed symmetry in the reflected beam at 30° and -30°, 
the Rx in Setup 1 was positioned to capture the main Tx-RIS-Rx peak at an incident angle of 0° and a reflection 
angle of -30°. In Setup 2, the Rx was positioned to capture the main peak at 0° incident angle and 30° 
reflection angle. 

Scenario 2 was also measured using the TERRAMETA Project 1-bit RIS (described in the previous section) as 
part of a joint measurement campaign. This allows for a comparison of the impact of two different RIS 
configurations on both the PAP and angular spread (AS). 

  
a b 

Rx Tx Tx 
Rx 

RIS 
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Figure 52 "Omni-directional" RIS assisted channel measurements in an industrial environment: a) Setup 1; 
b) Setup 2. 

The normalized PAP for all three setups is presented in Figure 53. The angular spread (AS) values for both 
AoD and AoA are shown in Table 23 and Table 24.  

In Setup 1, clear TIMES RIS peak is observed at 0° AoD and 30°, corresponding to a -30° reflection angle for 
the RIS. It can be observed that, in the absence of the RIS, the channel exhibits more multipath components 
arriving from a wider range of directions, resulting in higher AS values for both AoD and AoA. This can be 
attributed to the RIS ability to focus energy in a specific direction, thereby reducing the number and intensity 
of other angular components. As a result, the angular profile becomes more concentrated, leading to a 
reduced AS. 

In Setup 2, RIS peak was expected at the combination of 0° AoD and 330° AoA, corresponding to a 30° 
reflection angle. However, the TIMES RIS peak is weak, possibly due to alignment issues. As shown in the 
characterization measurements [TIMES-D3.2], the maximum reflection does not occur exactly at 30°, but is 
instead shifted slightly, occurring between 30° and 35°. In contrast, the same setup measured with the 
TERRAMETA RIS shows a clear peak at the expected angle combination, Figure 53e.  In this setup, the AS is 
observed to be higher with both RIS configurations than without. This can possibly be explained by additional 
scattering components introduced by the RIS, which are noticeable at angle combinations around an AoD 
values of 10° and 20° and AoA values of 340° and 350°.  

 
 

a b 
RIS main peak 
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c d 

 
e  

Figure 53 Measured normalized PAP with and without RIS: a) with TIMES 1st prototype RIS, setup 1; b) 
without RIS, setup 1; c) with TIMES 1st prototype RIS, setup 2; d) without RIS, setup 2; e) with 

TERRAMETA 1bit RIS, setup 3. 

 

Table 23 AoD values for measured setups. 

 AS AoD°, with TIMES RIS AS AoD°, with TERRAMETA RIS AS AoD°, without RIS 
Setup 1 52.2 - 56.6 
Setup 2 44.2 52.5 42.9 

Table 24 AS AoA values for measured setups. 

 AS AoA°, with TIMES RIS AS AoA°, with TERRAMETA RIS AS AoA°, without RIS 
Setup 1 49.2 - 53.5 
Setup 2 45.1 52.6 43.8 

 

RIS main peak 

weak RIS main peak 
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Ray tracing for RIS-assisted channels  

The main purpose of integrating RIS into a wireless communication system is to enable connectivity in 
scenarios where a direct link between the Tx and Rx is unavailable or where the LOS component is too weak 
to ensure reliable communication. Therefore, one of the key steps in evaluating RIS-assisted channels is to 
assess the potential PG improvement introduced by the RIS. This improvement can be quantified by 
comparing the direct Tx–Rx path with the RIS-assisted Tx–RIS–Rx path under different RIS angle 
configurations and various environmental conditions. 

Experimental investigation of such effects through measurements is inherently limited due to the time and 
effort required. Ray tracing offers a promising alternative, as it enables simultaneous prediction of both the 
direct and RIS-assisted propagation paths with high accuracy. Additionally, ray tracing provides flexibility in 
adapting simulations to specific environments by incorporating a 3D model of the scene and implementing 
the radiation patterns of both Tx and Rx antennas. This is especially important for communication in the low-
THz frequency range, where high-gain directional antennas are typically used, and their radiation patterns 
significantly influence the channel characteristics. 

The following section presents the ray tracing simulation setup, which is based on the end-to-end Tx–RIS–Rx 
measurement scenario in an empty room, previously introduced and described in detail in TIMES Deliverable 
D3.2 [TIMES2025-2].  

Implementation of RIS in the SiMoNe Ray Tracing Tool  

The ray tracing simulations described in this section were conducted using the SiMoNe framework, 
developed at TU Braunschweig. SiMoNe is designed for integrated simulations that combine ray-based 
propagation modeling with link- and system-level analysis. The tool is described in detail in TIMES Deliverable 
D2.2 [TIMES2023-4]. 

In SiMoNe, RIS-assisted communication is implemented by decomposing the scenario into two independent 
ray tracing tasks: one from the Tx to the RIS, and another from the RIS to the Rx. Instead of modeling the RIS 
as a complex non-specular surface within the ray tracer, it is treated as an intermediate node. The incoming 
and outgoing rays are then combined in a postprocessing step using a flexible mathematical model. 

This implementation assumes far-field operation, where the RIS surface is uniformly illuminated by the Tx. If 
this assumption does not hold—such as in the case of large RIS surfaces or near-field conditions—additional 
postprocessing techniques, like surface rasterization, may be applied to ensure accurate modeling. 

RIS functionality, such as beam steering, is incorporated during the postprocessing stage using codebooks or 
gain patterns that are functions of both the AoA and AoD. To enhance computational efficiency and reduce 
memory usage, insignificant paths can be filtered out at this stage [Her2025]. 

A complete description of the RIS implementation in the SiMoNe ray tracing tool, including the integration 
of RIS radiation patterns, will be provided in TIMES Deliverable D4.4. 

Verification of the SiMoNe Ray Tracing Tool for RIS-Assisted Channels 

As described in TIMES Report IR5.1 [TIMES2024], three RIS prototypes were developed within the framework 
of TIMES Work Package 5: two passive and one active.  
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The 3D model of the simulated environment is shown in Error! Reference source not found.. The room 
dimensions are 6 m × 6.6 m × 2.5 m. The radiation pattern of the first RIS prototype, simulated for an incident 
angle of 0° and frequency of 305 GHz, that aligned with the measurement equipment central frequency 
[TIMES2025-2], was provided by TIMES Work Package 5, Error! Reference source not found..  

According to this simulated radiation pattern, the designed non-specular RIS reflection occurs at an angle of 
–30.4°, with a radar cross section (RCS) of –87.3 dBsm. The specular reflection peak is located at a reflection 
angle of 0°, with an RCS of –72 dB. However, as demonstrated in the previous section, the measurement 
results indicate that the maximum non-specular reflection occurs at –35°, with an RCS of 3.8 dBsm. For the 
angle combination closest to the expected maximum: –30° reflection and 0° incidence, the average RCS was 
measured to be 0.45 dBsm. 

The unrealistically low RCS values in the simulated pattern are attributed to software limitations, highlighting 
the need to adjust the radiation pattern before its use in the simulations. This adjustment was performed by 
setting the designed RIS non-specular reflection angle combination to the 0 dBsm. This method was chosen 
because the designed RIS non-specular reflection is expected to occur at a reflection angle of –30.4° with an 
incidence angle of 0°. The closest available measurement combination, -30° reflection and 0° incidence, 
yielded an average RCS of 0.45 dBsm. The adjusted radiation pattern shown in Error! Reference source not 
found..  

However, it should be noted that this adjustment does not provide accurate absolute amplitude values, as 
precise adjustment would require characterization measurements of the radiation pattern, which are not 
feasible with the CS system. Therefore, the analysis focuses primarily on comparing the angular behaviour of 
the amplitudes rather than their absolute values. 

The ray tracing simulations were conducted using high-gain directional antennas with a half-power 
beamwidth (HPBW) of 8°, as specified in TIMES Deliverable D3.2 [TIMES2025-2].  

 

Figure 54 Ray tracing scenario  

RIS 

TX 

RX 
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Figure 55 Radiation pattern of the first TIMES RIS prototype, incident angle 0°, f=305 GHz 

 

 

Figure 56 Adjusted radiation pattern of the first TIMES RIS prototype, incident angle 0°, f=305 GHz   

It is important to note that the PG values reported here, both for measurements and ray tracing, include the 
antenna gains. This approach is used because the direct Tx – Rx path falls within the side lobes of the antenna 
patterns, making it more appropriate to compare the measured and simulated results without removing the 

αREF = -30° 
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antenna effects. Therefore, the reported PG corresponds to the total radio channel PG, including antenna 
influence.  

Measurements and simulation results of PG values of Tx – RIS – Rx path for the various reflection angle in 
case of 0° incidence angle, dTX-RIS = 1.3 m, dRIS-RX = 2 m provided in Error! Reference source not found.. The 
same comparison was made for the measurement and ray tracing results in case of fixed reflection angles: -
35°, -30° and -25° in case of various distances between the RIS and RxError! Reference source not found..    

Table 25 Measured and ray tracing PG values, dTX-RIS = 1.3 m, dRIS-RX = 2 m, αINC = 0° 

αREF° PGMEAS, dB PGRT, dB PGRT – PGMEAS, dB  
-35 -46.4 -71.53 -25.13 
-30 -51.6 -48.73 2.87 
-25 -65.6 -62.73 2.87 
-20 -81.9 -88.53 -6.63 
-15 -75.3 -80.83 -5.53 
-10 -77.1 -59.03 18.07 
-5 -55 -52.53 2.47 
10 -74.6 -65.03 9.57 
30 -50.4 -53.03 -2.63 

 

Table 26 Measured and ray tracing PG values, dTX-RIS = 1.3 m, αREF = -35°, αINC = 0° 

dRIS-RX, m PGMEAS, dB PGRT, dB PGRT – PGMEAS, dB  
1.5 -45.6 -69.13 -23.53 
2  -46.4 -71.53 -25.13 

2.5  -48.6 -73.53 -24.93 
3  -52.1 -75.13 -23.03 

 

Table 27 Measured and ray tracing PG values, dTX-RIS = 1.3 m, αREF = -30°, αINC = 0° 

dRIS-RX, m PGMEAS, dB PGRT, dB PGRT – PGMEAS, dB  
1.5 -46.3 -46.23 0.07 
2  -51.6 -48.73 2.87 

2.5  -50.6 -50.63 -0.03 
3  -54 -52.23 1.77 

 

Table 28 Measured and ray tracing PG values, dTX-RIS = 1.3 m, αREF = -25°, αINC = 0° 

dRIS-RX, m PGMEAS, dB PGRT, dB PGRT – PGMEAS, dB  
1.5 -64.5 -60.13 4.37 
2  -65.6 -62.73 2.87 

2.5  -72.4 -64.63 7.77 
3  -75.3 -66.23 9.07 
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It can be observed from Table 25 - Table 28 that the largest discrepancies between the measured results and 
the adjusted ray tracing simulation results occur at reflection angles of –35°, –10°, and 10°, with differences 
of –25.13 dB, 18.07 dB, and 9.57 dB, respectively. The deviation at –35° can be attributed to the fact that the 
measured maximum non-specular reflection was found at –35°, whereas the simulated pattern predicts a 
higher PG at –30.4° This explains the large discrepancy in the Table 26.The differences at –10° and 10° can 
be explained by the very narrow RIS radiation RIS pattern, where even a 0.5° step can cause significant RCS 
variations. All other data points exhibit an approximately constant offset of less than 7 dB between 
measurements and simulations. This offset can be attributed to several factors. First, the maximum RCS 
observed in the measurements occurred at –35°, differing from the predicted –30° maximum in the radiation 
pattern. Additionally, the adjustment of the simulated results was performed using the closest available 
measurement angle combination rather than the exact predicted angle, due to the limited angular resolution 
achievable with the CS measurement system. Finally, the measurement equipment itself has an inherent 
error margin of ±2.8 dB.  

In the next step, the PG values of the direct Tx–Rx path were compared between measurements and ray 
tracing simulations. This comparison serves two purposes: first, to evaluate the PG improvement achieved 
by introducing the RIS-assisted channel, and second, to further verify the correctness of the antenna pattern 
implementation in the ray tracing tool, particularly since the direct path lies within the side lobes of the 
antennas. 

However, due to the physical dimensions of the CS units, it is not feasible to accurately perform this 
comparison for RIS–Rx distances greater than 1.5 m in the current measurement setup. At larger distances, 
the Tx and Rx units obstruct the antenna side lobes with their own bodies. For the same reason, accurate 
comparisons are also not possible at small reflection angles.  

The comparison results for three reflection angles (–35°, –30°, and –25°), under the conditions of 0° incidence 
angle, a Tx–RIS distance of 1.3 m, and a RIS–Rx distance of 1.5 m, are presented in Table 29Error! Reference 
source not found.. As expected, the results show a good match between the measurements and ray tracing 
simulations. This validates the simulation approach and makes it feasible to extend the prediction of direct 
Tx–Rx PG values to setups where such measurements were not possible due to physical limitations of the 
measurement system. 

Table 29 Measured and ray tracing PG values of direct Tx-Rx path, dTX-RIS = 1.3 m, dRIS-RX = 1.5 m, 
αINC = 0°  

αREF° PGMEAS, dB PGRT, dB 
-35 -101.5 -94.2 
-30 -93.6 -94.6 
-25 -99.7 -95.8 

 

Table 30presents the results of PG improvement achieved using the Tx–RIS–Rx path, for both measurements 
and ray tracing, under the specified scenario. A mismatch exists only at –35°, for reasons explained above. 
For –30° and –25°, the PG improvement values from simulations and measurements differ by approx. 1 dB.  

Table 30 Measured and ray tracing PG improvement values achieved by using RIS-assisted channel   

αREF° Meas. PGLOS - PGRIS, dB RT. PGLOS - PGRIS, dB 
-35 -55.9 25.07 
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-30 -47.3 48.37 
-25 -35.2 35.67 

 

The presented ray tracing approach based on TUBS SiMoNe framework, validated against measurement 
results, serves as a solid foundation for the prediction and analysis of RIS-assisted channels. By decomposing 
the Tx–RIS–Rx path into two segments and integrating RIS functionality through postprocessing, the 
simulation framework offers flexibility and practical applicability for various environments. The comparison 
with measurements confirms the general reliability of the method, particularly for estimating power gain 
improvements and analysing the impact of different RIS configurations. However, the accuracy of the results 
strongly depends on the quality of input data, especially the validity of the RIS radiation pattern. Overall, with 
the proper input data, the provided ray tracing method provides an efficient and scalable tool for supporting 
the design and deployment of RIS-assisted communication systems. 
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7 Conclusions 

This deliverable has provided a detailed analysis and extension of channel models applicable to 
industrial environments operating at sub-THz frequencies. Through the integration of theoretical 
modeling, empirical measurements, and machine learning, this deliverable contributes to THz 
channel characterization in industrial settings in the following key directions: 

• Accurate modeling at sub-THz frequencies, including near-field and RIS-specific effects, and 
ISAC, which are not covered in traditional models. 

• Ray-tracing tools, calibrated with real-world measurements, providing high-fidelity 
predictions that are essential for validating simulation-based models. 

• Machine learning methods that significantly enhance model flexibility, thus enabling 
adaptive THz channel reconstruction in complex industrial layouts. 

• The extended models and extracted parameters (e.g., PLE, shadowing, clustering) 
developed within TIMES and captured in this deliverable, which are consistent across 
frequency bands. 

These results provide a solid foundation for continued standardization and deployment of THz 
communication systems in industrial applications, thus contributing to the inclusion of THz into 
the next generation industrial communications systems. 
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