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Executive Summary

The use of intelligent re ective surface (IRS) can be critical for sub-THz wireless communications in industrial
scenarios, due to the high density of blockage objects typically found in such environments. Combined with the
high directionality of antennas required at these frequencies, this often prevents direct communication between
transmitters and receivers.

This deliverable presents a study of IRS-assisted channels in an industrial environment, based on real-world
channel measurements. It lays the foundation for IRS-assisted channel modeling and future integration of IRS
into practical industrial applications. The deliverable presents measurements conducted with an IRS prototype
designed and produced within the framework of TIMES WP5.

The study includes:
1. IRS behavior characterization under different incident and re ection angle combinations.

2. IRS-assisted channel measurements in a representative industrial setting.
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1 Introduction

1.1 Scope
This deliverable presents results from time-domain IRS-assisted channel measurements conducted using a
correlative UWB channel sounder at sub-THz frequencies. The report is divided into two main parts.

The rst part focuses on end-to-end Tx-IRS-Rx characterization measurements that investigate IRS behavior
under different combinations of incident and re ection angles. It includes a comparison between IRS-assisted
channels and channels without IRS, based on parameters such as path gain (PG), relative PG, root mean
square (rms) delay spread (DS), and exclusive rms DS (as explained in Section 3).

The second part addresses channel measurements in industrial environments, speci cally in the workspace of
the robotic laboratory belonging to the Institute for Robotics and Process Control at TU Braunschweig (TUBS).
These measurements include azimuthal scanning with a 10° step, performed with and without the IRS. From
these, the power angular pro le and angular spread were analyzed. Additionally, intra-machine measurements
were carried out to evaluate scenarios where communication between an external access point and internal
user equipment is obstructed by machine components.

1.2 Structure
The rest of the document is structured as follows:

» Section 2 presents the description of the investigated IRS prototype.
« Section 3 outlines the IRS characterization measurement.
« Section 4 discusses the results of the measurements conducted with the IRS in industrial settings.

» Section 5 concludes the report.
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2 Description of the IRS Prototype

As part of TIMES WP5, three intelligent re ective surface (IRS) prototypes were designed and fabricated: two
passive and one active. A detailed description of these prototypes is provided in IR5.1 [1].

The measurements presented in this report are based on the rst passive IRS prototype, designed for an
incident angle of 0° and a non-specular re ection angle of 30 . This IRS prototype has a diameter of 0.1 m
and was manufactured on a silicon wafer, as shown in Figure 1. The frequency range of this prototype spans
from 270 GHz to 310 GHz, with optimal performance observed between 285 GHz and 300 GHz [1].

The TUBS channel sounder (CS) operates in the frequency range of 300 GHz to 308 GHz, with a central
frequency of approximately 304 GHz (see Section 3.1, Table 1). Therefore, there is a mismatch between the
optimal frequency range of the IRS and the operating range of the CS.

Simulated IRS radiation patterns, provided by WP5 for incident angles of 0°, —10°, and 10°, for both 295 GHz
(within the IRS optimal range) and 305 GHz (close to the CS central frequency), as shown in Fig. 2. In
this report, comparisons between measurement and simulation are based on the 305 GHz simulation results.
However, it is important to note that the IRS is not operating in its optimal frequency range during these
measurements.

Additionally, the extremely low radar cross section (RCS) values in the simulated patterns are attributed to soft-
ware limitations on the WP5 partners' side. As a result, direct comparison between measured and simulated
amplitude values is not feasible. This limitation emphasizes the need for experimental measurements that aim
to estimate realistic IRS RCS values.

@

(b)

Figure 1: First IRS prototype: a) manufactured 1st IRS prototype; b) schematic view of the 1st IRS prototype
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Figure 2: Simulated radiation pattern of the 1st IRS TIMES prototype for f = 295GHz and f = 305GHz: a)
ref =0 7 ref = 10, (e =10
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3 End-to-end Tx-IRS-Rx channel measurements

A complete characterization of the IRS prototypes will be carried out in the frequency domain using a vector
network analyzer (VNA). Preliminary results of this characterization have already been presented in IR5.1 [1],
while the full characterization will be included in deliverable D3.3 [2].

VNA-based characterization has certain limitations. One key limitation is the short measurement distance —
typically less than 0.5 m. In contrast, most industrial applications involve signi cantly longer distances between
transceivers and IRS, ranging from a few meters to several tens of meters [3]. Therefore, to better understand
the performance of the IRS in industrially relevant scenarios, it is essential to conduct measurements at dis-
tances closer to those encountered in real-world applications. Additionally, it is important to investigate how
the IRS behavior varies with distance.

To address this, the study began with the end-to-end Tx—IRS—Rx channel measurements at distances relevant
to industrial use cases. The goal was to evaluate the behavior of the IRS under various combinations of
incident and re ection angles, and to assess its actual impact on channel parameters by comparing identical
setups measured with and without the IRS.

3.1 Scenario description

The measurements were conducted in an almost empty room, using the TUBS correlative CS. The main
parameters of the CS are presented in Table 1 and detail description was provided in TIMES D2.1 [3]. Two
measurement setups were used:

1. Investigation of the IRS path gain under various combinations of incident and re ection angles, with xed
distances between the transmitter (Tx) and the IRS, and between the receiver (Rx) and the IRS.

2. Fixed incident and re ection angles, with variable distance between the Rx and the IRS.

Table 1: TUBS CS parameters

Center frequency 304.2 GHz

Clock Frequency 9.22 GHz
Bandwidth approx. 8 GHz
Chip duration 108.5ps

Sequence length 4095
Sequence duration 444.14ns
Subsampling factor 128
Measurement Rate 17590 CIR/s
Tx/Rx antenna gain 26.4 dBi

Tx/Rx antenna HPBW 8.5°

In the rst scenario, the distance between the Tx and IRS (drx rs) was xed at 1.3m, and the distance
between the Rx and the IRS (drx rs) was xed at 2m. Three incident angle values were used: 0, 10 and

10 . The re ected angle values ranged from 35 and 30, in step of 5 . A schematic view of the setup is
shown in Fig. 3.
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Figure 3: IRS radiation pattern characterization schematic view

In the second setup, the incident angle was xed at 0 , drx |rs Was 1.3m, drx |rs Was varied from 1.5m to
3m, in step of 0.5m. Measurements were performed for the following re ection angles: 35°, 30, 25,
and 30 .

Each setup (position) was measured in 3 variants: 1) with the IRS prototype; 2) with a metal plate of the same
size and shape, positioned identically to the IRS; 3) without the IRS or metal plate.

Due to the IRS hight directivity, precise alignment between the IRS and Tx, Rx antennas is critical. To ensure
accurate alignment during the measurements, an alignment system consisting of two cross-lasers was used,
Figure 4. The rst laser was positioned on the Tx side to con rm the correctness of the incident angle by
checking whether the re ected laser beam appeared in the expected specular re ection direction. The second
laser was used on the Rx side to verify the accuracy of the re ection angle at the Rx position.

3.2 Measurement results

The dependence of the PG on the re ective angle for both the IRS and the metal plate is shown in Figure
5.

From Fig. 5a it can be observed that for an incident angle of 0° PG of the IRS for re ection angles of 30 and
30 are nearly identical: 101.7dBat 30 and 101.6dB at 30 . According to the simulated radiation pattern
(Section 2, Fig. 2a), a difference of approx. 5dB between 30 and 30 was expected. A similar symmetry is
observed for re ection angles of 10 and 10 , where the simulated radiation pattern suggests a difference of
approx. 6dB (Section2, Fig. 2a). Interestingly, the PG ata 35 re ection angle is 97.4dB, which is higher
than the 101.7dB observed at 30 , the angle initially assumed, based on the simulated radiation pattern, to
correspond to the IRS's non-specular re ection. A measurement at 0 re ection was not possible due to the
CS physical dimensions.

Figure 5b shows the PG dependence for an incident angle of 10 . Specular re ection occurs at 10 re ection
angle, where the IRS achieves a path gain of 93dB and the metal plate shows a PG of 97.8dB. A shift
in the angle of the IRS non-specular re ection is observed: from 35 inthe 0 incident case to 25 in 10
incident case. At 25, the PGis 100dB, and at 20 itis 101dB. These values are comparable to the

30 and 35 values observed om the O incident case, considering an equipment error of £3dB. This 10dB
shift agrees well with the simulation results, Section 2 Fig. 2b.
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It is also noteworthy that the maximum PG in the O incident and 35 re ection case is equivalent to that in
the specular re ection case witha 10 incident angle and 10 re ection angle.

Laser 1
O = )
Tx

(@)

Laser 1

Rx

Tx

Laser 2

O

(b)
Figure 4: IRS characterization with TUBS CS.

Figure 5¢ shows PG of the IRS and the metal plate in case of incident angle of 10 . Specular re ection at
re ection angle of 10 gives PG of 96 dB for the IRS and PG of 102 dB for the metal plate. That matches

well with the PG values in the designed angles combination.

Figure 6 shows the dependence of the PG on the distance between the IRS and the Rx for four different re ec-
tion angles. The incident angle is xed at 0 and distance between the IRS and the Tx is xed at 1.3m. The
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Figure 5: Path gain dependence on the re ected angle for dry.rs = 1.3m and dryrs =2m: (@) inc =0 , (b)
inc= 10,(c) inc =10

dashed black line represents the free space path loss (FSPL), calculated for the total path distance (drx rs +
dRX IRS)-

Based on these results the RCS of the IRS was evaluated using the radar equation, Equation 1.
2

_ IRS
PG = @O o) (T 192 @)

The RCS values for the case of 0 incident angle and re ections angles of 35, 30, and 30 are presented
in Fig. 7. The mean RCS value for the re ection angle of 35 is 3.8dBsm, for 30 itis 0.45dBsm, and for
30 itis 0.8dBsm. Where, dBsm expressed in decibels relative to one square meter and quanti es how much
power is re ected by the IRS.

To assess the impact of the IRS on channel characteristics, measurements were conducted for identical setups
with and without the IRS, and the results were compared using the following metrics: 1) relative path gain
( PG); 2) rms DS; 3) and rms DS excluding the main component (i.e., the Tx—IRS—Rx path), referred to
hereafter as excluding rms DS.

The rst step in the analysis focused on the relative PG, which quanti es the difference in PG between the
setups with and without the IRS. This metric re ects the actual gain provided by the IRS along the re ected
path, as de ned in Equation 2. The results for all measurement con gurations are summarized in Table
2.
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Table 2: Relative PG values

° refc> P61 dB inco refc> P61 dB inco refo PG1 dB

s
(3}

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 15 104 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 10 7.7 10 10 47.8 10 0 13.9
0 30 34.6

PG = PGywris PGuoris 2)

It can be observed that for an incident angle of i, = 0 , the maximum relative PG of 41.2dB occurs at a
re ection angle of = 35 . Slightly lower values are observed at = 30 and 30, which is consistent
with the results shown in Figure 5.

For an incident angle of j,c = 10, the maximum PG is 47.8dB for a scattering re ection at a re ection
angle of 10 . For shifted non-specular re ection beams, PG values of 29.8dB and 27.5dB are observed for
ref = 25 and 20, respectively.

When i, =10 , the maximum PG reaches 59.5dB for a scattering re ection at s = 10 . The difference

in values between the cases of j,c = 10, . = 10, can be attributed to the measurement setup. In

con gurations without the IRS, the IRS almost metallic holder was not removed from the signal path. As a

result, a small but consistent peak appears in the measured channel impulse response (CIR) at the delay

corresponding to the IRS path. This low-level re ection is slightly dependent on the speci c combination of
inc and ref-

To calculate the DS and the excluding DS, a cut-off level of 10 dB above the noise oor was applied. The
noise level, after averaging during post-processing, was determined to be 180dB. The maximum measured

delay was 444 ns; however, the data analysis was limited to delays up to 150 ns. All peaks beyond this thresh-
old—although above the noise oor—were identi ed as equipment artifacts. Considering the room dimensions,

obtaining a re ection path of this length would require re ection orders higher than three. At a carrier frequency

of 304 GHz and with concrete walls, such paths would experience very high attenuation and were therefore
deemed irrelevant for further analysis.

The excluding rms DS metric is used to assess the dispersion of multipath components (MPCs) independently
of the dominant Tx—-IRS—Rx path. This approach allows for a more accurate evaluation of the impact of the
IRS on the overall MPCs distribution. When comparing scenarios with and without the IRS, the dominant
re ection path (Tx—IRS—RXx) signi cantly in uences the delay spread in the presence of the IRS, whereas this
component is absent in the setup without the IRS. As a result, this discrepancy complicates the analysis of the
IRS in uence on the multipath propagation.

To address this, the main re ected path cluster was identi ed based on propagation delay and excluded from
the evaluation in the excluding rms DS calculation. The results for both the rms DS and the excluding rms DS
are summarized in Tables 3 - 5 for the incident angles of 0 , 10 and 10 respectively.

It can be observed that there is a signi cant difference in the values of the rms DS and the excluding rms DS
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for the non-specular designed IRS re ection paths (e.g., for . =0 and = 35). In contrast, there is
almost no difference in these values in the setup without the IRS.

Focusing on the excluding rms DS values, it can be concluded that the IRS has a noticeable impact on the
MPC distribution in the designed non-specular re ection directions. For instance, in the cases of i, =0 and

ref = 35, the excluding rms DS with the IRS is 25 ns, compared to only 6.8 ns without the IRS. Similarly, for
the shifted non-specular re ection path with . = 10 and = 25, the excluding rms DS with the IRS
is 24.8 ns, while it is 2.7 ns without it.

However, for other angle combinations, the difference is minimal. For example, in the specular re ection case
with joc = 10 and . = 10 , the excluding rms DS with the IRS is 2.5ns compared to 0.6 ns without it.
While this is larger than the difference for most other directions, it remains signi cantly lower than the difference
observed in the designed path.

These demonstrate that the IRS signi cantly alters the MPC distribution in designed non-specular and shifted
non-specular re ection directions. The increased excluding rms DS values in these cases indicate that the
IRS introduces additional re ection paths, enhancing the rms DS. In contrast, for angles outside the designed
path, the IRS has minimal in uence to the MPC distributions.

Table 3: Values of the rms DS and excluding rms DS, j,c =0°

ref. DS withIRS, ns  excl. DS with IRS, ns DS without IRS, ns  excl. DS without IRS, ns

35 0.8 25 6.4 6.8
30 1.2 12.4 3.9 3.6
25 2.8 7.2 3.3 4.3
20 7.6 7.9 3.9 3.8
15 13.3 16.6 14.7 16.1
10 15 13 1.4 13
5 3.4 4.4 2.3 2.6
10 3.1 3.1 5.7 5.7
30 0.9 10.7 7 7.3

Table 4: Values of the rms DS and excluding rms DS, . =-10°

ref. DS withIRS, ns  excl. DS with IRS, ns DS without IRS, ns  excl. DS without IRS, ns

35 12 14.6 3.2 2.3
30 5.5 5.6 4.2 4
25 11 24.8 3.3 2.7
20 0.6 13.6 5 51
15 1.8 4.3 3.7 3.3
5 3.5 5.5 2.5 2
0 4 4.8 1.7 1.6
10 15 2.5 0.6 0.6
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Table 5: Values of the rms DS and excluding rms DS, i, = 10°

refc DS with IRS, ns  excl. DS with IRS, ns DS without IRS, ns  excl. DS without IRS, ns

35 5.3 9.5 4.1 3.8
30 1.4 0.8 1 0.4
25 1.8 0.9 0.8 0.7
20 6.1 8.3 4.2 3.9
15 2 2.2 16 14
10 1.6 0.9 0.5 0.5
5 2.4 3.5 0.6 0.6
0 2.4 2.8 1.6 1.6
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4 Channel measurements with IRS in industrial settings

The next step was to investigate the behavior of the IRS in an industrial setting, with the aim of understanding
its impact on channel characteristics and collecting data for the further development of industrial channel
models that incorporate the IRS. The measurements included azimuthal scanning focused on power angular
pro le (PAP) measurements, as well as an "intra-machine" scenario in which the IRS provided a connection
between the Tx located outside a milling machine and the Rx inside the machine when the line-of-sight (LOS)
path was blocked by the machine door.

4.1 Measurement environment description

The measurements were conducted in a laboratory belonging to the Institute for Robotics and Process Control
at TU Braunschweig. This laboratory contains various types of robotic manipulators, a milling machine, and
several metal pillar constructions, Figure 8.

Figure 8: Measurement environment

4.2 Azimuthal scanning measurements

These measurements included two scenarios with different locations of the Tx, Rx, and IRS within the industrial
workspace. Each scenario was measured both with and without the IRS. The second scenario was also
measured using the TERRAMETA project 1-bit RIS (described in TIMES IR3.2 [4] and D3.4 [5]) as part of a
joint measurement campaign. This enabled a comparison of the impact of two different IRS con gurations on
both the PAP and angular spread (AS). During the measurements Tx and Rx were xed on the rotational units,
that provided full 360 rotation in azimuth plane with 10 step.

4.2.1 First scenario description

Atthe rst scenario the LOS path between the Tx and the Rx was blocked by a concrete column with dimension
0.5mx 0.5m. The IRS was located between the pillars of metal construction. The Rx was positioned to capture
the main Tx-IRS-Rx peak at an incident angle of 0 and a re ection angle of 30 . The distance between Tx
and IRS was 3.9 m, and between Rx and IRS 4.5m. The photo of the setup is shown in Figure 9.
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