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Abstract

The present document details the architecture, implementation and calibration of a quad-
band channel sounder operating in the sub-6 GHz (center frequency of 6.75 GHz), mmWave
(center frequency of 74.25 GHz), sub-THz (center frequency of 186.75 GHz) and optical (peak
wavelength of 940 nm) domains. This channel sounder is composed of two independent
sounders — one for the optical band and the other for the sub- 6 GHz, mmWave and sub-THz
bands — that are assembled in a single movable unit that can easily be deployed in industrial
environments for multi-band channel measurements. Such measurements are envisioned in
various setups that are here presented and will be later used to validate and calibrate the ray-
tracing channel model developed in a previous report from point cloud data acquired with 3D
laser measurements.
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Executive Summary

Future wireless communication systems rely on heterogeneous networks with the
simultaneous utilization of sub-6 GHz, mmWave, sub-THz, and optical wireless
communications (OWC) bands [6GB21]. The free blocks of spectrum available at mmWave,
sub-THz and optical bands enable the implementation of high data rate wireless links with
enhanced capacity, reliability, latency, and with an unprecedented level of accuracy and
resolution in sensing applications. The 6G BRAINS project thus envisions the integration of
such novel bands to support the development of ubiquitous smart wireless communications
in industrial scenarios.

To that extent, the work carried out within WP3 aims at developing a single channel model
which covers such a wide spectrum of frequency bands. Reliable channel models are indeed
of exceptional importance for the design, performance evaluation, standardization, and
deployment of the future sixth generation (6G) networks, and characterization of propagation
at these frequencies is the initial step towards the development of these technologies.

The major objective driving the work of WP3 is to understand the similarities and differences
in the propagation at these different frequencies to adjust the models we already have for
sub-6 GHz, or to parametrize more suitable ones, such as ray-tracing (RT) models. More
precisely, the final objective of WP3 is to develop a deterministic model based on RT for a
specific industrial scenario and to then include stochastic elements to obtain an efficient fused
multi-band channel model for various other industrial scenarios.

Whatever the modeling approach adopted, the relevance of the proposed model can only be
evaluated by comparison with real world channel measurements, which can also be used for
the model calibration. Channel sounders must be designed according to the measurement
purposes and channel dimensions to be investigated. In particular, the geometrical properties
of the multipath components must be resolved, i.e., their delay, direction of departure,
direction of arrival and polarization. Moreover, due to the increased frequency, Doppler must
be carefully considered in scenarios with high mobility. However, the measurements of such
various parameters in the mmWave, sub-THz and OWC bands are still rudimentary, especially
in industrial environments.

Consequently, there is still a lot of work to be done to better understand these communication
channels. This is why the work of WP3 aims to develop a multi-band channel sounder that can
be used to perform measurements in such environments.

The present document details the architecture, design and characterization of the
fundamental elements of the multi-band (i.e., sub-6 GHz, mmWave, sub-THz, OWC) channel
sounder developed in the framework of the 6G BRAINS project for the validation and
calibration of the RT channel model proposed in D3.1 [6GB31].

This channel sounder is actually composed of two independent channel sounders integrated
in the same equipment to perform channel measurements on all these four bands:

e The first channel sounder operates simultaneously on the sub-6 GHz (center frequency
of 6.75 GHz), mmWave (center frequency of 74.25 GHz) and sub-THz (center frequency
of 186.75 GHz) bands. For this purpose, a unified architecture has been developed: a
single M-sequence excitation signal with a post-calibration bandwidth of 4 GHz is
generated by an unique baseband, then different IF up/down converters allow
transposition from/to the three frequency bands mentioned above. The transmitted

Page 4 of (58) © 6G BRAINS consortium 2022



Deliverable D3.2 6G BRAINS H2020-ICT 101017226

and received signals are then processed according to a specific process in order to
extract the channel impulse response (CIR) and the spreads of the three channels of
interest. This first channel sounder has been extensively tested in four scenarios to
verify the calibration of the frequency response, the delay, the polarization and the
start and end angle values it provides.

e The second channel sounder operates only in the optical band (peak wavelength of
940 nm) and consists of an analog OWC transceiver coupled to a signal processing
platform. In transmission, the OWC transceiver is based on a single light source with
variable directivity (half-power beam width of 45° or 10°) according to the needs, but
respecting in all cases the eye safety standards. On the receiving side, four
photodiodes coupled with focusing lenses are used to optimize the optical power
collected and thus the quality of the received signal, allowing the developed OWC
receiver to surpass existing photoreceptors on the market in terms of ‘collection
power’. The opto-electronic characterization of the OWC transceiver thus obtained
shows that the modulation bandwidth at 3 dB and 6 dB are respectively 36 MHz and
47.5 MHz. The signal processing platform generates on its side a multi-sine signal with
a bandwidth after calibration of 50 MHz, which once received after free space
propagation is processed to extract the CIR and path loss of the optical propagation
channel.

Both channel sounders are in practice assembled in a head with programmable orientation in
order to perform tests in real environments. Some of the test environments envisaged for the
continuation of the WP3 work are finally presented. The tests which will be carried out there
will then be the subject of the deliverable D3.3.

© 6G BRAINS consortium 2022 Page 5 of (58)
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1 Introduction

1.1 Context

Future wireless communication systems rely on heterogeneous networks with the
simultaneous utilization of sub-6 GHz, mmWave, sub-THz, and optical wireless
communications (OWC) bands [6GB21]. The free blocks of spectrum available at mmWave,
sub-THz and optical bands enable the implementation of high data rate wireless links with
enhanced capacity, reliability, latency, and with an unprecedented level of accuracy and
resolution in sensing applications. The 6G BRAINS project thus envisions the integration of
such novel bands to support the development of ubiquitous smart wireless communications
in industrial scenarios.

To that extent, the work carried out within WP3 aims at developing a single channel model
which covers such a wide spectrum of frequency bands. Reliable channel models are indeed
of exceptional importance for the design, performance evaluation, standardization, and
deployment of the future sixth generation (6G) networks, and characterization of propagation
at these frequencies is the initial step towards the development of these technologies.
Channel modeling also allow us to understand fundamental aspects and foresee possible
issues and opportunities.

For example, from the radio frequency (RF) perspective, the increasing isotropical free space
path loss with increasing frequency requires the utilization of high gain antennas. Hence, the
spatial characteristics of the channel, i.e., direction of arrival (DoA) and direction of departure
(DoD), become a critical parameter since the system must know where the gain of the antenna
must be steered. In addition, high gain antennas also isolate multipath components in the
spatial domain reducing fading [DIS17], and aspects such as polarization become more
relevant [DFM14, DFV15, DMS20]. Therefore, accurate spatial and geometrical properties of
the propagation must be studied and included in channel models in order then to better
design and optimize antennas.

In addition to such practical motivations, the major objective driving the work of WP3 is to
understand the similarities and differences in the propagation at such different frequencies to
adjust the models we already have for sub-6 GHz, or to parametrize more suitable ones, such
as ray-tracing (RT) models. As further explained in Section 1.3, the final objective of WP3 is
actually to develop a deterministic model based on RT for a specific industrial scenario and to
then include stochastic elements to obtain an efficient fused multi-band channel model for
various other industrial scenarios.

The reasons for this choice are multiple. From a non-OWC perspective, since the spatial
characteristic and geometrical properties of the environment are not as determinant at sub-
6 GHz as at mmWave due to the low resolution in the different domains of the communication
systems, pure stochastic models may indeed be suitable. However, the use of such models is
challenging with massive multiple-input multiple-output (MIMO) applications, and practicably
obsolete for mmWave and sub-THz. In addition, pure stochastic models do not offer the
necessary conditions for testing integrated communication and sensing (ICAS), simultaneous
localization and mapping (SLAM), and many other applications.

On the contrary, deterministic models such as RT offer the possibility to obtain accurate
representations of the channel. However, RT modelling is site specific, and its accuracy
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depends on the level of details and modelling efforts. Therefore, the inclusion of deterministic
components in stochastic models has gained relevance [MML11, MMM22].

On the OWC side, the same trends can be observed. Many channel models have been
proposed since the first work of Gfeller and Bapst in 1979 [GB79] and can, as in the RF world,
be divided into two main categories: deterministic models and stochastic models [AWZ18].

Stochastic models apply the laws of wave propagation to geometries of transmitters (TXs),
scatterers and optical receivers (RXs) predefined according to certain probability distributions
and not according to the real geometry of the environment studied [PBB97, JPNO2]. They offer
great flexibility while largely limiting the computation time, but at the cost of limited accuracy,
especially in complex environments such as industrial environments where the probability of
line-of-sight (LOS) blockage is non-negligible and where non-LOS (NLOS) or indirect paths can
play a critical role in maintaining communication.

Deterministic models are based on a detailed description of the propagation environment
under study, and allow the impulse response and thus the frequency response (FR) of the
channel to be calculated accurately using simulations that are nevertheless intensive and
therefore resource-intensive. Several approaches have been proposed for this purpose. For
simple environments, the temporal model proposed by Barry et al. [BKK93] and then
optimized by Carruthers and Kannan [CKO02] is still the reference, but its execution time
explodes rapidly with the considered reflection order and spatial resolution.

Schulze has thus proposed a physically equivalent frequency model that is much faster to run
[SCH16], but not applicable alone to complex environments. To overcome this limitation, this
model has very recently been coupled to LIDAR point clouds in order to model the OWC
communication channel in a real-world meeting room. In parallel, several works based on RT
and using for example the commercial software Zemax© have been published [MU15], but
the simulation time is here again exponential with the environment complexity.

This is why some studies have recently tried with success to mix deterministic and stochastic
approaches, or at least to include geometrical elements in stochastic model and conversely.
For example, in [ZWH22], a geometry-based stochastic model is proposed as a potential
reference model for the standardization of OWC within the 6G framework. Other examples
can be found in [CZK14], where a Combined Deterministic and Modified Monte Carlo method
is adopted, or in [BCA17] where a Markov Chain Monte Carlo approach is preferred.

Whatever the modeling approach adopted, the relevance of the proposed model can only be
evaluated by comparison with real world channel measurements, which can also be used for
the model calibration. Unfortunately, channel measurements are usually time consuming and
site as well as conditions specific. It is very important not only to carefully design the
measurement scenario, but also to consider the characteristics of the measurement
equipment — i.e. the channel sounder — to minimize its influence by means of calibration and
verification. In that regard, there has been an increased interest from academy and industry
in the metrology of measurements and communications at mmWave [IEE22] and sub-THz
[HBK19].

Channel sounders must be designed according to the measurement purposes and channel
dimensions to be investigated. With the previously highlighted propagation characteristics at
mmWave and sub-THz, the geometrical properties of the multipath components must be
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resolved, i.e. their delay, DoD, DoA and polarization. Moreover, due to the increased
frequency, Doppler must be carefully considered in scenarios with high mobility.

While these aspects have been extensively investigated from measurements and high-
resolution parameter estimation (HRPE) applying MIMO channel sounders at sub-6 GHz, the
state of the art in sounding at mmWave and sub-THz is still rudimentary. There are very few
examples still on development of antenna arrays with the capability of high resolution at these
frequencies. Therefore, the obtainable resolution in the measurements is still mostly based
on the hardware capabilities (bandwidth for the delay, antenna directivity for DoD and DoA,
sampling rate for Doppler) and the analysis of the measurement results are based on the
identification of peaks in the different dimensions applying fast Fourier transform (FFT) based
analysis [DSA22].

OWC channel measurement campaigns are not so common either, and mostly focused on
indoor environments such as offices or corridors [HYK94, MK96, CZH15], at the notable
exception of [BSH18], where the communication channels between several OWC TXs and RXs
installed in a manufacturing cell have been measured.

Consequently, there is still a lot of work to be done to better understand the communication
channels in industrial environments, whether in the sub-6GHz, mmWave, sub-THz or OWC
bands. This is why the work of WP3 aims to develop a multi-band channel sounder that can
be used to perform measurements in such environments, which will then be compared with
the RT model already proposed.

1.2 Objectives and Structure of This Document
The objectives of this deliverable can be summarized as follows:

e Detail the architecture and characterization of the OWC channel sounder developed
for the near infrared (NIR) band (Section 2),

e Detail the architecture, design and calibration of the multiband RF ultra-wideband
(UWB) dual-polarized channel sounder developed for the sub-6 GHz, mmWave and
sub-THz bands (Section 3),

e Details the architecture and calibration of the assembled channel sounder for quad
band RF and OWC (Section 4).

e Introduce the test scenarios where this assembled channel sounder will be deployed
and used in future works (Section 5).

1.3 Relation to Other Deliverables Within the WP3
The work of WP3 should lead to the production of five deliverables, as illustrated in Figure 1:

e Deliverable D3.1, which was published in [6GB31], presents the RT model used as
channel model in 6G BRAINS, [6GB22]. This model was obtained from point cloud data
measurements.

e As previously mentioned, the present document (i.e. D3.2, highlighted in dark green in
Figure 1) is related to the design and characterization of the multi-band measurement
equipment that will then be used for channel measurements.

e Deliverable D3.3 will detail the RF and OWC measurement campaigns carried out for
RT calibration purposes with the channel sounder described here.
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e Deliverable D3.4 will deal with the calibration and verification of the RT model, based
on RF measurements. This step will be divided in:

1) The calibration and verification of the computer assisted design (CAD) model
by identifying differences between the geometrical properties obtained from
the measured propagation paths and the geometry of the scenario,

2) Then the calibration and verification of the electromagnetic properties of the
materials assigned to the RT model, which will be made by comparing the
amplitude levels of the different paths identified in the measurements.

3) Finally, once the RT model will be verified and calibrated, stochastic
components obtained from the measurements will be incorporated to the RT
results to obtain the fused multi-band channel model for industrial scenarios.

e Deliverable D3.5 will finally address the results based on the integration of the
waveforms under test into the simulations.

Point cloud from
3D laser scans

Fused channel

model l

N

&

CAD model RT model

i Integration of : | Multiband RF
ll the multiband g > measurements in (—
Il channel sounder [ | l the RT scenario | |

. Del3.4

Waveform

_Del 3.5

Figure 1 — Relation between workflow and deliverables within WP3.
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2 OWC Channel Sounder

In this section, the design hypothesis and specifications of the OWC transceiver used for
channel sounding are established after an analysis of the constraints imposed by the channel
sounding method adopted in the 6G BRAINS project (i.e., frequency sweep) and by the main
impairments caused by the optical propagation channel (Section 2.1). The architecture
adopted to fulfill this specification is then detailed, with a particular focus on the
characteristics of the optical TX and RX (Section 2.2). Finally, an opto-electronic
characterization of the fabricated OWC transceiver is detailed (Section 2.3).

2.1 OWC Transceiver Specifications and Design Hypothesis

2.1.1 OWC Channel Sounding Principles

The role of the OWC transceiver integrated in the channel sounder is to transmit and receive
a light signal allowing to estimate the response of the OWC communication channel. Within
the framework of the 6G BRAINS project, the method adopted consists in estimating the FR of
this channel by emitting a multi-sinus signal. This method is more extensively detailed in the
Section 4.2 but produces results similar as that obtained when using a continuous frequency
sweep, which explanation of the basic principles provides valuable insights to extract the
specifications of our OWC transceiver.

In its most common version, the measurement of the FR of a channel using a frequency sweep
is carried out using a vector network analyzer (VNA) on the output (i.e. port 1) of which is
connected an OWC TX and on the input (i.e. port 2) of which is connected an OWC RX. The
VNA supplies a sinewave on its port 1 whose frequency varies from a minimum value f,;, to
a maximum value f,,4,, and which drives the intensity of the light source of the OWC TX.

The optical signal thus emitted is, after propagation in free space, collected by the OWC RX
and then transmitted to the port 2 so that the VNA can calculate in real time the parameter
S12- This parameter corresponds to the FR of the whole link, noted here Hj;,,, (f) and defined
by

Hlink(f) = HRx(f)H(f)HTx(f) = Hsys(f)H(f)' (1)

with Hgys(f) = Hpy(f)Hgx(f) and where Hg, (f), H(f) and Hr,(f) are respectively the FRs
of the OWC TX, of the optical propagation channel and of the OWC RX [MHH19].

In other words, the FR obtained using the frequency sweep technique depends directly on the
characteristics of the OWC transceiver, which must therefore be calibrated in order to correct
the channel measurements made to extract the FR of the optical propagation channel H(f)
only.

To do this, the TX and RX must be placed at a minimum distance d,..; in order to limit the
attenuation of the optical signal due to free space propagation while avoiding non-linear
distortions. In this case, the FR obtained H,.r(f) is such that

Href(f) = Hsys(f)Hd(f)- (2)

We can then estimate a normalized value ﬁ(f) of the FR of the optical propagation channel
using:
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(3)

We can conclude from these first equations that the estimation of the FR of the optical
propagation channel will be all the more reliable as the FRs of the measured and reference
link Hyjnie (f) and Hyo ¢ (f) will be stable, whatever the static geometrical configuration of the
link. However, this geometrical configuration has a direct influence on the optical power
collected by the photoreceptor, thus on the signal-to-noise ratio (SNR) of the input signal of
the VNA and thus on the stability of the FR of the measured link, as we are now going to detail.

2.1.2 Key Parameters of the OWC Transceiver for Channel Sounding

Although incomplete, the LOS optical propagation channel model established in the OWC
literature provides valuable insights into the critical points in the design of the OWC
transceiver to optimize the SNR of the received signal. This model stipulates that the FR of the
LOS optical channel H;ys(f) is such that [SCH16]

Hio5(f) = Ngyrx €12 ARxT2/C, (4)
with ng, 7, the channel direct current (DC) gain, defined as

_ m+1 ARy COSYpy Ty
nRxe _'VRme 2T Cos Rx,Tx

) (5)

2
deTx

where Oy 15, Wrxx and dry 15 are respectively the angle of emission, the angle of reception
and the absolute distance between the RX and RX, as illustrated in Figure 2. Ay, is the sensitive
area of the photoreceiver, vg, ry is the visibility factor, equal to one if the TX and RX are visible
to each other and equal to zero otherwise (i.e. if there is a link blockage), whereas m is the
Lambertian order of emission, which defines the directivity of the emitting light source and is
equal to —In2 /In(cos ©4/;), with ©,,, the semi-angle at half-power of the light source,
called here half power beam width (HPBW).

The SNR of the received signal is then defined by

_ (RPDT]Rx,Tth)Z (6)

SNR .
a4

where Rpp is the photosensitivity of the photoreceiver, P, is the optical power emitted by the
light source of the OWC TX and a;2 is the variance of electronic noise at the OWC RX. From (5)
and (6), we can deduce that the SNR can be improved by playing on several degrees of
freedom, both on the TX and RX sides of the OWC transceiver.
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Figure 2 — lllustration of the OWC link geometry in a LOS scenario.

On the TX side:

The emitted optical power (i.e. P;) can be increased. However, this lever can only be
used within the limits prescribed by the eye safety standards [IEC06, IEC14]. Note that
in the 6G BRAINS project, we focus on NIR transmission. The visible illumination levels
recommended by the standards in industrial environments are generally very high.
However, such light sources of illumination act as noise sources from a light
communication perspective, and they are easier to filter out when working in the NIR
domain rather than in the visible light domain.

It is possible to increase the directivity of the optical source (i.e. m). This degree of
freedom allows to considerably improve the received optical power and thus the SNR
in the axis of emission of the source. However, if m is too large, the emitted optical
power decreases rapidly with the emission angle, thus limiting the coverage
performance of the OWC channel sounder.

On the RX side:

The photoreceiver used may be chosen so that its photosensitivity Rpp is as large as
possible, especially in the NIR domain.

It may also be chosen so that its sensitive area Ay, is as large as possible. In practice,
we can use the product Rpp AR, as a reference metric to evaluate the contribution of
these parameters to the received signal power.

These lists provide design rules for our OWC transceiver. In addition, as the objective is to
evaluate the FR of the optical propagation channel, at least over a bandwidth relevant for data
transmission purposes, our transceiver must have a bandwidth sufficiently large and flat. In
practice, we propose within the framework of the 6G BRAINS project, to spread the
development of the OWC transceiver in two steps. In a first step, we aim to reach a 3 dB
modulation bandwidth of around 30 MHz. In a second step, we will try to reach a 3 dB
modulation bandwidth of 200 MHz. In the present documents, the design and characterization
of the first version of the OWC transceiver is detailed.
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2.1.3 Benchmark of Existing OWC RXs

Before developing our own OWC transceiver, we listed and compared the performance of
devices available on the market through a benchmark. The large variety of light emitting
diodes (LEDs) and laser diodes available on the market allows for a multitude of combinations
between emitted optical power, directivity and modulation bandwidth. We have therefore
concluded that the most critical part of the OWC transceiver is its RX.

Table 1 lists the characteristics of the main photodetectors optimized for the NIR range
available on the market, in terms of sensitivity, sensitive surface and bandwidth. We note that
whatever the technology used — silicon positive-intrinsic-negative (Si PIN) or silicon avalanche
photodiode (Si APD) —, the larger the sensitive area and the lower the bandwidth. We note
moreover that the APD make it possible to reach higher sensitivities, with the detriment
nevertheless of the available sensitive surface. Eventually, according to our comparison
metric, the Hamamatsu© S12702-04 photoreceiver offers the best performance in the NIR
range. Nevertheless, these performances can be improved with a custom design, as we are
now going to detail.

Table 1 - Off-the-shelf photoreceiver benchmark

Maximum sensitivity Sensitive area Comparison metric .
Reference Technolo Bandwidth
&Y (Rpp) (Ags) (RppArs)
Thorlabs© PDA100A Si PIN 0.62 A/W @ 960 nm 100 mm? 62 A/W.mm? DC-11 MHz
Thorlabs© PDA8A2 Si PIN 0.56 A/W @ 820 nm 0.5 mm? 0.28 A/W.mm? DC —-50 MHz
Hamamat;‘f 512702- Si APD 15 A/W @ 800 nm 7.07 mm? 106 A/W.mm? | 4KkHz-80 MHz

2.2 Design and Characteristics of the Proposed OWC Transceiver

2.2.1 Transceiver architecture

Figure 3 presents the architecture of the OWC transceiver developed. It is composed of three
main units: the optical TX, the optical RX and the power supply.

5VDC —» DC-DC Converters
___________________________ o
| Optical Front-End :
i Pre- Source Optical |
TX ——> o . !
X ' | Equalization Amplifier LED Module | !
i Amplifier Post- Optical |
Rx <+— TIA 4 ] [
X ' | &Filter N Equalization | PD Module | !
—— FElectrical Signals —— optical Signals

Figure 3 — Architecture of the developed OWC transceiver.

On the TX side, the drive signal produced by the channel sounder (see Section 4) is sent to the
transceiver through the ‘Tx’ interface. This signal is first pre-equalized to cope with the light
sources distortions and then amplified so that its current matches the light source
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characteristics. The light source then turns this current signal into an optical signal. An optical
module, e.g. a lens, may finally be added to change the directivity of the light source
depending on the measurements needs.

After free space propagation, the optical signal sent by the TX of one OWC transceiver is
collected by the RX of another OWC transceiver. It may first be focused optical module to
improve the collection performance, and is then turned into a current signal by the PD. This
current signal is converted into a voltage signal and amplified by a transimpedance amplifier
(TIA), then post-equalized to cope with the RX characteristic, and finally amplified again and
filtered before being sent to the channel sounder through the ‘Rx’ interface.

Finally, the power supply unit consists in a set of DC-DC converters that turn a unique supply
voltage of 5V into several voltages used at different stage of the transceiver, especially to bias
the PD.

2.2.1 Main characteristics of the OWC Transceiver

Figure 4 shows the OWC transceivers built according to the architecture presented in Figure
3, whereas Table 2 highlights the main characteristics of the TX, RX and power supply units of
the transceiver.

Each transceiver is equipped with a single power supply interface — an USB-C female port —
which requires a 5V/1.2A source to power the board.

Tx and Rx interfaces
(SMA)

PD
LED

(left: without lens,
right: with lens)

Power supply interfaces
(not visible, USB-C)

Figure 4 — View of two OWC transceivers, one used as TX, the other as RX.
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Table 2 — Main characteristics of the OWC transceiver.

Power Supply Parameters

Parameter Value
Supply voltage 5V
Supply current 1.2A

Power supply interface USB-C female
TX Parameters
Parameter Value

Driving current signal range

800 mA &+ 400 mA

Transmitted optical power range

1080 mW + 540 mW

Full angle at half power (without/with optical module)

90°/20°

Wavelength of operation

940 nm (910 nm to 950 nm)

Spectral width 40 nm
TX chain interface SMA
RX Parameters
Parameter Value
Effective sensitive area 600 mm?
Photosensitivity width 400 nm (700 nm to 1100 nm)
Photosensitivity at 940 nm 0.62 A/W
Full angle at half sensitivity 60°
RX chain interface SMA

On the TX side, a single LED is used and driven at an average current of 800 mA, corresponding
to an average output optical power of around 1W. The LED driver supports a swing of + 400
mA, so that the output optical power can vary linearly between 540 mW and 1620 mW,
diffused over a full angle at half power of 90° when no focusing Fresnel lens is used, or 20°
with a lens (i.e. HPBW 0, /, = 45° and 10° respectively). The wavelength of maximum power is
940 nm and the spectral width is around 40 nm, so that the adopted LED operates totally in
the NIR domain.

On the RX side, four Hamamatsu®© S6968 [HAM22] PD have been put in parallel to increase
the sensitive area of the RX Ag,.. The signals produced by these PD are then summed up to get
a single signal to process and send to the VNA. These PDs already have an integrated optical
lens which limits the full angle at half-sensitivity to 60° but allows to collect more optical
power so that they have an effective sensitive area of 150 mm? whereas their actual sensitive
area is 26.4 mm?2. Eventually, our OWC transceiver thus have a total sensitive area of 600 mm?,
with a photosensitivity at 940 nm of 0.62 A/W, so that their collection power, evaluated by
the product RppAg,, is clearly larger than that of off-the-shelf photoreceivers, as illustrated
by Figure 5.

400 372
350
300
250
200

RPDARX

150

100 61 56.56

50
s
0

Thorlabs© PDA100A Thorlabs© PDA8A2 Hamamatsu© S12702- 6G BRAINS receiver
04

Photoreceivers

Figure 5 — Comparison of the proposed OWC RX with off-the-shelf photoreceivers.
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2.3 OWC Transceiver Characterization

As detailed in Section 2.1, it is necessary to characterize our OWC transceiver before using it
to measure the FR of the optical propagation channel. In particular, we need to evaluate its
FR Hgys(f), or at least the link FR H..¢(f) in a reference scenario.

Figure 6 illustrates the set-up used to evaluate H,.f(f). One transceiver, used as TX is
connected to the output of an Agilent E5071C VNA, whereas another transceiver used as RX
is connected to the input of the VNA. The VNA is programmed to output a driving sinewave of
power 0 dBm [MHH19], of frequency ranging linearly from f;,,;,, = 100 kHz to f,,4 = 50 MHz,
and to compute at the same time the S;, parameter which frequency evolution is displayed
on the screen and can be recorded. Note that in Figure 5, the FR displayed is that of an NLOS
link relying on the reflection of the transmitted optical signal on the palm of the hand that is
on top of both transceivers. To estimate H,..;(f), the setup adopted was slightly different, as
both transceivers were facing each other (Ogy7x = Yryrx = 0) and placed at a reference
distance d,.r = dgyrx = 40 cm, chosen so that the observed FR does not exhibit linear
distortions.

Figure 6 — Setup used to characterize the FR of the OWC transceiver.

In practice, the FR observed in this reference scenario is plotted in Figure 7. We can see that
it is relatively flat over most of the frequency range, with a low pass behavior from around 30
MHz, which comes from the limited modulation bandwidth of the NIR LED used in the TX, and
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a high pass behavior below around 300 kHz, which has been deliberately added to cut ambient

light sources.

If we define the X dB system bandwidth as the frequency range over which the magnitude is
higher than its maximum value minus X dB, then we can conclude from the calibration tests
that our OWC transceiver has a 3 dB bandwidth of 36 MHz and a 6 dB bandwidth of 47.5 MHz.
The resulting FR can then be used directly to correct future link measurements, or indirectly
after modeling its behavior using for example a curve fitting function or a state-space

representation.

Magnitude (dB)
277 kHz

-10 -/

-3 dB threshold

36.2 MHz

14
10°

10°
Frequency (Hz)

107

108

Figure 7 - FR H,..;(f) of the OWC link in the reference scenario (blue curve). The 3 dB
bandwidth of the system is illustrated with the orange dashed-dotted lines.
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3 Multiband RF UWB Dual-Polarized Sub-6 GHz, mmWave, and
Sub-THz Channel Sounder

Channel sounding consists of transmitting a known signal and analyzing the received echoes
from the environment to study the propagation characteristics in a certain environment.
According to the excitation signal, channel sounder architectures can be classified, between
others, into two categories: narrowband and wideband. The first one uses a narrowband test
signal, e.g., a single tone to measure the FR of the channel in a single frequency. Broadband
measurements can be conducted by sweeping the spectrum with a single tone. However, this
is time consuming and requires a static scenario during the measurements. Examples of such
an architecture are VNA based channel sounders.

On the other hand, wideband channel sounders operate with broadband signals measuring
instantaneously the complete bandwidth. The excitation signals can be designed in the time
domain or frequency domain. Examples are the pseudo-random binary sequence (PRBS) and
multicarrier signals, such as orthogonal frequency division multiplexing (OFDM) signals. One
of the principal advantages of the PRBS is the very low peak-to-average power ratio (PAPR)
that permits a better utilization of the available power on the power amplifiers (very limited
in mmWave and sub-THz systems) and is less prone to generate non-linear distortions. On the
other hand, multicarrier signals offer more degrees of freedom on their design but suffer from
a high PAPR which causes saturation in power amplifiers, forcing to reduce the power
efficiency. Different techniques can be applied to reduce the PAPR, e.g., clipping and phase
optimization.

The RF part of the TU-Iimenau dual-polarized channel sounder used within 6G BRAINS is based
on a PRBS chipset [MHD14], and the OWC part in a programmable multicarrier signal with
optimized phases to reduce non-linearities.

3.1 Multiband Multidimensional Channel Sounding

The goal of multidimensional channel sounding is to provide the necessary data to jointly
estimate the different geometrical properties of the multi-path components of the channel.
Multiband multidimensional channel sounding intends to achieve the same goal but over
several bands with different propagation characteristics and system aspects, minimizing the
influence of the measurement system on the results.

The purposes of the measurements within the WP3 of 6G BRAINS are the characterization of
propagation by comparison at different bands and the validation of the RT model obtained in
[6GB31]. While the system aspects as bandwidth and directivity differ considerably within the
targeted bands, the investigated geometrical parameters of the multipath components are
still the same. Therefore, measurements must be taken with at least the resolution of the
targeted system with higher resolution, in this case, the sub-THz. It is still challenging to
measure instantaneous bandwidths similar to the full available block of spectrum at this band
due to limitations in the current state of the art on channel sounding. However, following the
IEEE 801.15.3d [PKH20] standard, we can find that at sub-THz, there are 32 channels with 2.16
GHz bandwidth (that can be combined) into a single massive 69.12 GHz bandwidth, and
therefore, significant measurements can still be done with 4 GHz bandwidth.
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For an ease of nomenclature, from now on we define sub-6 GHz as the band centered at 6.75
GHz, mmWave or 70 GHz to the one centered at 74.25 GHz, and sub-THz or 190 GHz to the
one centered at 187.5 GHz.

To compare the results in the different bands, the channel sounder must have similar
characteristics in the different measurement domains over:

e bandwidth for delay resolution,
e antenna gain (directivity) for DoD and DoA resolution, and
e sampling rate for Doppler analysis if possible.

3.2 The TU-llmenau Dual-Polarized Ultra-Wideband Channel Sounder
Architecture

The macro-architecture consists of three units: a TX unit, a RX unit, and a server unit
dedicated to control the measurements. In addition, we distinguish three different types of
signals and planes distributed on the different units:

e measurement related (in blue),
e synchronization related (green), and
e control related (orange).

Further details on each unit and planes are discussed in the following subsections.

The TX and RX units are mounted over positioners that can scan the angular domain in
azimuth and elevation. All the cables and connectors are fixed to avoid phase noise due to
movement. In addition, the distribution of the synchronization signals is achieved over fiber
optical cables also to minimize phase noise due to the displacement of the cables during
rotation of the positioners.

3.2.1 Measurement Plane

The measurement plane consists of commercial UWB units (limsens, shown in Figure 9(a)) and
in-house designed and assembled up and down converter units to the desired frequencies.
Each unit consists of a single TX channel and two RX channels. This was originally designed for
mono-static radar applications. However, in this set-up, the two RX channels are used for
polarization. Unlike the original application, we have implemented a bi-static set-up with two
different units distributed at TX and RX side. Therefore, for polarization it is implemented a
switch at the TX side to alternate between the orthogonal components, and two parallel
channels are measuring simultaneously both polarizations at the RX.
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Figure 8 — Physical macro units (in dark gray) of a single band channel sounder, physical
units inside of the macro units (in light gray) and the different planes: measurements
(blue), synchronization (green), and control (orange).
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Figure 9 — (a) Top view of the base-band modules. (b) Detail on the interconnection of
the baseband and intermediate frequency (IF) stages in the front-side. (c) View of the
backside with the clock and interfaces.

Page 28 of (58) © 6G BRAINS consortium 2022



Deliverable D3.2 6G BRAINS H2020-ICT 101017226

3.2.1.1 Baseband

The excitation signal is a 12-bit maximum-length binary sequence (MLBS), also known as M-
sequence with M; = 12 bits, a sub-class of PRBS. The particularity of these type of binary
sequences is that they are periodic and reproduce any sequence that can be generated with
a shift register. The number of zeros and ones in the binary sequence are practically equal,
which generates a flat spectrum and provides a good crest factor in comparison to other
broadband spread spectrum signals as multi-sinus (OFDM-like).

The length of the sequence is 2! — 1 = 4095 bits. The input clock to the units defines the
bandwidth (rate) and the IF frequency. The bandwidth and the length of the sequence also
define the unambiguity measurement range, i.e., the range in which all the echoes arrive
within one period of the excitation signal.

The units operate with a pre-scaler and a sub-sampler that reduces the amount of channel
impulse responses (CIRs) per second that can be measured, also reducing the Doppler
resolution.

3.2.1.2 |IF Stage

The baseband modules have an integrated up and down conversion stage to IF. The IF
frequency is determined by the same clock frequency used for the baseband units that
determine the measurement bandwidth. Since the up and down converters operate with an
input frequency of 6.75 GHz, the baseband outputs are connected to the IF as shown in Figure
9.

3.2.1.3 REF Stage

The up and down converters at the different frequencies were in-house designed and
mounted. Due to the dual polarized architecture, at the RX side they consist of two parallel
chains after an orthomode transducer (OMT). On the other hand, at the TX, there are two
different designs depending on the band, however, in both cases the alternation between TX
polarizations is carried out with a switch, which can be either at IF (sub-THz at 190 GHz showed
in Figure 10a) or RF (mmWave up-converter at 70 GHz showed in Figure 10(b)).

The up and down converters use the same local oscillator (LO) as the llmesens units to keep
coherency. This LO defines the baseband bandwidth, the IF frequency, and scaled with internal
multipliers, the RF frequency.

Internal attenuators and driver amplifiers, as well as some filters are neglected in the
schematics for simplification.
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Figure 10 — Schematic of the upconverter (a) in the sub-THz band and (b) in the mmWave
band.
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Figure 11 — Schematic of the down-converters in the mmWave and sub-THz bands.
The up and downconverters at mmWave and sub-THz are fed with an input reference of 6.75
GHz and 7.5 GHz, respectively.
3.2.1.4 Antennas

The resolution in the angular domain is determined by the directivity of the antennas. This
also determines de minimum scanning step in the angular domain, and therefore, the required
measurement time.
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Ideally, the antennas must have the same radiation pattern in the different bands. However,
this is difficult to obtain, not only because of the variation in the patterns between different
frequencies, but also because of the variation of the FR of the antennas themselves. Given this
practical limitation, we have selected dual-polarized 15° HPBW horn antennas with the most
similar patterns possible at mmWave and sub-THz. Such a high directivity is also required at
sub-THz to compensate the isotropical path-loss and extend the measurement range. On the
other hand, at sub-6 GHz, 30° HPBW antennas were implemented due to the physical size. The
measured antenna patterns in the different frequencies are shown in Figure 12.
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/
sub-6 at 6.75 GHz
o 20F mmWave at 74.25 GHz |
o sub-THz at 186.75
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Figure 12 — Measured antenna pattern of the different RF bands in the vertical
polarization.

The measured synthetic pattern of the antenna after rotation with 15° steps is shown in Figure
13(a). Two different effects need to be analyzed: the oscillation within the band, and the
difference between bands. The first case shows that there is a difference on RX power
depending on the impinging angle (same occurs at the TX side with the angle of departure).
This is because even if the specifications of the antennas describe a 15° HPBW, in practice it
seems to be narrower. This will affect the calculation of the power delay profile (PDP) from a
synthetic wider pattern and parameters as DS calculated from them will also be inaccurate.
While this difference is neglected at sub-6 GHz since the scanning steps are half of the HPBW
of the antenna, this difference can be of approx. 3 dB in the sub-THz band. Figure 13(b) shows
the pattern with 10° steps, where the variations on gain accordingly to the angle is minimum.
However, scanning with such a step increases measurement times to unpractical numbers for
double side resolution in complex scenarios.

The second analysis is the comparison between bands, where a difference on RX power
between the mmWave and sub-THz can be observed for the same DoA or DoD. This difference
is also minimized with 10° scanning steps.
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Figure 13 — Synthetic pattern at the different RF measured bands with (a) 15° rotation
steps, and (b) 10° rotation steps.
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3.2.2 LO Generation and Distribution Plane

The 200 MHz reference clock is generated in the server unit with the programable frequency
synthesizer APSYN420 and converted to fiber for the distribution to the TX and RX units.

In the unit A and B, it is converted back to RF and distributed to the wideband RF synthesizers
LMX2595, that accordingly to the band, generate a 6.75 GHz or 7.5 GHz reference clock, as
shown in Figure 14.

J/ LO for
g ™\ ' ™)
up/down
PLL LMX2595 Splitter —> converter at
Y J)7-5GHz ) sub-THz
[ A f h LO for
Splitter PLL LMX2595 > Splitter ———> up/down
L Je-7a6Hz | ) converter at
4 \l/ mmWave
200 MHz Clk for llmensens
) module for sub-6
to RF GHz, mmWave, or
sub-THz band
—
TX/RX units AorB /
Fiber :

Server

RF to Fiber

APSYN420

frequency
synthesiser

Figure 14 — Generation and distribution of the reference clock.

3.2.3 Control Plane

The control plane consists of a master computer located in the server unit, and local
computers at the TX and RX. The computer in the server is in charge of synchronizing the TX
and RX computers and to configure the reference clock in the server.

The local computers are connected to the limsens units to perform and locally store the
measurements. In addition, they configure the LMX2595 and control the polarimetric
switching signals and the positioners.

3.2.4 Smart Utilization of Resources

The amount of llmsens modules needed to measure in a bi-static configuration N; different
bands can be reduced by configuring each module to transmit at a certain band and receive
in a different one [MHD16]. Therefore, in the macro-architecture there are not anymore TX or
RX units, but unit A and B.

Hence, in principle, Nf different Iimsens modules are necessary to measure N different bands
with certain engineering, as shown in Figure 28: a single limsens module in unit A to receive
the sub-6 GHz, and to transmit simultaneously at mmWave and sub-THz. On the other side, in
unit B, there are two limsens modules. One is in charge of receiving mmWave and transmitting
one of the polarizations of sub-6 GHz, and the other one is in charge of receiving the sub-THz
and transmitting the remaining polarization at sub-6 GHz.
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3.3 Channel Sounder Specifications

The specifications of the quad-band channel sounder covering the sub-6 GHz, mmWave, sub-
THz, and OWC bands are summarized in Table 3.

Table 3 — Technical characteristics of the quad-band channel sounder.

Band Excitation Centre Frequency range BW (null- BW after Measured HPBW
signal frequency / to-null) calibration | DRat5m
wavelength distance
Sub-6 GHz M-sequence 6.75 GHz 3.375 GHz - 10.125 GHz 30°
mmWave M-sequence 74.25 GHz 70.875 GHz — 77.625 GHz 6.75 GHz 4 GHz 15°
Sub-THz M-sequence 186.75 GHz 183.375 GHz —190.125 GHz 15°
owC Multisinus 940 nm - 250 MHz 50 MHz 41.51dB 70°

3.4 Processing of the Measurements

3.4.1 Identification of the CIR From Measurements

The RX signal in the port p (related to the polarization) after multipath propagation, with [ =
{1, ...L — 1} different paths, can be modelled as

L-1
yP(t) = Irx (@ — ¢1,6 —6)ghy (9 — 9,9 — ) al)/lps(t — 1) + 1),
1=0
L-1 (7)
= > ghx(P — 01,0 — 0975 (@0 — 91,9 —9) ary/ 6(t — 77) * s(t) + (),
1=0

hP(t)

Where s(t) is the excitation signal, ; is the attenuation of the signal due to free-space path-
loss, ylp is the scattering loss, gb, (¢,9) and gk, (¢, 6) are the TX and RX antenna patterns,
respectively, in the port p for the azimuth ¢ and elevation 8, and (¢;, 8;) and (¢;,9;) are the
azimuth and elevation of arrival and departure, respectively. Finally, n(t) ~ N(u = 0, ay) is
additive white Gaussian noise.

The RX signal yP(t) can be described as the convolution between the multi-path channel
h?(t) and the excitation signal s(t).

To identify the CIR, the sampled signal at the RX is then cross correlated with a copy of the TX
signal. The cross-correlation process is conducted in the frequency domain by multiplying the
measured spectrum Y (f) = H(f)S(f) + n(f) with the complex conjugate of the TX signal
spectrum. Due to the correlation properties of the TX signal, a pseudo noise (PN) sequence,
S(f)S*(f) = 1V f within the measurement bandwidth:
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H(f) =Y(HS* (),
=H(f) S(FIS*(f) +n(f)S*(f). (8)
1vre{-2,..5) 1)

The measured channel A(t) sampled in the time domain At = % with a bandwidth B can be
represented as

=

-1
hP(7) =
L-1

1 kAt -t R
> (b= 1.6 = 00989 — 91,9 = 9) a1 sine () +7(k7)

&
Il

0

(9)

Ay

6 (Tt — kA1),

where K = 2Mi — 1 is the total amount of samples in the delay domain with M; = 12 bits
being the length of the M-sequence in this configuration of the channel sounder. Each sample
ay is the summation of the different delayed multipath components within the delay sample
At and the measurement noise. It is important to notice the effect of the sidelobes of the
sinc(+) function resulting from the bandlimited cross correlation during (8). It is clear from (9)
that by increasing the measurement bandwidth B, At — 0 and each measured sample a;, will
be less affected by the sidelobes of the delayed multipath components and contain only the
information of the I** multipath component arriving in that specific delay.

In a similar manner, the angular domain is sampled by rotating directive antennas in the
azimuth and elevation at TX and RX. The rotation steps A¢, A8, Ap, and AY correspond to the
azimuth and elevation at RX, and azimuth and elevation at TX, respectively. Hence, the
measured CIR in a single snapshot can be modelled as

I-1J-1M-1N-1K-

p—l

h?(1,¢,0,0,9) =
i=0 j=0 m=0 n=0 k=0
L—1
z ggx(qb —iAp — ¢, 0 —J'AH_Hz)g?x((P —mAp — @, 9 —nAd —9)) ... (10)
1 (kAT —Tl) +A(kAD)
alyl A sinc A Ui T
Qi,j,k,mn

6(t — kAT)6(p — iAP)S (0 — jAB)S(p — mAP)S (I — nAY),

where p = {1, ...P = 4} represents the TX-RX polarimetric channel {¢¢, $p0,0¢,06}, i =
{1,...,I}andj = {1, ...,]} are the index of the scanning direction in azimuth and elevation at
the TX,andm = {1, ..., M} and n = {1, ..., N} at the RX.

For the sake of simplicity, (10) can be represented as
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h? (kAT, iA, jAB, mAp, nAY)

L-1

D Ghu(® = i) — 41,6 = J8O-0)Ghy (0 —mBp — 9,0 —mBO =8 .1
= 1=0
» 1 . (kAT—Tl> +A(kAD)
ay; A7 sinc A7 U] 7).

Finally, all the measurements are arranged and stored in a multidimensional array

}T € (CK><P><I><]><M><N. (12)

3.4.2 Noise Floor Estimation and Removal

All the measurements are always contaminated with noise. The source can be internal or
external. We focus in the first case, where noise is usually modelled as an additive random
process with a Gaussian distribution, n(t)~N (0, o).

Therefore, during the analysis of the measured CIR, the channel samples need to be separated
from pure noise samples in order not to take noise as possible multipath components.
Otherwise, the comparison to RT simulated CIRs can be misleading and figures as delay spread
can be severely affected.

In addition, if the channel sounder is equipped with an automatic gain controller (AGC) at the
RX, the compensation of the AGC in a post-processing step increases the measured noise floor,
since the measured CIR is multiplied by the inverse of the attenuation of the AGC. This is
problematic if the PDPs of different scans in the angular domain are combined to obtain
synthetically the PDP of a wider pattern.

Therefore, before any processing or analysis is done, the noise floor is independently
estimated and removed for each measured CIR h?(kAt,iA¢, jAB, mA@,nA9) V k in the
polarimetric port p with the antennas pointing in the (i, j, m, n) directions.

The estimation method utilizes the null-hypothesis test. Because of the random nature of the
noise, once the noise level is estimated a certain margin is adopted to remove all the samples
below the noise floor level plus this margin to not take noise samples as multipath
components. The margin adopted is of 10 dB, which guarantees a probability of taking noise
as a multipath of 0.00005 [DMT21].

Itis important to remark that after the noise floor removal, the remaining CIR samples are still
contaminated with noise.
3.4.3 Total Received Power

The total received power for a certain polarization p can be calculated as the summation of
all the energy in the different dimensions
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M-1N-11-1J-1K-

P
p= z AP (kAt, iAg, jAO, mAp, nAD)|%. (13)

|_\

3.4.4 Marginal Power Profiles From Directive Measurements

The 2-dimensional marginal power profiles can be calculated for certain dimensions by
summing the power of the measured CIR in the remaining ones. For example, the power
azimuth/delay profile (PADP) at the RX is calculated as

M-1N-1J-1
PADPP? (kAt,iA¢p) = Z |hP (kAt, iA, jAB, mAp, nAY)|?. (14)

The single dimension marginal power profiles are calculated in a similar manner. Examples of
the most relevant power profiles are the PDP, power azimuth profile (PAP), and power
elevation profile (PEP):

|
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=
~

|
=
T

ey

PDPP (kA7) = z Z P (kAt, iA, jA8, mAg, nAD) |2,
m=0n=0 i=0 j=0
M-1N-1J-1K-1
PAPR, (iA¢) = |hP (kAT, iAg, jAB, mAp, nAY)|?,
m=0 n=0 j=0 k=0
M-1N-11-1K-1
PEP, X(]AB = |hp (kAt,iAg, jAB, mA<p,nA19)|2, (15)
m=0n=0 i=0 k=0
N-11-1J-1K-1
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If no polarization is discriminated, the contributions in the different polarizations are summed
up, for example for the PDP(kAt) = 3., PDP? (kA1).

3.4.5 Calculation of Spreads

As the name indicates, the spread values as delay spread (DS), azimuth spread (AS), and
elevation spread (ES) represent how the energy is dispersed in the channel in those
dimensions, i.e., the spreading characteristics of the channel. These values are used for system
design (e.g., DS for calculation of guard intervals and angular spreads for antenna
characteristics) and for channel models (e.g., large-scale parameters in spatial channel models
as the 3GPP).

The root mean square (RMS) spread values are calculated from the single dimension power
profiles from (20). For example, the RMS DS is calculated as
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D~ |Zwk(KAT)? - PDP(kAT) (ka kit -PDP(kAT)>2 (16)

Y. PDP(KAT) Y. PDP(KAT)

and the azimuth and elevation spread of arrival and departure are calculated similarly with
the power angle profiles.

3.5 Reference Measurements, Calibration, and Verification

Reference measurements for verification and validation have been conducted individually per
band and jointly in a multiband configuration.

The purpose of the reference measurements is to compare the measurement results with a
known ground-truth in which we can predict the behavior. These reference measurements
are conducted in a controlled environment and designed to address the different parameters
of the multipath components and the dimensions of the channel sounder: amplitude, delay,
angle of arrival and departure, polarization.

According to the experimental set-up, the different parameters can be verified jointly, or
separated.

In the following sub-sections, we show in detail the results for the sub-THz band.

3.5.1 Verification Setups
The different setups that have been used during the verification are summarized in Table 4.

Table 4 — List of set-ups of the reference measurements.

Set-up Description Parameter to be verified

A An over-the-air (OTA) device is designed and constructed with two vertical wires to . FR calibration
generate two multipath components that are measured simultaneously. See Figure . Delay
15a. . Polarization

B The Unit A and B are in LOS and separated at different distances in different steps. . Amplitude
See Figure 15c. . Delay

. Polarization

C The Unit A and B are in LOS at a fixed distance, there is a metal plate located vertical . Delay
on the side, or in the ground. The channel sounder scans in different angles. See . Polarization
Figure 15d. . Angle of arrival
. Angle of departure
D The radar cross section of a single vertical wire is measured for different impinging . Polarization

angles and polarizations.

The verification of the FR calibration and the resolution of multipath components in the time-
delay domain is carried out with the OTA multipath artifact shown in Figure 15(a) and Figure
15(b). After the FR calibration method is validated, the different experiments are conducted
to validate the channel sounder in the other dimensions.

The verification measurement of the amplitude and time-delay of the multipath components
is verified with LOS measurements in the anechoic chamber at multiple distances between the
Unit A and B (TX — RX), as shown in Figure 15(c).
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Time-delay and angles (rotating capabilities, and pointing alignment of the antennas) are
verified with the set-up in Figure 15(d). Amplitude in the different polarizations is verified with
the set-up in Figure 15(c), and amplitude in the different polarizations, time-delay, and angles
are jointly verified with the experiment from Figure 15(d).
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N N Positioner
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(c) (d)

Figure 15 — Different set-ups for verification measurements with (a) schematic of the
OTA multipath artifact, and (b) picture of it. (c) Path-loss set-up, and (d) multipath from
reflection with a vertical metal plate.

3.5.2 FR Calibration and Verification With OTA Multipath Artifact

The analysis of the measurement in the WP3 of 6G BRAINS is based on FFT-processing by
searching for peaks to identify multipaths components (or clusters of them, according to the
resolution). Therefore, it is important to have a flat spectrum on the measurements to not
take artifacts of the measurement system as multipath components.

The FR ﬁOTA(f) of the complete RF chain at sub-THz (considering antennas) measured in a
direct LOS configuration in the anechoic chamber, and its time representation, are displayed
in Figure 16, showing multiple peaks that do not correspond to propagation paths, but to
artifacts of the measurement system.
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Figure 16 — OTA back-to-back measurement of the sub-THz sounder (a) FR, and (b) CIR.

The FR calibration is usually performed by equalization in the frequency domain (simplest
method is deconvolution carried out in the frequency domain) by dividing the spectrum of the
measurements by the spectrum of the complete sounder chain, from a back-to-back
connection or OTA back-to-back measurement. The latter, while being preferable by
considering the influence of the antenna, requires more effort since it must be carried out in
an echo-free environment.

The principal disadvantage of equalization is the enhancement of the measurement noise that
results in a SNR degradation. In addition, in our system, the FR has a large notch in the center
due to a DC blocker component, which will also enhance noise after equalization.

The equalization process is described in (17),

dref
Co

ﬁmeas (f)

17
ora(f) ) Wi 1)

Hcal(f) = exp <_j27tf

where d,f is the Unit A to Unit B distance, and the term exp (—jan %) is used for phase
0

reference calibration (time alignment), and W (f) is the window applied in the frequency
domain (in our case Hann window) to reduce sidelobes and ease the path identification
process.

Therefore, different methods to minimize the influence of the notch has been tested. One of
these methods is the spline interpolation of the center notch in the OTA back-to-back
measurement Hyra (f) [DSA22], as shown in Figure 17.

I
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Figure 17 — Raw and interpolated FR of the channel sounder from OTA back-to-back.
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The equalization process with the interpolated FR is the same as in (17) but using the
interpolated reference measurement Hoga (f),

Hmeas (f)
Hora(f)

An example of the calibration verification using the OTA multipath artifact with two paths at
sub-THz is displayed in Figure 18. In the time domain, the raw measured CIR A,.qs(T) shows
a spread on the two expected paths from the multipath artifact. The calibration result using
the raw OTA back-to-back reference measurement Hyr4(f) results in an enhanced noise floor
in hi.q;(7), as shown in Figure 18(b). Finally, the improvements on using the interpolated OTA
back-to-back reference measurement Hyr4(f) in (18) are observed in h.4;(7) in Figure 18(b),
visible on a reduction on the noise floor (SNR enhancement) and on a clear possible distinction
between the two multipath components.

dref
Co

Hou(f) = exp (—jan )W(f). (18)

RX power (dB)
RX power (dB)

Frequency (GHz) Propagation distance (m)

(a) (b)

Figure 18 — Example of the calibration process with the raw OTA back-to-back
measurement and the interpolated OTA back-to-back measurement using an OTA
multipath artifact (2 paths). (a) FR showing the influence of the notch, and (b) CIR

showing the enhance obtained with the interpolated OTA back-to-back measurement.

Finally, the complete process of calibration is verified with the set-up A, shown in Figure 15(a).
This OTA artifact allows to jointly estimate all the different geometrical properties of the
multipath components as delay, angle of arrival, angle of departure, amplitude, and Doppler.
However, in the current configuration of the system, only the time-delay was tested (since
neither antenna array was used for the estimation of the directions of arrival and departure,
nor continuous movement for Doppler).

The artifact consists of two vertical wires of 1.5 mm diameter (approximately a wavelength at
sub-THz). These two wires are located at an arbitrary distance of 30 cm in a platform covered
in absorbing material. The TX and RX are located in a fixed and arbitrary bi-static configuration
pointing the antennas towards a central point where the artifact is located. The platform is
stepwise rotated in 10° angles 8. The different geometrical properties as propagation distance
(time-delay) and azimuth of arrival and departure (and amplitude considering the measured
antenna pattern) of the two multipath components can be easily calculated and used as the
ground-truth, as shown in Figure 19.
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Figure 19 — Geometrical properties of the multipath in (a) azimuth of arrival and
departure, and (b) delay, generated with the OTA multipath artifact

The advantage of this set-up is that generates stressed and relaxed situations in the different
domains for different rotation positions 8 of the wires, as closely located multipath
components in the azimuth of departure at 8 = 10° in Figure 19(a), or in the delay at 6 =
140° as in Figure 19(b). Thus, the capability to resolve multipath components can also be
tested.

The results of the measurements are shown in Figure 20. The raw measurements in Figure
20(a) show spurious peaks that can be easily misinterpreted as multipath components,
indicating the need of frequency calibration for the analysis. The influence of the notch in the
reference spectrum during the calibration process is seen in Figure 20(b). The reduction in SNR
after calibration makes that the peak-detector also fails to distinguish between real
propagation paths, side-lobes from the calibration, and spurious noisy peaks. Therefore, this
calibration method is discarded. Contrarily, the frequency calibration with interpolated notch
using (18) shows acceptable results in Figure 20(c), where not only a clean measurement with
two clear multipath components can be observed, but also the estimation of the time-delay
matches the ground-truth in most of the cases.
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Figure 20 — Verification results of the FR calibration with OTA multipath artifact.
Measurements in the background, ground-truth in circles, and estimated delay with
peak-detector in crosses: (a) raw measurement with spurious peaks, (b) calibrated
without interpolation of the notch and critical SNR reduction, and (c) calibrated with
interpolated notch an enhanced SNR.
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3.5.3 Time-Delay and Amplitude of a Single Path Verification

The path-loss measurements verification was conducted in the anechoic chamber using the
set-up in Figure 15(c) by separating the Unit A and B on 15 cm steps. The predicted delay of
the LOS component (translated into propagation distance) and its amplitude (path-loss),
together with the measured CIR for the different polarizations are shown in Figure 21 (five
different measurements overlaid). This set-up is appropriate to verify the amplitude since the
antennas are aligned and there are no reflection losses or any other mechanism that could
introduce variations on the amplitude of the signal. A good match between the prediction and
the measurements is observed. The interpolation of the CIR to obtain smooth peaks is done
in the frequency domain by FFT interpolation.
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Figure 21 — Delay and path-loss verification measurements in LOS configuration in the
anechoich chamber for (a) horizontal polarization, and (b) vertical polarization.

3.5.4 Multipath Multidimensional Verification

The results of the reference measurements at sub-THz with the vertical plate from Figure 15(b)
is shown in Figure 22. The Unit A and B were rotated in 15° steps, covering the LOS component
and the reflection on the metal plate. The total power delay profile (by combining the PDP
from different angular scans and both polarizations) is displayed in Figure 22(a), showing the
expected difference on propagation distance and amplitude of the two MPCs. The power bi-
azimuth profile displayed in Figure 22(b) also shows the agreement on the TX and RX angles.
Finally, the marginal power azimuth profiles at TX or RX displayed in Figure 22(c) and Figure
22(d) shows the expected results in the azimuth and amplitude of the multi-path components.
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Figure 22 — Marginal power profiles from the multidimensional measurements of the
multipath artifact with a vertical plate at sub-THz. (a) Power delay profile, (b) power bi-
azimuth profile, (c) power azimuth profile at the RX, and (d) power azimuth profile at
the TX.

3.5.5 Verification of Polarization

The capability of the channel sounder to measure the polarization of the multipath
components has been verified using interferometry by combining the different multipath
components from the set-up in Figure 15(c) and Figure 15(d).

The equivalent base-band FR of the dual-polarized channel considering isotropic radiators can
be represented as,

yoo 09 ,
H(f) = Z a L/¢9 yggl exp(—Zn] f Tl)' (19)
ry

where a; and t; are the path-loss and delay of the ™ path, respectively, and I is the complex
reflection coefficient for the different polarizations. In the LOS case,

10
Tios = [, 1) (20)
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and after scattering (considering a single order specular reflection and no cross-polarization)

Toss 0 ]’ (21)

Tyu = 0 1y

depending on if the reflection surface is vertical V or horizontal H, and where 1,/ are the
reflection coefficient for a vertically or horizontally polarized (relative to the reflection plane)
impinging wave.

The reflection coefficients can be calculated from Fresnel’s equation:

_ n;cos(¢py) — ne cos(pe)
= cos(gy) + ne cos(dy)’

ne cos(;) — n; cos(¢y)
" =y cos(@y) + my cos(pr)

N

(22)

where the transmitted angle ¢; = asin (sin(qbi) %) is calculated from Snell’s law.
t

An example of the reflection coefficient for different impinging angles is show in Figure 23(a).
The amplitude (and phase) of the reflected wave depends not only on the impinging angle,
but also on the polarization of the impinging wave, and the orientation of the interface plane.
A vertically polarized wave incident to a vertical plane as a wall, will be reflected with more
power and with a change on the phase compared to a horizontally polarized impinging wave,
as shown in Figure 23(b). The opposite happens when the reflecting surface is a horizontal
plane (e.g., a ground reflection), as displayed in the schematic in Figure 23(c).

Incident
plane

0751 1 + 1 —{ —R_H
0.5 L 1 L R H
0251

-0.25
-0.5
-0.75

Amplitude

Incidens” ’
Plane/

(a) (b) ()

Figure 23 - (a) Example of reflection coefficients for different impinging angles and
polarization. (b) and (c) show the relation between the reflection coefficient and the
orientation of the reflecting interface.

Three different set-ups have been used to test the accuracy and verify the capability of the
channel sounder on measuring the polarization of the multipath components. Figure 24(a)
shows the combination of two direct paths obtained by measuring two different positions of
the Unit A and B. Figure 24(b) and Figure 24(c) show the case of a single Unit A and B positions,
but two different angular scans, towards the vertical metal plate located standing and towards
the metal plate located on the floor, respectively.
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Figure 24 — Different experiments combining multipath components for analysis of the
interferometry pattern.

The interferometry pattern is calculated as the summation of the two different multipath
components in the complex domain,

z a; T exp(—=2mj f 1)),
1=1,2
= a, Texp(—2nj f 11) + a, Texp(—27j f 1,).

H(f) 23)

Since the measurements are conducted in a single horizontal or vertical plane, we concentrate
on the co-polarized elements,

H??(f) = a1¥1,1,1 €Xp(—2m) f T1) + ay¥1,12 exp(—21j f T3)

, ) (24)
H% () = A1Y2,2,1 €Xp(—27) f T1) + QzV22, exp(—27j f 75)

While (18) allows a joint verification of a;, 75y, T;, @ very particular case can be analyzed at
f=0:
H¢¢(f =0) = a1¥V1,11 + A2V11,2

06 (25)
HY2(f =0) = a1¥221 + @2¥22,2,

where a constructive or destructive interference (independently of the parameters «; and
7;) shows the polarization dependent phase change after reflection.

3.5.5.1 Verification of Polarization With Direct Paths

In this case, two different LOS paths are combined in the complex domain. Both paths
correspond to two different measurements in LOS separated 45 cm, as shown in Figure 24(a).

The interferometry pattern of the co-polarized components in horizontal polarization
H¢¢(f = 0) and vertical polarization Hee(f = 0) from two direct paths with a scattering
matrix as displayed in (20) (eye matrix) is

H?*?(f=0)=a, +a,

26
H(f=0)=a;, +a, 26)

showing that in both polarizations there is constructive interference, and the amplitude is the
same. The simulated and measured interferometry pattern for all the frequencies are shown
in Figure 25.
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Figure 25 - Interference pattern for two direct paths for (a) horizontal polarization and

(b) vertical polarizatio

n.

3.5.5.2 Verification of Polarization From Direct Path and Reflection

In the first case, the reflection is captured from the vertical plate shown in Figure 15(b) and
combined with the LOS component. These two paths were taken from two different scans in
the angular domain for the same position of the Unit A and B, one into the LOS direction, and
the second into the metal plate. The interfering pattern at f = 0 results in

H??(f =0) = a; + a,r,
HP(f =0) = a; — apn;

(27)

where there is a constructive interference (peak) in the horizontal polarization and a
destructive (valley) in the vertical, as shown in Figure 26.
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Figure 26 — Interference pattern for a direct path and a reflection from a vertical surface
for (a) horizontal polarization and (b) vertical polarization.

On the other hand, with a reflection on a horizontal surface, the results show the contrary,
where the interfering patternat f = 0 is
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H¢¢(f =0) =a; —ayrs
HY(f =0) = a; + ayr;

(28)

showing the destructive interference at f = 0 (valley) in the horizontal polarization and the
constructive (peak) in the vertical polarization, as seen in Figure 27.
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Figure 27 — Interference pattern for a direct path and a reflection from a horizontal
surface for (a) horizontal polarization and (b) vertical polarization.
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4 Assembled Quad-Band RF and OWC Channel Sounder

4.1 Specifications

The quad-band RF and OWC channel sounder integrates the OWC chain into the previously
described RF channel sounder, as shown in the simplified schematic in Figure 28. The
integration between the RF and OWC is in the control and synchronization plane, operating at
RF independently from each other. A sketch of the quad-band sounder unit A and B with the
antennas and positioners is shown in Figure 29.

The OWC front-ends are connected to RedPitayas© SignalLab 250-12 boards that act as a
signal generator in the Unit A and as digitizer in the Unit B.
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Figure 28 — Schematic of the quad-band channel sounder and the different planes.
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Figure 29 - Simplified schematic of the position of the antennas and UWB devices in the

azimuth and elevation positioners.
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The OWC is based on the Hamamatsu© S6968 Serie Si PIN PD [HAM22]. The directivity of the
PD is shown in Figure 30. The relative sensitivity drops 50% at approximately 30°, which results
in a HPBW of approximately 60°.

== Directivity

(Typ. Ta=25 °C)

90° 90°
100 80 60 40 20 0 20 40 60 80 100

Relative sensitivity (%)

Figure 30 — Directivity of the PD (from datasheet [HAM22]).

4.2 Processing of the Measurements

The excitation signal programmed in the Red Pitaya in Unit B is a multi-sinus with optimized
phases (Newman) to minimize non-linearities.

The baseband time representation of the excitation signal is

K

%Z a; exp(jfy) exp (j2nfkgn )}, (29)

k=1

x(n) =R

where the phase of each sub-carrier is calculated as 6, = %(k — 12 withk ={1,...,K} and
K = 219 sub-carriers, B = 50 - 10° Hz is the bandwidth of the excitation signal, and n =
{0, e I;’_l} s are the time samples with the sampling bandwidth of B, = 250 - 10° Hz.
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Figure 31 — Sounding excitation signal for OWC in the quadband channel sounder (a) in
the time domain, and (b) spectrum.

The received signal in the OWC band can be represented in the frequency domain as
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Y(f) = H(f)Hsys(f)X(f) +n(), (30)

where H(f) is the frequency spectrum of the channel, Hyy,;(f) is the combined FR of the
system at the TX and RX (including electronic impairments and effects of the lens, see Section
2.3), and n(f) is additive white Gaussian noise. The CIR is recovered as

H) =Y(OX(H)
= H()Hsys (/) X(OHX(F) +n(HX*(f)

(2]

= H(f)Hsys(f) + ﬁ(f)

(31)

The effects of the system can be minimized by conducting a reference measurement in LOS
(with the assumption of a single path and therefore a flat spectrum) and equalizing the
spectrum of the measured signal (neglecting the noise terms for simplification):

Y(f)Yr*ef(f)

Hcal(f) = 2
|Yref(f)|

|Hsys(f)|2 1Vf{_§’§}

_ H(f)H;ef(f) Hsys(f)H;ys(f) X(OHX*(f)
|Hrer (FHeys (X '

_ H(P)H;ep ()| Heys (I (32)
|Hyer (D[ Heys (O XD
wr{-33)
H(f)
Href(f)
~wvf{-373)

The measured CIR is then calculated as the inverse FFT of H,.4;(f),

hea(m) = ) P3G =) (33)
l

where in the OWC case, P, is the received optical power and T, is the delay of the [**path.

Since the amplitude of the path is proportional to the TX power, we expect to have a RX power
which will be proportional to the square of the TX power, showing a higher path-loss
attenuation than conventional channels [KB97], as displayed in Figure 33(b).

4.3 Reference Measurements

4.3.1 Dynamic Range and Path-loss

In this set-up, the TX—RX unit A and B are located in direct LOS as shown in Figure 32. Different
measurements are taken while the unit A is moved away from the unit B from 1 mto 10 m in
1 m steps. The dynamic range is calculated at a TX — RX distance of 5 m as the difference
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between the peak of the LOS component and the estimated noise floor, [DMT21], as displayed

in Figure 33(a). The peak of the LOS path is compared to the theoretical path-loss, showing a
very good match in Figure 33(b).

Figure 32 — Path-loss reference measurement scenario for OWC.
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Figure 33 — (a) Reference measurement of the CIR in LOS at OWC with a TX — RX distance
of 5 m, (b) attenuation of the LOS path compared to the free-space path-loss for
different TX — RX distance.
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5 Expected Test Scenarios

The project intends to verify the theoretical results by applying the invented techniques in
scenarios very close to real environmental conditions.

5.1 Multiband Characterization of Propagation in Industrial Scenario

Multiband measurements are planned to be conducted in the production line in the industrial
hall at Bosch with the objective of characterizing propagation from empirical measurements
at different frequencies using co-located RF and OWC interfaces.

Previous multiband (sub-6GHz and mmWave at 30 GHz and 60 GHz) measurements have been
already conducted in the same scenario [DNE22], but using a different set-up, with the aim of
calibrating and validating the RT model obtained from point-cloud measurements in this
scenario [6GB31, NDV22]. In such a case, the TX was located in an elevation emulating an
access point above clutter level and the RXs were located at approximately 1.3 m height
emulating user equipment. Since the aim of these measurements was to collect as many
measurement positions as possible for statistical analysis and covering the larger possible area
within a limited measurement time, omni-directional antennas were used at the RX to save
measurement time.

The objective now is to include the sub-THz and OWC radio interfaces. Therefore, since the
measurement range is reduced, highly directive antennas (15° HPBW) are employed at both
sides of the link at mmWave and sub-THz, increasing the resolution of the channel
measurements. This is also more time consuming, and a fewer number of measurement points
can be achieved in the limited available time in the scenario. The scenarios are presented
below.

5.2 Overview of Scenarios

5.2.1 Path-loss between production lines

In this scenario, the unit A and B are located in between two production lines at the same
height. The first set-up consists of path-loss measurements in between production lines by
displacing the unit A away from unit B, as shown in Figure 34(a).

5.2.2 Double-side 3D measurements between production lines

A different set-up consists of selecting a fixed unit A and unit B position in LOS and scanning
the azimuth domain at both sides of the link, as schematized in Figure 34c.

Finally, unit A is displaced around a corner to generate a NLOS situation. Again, the azimuth
domain is scanned at both sides looking for possible reflections that enable communications
in NLOS.

© 6G BRAINS consortium 2022 Page 53 of (58)



6G BRAINS H2020-ICT 101017226 Deliverable D3.2

(a) (b)

Figure 34 — (a) Path-loss measurements between production lines, (b) picture of the
scenario and 3D model of the scenario with the location of the units for the LOS and
NLOS measurements.
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6 Summary and Concluding Remarks

This deliverable details the architecture, design and characterization of the fundamental
elements of the multi-band (i.e. sub-6 GHz, mmWave, sub-THz, OWC) channel sounder
developed in the framework of the 6G BRAINS project for the validation and calibration of the
RT channel model developed previously [6GB31].

This channel sounder is actually composed of two independent channel sounder integrated in
the same equipment to perform channel measurements on all these four bands:

e The first channel sounder operates simultaneously on the sub-6 GHz (center frequency
of 6.75 GHz), mmWave (center frequency of 74.25 GHz) and sub-THz (center frequency
of 186.75 GHz) bands. For this purpose, a unified architecture has been developed: a
single M-sequence excitation signal with a post-calibration bandwidth of 4 GHz is
generated by an unique baseband, then different IF up/down converters allow
transposition from/to the three frequency bands mentioned above (see Sections 3.2
and 3.3). The TX and RX signals are then processed according to a detailed process in
order to extract the CIR and the spreads of the three channels of interest (see Section
3.4). This first channel sounder has been extensively tested in four scenarios to verify
the calibration of the FR, the delay, the polarization and the start and end angle values
it provides (see Section 3.5).

e The second channel sounder operates only in the NIR optical band (peak wavelength
of 940 nm) and consists of an analog OWC transceiver coupled to a RedPitayas©
Signallab 250-12 signal generation platform. In transmission, the OWC transceiver is
based on a single LED with variable directivity (HPBW of 45° or 10°) according to the
needs, but respecting in all cases the eye safety standards. On the receiving side, four
PDs coupled with focusing lenses are used to optimize the optical power collected and
thus the quality of the received signal, allowing the developed OWC RX to surpass
existing photoreceptors on the market in terms of ‘collection power’ (see Section 2.2).
The opto-electronic characterization of the OWC transceiver thus obtained shows that
the modulation bandwidth at 3 dB and 6 dB are respectively 36 MHz and 47.5 MHz.
The RedPitayas© SignallLab 250-12 platform generates on its side a multi-sine signal
with a bandwidth after calibration of 50 MHz, which once received after free space
propagation is processed to extract the CIR and path loss of the optical propagation
channel (see Sections 4.1 to 4.3).

Both channel sounders are in practice assembled in a head with programmable orientation in
order to perform tests in real environments (see Section 4.1). Some of the test environments
envisaged for the continuation of the WP3 work are finally presented (see Section 5). The tests
which will be carried out there will then be the subject of the deliverable project D3.3.
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