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Summary
This deliverable summarizes activities started in the VISION project towards new channel models for industrial
and medical applications. Work on these topics have reached first publishable results. Simulators have been setup
mainly based on ray tracing and first measurements have been conducted in different propagation environments
using optical wireless frontends and a vector network analyser. The same measurement technique has also been
applied to a first link based on plastic optical fibre (POF) which is intended as fronthaul between the centralized
digital signal processing and distributed OWC frontends.

1.

WP objectives

Example of a distributed MIMO system for reliable OWC between the factory network and a mobile robot.

A first objective of WP4 is to develop the optical wireless communication (OWC) for industrial and medical
applications, based on advanced channel modelling and more robust signaling schemes. In the beginning of the
VISION project, this included measurement-based channel characterization using frequency measurement
technique in realistic indoor scenarios.
A second objective is to implement distributed multiple-input multiple-output (MIMO) techniques to overcome
blockages and increase robustness of the communication link via simultaneous active links. There are several ways
to distribute the OWC signals, namely coax, twisted pair, power line and plastic optical fibers (POF). For this
purpose, channel characterization over POF and OWC has been conducted using frequency measurements.
Performance evaluation in realistic indoor scenarios.

Communication scenarios illustration in Optical WBAN
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A third objective is to enable a high-rate full duplex visible light communication/infrared (VLC/IR) link between
access point (AP) and extra-wireless body area networks (WBAN). Towards this goal, characterization of the
transmission channel has been conducted. This includes modelling of realistic hospital environment considering
furniture, mobility of the patient and other scenarios as well.

2.

WP general progress

Channel simulations in an empty room: For channel modelling, a standard ray tracing simulation has been
carried out with the existing deterministic methods 1.) Barry’s method [1], 2.) Carruther’s model (iterative model)
[2]. The simulation is carried out only for first and second reflections in case of an empty room. This resulted in a
more general and in-depth understanding of existing channel modelling techniques [3-4].
Channel characterization using frequency measurements: An experimental verification of LOS and NLOS
channels is carried out by configuring Tx and Rx in different orientations. The Indoor wireless IR channels are
based on one of the following emitter-to-receiver configuration, (i) line of sight (LOS); (ii) quasi-diffuse non-lineof-sight (NLOS) with first reflections and diffuse NLOS with higher order reflections. The LOS channel relies on
a free path between Tx and Rx, which are pointed to each other. In quasi-diffuse channels, Tx and Rx have been
directed to the same plane reflecting part of the optical beam towards the detector. In fully diffuse case, the optical
signal may go into the Rx after multiple reflections on surfaces that surrounds the communication cell.
Experimental verification of combination of POF and OWC link: Combination of POF and OWC unit is
carried out by frequency response measurements. Analog fronthaul options, effects of length and bending of
transmission lines, channel measurement, signal to noise ratio (SNR), bandwidth (B) and capacity (C) of link is
considered. Moreover, power of transmitter, attenuation through POF, sensitivity of photodiode for different
wavelength is evaluated. Frequency response and dynamic range have been measured over the end-to-end POF
link by vector network analyser. The VNA works as both, signal source and analyser. It provides a sine wave like
a function generator whose frequency is swept over time and measures at each frequency the received amplitude
and phase. In the current design, the OWC link has still wider bandwidth than the POF link. More work is currently
conducted to increase the bandwidth of the POF link.
Simulation of the intra- and extra-WBAN Channels. Simulations have been carried out for an indoor
environment, considering patient’s mobility, and furniture. The different wireless technologies have been surveyed
enabling WBAN, such as Radio Frequency, Ultrasonic Communication, and Optical Communications.

3.

Progress on specific items

Simulations results in an empty room

Fig.1 Simulation result

Simulation results Left: Reference impulse response including all reflections [1]. Right: (i) top: Impulse response due to
First reflection, (ii) bottom: Impulse response due to second reflections.
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Results show the individual contributions due to the first and second-order reflections compared to all reflections
[1]. Obviously, the main features in the impulse response come from the early reflections while later reflections
play a minor role. This fundamental insight will be essential for a simplified channel modelling algorithm targeted
for large-area Li-Fi networks.
Channel measurements
Wide-beam high-power light-emitting diodes (LEDs) at the transmitter (Tx) and large-area photodiodes (PDs)
with wide field-of-view (FOV) at the receiver (Rx) were used for the measurements. The classical continuouswave swept-frequency technique has been used. A vector network analyser (VNA) yields amplitude and phase
responses of the Li-Fi channels at modulation frequencies of up to 200 MHz. The latest frontend design is capable
of transmitting these frequencies having a 3-dB cut-off frequency of roughly around 100 MHz.

Measurement Scenario in an empty room, both Tx and Rx modules are facing towards the ceiling

Amplitude response of the system for LOS (blue) and for NLOS with first (yellow) and multiple reflections (red).

Our experiments indicate that NLOS signals have significantly less power and a low-pass characteristics in general
with a reduced cut-off frequency. The above figure illustrates the amplitude response of the channel arranged at
first LOS optical channels, where Tx and Rx are both facing to each other and NLOS optical channels, where Tx
and Rx are both facing towards the ceiling and facing away from each other. The channel in the first scenario
consists mostly of a LOS. In the second scenario, the first diffuse reflection is dominant. In the third scenario at
least two or more diffuse reflections are required via which a transmitted signal can reach the Rx. These findings
imply a highly adaptive design of a mobile Li-Fi system. In particular, we must adapt both, spectral efficiency
(measured in bit/s/Hz) and the used bandwidth when the device moves arbitrarily in the room. When the room is
empty and configuration is kept similar, the channel is more static and adaptation can be slow. The experiment has
been performed for an empty conference room where both Rx and Tx oriented in different directions and able to
get an simple impression about the channel parameters and quality of the received signal. The detailed explanation
of the measurement set up and corresponding results are submitted in the conference Global Li-Fi congress, 12-13
June, 2019.
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WBAN channel model

Impulse response of LOS component for 1 light source with two different height of the receiver from the ground

Hospital room environment with proper dimensions of furniture and instruments are considered. Design
parameters of transmitter and receiver have been considered such as arrangements of LEDs, placement of IR
receiver as well as the placement of HUB for simulation. Moreover, scenarios also include the mobility of patients.
A compact simulation methodology for intra- and extra-WBAN channels has been established, including realistic
3D environment with furniture and body consideration, wavelength dependent radiation pattern and reflectivity,
and realistic local and global mobility. The proposed simulation methodology has been validated by reproducing
some literature results from [1].
The considered configurations are configuration A and D, which correspond to LOS and NLOS cases. Moreover,
simulations have been performed for a static WBAN case, characterizing the channel impulse response, optical
gain, mean delay, and the RMS delay spread of different sensors for the static scenario. The relevant work scenarios
for simulations have been fixed. Considered work scenarios include an empty room, a hospital room and a
bedroom. Moreover, a dynamic case has been simulated for an empty room scenario with local and global mobility.

Local mobility model

CIRs for Configuration A: a) Reference [1], b) simulated
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Finally, 3D environments and constrained mobility trajectories for the furnished room scenario have been
considered.
Combined POF and OWC link
A combination of POF and OWC unit has been developed. The hardware implementation for POF link
transmission has been started. The setup has been characterized using frequency response measurement. The
experiment has been performed for the POF link, the OWC link and combination of both in a single-input singleoutput (SISO) chain using purely analogue amplify-and-forward transmission.

Diagram of the combination of the POF and OWC link for analog SISO link.

POF transmission line for the transmitter and receiver

Frequency Response of AFBR-59F3Z

Some initial practical experiments have been made to build the first single input single output (SISO)
communication set up. This set up is implement by Plastic optical Fiber (POF) as a transmission line. The
frequency response of the link is measured by VNA. The VNA works as both, signal source and analyzer. It
provides a sine wave like a function generator whose frequency is swept over time and measures at each frequency
the received amplitude and phase. In order to evaluate the performance of a LED, a high bandwidth photo receiver
(FEMTO) has been used for signal recovery. In this way, pure bandwidth of the simplified driver and LED is
estimated. Currently, work on the POF transmitter and receiver design is continued in order to increase bandwidth.

4.


Dissemination of results: publications & conferences
Sreelal Maravanchery Mana, Peter Hellwig, Jonas Hilt, Pablo Wilke Berenguer, Volker Jungnickel, “Experiments in NonLine-of-Sight Li-Fi Channels”, accepted at Global Li-Fi Congress, 12-13 June, 2019.
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S. M. Kouhini, R. Ferreira, E. A. Jarchlo, D. Schulz, V. Jungnickel, “Li-Fi using Plastic Optical Fibers (POF) and
Distributed MIMO”, accepted at Global Li-Fi Congress, 12-13 June, 2019.
Oussama Haddad, Ali Khalighi, Mouloud adel, Volker Jungnickel, “Channel Modeling and Multiple Access Solutions for
VLC-based WBAN Links”, Poster JDD 2018, France.
Oussama Haddad, Ali Khalighi, “Enabling Communication Technologies for Medical Wireless Body Area Networks”,
accepted at Global Li-Fi Congress, 12-13 June, 2019.
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