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Resumo

Esta dissertacdo apresenta a implementacdo de dois sistemas Power-over-Fiber (PoF)
para prover energia elétrica opticamente a duas arquiteturas de comunica¢des moveis,
sendo uma 5G e outra 6G. A primeira implementacdo baseia-se no uso de um sistema
de radio sobre fibra (Radio over Fiber ou RoF) com o padrao 5G New Radio (5G NR)
em conjunto com PoF para ambientes industriais. O sinal 5G NR centrado em 3,5 GHz
com 100 MHz de largura de faixa € transmitido ao longo de um enlace de fibra 6ptica
monomodo (SMF) de 20 km. Em relacdo ao sistema PoF, uma poténcia 6ptica de 5 W
¢ transmitida por meio de uma fibra éptica multimodo convencional (MMF) de 100 m,
com diametro do niucleo de 62,5 pum, visando prover energia para um moédulo RoF.
Obtém-se uma eficiéncia de transmissdo de energia (Power Transmission Efficiency
ou PTE) de aproximadamente 19% e analisa-se o desempenho do sistema 5G NR uti-
lizando a métrica EVMRyis (Root MEan Square Error Vector Magnitue). Alcanca-se
uma vazao de 600 Mbps sem degradacao significativa de desempenho em comparagao
ao sistema RoF alimentado convencionalmente, demonstrando a aplicabilidade e o po-
tencial da técnica PoF para comunicacgdes industriais baseadas em 5G NR. A segunda
implementagdo € concernente a sistemas hibridos de comunicacao por luz visivel (Vis-
ible Light Communication ou VLC) e Fiber-Wireless (FiWi1) alimentados opticamente
voltados para redes 6G internas. O sistema PoF é capaz de energizar dois dispositivos,
um moédulo RoF, que contém um fotodetector e um amplificador de RF, e um laser VLC
vermelho. Uma fibra MMF convencional de 500 m € utilizada para transportar uma
poténcia optica de 8,1 W, alcangando aproximadamente 1,06 W de poténcia elétrica e
uma PTE de 14%. J4 o sinal 5G NR gerado € transportado ao longo de um fronthaul
de 10 km de fibra SMF, utilizando tecnologia RoF, antes de ser radiado por uma rede
acesso hibrida com RF e luz visivel. Demonstra-se uma vazdo 1,2 Gbps no sistema
VLC usando um sinal 5G NR com largura de faixa de 200 MHz e 64 QAM (Quadra-
ture Amplitude Modulation), resultando em aproximadamente 4,02% de EVMgys. Por
fim, mais uma comparacdo entre o sistema PoF e a alimentacao elétrica convencional
¢ realizada, validando o desempenho do sistema PoF e sua aplicabilidade para redes
5G/6G internas.

Palavras-Chave: 5G, 6G, comunicagdo por luz visivel, fibra multimodo, power-over-
fiber e radio sobre fibra.
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Abstract

This dissertation presents the implementation of two power-over-fiber (PoF) system:s,
aiming to optically feed two different architectures of 5G/6G networks. The first
implementation is regarding the deployment of a radio-over-fiber (RoF)-based 5G
New Radio (NR) system in conjunction with PoF for industrial environments. A
100 MHz bandwidth 5G NR signal centered at 3.5-GHz is transmitted throughout a
20-km single-mode optical fiber (SMF) link. Regarding the PoF system, a 5-W optical
power is transmitted through a 100-m conventional multimode optical fiber (MMF)
link with 62.5 pym core diameter, with the purpose of powering an RoF module. It
achieves a PoF system power transmission efficiency (PTE) of around 19% and the
5G NR system performance is evaluated as a function of the root mean square er-
ror vector magnitude (EVMgys). A throughput of 600 Mbps is achieved with no
performance degradation when compared to a conventional electrically-powered RoF
system, demonstrating the applicability and potential of the PoF technique for 5G
NR-based industrial communications. The second implementation relies on a hybrid
optically-powered visible light communication (VLC) and fiber-wireless (FiWi) sys-
tems towards 6G indoor applications. The proposed PoF system is able to energize two
loads, a RoF module, which contains a photodetector and an RF amplifier, and a VLC
red laser. A 500 m conventional MMF link is used to transport 8.1 W optical power,
obtaining approximately 1.06 W electrical power and a PTE of 14%. Regarding the
communication link, a 5G NR signal is transmitted throughout a 10-km SMF fronthaul
based on RoF technology, before being radiated in a hybrid access networks based on
RF and VLC links. It is demonstrated a 1.2 Gbps throughput in the VLC link using
a 5G NR signal with 200-MHz bandwidth and 64 quadrature amplitude modulation
(QAM), resulting in approximately 4.02% EVMgys. Finally, another comparison be-
tween the PoF system and a conventional power supply is performed, validating the
PoF system applicability for the 5G/6G indoor networks.

Keywords: 5G, 6G, multimode fiber, power-over-fiber, radio-over-fiber and visible
light communication.
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Chapter 1

Introduction

1.1 Contextualization and Motivation

The increasing request for higher data rates, lower latency, higher reliability and
energy efficiency, motivated the rapid advance in mobile communications technolo-
gies over the years. In this context, the fifth generation of mobile networks (5G) has
been developed and commercialized worldwide as a rupture in the paradigm in rela-
tion to the previous generations, covering three application scenarios: enhanced mobile
broadband (eMBB), reaching data rates up to 20 Gb/s in downlink; ultra-reliable and
low latency communications (URLLC), providing latency lower than 1 ms; massive
machine-type communication (mMTC), handling with up to 10 devices/km?* [1-5].
At the same time, the sixth generation of mobile networks (6G) is already under study,
envisaging the application scenarios and also the key features, such as high security
and privacy, low energy consumption, and extremely large bandwidth compared with
5G [6-8]. Figure 1.1 reports the main key performance indicators (KPI) and also the
use cases expected for the future 6G networks.

In order to achieve the 5G and 6G requirements, multiple techniques and technolo-
gies emerge with great potential to be implemented in mobile networks. Particularly,
the radio over fiber (RoF) technique, which consists of transmitting radio frequency
(RF) signals by means of an optical fiber. RoF is an essential technology due to the
high bandwidth available, enabling the transmission of high data rates, in addition to
a lower attenuation than the coaxial cables, reaching longer distances or allowing to
reduce the required transmission power of the system [10-13]. Aiming to simplify the
base station (BS) and reduce it is energy consumption, analog radio over fiber (A-RoF),
which transmits the RF signals already in the interest frequency throughout the optical-

fiber link, might be implemented in the 6G transport network, by applying centralized

1
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Figure 1.1: KPI and use cases for the future 6G networks. Adapted from [9].

radio access network (C-RAN) architecture for the mobile network infrastructure [14].
The C-RAN architecture consists in centralizing all the baseband processed signals at
the central office (CO) [15]. By using A-RoF in an optical fronthaul in order to connect
the CO to the BS, some costs are eliminated in the BS, such as digital-to-analog (DA)
conversions and frequency upconversion for the downlink and analog-to-digital (AD)

conversions and frequency downconversion for the uplink [16].

Regarding the access network, an RF wireless system is the more common approach
to attend to the plethora of users, which combined with an optical fronthaul com-
poses a fiber-wireless (FiWi) system. Nevertheless, other technologies have emerged
as an alternative to complement the conventional antennas. The visible light com-
munication (VLC) is a type of optical wireless communication (OWC) and appears
with great potential for the 6G networks by offering not only data transmission using
visible light, but also illumination for indoor environments, becoming an interesting
option to bring high throughput and security to users [17]. In addition to these ad-
vantages, VLC operates in an unlicensed spectrum, providing a larger bandwidth than
the millimeter-wave (mmWave), and also has interference immunity to the RF signals

present in the environment [18, 19]. However, due to the interference caused by solar
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radiation, this technology is more suitable for indoor applications and indicated for
environments sensitive to electromagnetic waves, such as hospitals, industry, and air-
planes [17,20]. Nevertheless, VLC is also implemented in outdoor scenarios such as
vehicle-to-vehicle (V2V), road-to-vehicle (R2V), and even building-to-building (B2B)
communications [21], by using some techniques as a machine learning-based adap-
tive filter [22], a differential filtering-based receiver [23], and a bandpass optical blue

filter [24], in order to mitigate the problems due the sunlight interference.

With regards to power distribution, certain technologies enable the transportation
of data and power through the same medium. Power line communications (PLC)
utilizes existing copper power lines to embed data, thereby providing both electric
energy and communication simultaneously. Designed for the last mile,” PLC has
some limitations, such as noise and attenuation, which increase with carrier frequency,
thus restricting bandwidth and throughput [25, 26]. Another technology, known as
power-over-ethernet (PoE), has emerged as a highly effective low-cost solution for en-
abling data and power transmission through a single Ethernet cable [27]. With the
IEEE 802.3bt standard, PoE can deliver up to 99 W, limited to distances less than
100 m [28,29].

In this context, power-over-fiber (PoF) technology could be considered a promis-
ing approach to optically power 5SG/6G networks, including femtocells operating in
mmWave. PoF consists of transmitting high optical power levels (order of tens of
Watts) through fiber-optics links, with the purpose of feeding low-power consumption
components generally from remote areas and/or hazardous environments. In general
terms, a PoF system comprises a high-power laser diode (HPLD), which provides high
optical power to the system, an optical fiber, and a photovoltaic power converter (PPC),
which converts the optical power to electrical power. PoF system has several advan-
tages over the use of cooper wires, such as low loss (reaching longer distances than
PLC and PoE), electromagnetic interference immunity, low weight, and galvanic iso-
lation [30]. These characteristics make the PoF an excellent solution to supply compo-
nents placed in mines, factories, underwater conditions, and other harsh environments.
Figure 1.2 reports a generic PoF system and also a scenario of an optically-powered
5G/6G network applied to an industrial environment. This application scenario be-
comes interesting for PoF since one of the challenges in an industrial environment is
the electromagnetic interference and also, depending on the type of manufacturing,
there may be flammable gases in the air. Therefore, the use of copper wires to supply
electrical power to devices could not be the best solution on the factory floor [31]. In
this context, PoF systems have been showing a huge potential to complement the use

of cooper wires, due to all the advantages of an optical fiber [32]. However, there are
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4 1.2. Literature Review Chapter 1

challenges to improving the feasibility of a PoF system. For example, the conversion
efficiency of a commercial PPC is still low, providing values around 24% with a max-
imum input power of 10 W [33]. Consequently, this process needs to be enhanced in

order to improve the total efficiency of the system.

_________ NEEE~ % R
Bl iy
Optical Fiber -

DC Source HPLD PPC

FemtoCell
oo . | ROF-5G/6G VLC link
[ RoFTX | m—) / /

(0 T R

SMF
Optical )
Fiber

Power

Factory Floor

Data Center /

(b) Optically-powered C-RAN and RoF-based 5G/6G network applied to industrial
environment.

Figure 1.2: PoF system and application scenario.

1.2 Literature Review

Works in the literature have applied PoF in different scenarios with distinct types
of optical fiber. The main optical fibers used in PoF systems are the single-mode fiber
(SMF), multimode optical fiber (MMF), double-clad optical fiber (DCF), and multi-
core optical fiber (MCF). All these fiber structures are presented in Figure 1.3. For
instance, in [34], the authors have implemented a PoF system using SMF to transmit

power and data together, aiming for 5G network and Internet of Things (IoT) appli-

e @ i

Single-mode fiber Multimode fiber Double-clad fiber 7-core Multicore fiber

Figure 1.3: Potential optical fibers to be used in PoF systems.
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Chapter 1 1.2. Literature Review 5

cations. A 2 W optical power centered at 1480 nm was transmitted with a 5G New
Radio (NR) signal over 10 km of a SMF, obtaining 870 mW at the end of the demul-
tiplexer. In [35] was reported a co-transmission of 10 W optical power with a 5G NR
signal throughout a 1 km SMF link, collecting 7.18 W of optical power at the end of
the system. In [36], the authors have implemented a 14.43-km SMF link to transmit a
2.24-W optical power signal. Approximately 200 mW of electrical power was deliv-
ered, obtaining of 10% of power transmission efficiency (PTE). Moreover, PoF system
using MMF is presented in [37—42]. In particular, our research group [37] have used
100 m MMF with 100 pm of core diameter in a dedicated link to transmit 2.2 W opti-
cal power in order to feed a RoF module applied in an SMF based-5G NR system. A
dedicated 300 m MMF link with 200 pm of core diameter was used to transmit 1.5 W
in [38]. 360 mW was obtained after the optical-to-electrical (OE) conversion, which
was used to feed a proximity sensor for hazardous environment applications. In [39],
a 4 km MMF link with 62.5 ym of core diameter was used in a shared scenario, by
transmitting 10 W optical power and a 5G NR signal in the same MMF link. The
center-launching and offset-launching techniques were used in order to mitigate the
modal dispersion and crosstalk interference for the co-transmission, collecting 6 W of
output optical power. Meanwhile, in [40], a 300 m MMF with 62.5 pm of core diame-
ter was implemented to transmit 250 mw optical power, in order to feed a short-range
remote unit. In [41], the authors presented a PoF system using a 100-m MMF with a
100-pm core diameter, transmitting 5 W of optical power, aiming at Industrial Internet
of Things (IIoT) applications. A PoF system transmitting 1.5-W optical power through
a 300-m MMF with 200-xm core diameter was reported in [42], aiming to supply smart
remote nodes. In [43], a single 100 m-MMF has been implemented in order to transmit
three types of signal (digital, RF, and power). As a result, an root mean square error
vector magnitude (EVMpgyis) around 2% and a PTE of approximately 6% was achieved
with this configuration. Whereas, in [44], a PoF-based system designed to power loT
sensors (temperature and humidity) using 300 m of MMF has been demonstrated. As a
result, the authors achieved 279 mW of delivered electrical power with an efficiency of
16.5%. In [45], a 62.5 um MMF-based PoF for voltage, current, and temperature mea-
surements in medium voltage distribution networks was employed, reaching 80 mW

of electrical power, which was used to power a laser, electronic circuits, and sensors.

There are works that have explored special optical fibers as the DCF [46-49] and
also the MCF [50-52], aiming for application in a shared scenario-based PoF system:s,
1.e., power and data transmission using a same fiber. In [46], 150 W optical power
provided by 4 HPLD was injected in the inner clad of a 1 km DCF link and data
was simultaneously transmitted in the 8 pm core. At the output of the six PPCs, was

Inatel



6 1.2. Literature Review Chapter 1

obtained 7.08 W. The same authors, in [47], have used 2-W HPLDs and high-power
photodetectors resulting in over 400 mW of delivered electrical power, whereas in [48],
60 W optical power was transmitted, obtaining 26 W output optical power. A DCF was
also used in [49], in which a bidirectional communication system was carried out by
transmitting data in the 9 um core and 4 W optical power in the inner clad, collect-
ing 400 mW at the output of the two PPCs. In [50], 60 W optical power provided by
six HPLDs was co-transmitted with a 5G NR signal in a 1 km MCEF link. By using
six PPCs at the end of the PoF system, the authors achieved approximately 11.9 W.
Whereas in [51], the authors reported a PoF-based SG NR network employing RoF
technology and a MCF link. A main board, basically composed of a microcontroller,
was powered by the PoF system. An optically-powered RoF system employing a MCF
link has been proposed [52]. A 12-gigabits per second (Gbps) signal with a central
frequency of 92 GHz was simultaneously transmitted with a 0.8-W optical power sig-
nal to feed a photodetector and an RF amplifier, aiming at 5G applications. As a result
of experimental measurements, a EVMpgys of approximately 14% was obtained with a

modulation order of 16-quadrature amplitude modulation (QAM).

Table 1.1 presents a comparison between this work with the state-of-the-art on PoF
system. One may notice that for each application, the fiber type is a critical choice.
The DCF and MCEF are interesting options due to the possibility of transmission of
data and high values of power in the same fiber. However, as a special fiber, it has a
high cost and low availability. The SMF is a suitable option to use the infrastructure
already installed and transmitting power along with data, although the small core lim-
its the maximum optical power that is possible to transmit. The MMF are also widely
used for low-distance communication and have a larger core area than the SMF, al-
lowing to deliver higher optical powers. Nevertheless, is necessary some techniques to
transmit high data rates for long distances. The core diameter of the MMF has some
variations of size. Although, the larger the core diameter greater the maximum opti-
cal power delivered in the PoF system, the 100, 105, or even 200 ym MMF are not
conventional fibers. In contrast, the 62.5 ym MMF is a standardized, conventional,
and broadly commercialized fiber, having installed infrastructure in communication

systems. Therefore, the use of this type of fiber in PoF system becomes very attractive.

One can also note that most of the works have not applied the PoF system to feed a
component or device, as in [46] and [49] that only measures the electrical power at the
PPC output, or in [34] and [35], which only transmitted the optical power, without any
OE conversion. Another potential of this work is the use of the 62.5 ym conventional
MMF for the optical power transmission in order to power devices located at the mobile

access network.
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Table 1.1: State-of-the-art on PoF system
Year/ PoF application/ Fiber type Electrical PPC Wireless
Reference Powered device Power transmitted/ (core/clad)/ output efficiency/ communication
HPLD wavelength length(m) power (W) | PTE (%) | standard/Reach(m)
Transmitting simultaneously
power and data in a same SMEF(8.2/125 pm)/ } . 5G NR/
202171351 None SMF fiber/ 1000 not applicable
10 W/1064.8 nm
Transmitting simultaneously
power and data in a same
2021/ [34] None SMEF fiber SMF(8.2/125 pum)/ . - 3G NR/
L - 10000 0.7
aiming for IoT applications/
2 W/1480 nm
Transmitting simultaneously
power and data in a same DCF(8/125 pim)/ IEEE 802.11a/
20207 146] None DCEF fiber/ 1000 7.08 247484 not applicable
150 W/808 nm
Transmitting simultaneously
power and data in a same DCF(9/105 pm)/ . IEEE 802.11g/
2015/149] None DCEF fiber/ 100 04 28.6/10 not applicable
4 W/830 nm
Transmitting simultaneously
power and data in a same MCEF(9/150 um)/ 5G NR/
20221501 None MCF fiber/ 1000 - i not applicable
60 W/1064.8 nm
RoF module Feeding a RoF module in
2022/[37] | (photodetector and a a 5G NR network/ MMF(IOI%’(;“O o516 30/23.5 SGII(\)IR/
electrical amplifier) 2.2 W/975 nm
Feeding a proximity sensor
2018/[38] | Proximity sensor for hazard environment | MMF(200/500 um)/ 0.36 521245 not applicable
applications/ 300
1.5 W/808 nm
Transmitting simultaneously
power and data in a same | MMF(62.5/125 pm)/ ) ) IEEE standard/
2018/139] None MMEF fiber/ 4000 not applicable
10 W/1550 nm
Short range Feeding a short range
2008/ [40] rem‘l’ltet‘)‘g‘t t(l‘fer‘ remote unit/ MMF(&%Q 2 g 50/40* lf]fE 8(1)12',];13/
photodectot, 250 mW/834 nm ot applicable
electrical amplifier)
Feeding a RoF module,
RoF module R .
Paper 1 (photodetector and auming mdus'ma'l MMEF(62.5/125 i)/ 0.87 23.75/19 56 NR/
an electrical amplifier) 5G NR communications/ 100 not applicable
! Pl 5 W/808 nm
VLC laser and Feeding a RoF module and
’ a RoF module VLC laser, aiming indoor | MMF(62.5/125 pum)/ 5G NR/
Paper 3 (photodetector and 5G NR communications/ 500 1.06 237514 3

an electrical amplifier)

8.1 W/808 nm

*The presented value was calculated from the corresponding reference.

1.3 Research Contributions

The main contributions of this work are listed below:

* The use of the conventional MMF with 62.5-um core diameter to transmit 5 W

of optical power in a PoF system, aiming to feed a RoF receiver in a 5G NR

network applied to an industrial environment.

* An experimental implementation of an optically-powered VLC and RoF-based

5G NR system with dual-access networks utilizing a 62.5 pm conventional MMF

capable of feeding two different devices, a RoF module and a VLC red laser,

from a remote site, using a unique PPC.

* Application of a PoF system in a 5G network with simultaneous RF and VLC
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8 1.4. Dissertation Outline Chapter 1

data links.

1.4 Dissertation Outline

This dissertation is structured in four chapters. Chapter 2 is concerning the technical
background of the two main technologies exploited in this work, namely: PoF and
VLC. First, it is presented a detailed description of Power over Fiber systems, including
its main components. Moreover, the VLC technology concept, features, scenarios and
main properties is described. In Chapter 3, the main scientific papers resultant from
this work are reported. Finally, the conclusions and future works are addressed in
Chapter 4.
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Chapter 2
Technical Background

T HIS chapter presents a technical background on the PoF and VLC technologies,
including the characterization of the main components of the implemented PoF
and VLC-based 5G and 6G networks.

2.1 Power-over-Fiber System

2.1.1 High-Power Laser Diode

The HPLD is an optical source based on semiconductor material capable of gener-
ating a high level of optical power, on the order of units to tens of watts, and is a very
common option to be used in PoF systems [53]. Semiconductor lasers can provide
high optical power levels with higher electrical-to-optical (EO) conversion efficiency
(above 50%) and smaller sizes, when compared with other laser types, such as the gas
laser [54-56]. Moreover, in PoF systems, the HPLD comprises mostly a pigtail in the
output. The fiber type of the pigtail needs to match the optical fiber that will be used
for the light transmission, which can be connected by splicing or connectors. This is a
critical moment, since a mismatch between the core diameter of the fibers, will result

in an optical power loss, which can be dangerous for PoF applications.

The operating wavelength of a semiconductor laser is based on the material com-
position. For instance, inside of an Erbium-doped fiber amplifier (EDFA), there is a
pumping laser that operates at 980 nm and is based on Indium Gallium Arsenide (In-
GaAs). Lasers used in optical communications operate mainly in 1550 nm, and their
material is typically the Indium Gallium Arsenide Phosphide (GalnAsP) [57]. In this
work, we have used a 12 W- HPLD, model TY80812WO0I, that operates at 808 nm,

with 4 nm of linewidth, and has the Gallium Arsenide (GaAs) as the composition mate-

9



10 2.1. Power-over-Fiber System Chapter 2

rial [57]. Figure 2.1 reports the experimental characterization of our HPLD. One may
notice the threshold current is about 0.75 A with a voltage level of approximately 4.9 V.
From this point onward, the optical power tends toward a linear behavior, accompanied

by an increasing EO conversion efficiency.
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Figure 2.1: 12 W- HPLD output power and voltage as a function of the current.

Our HPLD has an efficiency of 45%, which indicates the laser needs nearly 2.2 W-
electrical power to provide 1 W- optical power at its fiber pigtail. Among the factors
that have an impact on the conversion efficiency of the HPLD laser, we can cite the
temperature variation. Since the laser is based on semiconductor material, the temper-
ature increase can raise the electric resistivity due to the thermal agitation of the elec-
trons. Consequently, the electric current, and thus the electrical power of the laser, also
increases, leading to a reduction in efficiency [58,59]. Temperature can also change
the wavelength of the laser, approximately 0.3 nm/°C for our laser. In this context, we
have configured a thermoelectric cooler (TEC), model TED200C, based on the Peltier
effect and a temperature controller, in order to cool the HPLD and guarantee a stable
efficiency. A photograph of our HPLD setup with the TEC may be seen in Figure 2.2.

2.1.2 Optical Fiber

The optical fiber is the main component for making the use of PoF technique feasi-
ble, due to its inherent characteristics, such as electromagnetic interference immunity,
galvanic isolation between source and load, noncorrosive material, lightweight, and

lower attenuation when compared to copper wires [60]. In PoF systems, the attenua-
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Figure 2.2: Photograph of the 12 W- HPLD setup.

tion of the optical fiber must be always verified before inserting a fiber spool into the
system. The attenuation of a signal propagating in a certain material depends on the
frequency of wavelength of this signal. Typically, a silica-based fiber has a minimum
attenuation of around 0.25 dB/km nearly in the 1550 nm band. On the other hand, the
HPLD operates between 800-1000 nm, and the optical fiber attenuation has a higher
value in this window, approximately 2 to 3 dB/km [61]. In this context, to power
a component that needs 5 W electrical power for proper operation, an HPLD would
need to launch 10 W optical power into the fiber of 1 km link length, considering
3 dB/km of fiber attenuation, 100% of OE conversion efficiency, and not considering

the connectors, adaptors, and splice losses.

Another important parameter regarding optical fibers is the threshold power that
is allowed to transmit in a fiber without damaging it. From empirical analysis, it is
possible to consider that silica-based optical fibers have a maximum power density of
one to several MW/cm? [38,62]. The threshold power (P,,) that can be launched in an
optical fiber can be determined by [38]

doca \ 2
Pp=Aglp =7 (de> Iy 2.1)

where A is the effective cross-sectional area of the propagating wave, Iy, is the
threshold power density, and d,,¢ is the fiber mode field diameter (MFD). Analyz-
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12 2.1. Power-over-Fiber System Chapter 2

ing Equation 2.1, it can be noticed that the larger the core, the greater the maximum
power allowed to be transmitted in an optical fiber without any damage. For example,
considering 2.5 MW/cm? of maximum power density [38], the threshold power in a
9 pum-SMF for 1550 nm, and a 62.5 ym MMF for 808 nm, are 1.38 and 32.83 W, re-
spectively. For these calculations, the effective area of the MMF was obtained by [63]

Aer = mw* = 7[r(0.65 + 1.659V 1" + 2.879V %) (2.2)

where w is the core effective radius, r is the fiber core radius, and V' is the V number
of the fiber, which can be determined by [63]

B 2mrN A
N A

(2.3)

where N A is the fiber numerical aperture and \ is the wavelength.

Due to the high optical power level launched into the optical fiber, some nonlinear
effects must be taken into consideration. Among them, we can highlight the stimu-
lated Raman scattering (SRS) and stimulated Brillouin scattering (SBS) [64]. SRS is
the interaction between incident photons from a light source and the molecules of the
optical fiber. During this process, molecules absorb energy from the photons, resulting
in a decrease in the photon energy and, consequently, an increase in wavelength, mak-
ing them longer than when initially incident into the optical fiber [61]. Therefore, the

threshold power to the SRS appears (Psgrs) is given by [62]

IR Lett

SRS (2.4)

where gg is the Raman gain coefficient, around 5 x 10~!* for non-polarized light, and
L 1s the effective fiber length, which can be obtained by [62]

1 —e b
Leg = ——— (2.5)
o

where « is the fiber attenuation and L is the fiber length.

In contrast, the SBS occurs when high optical power levels generate an acoustic
wave in the fiber, leading to fluctuations in the refractive index. These variations cause
photons to scatter back towards the light source with a different wavelength, resulting
in a subsequent reduction in signal power [61]. The SBS threshold power (Fsgs) is
defined as [61].
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21AC b A source
Psps = il <1 -+ v ) (2.6)

where b is the polarization factor that lies between 1 and 2, gy, is the Brillouin gain
coefficient which is approximately 4 x 107!, Avgyree 18 the optical source linewidth,

and Auw, is the linewidth of the scattered optical signal due to the Brillouin effect
(35 MHz) [61,62].

To evaluate the threshold value of SBS and SRS, we performed a simulation using
Equations 2.4 and 2.6, considering the 12-W HPLD and the 62.5 ym core diameter
MMEF. Figure 2.3 presents the threshold of both effects as a function of the link length.
One may notice that the threshold for SBS is nearly 200 times higher than that for SRS,
at least up to a link length of 10 km. For distances greater than 3 km, SBS and SRS
will occur around 50 and 0.25 KW of optical power, respectively. Since our HPLD has
a maximum power of 12 W, this level of power is insufficient for these effects to occur
and impact the PoF functionality.
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Figure 2.3: Brillouin and Raman thresholds as a function of the link distance for our 12 W-
HPLD and 62.5 pum fiber.

Regarding the experimental characterizations, we used the conventional MMF with
62.5 pm of core diameter and different link lengths (from 100 up to 1000 m). In
addition, we utilized the optical power transmission efficiency (OPTE), which is a
metric that indicates the ratio between the optical power collected from the fiber output
and the optical power in the HPLD output [65]. This metric is important to evaluate the
total optical power loss, which includes the fiber attenuation and the loss in connectors,
adaptors, and splice. Consequently, through this analysis, the feasibility of each fiber
link length implementation was evaluated. Table 2.1 reports the OPTE values of 100,
200, 500, and 1000 m of fiber link lengths. From these results, we have chosen the

500 m link, since it is the maximum distance we can achieve due to the maximum
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power of the HPLD and the required power of the target load. The load characteristics
will be further discussed. The OPTE curve for 500 m link length as a function of
the optical input power might be seen in Figure 2.4. One may notice the maximum
optical output power is approximately 7 W, which would be entering the PPC, with
approximately 60% of OPTE. Another important observation is about the lower OPTE
values for input power up to 3 W. Initially, this behavior was attributed to the low
efficiency of the HPLD at lower levels of optical power. However, since the OPTE
does not account for the HPLD efficiency, this analysis was discarded. Currently, this
phenomenon is under investigation to discover the reason for these low OPTE values

observed for optical powers below 4 W.

Table 2.1: OPTE as a function of the link length.

Link length (m) | OPTE
100 84.89%
200 80.62%
500 58.67%
1000 41.95%
12 T T T T T T T T T T T 70
104 N e
E - - 50
v 8 L
§_ l/._ 0 g
1 A
S — F30 &
T 4- e
8— I/I<. s 20
¢ . -
27 ] /-/ L 10
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0 e T T T T T T T T T T T 0
0 2 4 6 8 10 12

Optica input power (W)
Figure 2.4: Optical power transmission efficiency for 500 m link length.

2.1.3 Photovoltaic Power Converter

The PPC is responsible for performing the OE conversion and is a critical com-
ponent in PoF systems. The PPC comprises solar cells, similar to the solar panels,
which receive energy from photons to generate free electrons, according to the pho-
tovoltaic effect. To maximize the efficiency, the PPC must be compact to match the
beam diameter output of the fiber end-face [66]. Furthermore, for comparison, the

PPC demonstrates notably higher conversion efficiency than conventional solar pan-
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els. This may be attributed to it is design, optimized for a specific wavelength range of

laser operation, unlike solar panels that receive broadband solar radiation [67].

The main parameters of a PPC when inserted in a PoF system are the conversion
efficiency, wavelength range, and maximum input power. These parameters are asso-
ciated mostly with its composition material. For example, with a range of efficiency
from 15 to 60%, the most common materials are Silicon (S1), GaAs, InGaAs, and Gal-
lium Antimonide (GaSb) [68, 69]. Table 2.2 reports two commercial PPCs with their
respective material, maximum input power, optimum wavelength, and efficiency [33].
One may notice that, although GaAs has a higher efficiency than Si, the Si-based PPC
enables the achievement of an electrical output power of approximately 2.4 W, whereas
the GaAs-based PPC provides around 0.825 W.

Table 2.2: Parameters of two available commercial PPCs [33].

Device Maximum Conversion Optimum
(material) | input power (W) | efficiency (%) | wavelength (nm)
Si 10 24 900-980

GaAs 1.5 55 800-850

In this work, it was utilized a Si-based PPC, model YCH-H6424-15-SM-B, which
supports up to 20 W. A photograph of the PPC may be observed in Figure 2.5. A
DC/DC converter, model DDH1800, was inserted at the PPC output to adjust the volt-
age level for the load. An evaluation of conversion efficiency and electric output power
was experimentally performed, as is reported in Figure 2.6a. The maximum obtained

electrical power was around 5 W for an optical input power of 20 W and 980 nm,

Heat sink

DC/DC
converter

Figure 2.5: Photograph of the 20 W-PPC with a DC/DC converter coupled at the output.
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achieving nearly 25% conversion efficiency. Another experimental characterization
involved obtaining the I'V-curve, which illustrates the relationship between voltage and
current levels at the PPC output. This IV-curve is presented in Figure 2.6b. One may
notice that the PPC provides a maximum current level of approximately 0.3 A, for an
optical input power of 20 W. When the circuit is open, the voltage level is nearly 22 V.
It is important to emphasize that for each optical input power, there is an optimum load
to achieve the best conversion efficiency, i.e., the maximum power point (MPP) [70].
In order to control the variation in the resistive load, it was used a system DC electronic
load, model 6063B, from HP.
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(a) Conversion efficiency and electrical output
power of the PPC as a function of the 980 nm-
optical input power.

(b) PPC characterizations of current as a function
of terminal voltage level for 5, 10, and 20 W optical
input powers.

Figure 2.6: 20 W-PPC characterizations.

Since our HPLD provides optical power at 808 nm, out of the optimum wavelength
range of silicon, the PPC was not performed at its best efficiency. Therefore, an experi-
mental comparison between two HPLDs with different operating wavelengths, 980 nm
and 808 nm, was carried out to evaluate the PPC efficiency drop. Table 2.3 reports the
conversion efficiency for 2, 5, and 10 W optical power for both HPLDs. As expected,
the PPC has a reduction in the efficiency at 808 nm with a maximum drop of 10.5%

for 2W optical power.

Another important metric to evaluate the performance of a PoF system is the PTE,

Table 2.3: Comparison of PPC conversion efficiency as a function of wavelength

- Laser wavelength

Optical input power (W) | 980 nm | 808 nm
2 29% 18.5%
5 26.6% | 22.1%
10 27% 19.1%
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which describes the ratio between the electrical output power obtained from the PPC
and the optical power provided by the HPLD [66]. An experimental test, similar to
the OPTE, was carried out to obtain the PTE values for different link lengths, as is
presented in Table 2.4. Due to the required electrical power at the PPC output, the
500 m link was utilized, and, the PTE and the electrical output power curves as a
function of the optical input power were obtained, as is reported in Figure 2.7. It can
be observed the maximum electrical power is approximately 1.75 W for 12 W optical
power, with a PTE mean value of nearly 13.75%. Moreover, as expected, the same
behavior of OPTE values for optical input power below 4 W is observed in the PTE

curve, since the electrical output power depends on the optical power at the fiber end.

Table 2.4: PTE as a function of the link length

Link length (m) PTE
100 19.11%
200 18.57%
500 13.75%
1000 8.93%
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Figure 2.7: Power transmission efficiency for 500 m link length.

2.2 Visible Light Communication System

The VLC operates in the spectrum range from 400 to 700 nm, basically comprising
a transmitter, light-emitting diode (LED) or light amplification by stimulated emission
of radiation (laser), and a photodetector as a receiver [71]. Lasers offers a larger band-
width and a higher spectral and spatial coherence than LEDs, enabling it to reach
longer distances at higher data rates [72]. However, LEDs enables coverage of a

broader area and might be applied in a multipoint topology [73]. Figure 2.8 presents
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an application scenario for the VLC technology, where LED lamps are used not only

to illuminate the room but also to provide communication.

Figure 2.8: Application scenario of VLC technology.

In this work, the transmitter of our VLC setup was composed of a red laser-diode-
mount device, which has a bias tee (BT) and a thermoelectric actuator. In addition,
a TEC set at 25°C was used to guarantee stable optical power, and, a 20 mA electric
current for the laser operation was supplied by the PoF system. On the receiver side, an
achromatic lens was used to focal the beam into the photodetector input. The schematic

setup might be observed in Figure 2.9.
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Figure 2.9: Schematic setup of the implemented VLC system.

The VLC with only one color was used as proof of concept in using a PoF system
to feed an OWC as an access network. Moreover, the reason for using the red laser was
based on the PIN photodetector (model EOT 2030) responsivity and the frequency re-
sponse of the lasers (red, green and blue). According to the photodetector responsivity,
presented in Figure 2.10, there is a peak of 0.5 A/W at approximately 800 nm. Conse-
quently, the red laser, which operates at 650 nm, has a better response than the green
(520 nm) and blue (450 nm) lasers. Regarding the frequency response of the lasers, a
frequency sweep from 10 MHz to 1 GHz was configured, in order to analyze the laser

behavior in this frequency range. Figure 2.11 reports the three characterizations, where
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Figure 2.10: EOT 2030-photodetector responsivity.

the red laser magnitude predominates for almost all the frequency range. The choice of
the signal central frequency to modulate the VLC carrier was also based on the 5G NR
frequency range 1 (FR1), which starts from 410 MHz, according to the 3™ Generation
Partnership Project (3GPP) Release 18 [74]. Therefore, different central frequencies
from 410 to 650 MHz were evaluated, and through experimental tests, the frequency

of 650 MHz obtained the best performance and it was chosen for the experiments.
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Figure 2.11: Frequency response of the red, green, and blue laser.
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2.3 Power-over-Fiber System Applied to 5G/6G Networks

This Section reports the highlights of the two implemented PoF systems applied
to 5G/6G networks. The methodology and main results are presented in Paper 1 and

Paper 2 from Chapter 3.

2.3.1 Paper 1: “PoF System Using Standard 62.5-micron Multi-
mode Fiber for SG NR Industrial Applications”
In Paper 1 we have implemented an optically-powered RoF-based 5G NR system,

aiming to use PoF technique in an industrial environment. A photograph of the PoF

and RoF setups is presented in Figure 2.12.

- e

Figure 2.12: Photograph of the optically-powered RoF-based 5G NR system.

The highlights of Paper 1 are listed below:

* The PoF system comprised the following components: 12-W HPLD with TEC;
100 m 62.5 pm MMF; 20 W PPC; and finally a DC/DC converter.

* 5W optical power was transmitted, aiming to feed a RoF receiver in a RoF-based
5G NR network.

2.3.2 Paper 2: “Optically-Powered Hybrid VLC/FiWi System To-
wards 6G”

Paper 2 represents an evolution from the previous one, both in the communication
and in the PoF systems. A 5G network envisaged for indoor scenarios, was designed
using the RoF technique for the optical fronthaul, and two systems were simultane-

ously implemented for a dual access network: an RF wireless and a VLC link. The
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PoF system was configured to feed simultaneously two components at the remote site,
the RoF receiver and the VLC laser, using a unique PPC. The full setup might be

observed in Figure 2.13.

POF system

, Transmitter antenna |
\ \

(b) Receiver setup.

Figure 2.13: Photograph of the optically-powered hybrid VLC/FiWi system towards 6G.

The highlights of Paper 2 are listed below:

* The implemented PoF system comprised the same HPLD from the previous
work, but in this case, it was set to transmit 8.1 W throughout 500 m of 62.5 ym
MMF link. In the output of the 20 W PPC, two DC/DC converters were set to

Inatel



22

2.3. Power-over-Fiber System Applied to 5G/6G Networks  Chapter 2

regulate the voltage level for each load.

The RoF receiver and VLC red laser were simultaneously fed using a unique
PPC.

Two electrical generators were used to generate the VLC and RF wireless sig-

nals.
Two power splitters were used to combine and divide both data signals.

The 5G NR access networks were composed of a 3m- VLC link using a red laser,

and also a 3m- RF wireless link.
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Chapter 3
Summary of Original Work

This Dissertation is based on a set of papers published or submitted for publica-
tion in peer-reviewed journals and conference proceedings. Those papers report the
main results of the implementations of PoF systems for optically feeding 5G and 6G
networks. The articles are reproduced in this Chapter, followed by complementary

discussion on each of them.
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Abstract—This paper presents an experimental implementa-
tion of a radio-over-fiber (RoF)-based 5G new radio (NR) system
and power-over-fiber (PoF) technique for industrial environ-
ments. The generated 3.5-GHz 5G NR signal is transmitted
throughout a 20-km single-mode optical fiber (SMF) link. Re-
garding the PoF system, a 5-W optical power is transmitted
by means of a 100-m standard multimode optical fiber (MMF)
link. A photovoltaic power converter (PPC) and a DC/DC
converter are employed to convert the power from the optical to
the electrical domain and adjust the voltage level, respectively,
aiming to power an RoF module. As a result, the PoF system
power transmission efficiency (PTE) is analyzed, reaching a
mean value of around 19%, and root mean square error vector
magnitude (EVMgums) performance investigation is conducted to
evaluate the 5G transmission. A throughput of 600 Mbps is
achieved with 100-MHz bandwidth and without performance
degradation when compared to the conventionally powered RoF
system, demonstrating the applicability and potential of the PoF
technique for SG NR-based industrial communications.

Index Terms—5G NR, Power-over-Fiber, Standard MMF.

I. INTRODUCTION

The fifth generation (5G) of mobile networks, standardized
as new radio (NR), has been implemented over three main ap-
plication scenarios: enhanced mobile broadband communica-
tion (eMBB); massive machine-type communication (mMTC);
ultra-reliable low-latency communications (URLLC) [1]. The
mMTC scenario, designed for offering low latency and sup-
porting a large number of connected devices and machines,
has become a key factor to Industry 4.0 [2]. One of the
main challenges in industrial communications is the harsh
environment, which is characterized by substantial electro-
magnetic interference. Therefore, the use of copper wires to
supply electrical power to devices could not be suitable on
the factory floor [3]. In this context, power-over-fiber (PoF)
systems have been showing a huge potential to overcome this
issue. The PoF technique consists in transmitting high optical
power by means of an optical fiber, in order to power devices
in remote locations. The advantages of optical fibers, such
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as electromagnetic interference immunity, galvanic isolation,
lightweight, and lower attenuation compared to copper wires,
make the PoF technique attractive for harsh areas in industrial
applications [4]. Fig. 1 presents the PoF and a 5G NR
transmission in an industrial environment. This scenario is
proposed over the centralized-radio access network (C-RAN)
architecture, which consists of concentrating all the signal
processing in a central office, reducing the power consumption
at the receiver side. Moreover, for the 5G NR system, the
radio-over-fiber (RoF) technique was employed to perform the
data transmission through an optical fiber link.

" Central Office

Factory Floor

A Data Center

Fig. 1. 5G NR transmission and PoF system in an industrial environment.

The PoF system typically employs three main compo-
nents: a high-power laser diode (HPLD); an optical fiber;
and a photovoltaic power converter (PPC). Several works
have investigated the PoF system in different scenarios, using
multimode optical fiber (MMF). For instance, the authors in
[5] presented a PoF system using a 100-m MMF with a
100-pm core diameter, transmitting 5 W of optical power,
aiming at Industrial Internet of Things (IloT) applications. In
[6], the authors demonstrated an RoF and PoF simultaneous
transmission in a single standard MMF with 62.5 pum core
size. By using the center-launching (CL) and offset-launching
(OL) techniques, the dispersion and feed light crosstalk were
effectively mitigated in the MMF. Consequently, 10 W of
optical power could be co-transmitted with an RoF signal
over a 4-km MMF link. Cardona et. al, transmitted 1.75 W



of optical power over 100 m of an MMF with 200-pum core
diameter, in order to supply low-power remote radio heads
(RRH) in 5G networks with sleep modes [7]. A PoF system
transmitting 1.5-W optical power through a 300-m MMF with
200-pm core diameter was reported in [8], aiming to supply
smart remote nodes.

This paper main contribution is the use of the standard MMF
with 62.5-um core diameter to transmit 5 W of optical power
in a PoF system, aiming to feed the RoF Rx in a 5G NR
network. To the best of our knowledge, we have employed
a standard MMF in a PoF-based 5G NR system applied to
industrial applications for the first time in the literature. The
manuscript is structured in four sections. Section II reports the
experimental implementation, describing all equipment used,
whereas Section III presents the obtained results from the
performance investigation of PoF and RoF systems. Finally,
in Section IV the final conclusions are presented.

II. POF- AND ROF-BASED 5G NR SYSTEM

In order to analyze and validate the PoF and RoF-based
5G NR system, an experimental setup was assembled. Fig. 2
presents the block diagram of the setup and all the equipment
used in the experiment. Regarding the 5G NR waveform
generation, an arbitrary waveform generator (AWG), model
MB8190A, from Keysight, was used. The generated baseband
signal was transmitted to a vector signal generator, model
E8267D PSG, also from Keysight, to upconvert the SG NR
signal frequency to 3.5 GHz. The RF signal was injected
into the RoF Tx module, model A13-Z101-D55-AS-SL, from
Optical Zonu Corporation, which has an electric amplifier
(EA) and a laser diode (LD). An 4-dBm optical carrier,
centered at 1550.06 nm, is generated by direct modulation and
transmitted through a 20-km single-mode optical fiber (SMF)
link. In order to convert the signal from the optical to the
electric domain an RoF Rx module was used, model A23-
Z101-00AS-S, also from Optical Zonu Corporation, which is
composed of a photodetector (PD) and an EA. Consequently,
a vector signal analyzer (VSA), model FSW, from Rohde &
Schwarz, was configured to demodulate the 5G NR signal.

R o

: PSG 20 km
SMF

= RoF module Tx

RoF module Rx

PD

! LD
@ | Q) A
Central office @

X

DC/DC
100m | converter
HPLD MMF

(e )

i--{ TEC &
\ Factory *’é‘

N

Fig. 2. Block diagram of the experimental setup.

Regarding the PoF system, a 12-W HPLD, model
TY80812WO01, operating at 808 nm was set to transmit 5 W

over the 62.5-um core diameter MMF. The 100-m MMF
link was coupled to the HPLD optical fiber output by means
of splicing since both fibers have the same core diameter.
The total PoF link attenuation was approximately 0.9 dB,
which includes the splice and MMF loss at 808 nm. We have
used a temperature controller (TEC) model TED200C, from
Thorlabs, to control the laser temperature and maintain the
system stability during all the experiments. The optical link
output was connected to a 20 W PPC, model YCH-H6424-15-
SM-B, from MH Go Power. Sequentially, a DC/DC converter
was employed at the PPC output to adjust the voltage level to
5V, which is required by the RoF Rx module.

III. EXPERIMENTAL RESULTS

According to the datasheet [9], the RoF Rx module operates
at a maximum electrical current supply of 160 mA. At 5-W
HPLD output optical power, the PPC, along with the DC/DC
converter, was capable of providing around 117 mA of electric
current and a voltage level of 5.15 V for the RoF module
connected as a load, which is sufficient to feed the RoF Rx.
Additionally, a multimeter was used to monitor the electric
current value during the experiment, as can be seen in the
experimental setup, reported in Fig. 3.

L=y

1’

module  SMF
Tx 20 Km

Fig. 3. Photograph of the experimental setup.

In order to analyze the PoF system efficiency, the optical
power provided by the HPLD was varied from 1 W up to
12 W. The delivered electric current and the voltage level
were measured for each optimal load by using a system DC
electronic load, model 6063B, from Hewlett Packard (HP).
Consequently, the electrical power was calculated to estimate
the power transmission efficiency (PTE) of the PoF system,
which describes the relation between the electrical power in
the PPC output and the input optical power of the system. This
parameter is illustrated in Fig. 4. As it might be observed in
Fig. 4, the PPC output electric power increases linearly with
the HPLD input optical power. The system losses comprise
optical fiber attenuation, fusion splicing loss, and PPC conver-
sion efficiency (around 23.75% at 808 nm). Moreover, it can
be observed that the PTE value of 19% is practically constant
for all measurements. This stability can be associated with the
temperature control in the HPLD, and also with a large heat
sink coupled in the PPC.

The performance metric used to evaluate the RoF 5G NR
system was the root mean square error vector magnitude
(EVMRums). In summary, the EVMgys indicates the mean
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Fig. 4. Output electric power and PTE as a function of the input optical power.

value of the difference between where is the received symbol
and its ideal location. Fig. 5 presents the EVMgys as a
function of the RF input power into the RoF Tx module and
also the EVMRgys limits standardized by the 3 Generation
Partnership Project (3GPP) Release 18 for each modulation
order [10]. In the AWG, the 5G NR signal was configured
with 50-MHz bandwidth and the modulation order was set to
quadrature phase shift keying (QPSK), 16 quadrature ampli-
tude modulation (QAM), 64 QAM, and 256 QAM. One can
note that, for RF power values higher than approximately -
33 dBm, all the analyzed modulation orders present EVMgums
below the 3GPP limits. Moreover, it is possible to observe
that the lowest EVMRrys is achieved at -17-dBm RF power,
i.e. best operation point, for all the modulation orders. On
the other hand, for RF power values higher than -14 dBm,
the EVMRys increases due to the RoF Tx EA saturation. The
EA operates in the nonlinear region, generating harmonics and
intermodulation products.
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Fig. 5. EVMRums as a function of the RF power.

We have performed a second PoF characterization to evalu-
ate the RoF performance dependence on the power supply, i.e.,
PoF-based power supply and using a conventional DC source
for powering the RoF Rx module. For this purpose, a 100-
MHz bandwidth 5G NR signal with 64 QAM modulation was
configured, reaching the maximum throughput of 600 Mbps.
Fig. 6 presents the comparison of EVMgys as a function of
RF power in the RoF Tx input, for both scenarios. One can
observe a high level of similarity between both approaches,
validating the proposed PoF system.
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Fig. 6. EVMRyms comparison between PoF system and conventional supply.

IV. CONCLUSIONS

The PoF technique was successfully implemented to power
an RoF Rx module in a 5G NR system. In this context,
5 W of optical power was transmitted over a 100-m standard
MMF link to a PPC, reaching around 19% of PTE. An
EVMgruMs performance analysis demonstrated the feasibility
of the proposed 5G NR system for a 50-MHz bandwidth
signal with different modulation orders. Finally, a comparison
between the PoF and the conventionally powered RoF system,
which reached 600-Mbps throughput, demonstrated that the
PoF technique is suitable to power RoF-based 5G NR systems
for industrial applications.
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3.1 Complementary discussion on the Paper 1

It has been noted a performance degradation (EVMgys increase) for RF output lev-
els higher than -8 dBm at the RoF tx module input. Such behavior could be observed
by analyzing Fig. 5 from paper 1 and it can be also inferred from Figure 3.1 below,
which shows an increase in the noise floor when the RF power is increased from -16 to
-5 dBm. An additional experiment was carried out to properly understand the reasons
behind such performance reduction. Two adjacent tones at 3.47 and 3.5 GHz were
coupled by an RF combiner and injected into the same RoF Tx module (Figure 3.2)
in order to evaluate the nonlinear behavior of its RF amplifier, as well as that of the
RoF Rx module. It is clear the generation of third-order intermodulation products in
Figure 3.3a for -5 dBm power level for each initial tone. Afterward, only the 3.5 GHz
carrier was transmitted with 30 MHz bandwidth at -2 dBm power. From Figure 3.3b,
one can note that intermodulation products cause distortions in the RF modulated sig-
nal, implying an increase of noise floor, as in the previous case, and consequently,

leading to a reduction in the signal-to-noise ratio (SNR).

-20

1 ——-16dBm
-30 - -5dBm

-40 4

-50 —

-60 —
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Figure 3.1: Frequency spectrum in the RoF output for different RF input power.

Subsequently, the spurious-free dynamic range (SFDR) parameter was analyzed in
the RoF link to determine the threshold for the creation of intermodulation products.
For this reason, the RF power at the RoF Tx module input has been increased until the
generation of the intermodulation product and second harmonic (7 GHz) as reported in

Figures 3.4a and 3.4b, respectively. It happened for a photodetected total power level
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(a) Spectrum with the two frequency tones and (b) Distortions in the modulated signal caused by
third-order intermodulation products. intermodulation products.

Figure 3.3: Generated intermodulation products in the RoF link.

of -9.5 and -19.6 dBm, respectively. As a conclusion, the performance degradation
noticed in the experiments from the Paper 1 can be associated with the saturation of
RF amplifiers from the RoF modules operating in the nonlinear region, i.e. generating

harmonics and intermodulation products, for high RF power levels.
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Figure 3.4: Spurious-free dynamic range measurements in the RoF link.
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Abstract: This paper proposes the concept and reports the demonstrator of an optically-
powered Fiber/Wireless (FiWi) system based on a hybrid visible light communication (VLC)
and RF access network for beyond 5G (B5G) indoor applications. The power-over-fiber (PoF)
technology is properly applied to simultaneously energize two components from the remote site,
namely: a radio-over-fiber (RoF) module, which contains a photodetector and an RF amplifier;
a red laser from the VLC system. A 500 m conventional multimode optical fiber (MMF)
with 62.5 um core diameter is used to transport 8.1 W optical power at a power transmission
efficiency (PTE) of 14%. Regarding the communication setup, a 5G New Radio (5G NR) signal
is initially transported through a RoF fronthaul, composed by 10 km of single mode fiber (SMF),
followed by the hybrid VLC/RF access network. The performance investigation of the B5G
communication system is based on analysis of the root mean square error vector magnitude
(EVMRms) parameter. Experimental results indicate 1.2 Gbps throughput in the VLC link
using a 200 MHz bandwidth and 64-quadrature amplitude modulation (64-QAM), resulting in
approximately 4.02% of EVMRgyms. Moreover, the RF link at 3.5 GHz provides 360 Mbps with
EVMgwms of 2.67%. Finally, a comparison between the PoF system and conventional power
supply validates the proposed approach applicability for BSG wireless communications.

1. Introduction

The fifth generation of mobile networks (5G) has been commercialized worldwide in the last
years for covering three main application scenarios [1,2]: enhanced mobile broadband (eMBB);
ultra-reliable and low latency communications (URLLC); massive machine-type communications
(mMTC). In parallel, the sixth-generation of mobile networks (6G) [3-5] is already under study,
envisaging higher security and privacy, lower energy consumption and extremely large bandwidth
compared with 5G. The radio-over-fiber (RoF) technology plays an important role in fulfilling
those requirements, by means of conciliating the extremely wide bandwidth and electromagnetic
interference immunity from optical systems with the flexibility and mobility from the mobile
communications systems [6,7]. Essentially, an RoF link consists of transporting radio frequency
(RF) signals through fiber-optic links, making it an interesting solution not only for the core
network, but also for backhaul, midhaul and fronthaul. Particularly, the centralized-radio access
network (C-RAN) architecture allows to simplify the base stations (BS) and reduces its energy
consumption, by centralizing and processing all baseband signals in the Central Office (CO) [8].
In addition, analog radio-over-fiber (A-RoF) arises with the advantage of transmitting passband
signals through the fiber-optics fronthauls, eliminating costs with analog to digital conversions
and frequency upconversion and downconversion in the base stations [9].

Regarding the access network, the radio frequency (RF) wireless system is the most common
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approach to attend to the plethora of users, which combined with an optical fronthaul composes
a fiber-wireless (FiWi) system. Nevertheless, other technologies have emerged as alternatives to
complement conventional RF wireless links. For instance, visible light communication (VLC)
is a type of optical wireless communication (OWC) that appears with great potential for the
beyond 5G (B5G) and 6G networks, by offering larger bandwidths compared to millimeter-waves
(mm-waves), as well as high security and electromagnetic interference immunity to the RF
signals present in the environment [10]. Particularly, the VLC systems have been recognized as a
key enabling technology for 6G, due to its remarkable advantages, namely [11]: terahertz level
bandwidth, unlicensed spectrum, easy integration to fiber-optic links, energy efficiency, low-cost
compared to THz communications, no electromagnetic interference and high-frequency reuse.
The VLC technology has been largely proposed for indoor applications, not only offices, but also
hospitals, industry and airplanes, which are typically very critical in terms of interference [12].
Additionally, VLC can also be implemented in outdoor scenarios, such as vehicle-to-vehicle
(V2V), road-to-vehicle (R2V) and building-to-building (B2B) communications [13].

Another promising technique involves transmitting high optical power levels through optical
fibers, with the purpose of energizing some low-power components located in remote areas or in
harsh environments. This technique, known as power-over-fiber (PoF), is typically composed
by three main components: a high-power laser diode (HPLD) that provides high optical power;
an optical fiber for transmitting the optical beams; a photovoltaic power converter (PPC) for
converting energy from the optical to the electrical domain. PoF systems provide some advantages
over the use of cooper wires, such as low loss, electromagnetic interference immunity, low
weight, and galvanic isolation [14, 15]. These characteristics make PoF an interesting solution to
supply components from mines, factories and other harsh environments [16]. The specialized
literature presents PoF systems applied to different scenarios using different types of optical
fiber. For instance, in [17], authors have implemented a PoF system based on a single-mode
fiber (SMF) to simultaneously transmit power and data, aiming for 5G networks and Internet of
Things (IoT) applications. A 2-W optical power centered at 1480 nm was transmitted along with
a 5G New Radio (5G NR) signal over 10 km of an SMF, obtaining 870 mW at the demultiplexer
end. In [18], H. Yang et al reported a co-transmission of 10-W optical power with a 5G NR
signal throughout a 1-km SMF link, collecting 7.18 W of received optical power. Moreover, one
can easily find many PoF system implementations using multimode fibers (MMFs) [19-22]. In
particular, our research group have used 100 m MMF with 105-um core diameter in a dedicated
link to transmit 2.2 W optical power in order to feed a RoF module from in a SMF based-5G NR
system [19]. A dedicated 300 m MMF link with 200 um of core diameter was used to transmit
1.5 W in [20]. 360 mW was obtained after the optical-electrical conversion, which was used to
feed a proximity sensor for hazardous environment applications. In [21], a 4 km MMF link with
62.5 um of core diameter was used in a shared scenario, by transmitting 10 W optical power
with a 5G NR signal in the same MMF link. The center-launching (CL) and offset-launching
(OL) techniques were used to mitigate the modal dispersion and crosstalk interference for the
co-transmission, collecting 6 W of output optical power. Meanwhile, in [22], a 300 m MMF with
62.5 um of core diameter was implemented to transmit 250 mw optical power in order to feed a
short-range remote unit.

There are also works based on the use of special optical fibers, such as double-clad fibers
(DCFs) [23,24] and multicore optical fibers (MCFs) [25] in the context of shared PoF systems.
In [23], 150 W optical power provided by 4 HPLD was injected into the inner cladding from a
1 km DCF link, whereas a data signal was transmitted into its 8 um core. A 7.08 W total electric
power was obtained at the output of six PPCs. A DCF was also implemented in [24], in which
a bidirectional communication system was deployed by transmitting data into the 9 um core
and 4 W optical power into the inner cladding, allowing to collect 400 mW at the output of two
PPCs. In [25], 60 W optical power provided by six HPLDs was co-transmitted with a 5G NR
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signal in a 1 km MCF link. By using six PPCs at the end of the PoF system, the authors achieved
approximately 11.9 W in total. Table 1 presents the state-of-the-art regarding PoF system,
including this work. It can be noted that the fiber type is a critical choice for each application. The
DCF and MCF enable data transmission and high-power levels using the same fiber. However,
due to their low availability and high complexity, they are very expensive. The SMF use could be
considered a suitable choice for implementing PoF using an existent infrastructure, although its
small core limits the optical power transmission. On the other side, MMFs provide much larger

Table 1. State-of-the-art on PoF systems.

Application/ Fiber type Electrical PPC Wireless
Year/ . Throughput
Powered Device Tx Power/ (core/clad)/ output efficiency/ communication
Reference (Gbps)
HPLD wavelength length(m) power (W) | PTE (%) | standard/Reach(m)

Transmitting simultaneously

power and data in a same SMF(8.2/125 pm)/ 5G NR/
2021/ [18] None - - 1.5
SMF fiber/ 1000 not applicable
10 W/1064.8 nm

Transmitting simultaneously

power and data in a same

SMEF(8.2/125 pm)/ 5G NR/
2021/ [17] None SMF fiber - - 0.2*
10000 0.7
aiming for IoT applications/
2 W/1480 nm
Transmitting simultaneously
power and data in a same DCF(8/125 pm)/ IEEE 802.11a/
2020/ [23] None 7.08 24/4.84 -
DCF fiber/ 1000 not applicable
150 W/808 nm
Transmitting simultaneously
power and data in a same DCF(9/105 pm)/ IEEE 802.11g/
2015/ [24] None 0.4 28.6/10% 0.054
DCF fiber/ 100 not applicable
4 W/830 nm
Transmitting simultaneously
power and data in a same MCF(9/150 pm)/ 5G NR/
2022/ [25] None - - 9
MCEF fiber/ 1000 not applicable
60 W/1064.8 nm
RoF module Feeding a RoF module in
MMF(100/140 pm)/ 5G NR/
2022/[19] | (photodetector and a a 5G NR network/ 100 0.516 30/23.5 " 0.5
electrical amplifier) 2.2 W/975 nm

Feeding a proximity sensor
L for hazard environment MMEF(200/500 pm)/ .
2018/ [20] Proximity sensor 0.36 52/24% not applicable
applications/ 300

1.5 W/808 nm

Transmitting simultaneously

power and data in a same MMF(62.5/125 pm)/ IEEE standard/
2018/ [21] None - - 0.054
MMF fiber/ 4000 not applicable
10 W/1550 nm

Short range
Feeding a short range
remote unit (laser, MMEF(62.5/125 pm)/ 1EEE 802.11g/
2008/ [22] remote unit/ 0.1% 50/40% 0.054
photodector, 300 not applicable
250 mW/834 nm
electrical amplifier)

VLC laser and Feeding a RoF module and
. a RoF module VLC laser, aiming indoor | MMF(62.5/125 pm)/ 5G NR/
This work 1.06 23.75/14 12
(photodetector and 5G NR communications/ 500 3
a electrical amplifier) 8.1 W/808 nm

*The presented value was calculated from the corresponding reference.
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cores compared to SMFs, allowing much higher optical power levels, and keeping low-cost as
well. However, despite that advantage, the use of MMFs with non-conventional large cores (100,
105, or even 200 pum) makes their implementation more difficult in existent optical networks. In
contrast, the 62.5-um core MMF is a standardized and broadly commercialized fiber, making it
very attractive for PoF systems.

To the best of our knowledge, this paper presents, for the first time in literature, the concept and
implementation of an optically-powered FiWi system for BSG hybrid VLC/RF access networks,
by applying PoF technology with conventional 62.5 yum-core MMF. It is also worth mentioning
that most works on PoF from literature do not feed any telecom component at the remote side,
while we properly energize two different devices (a RoF module and a VLC red laser) using a
single PPC in the current work.

The application scenario might be seen in Fig. 1. This scenario represents the proposed
optically-powered FiWi system for BSG hybrid VLC/RF access networks applied to two different
environments, i.e. a hospital and an industry. In both cases, the VLC and RF access networks are
complementary, since offices, rooms and reception can be covered by conventional RF networks,
whereas communications in electromagnetically sensitive environments, such as ICUs (intensive
care units) at hospitals and factory floors at industries are ensured by using VLC links.

The paper is structured in five sections. Section 2 presents the PoF experimental setup and
its characterization in terms of efficiency and stability. Section 3 describes the first phase on
the implementation of the proposed optically-powered FiWi system for B5G, which is based
on the integration of an optical fronthaul based on RoF technology followed by a VLC access
network, both energized by the PoF system. The full implementation with a hybrid VLC/RF
access network and its performance analysis are reported in Section 4. Finally, Section 5 outlines
the conclusions and future works.

RoF link
PoF link

P

Fig. 1. Optically-powered FiWi system for B5G hybrid VLC/RF access networks
towards 6G: CO- central office; BSG- beyond 5G; OFH- optical fronthaul; MMF -
multimode fiber; CPSS- centralized power supply station; RF- radio frequency; VLC-
visible light communication; RoF- radio-over-fiber.

2. PoF System Characterization

This section presents the PoF system experimental characterization. The PoF system was
composed of an 808 nm HPLD that provides optical power up to 12W, a 500-m multimode fiber
with a core diameter of 62.5 um, a PPC that supports up to 20W of optical power and 23.75% of
conversion efficiency at 808 nm, and two DC/DC converters with 85% of voltage efficiency. In
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order to estimate the optical power transmission efficiency (OPTE), which indicates the relation
between the output and input optical power of the system, an optical power meter was placed in
the fiber end. Posterior, the PPC was connected to the fiber end to obtain the power transmission
efficiency (PTE), which defines the relation between the output electric power and input optical
power. For each optical power that is entering into the PPC, there is an optimal load that occurs
the maximum power transfer. For this reason, a programmable DC electronic load was used to
variate the load value for each optical power. The OPTE and PTE curves as a function of the
optical input power are presented in Fig. 2(a) and Fig. 2(b), respectively. For HPLD optical
powers levels from 1 up to 3 W, both curves presented lower efficiency before the stability, which
may be associated with the low HPLD efficiency at small optical powers. From 4 W and on, the

measured OPTE was approximately 60%, whilst PTE stabilizes at about 14%.
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Fig. 2. Efficiency curves of the PoF system.
144 Afterward, the optical and electrical stability of the PoF system was measured over 1 hour, as
reported in Fig. 3. For this test, the input optical power was set at a level enough to feed the
RoF module and VLC laser. The VLC and RoF setups will be discussed into details in the next
section. From Fig. 3, one can observe an excellent stability for both curves, maintaining a mean
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Fig. 3. PoF system stability test over one hour.



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

value of 5.11 W with a standard deviation of 0.017 for the optical power and a mean value of
1.06 W with a standard deviation of 0.003 for the electrical power. Such stability is ensured by
the large passive sink mounted on the PPC and thermoelectric cooler (TEC) from HPLD.

3. Optically-Powered VLC/RoF System

This section aims to realize a preliminary performance analysis of the RoF-based fronthaul with
the VLC access network, both powered by the PoF system, as illustrated in Fig 4. An arbitrary
waveform generator (AWG) (model M8190A) and an RF generator (model PSG E8267D), both
from Keysight, were used to generate a baseband signal and upconvert it to 650 MHz, respectively.
The upconversion process was implemented to adequate the RF signal central frequency to operate
within the standardized 5G NR frequency range 1 (FR1). The upconverted signal was injected
into the RF input from the RoF Tx module, which is composed of a 20 dB gain electric amplifier
(EA) and a laser diode (LD). The 4 dBm optical signal, centered at 1550 nm and generated by
direct modulation, was transmitted through a 10 km SMF link (RoF-based fronthaul), converted
to the electrical domain by using a photodetector (PD) and amplified by an additional 20 dB gain
electrical amplifier, both from the same RoF Rx module. The obtained RF signal was sent to
the VLC module, composed by a red LD and a bias tee (BT). Another TEC was used for the
red laser for keeping the temperature at 25°C. An achromatic lens was placed at the end of the
3 m-VLC link to focus the light beam into a silicon-based photodetector. The electrical output
signal from PD was sent to another BT in order to reject the DC component and exclusively
analyzing the RF frequencies. Finally, the RF signal was analyzed and demodulated by a signal
and spectrum analyzer from Rohde & Schwarz (Model FSW67). Regarding the PoF system, two
DC/DC converters were connected in parallel at the PPC output for adjusting the voltage level.
The first one was used to feed the RoF Rx module, by reducing the voltage from 18 Vto 5 V.
On the other hand, the second DC/DC converter was adjusted to provide about 3V and 20 mA
for properly powering the VLC red laser. Each communication system (RoF and VLC) with its
correspondent DC/DC converter was individually characterized. The root mean square error

) (5l [P —!

e 3m <«

10 km Fswi ” Lens  VLC module!

¢ RoF Tx module SMF RoF Rx module i
D PD i

K Central office / :

DC/DC DC/DC
500 m |Converter)|Converter,
gpLp MMF 4 H

| J
— Optical signal ‘!’
”””” RF signal
------- Electric power i_ _
K Indoor access network /

Fig. 4. Block diagram of the optically-powered hybrid VLC/RoF system: AWG-
arbitrary waveform generator; EA- electrical amplifier; LD- laser diode; SMF- single-
mode fiber; PD- photodiode; HPLD- high-power laser diode; TEC- thermoelectric
cooler; PPC- photovoltaic power converter; BT- bias tee.
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vector magnitude (EVMRrms) was used as the performance metric. The EVMgrys describes the
mean value of the difference between the vectors of the ideal location and received symbols.

Using the baseband signal generated by AWG, the IQ Tools software was applied to create
digital signals with different modulation orders, such as quadrature phase shift keying (QPSK),
16-quadrature amplitude modulation (QAM) and 64-QAM. The PSG upconverted the digital
signal to 650 MHz, which corresponds to the VLC module optimal response within FR1. In
the first phase, a 200 MHz bandwidth RF signal obtained by the RoF Rx module was directly
evaluated by FSW, i.e. without passing through the VLC link. Posterior, the VLC system was
inserted after the RoF link, as the access network. Fig. 5(a) reports the EVMRgys measurements of
the RoF system as a function of the fronthaul RF input power with QPSK, 16-QAM and 64-QAM.
The 3" Generation Partnership Project (3GPP) Release 18 [26] establishes the maximum allowed
EVMRgus for each modulation order, as represented by the colored horizontal lines from the
graph: 17.5%, 12.5%, and 8% for QPSK, 16-QAM, and 64-QAM, respectively. It may be noted
the optically-powered RoF system satisfies the 3GPP limits for the entire power level range when
using QPSK and 16-QAM. Particularly for 64-QAM, the performance is in accordance to the
3GPP requirement for power levels higher than approximately - 42dBm. The EVMRgys values of
the optically-powered VLC/RoF system as a function of the fronthaul RF input power might be
seen in Fig. 5(b). Different bandwidths were set for the RF signal with 64-QAM modulation
order. The system performance for 60 and 100 MHz bandwidth is very similar, attending the
3GPP requirement for power levels higher than -32 dBm, requiring about 18 dB of additional
power when compared to the previous case. This power penalty is explained by the intrinsic loss
from the 3-m long VLC system, including the electrical-optical and optical-electrical conversions,
as well as the free-space and coupling losses. For 200 MHz bandwidth, it is required -23 dBm to
accomplish the 3GPP requirement, as a result of the larger bandwidth. Moreover, it is important
to comment on the upward behavior observed for powers at nearly -21 dBm and -12.5 dBm
in Fig. 5(a) and Fig. 5(b), respectively. Such behavior may be associated with the electrical
amplifier saturation from the RoF Rx module. The amplifier reaches the 1 dB compression point
and starts to operate in the nonlinear region. Consequently, unwanted effects start to appear, such
as distortions, harmonics and intermodulation products.
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Fig. 5. Performance analyses of the optically-powered RoF and VLC systems as a
function of the fronthaul RF input power.

In addition, Fig. 6 presents a performance comparison between the optically-powered system
and a conventional power supply, with the purpose of validating the proposed PoF system. A
64-QAM 5G NR signal with a 60 MHz bandwidth was configured to be transmitted over the
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VLC/RoF-based system, powered either by the PoF system or conventional electrical power
supplies. As can be observed, both curves exhibit very similar behavior, with a higher discrepancy
at lower RF input powers, approximately 4% difference at -44 dBm, and tend towards the same
best EVMRwms value of about 2%.
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Fig. 6. Experimental performance comparison between the optically-powered and
conventional systems.

4. Optically-Powered FiWi System with Hybrid VLC/RF Access Networks

In the final implementation, a 3 m-RF wireless link was added to demonstrate the simultaneous
operation of PoF-based VLC and RF access networks for BSG applications, as described in Fig. 7.
A vector signal generator (model EXG N5172B) from Keysight was utilized to generate the
second RF signal of the proposed FiWi system. A 2-way electric coupler was used to combine
the PSG and EXG signals for exciting the RoF Tx module, which was coupled to the SMF link.
At the SMF link output, a variable optical attenuator (VOA) and an optical power monitor (OPM)
were set to vary and monitor the optical power, respectively. The electric combined signal at the
RoF Rx module output was divided by a 2-way electric splitter. One port was connected to the
VLC module and the other one was to excite a tri-band antenna array with 9 dBi gain, previously
developed by our research group [27]. Since there were two data signals in the system, a signal

Tx Antenna Rx Antenna

S v W e
'

PSG 10 km

RoF Tx module

v

SMF

RoF Rx module

50

Coupler%

EXG

Central office

— Optical signal

Electric power

RF signal

VOA

PD

Fig. 7. Block diagram of the optically-powered FiWi system with hybrid VLC/RF
Access Networks: VOA- variable optical attenuator; OPM- optical power monitor.




221 analyzer from Keysight (model MXA N9020A) was utilized in the final setup. Fig. 8 presents
222 photographs of the experimental setup with all components and pieces of equipment, labeled
223 accordingly to the schematic from Fig. 7.
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Fig. 8. Photograph of the entire experimental setup: a) PoF system; b) RoF system; c)
VLC link and transmitting antenna; d) Receiver setup and receiving antenna.

204 First, PSG was set to upconverter the 5G baseband signal to 650 MHz for the VLC link,
225 whilst a 3.5 GHz signal with 25-MHz bandwidth and 64-QAM was configured in EXG for the
26 conventional RF wireless link. Fig. 9(a) reports the EVMRpys as a function of the RF input power
227 for three different conditions of the VLC system (60, 100, and 200 MHz bandwidth). For all
28 analyzed bandwidths the VLC system performance accomplishes the 3GPP requirement with
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Fig. 9. Performance analysis of the optically-powered FiWi system with hybrid VLC/RF
access networks.
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margin for RF input power higher than -15 dBm. The best obtained EVMRgryms parameter varied
from 1.93% to 4.02% for 60, 100, and 200 MHz bandwidth, when the proposed system achieved
1.2 Gbps throughput in the VLC link.

Afterward, the PSG upconverted the 5G signal to 3.5 GHz to be transmitted through the RF
wireless link in conjunction with a 64 QAM 35-MHz bandwidth signal from the VLC link. The
5G NR signal bandwidth in the RF wireless link was configured to 20, 30, and 60 MHz, and
the EVMRys results might be seen in Fig. 9(b). A throughput of 260 Mbps with 2.67% of
EVMgrms was achieved for the SG NR signal in the RF wireless link. For each curve from Fig. 9,
the best-attained performance, i.e. the lowest EVMRpuys for each evaluated case, was labeled
as A, B, and C. The obtained spectrum and constellation of the signals for each one of those
labels are displayed in Fig. 10(a) and Fig. 10(b). As expected, as the 5G NR signal bandwidth
is increased, more distortions are observed in the measured constellations, due to more errors
from the received symbols amplitude and phase. In any case, all constellations are clear with
EVMRums within the thresholds limited by the 3GPP.
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Fig. 10. Frequency spectra and constellations of the optically-powered FiWi system for
B5G hybrid VLC/RF access networks.

5. Conclusions

We have proposed and efficiently implemented an optically-powered FiWi system for B5SG
indoor applications with a hybrid VLC/RF access network. The deployed PoF system enabled to
simultaneously energize two loads, i.e. a RoF module (photodetector and an electrical amplifier)
and a VLC laser, using a single PPC. More specifically, a 500-m 62.5 ym-core MMF link was
used to transmit 8.11 W, collecting approximately 1.06 W at the PPC output, achieving an OPTE
and PTE of 60% and 14%, respectively. Additionally, the PoF system has characterized in terms
of stability over a period of an hour. The optical power has been kept constant with a mean value
of 5.11 W with a standard deviation of 0.017, whereas the respective values for the electrical
power were 1.06 W and 0.003, respectively. Such stability was ensured by using a large passive
sink mounted on the PPC and a thermoelectric cooler for HPLD.

Two different optical wireless communication architectures were deployed to demonstrate
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the applicability of the proposed PoF-based approach, namely: an optically-powered VLC/RoF
system; an optically-powered FiWi System with Hybrid VLC/RF access networks. In both, a
10-km long SMF link was applied as a fronthaul using the RoF technology. The EVMgrms was
used as a performance metric to evaluate the 5G NR performance. A throughput of 1.2 Gbps
was achieved in the VLC link with a 200 MHz bandwidth and 64-QAM modulation, resulting in
approximately 4.02% of EVMRgrums. Whereas in the RF wireless link, 360 Mbps was obtained
with 2.67% of EVMgys for a 60 MHz bandwidth with 64-QAM. For validation purposes, a
comparison between the optically-powered system and conventional electric power supply was
carried out, which indicated a similar behavior, validating the proposed PoF system performance
and its applicability for BSG networks. Future works regards the use of other OWC technologies,
including free space optical (FSO), as well as the implementation of 5G-NR FiWi systems
operating in mm-waves.
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3.2 Complementary discussions on the Paper 2

This section is regarding the circuits used to adjust the electrical output (voltage and
current) of the PPC utilized in the PoF experiments from Paper 2. Figure 3.5 presents
the electric circuits responsible for feeding the RoF Rx module and VLC laser, using
two DC/DC converters. For the RoF Rx module, the only adjustment was setting its
DC/DC converter to 5V. On other hand, for the VLC laser, it was necessary to add a
150 € resistor in series with its DC/DC for ensuring 20 mA current.

DC/DC - VLC

Resistor — 150Q

DC/DC - RoF

Figure 3.5: Implemented electric supply circuit.
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Chapter 4
Conclusions and Futures Works

This dissertation reported two implementations of PoF systems applied to 5G/6G
networks, focused on evaluating its applicability to optically feeding a mobile commu-
nication system. In Chapter 1, the contextualization and motivation were presented, as
well as a literature review on the PoF technology, including the use of different optical

fiber types as a transmission medium for transporting not only data, but also power.

Chapter 2 concerns a technical background on the PoF and VLC technologies.
Moreover, it presented characterizations of their main components, such as HPLD,
PPC, and VLC laser. In addition, the highlights of the two implemented optically-
powered 5G/6G networks (Chapter 3) were described. In the first implementation,
the PoF technique was successfully deployed to power a RoF Rx module from a 5G
NR system with 50-MHz bandwidth and different modulation schemes. A 5SW opti-
cal power was transmitted over a 100-m conventional MMF link before reaching PPC,
implying in PTE= 19%. A performance analysis, as a function of the EVMguys pa-
rameter and in accordance to 3GPP requirements, and a comparison between the PoF
and a conventional electrically-powered RoF system demonstrated the feasibility of
optically powering the proposed 5G NR for 600 Mbps throughput in the context of

industrial applications.

In the second implementation, it was proposed and efficiently implemented an
optically-powered FiWi system for B5G indoor applications with a hybrid VLC/RF
access network. The deployed PoF system enabled to simultaneously energize two
loads, i.e. a RoF module (photodetector and an electrical amplifier) and a VLC laser,
using a single PPC. More specifically, a 500-m 62.5 pym-core MMF link was used to
transmit 8.11 W, collecting approximately 1.06 W at the PPC output, achieving an
OPTE and PTE of 60% and 14%, respectively. Additionally, the PoF system is charac-

terized in terms of stability over a period of an hour. The optical power has been kept
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constant with a mean value of 5.11 W with a standard deviation of 0.017 W, whereas
the respective values for the electrical power were 1.06 W and 0.003 W, respectively.
Such stability was ensured by using a large passive sink mounted on the PPC and a

thermoelectric cooler for HPLD.

Subsequently, two different optical wireless communication architectures were de-
ployed to demonstrate the applicability of the proposed PoF-based approach, namely:
an optically-powered VLC/RoF system; an optically-powered FiWi System with Hy-
brid VLC/RF access networks. In both, a 10-km long SMF link was applied as a fron-
thaul using the RoF technology. The EVMgys was used as a performance metric to
evaluate the 5G NR performance. A throughput of 1.2 Gbps was achieved in the VLC
link with a 200 MHz bandwidth and 64-QAM modulation, resulting in approximately
4.02% of EVMgyms. Whereas in the RF wireless link, 360 Mbps was obtained with
2.67% of EVMgys for a 60 MHz bandwidth with 64-QAM. For validation purposes,
a comparison between the optically-powered system and conventional electric power
supply was carried out, which indicated a similar behavior, validating the proposed

PoF system performance and its applicability for BSG networks.

Future works regard the application of PoF systems to B5SG systems based on other
OWC technologies, including free-space optical (FSO), as well as the implementation
of 5G-NR FiWi systems operating in mm-waves. Moreover, it is proposed to im-
plement PoF systems based on shared-scenarios, in which either data and power are
transmitted using the same optical fiber. The latter approach could also take place in

free space, using lenses and dichroic filters.
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