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Resumo

Este trabalho apresenta solucdes de arquiteturas hibridas de redes dpticas para se-
rem empregadas em redes sem fio de quinta (5G, fifth-generation) e sexta (6G, sixth-
generation) geracao. Ao adotar o padrao 5G New Radio (NR), juntamente com técnicas
fotdnicas para multiplicacdo de frequéncia, infraestrutura de fibra 6ptica, comunicagdes
em faixas de ondas milimétricas, transmissao 6ptica em espaco livre (FSO, free space
optics) e comunicacgdo através de luz visivel (VLC, visible light communication), con-
seguimos efetuar uma implementacao experimental da referida proposta de rede e ava-
liamos o desempenho das arquiteturas com base nas especificacdoes da versao 18 do

3GPP (3" Generation Partnership Project).

A primeira contribui¢do consiste na aplicagdo da técnica fotonica (CS-DSB, carrier
supressed double side band) em sistemas de rede passiva com multiplexacdo por di-
visdo de comprimento de onda (WDM-PON, wavelength-division multiplexing passive
optical network) para a transmissao de sinais 5SG NR na frequéncia de 60 GHz. Através
do uso de moduladores eletro-Opticos em cascata, foi possivel gerar e transmitir o sinal
5G NR na banda V, proposta pela versdo 18 do 3GPP, atingindo uma vazao de dados
de 11,8 Gbit/s.

A segunda contribui¢do aborda um sistema hibrido que combina radio analégico
sobre fibra (A-RoF, analog radio over fiber) e FSO para aprimorar o fronthaul da
rede, enquanto que uma proposta de acesso duplo que utiliza comunicacdes por VLC e
ondas milimétricas foi implementada. Essa arquitetura foi concebida para satisfazer as
demandas de comunica¢des mdvel tanto em ambientes internos quanto externos, com

capacidade de alcancar velocidades de até 4,92 Gbit/s.

Em sintese, este estudo ilustra a enorme potencialidade das redes Opticas hibridas

xXxi



xxii Resumo

na amplificacdo da comunicacdo sem fio em redes celulares de dltima geracdo. As
contribui¢des oferecidas ndo somente demonstram a viabilidade dessas abordagens,
mas também prometem aplicabilidade em uma diversidade de cendrios, abrangendo

ambientes indoor € outdoor.

Palavras Chave: 5G, 5G New Radio, 6G, Ondas Milimétricas, Comunicagdo optica
sem Fio, FSO e VLC.
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Abstract

This work presents solutions of hybrid optical network architectures to be em-
ployed in fifth (5G, fifth-generation) and sixth (6G, sixth-generation) generation wi-
reless networks. By adopting the 5G New Radio (NR) standard, along with photonic
techniques for frequency multiplication, optical fiber infrastructure, millimeter wave
communications, free-space optical transmission (FSO), and visible light communi-
cation (VLC), we were able to experimentally implement the proposed network and
evaluate the performance of the architectures based on the specifications of the 3rd

Generation Partnership Project (3GPP) Release 18.

The first contribution consists of applying the photonic technique (CS-DSB, carrier
suppressed double side band) in passive network systems with wavelength-division
multiplexing (WDM-PON, wavelength-division multiplexing passive optical network)
for transmitting SG NR signals at a frequency of 60 GHz. Through the use of cascaded
electro-optic modulators, it was possible to generate and transmit the 5SG NR signal in

the V band, proposed by 3GPP Release 18, achieving a data throughput of 11.8 Gbit/s.

The second contribution addresses a hybrid system that combines analog radio over
fiber (A-RoF) and FSO to enhance the fronthaul of the network, while a dual access
proposal using VLC and millimeter waves was implemented. This architecture was
designed to meet the demands of mobile communications in both indoor and outdoor

environments, with the ability to achieve speeds of up to 4.92 Gbit/s.

In summary, this study illustrates the enormous potential of hybrid optical networks
in amplifying wireless communication in state-of-the-art cellular networks. The con-
tributions offered not only demonstrate the feasibility of these approaches but also

promise applicability in a variety of scenarios, covering indoor and outdoor environ-

xXxiii
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ments.

Keyords: 5G, 5G New Radio, 6G, Millimeter Wave, Optical Wireless Communication,
FSO e VLC.

Inatel



Capitulo 1

Introducao

Este capitulo fornece uma visdo geral da pesquisa académica realizada. A Secdo
1.1 apresenta o contexto e a motivacao por trds do desenvolvimento deste trabalho. A
Secdo 1.2 aborda a revisao bibliografica sobre o tema de estudo, enquanto a Secdo 1.3

destaca o objetivo principal e as contribui¢des do trabalho.

1.1 Contextualizacao e Motivacao

o longo da histéria, os seres humanos evoluiram e aprimoraram técnicas de
A transmissdo de informagdes por diferentes meios. Jornais, televisdo, telégrafo
ou sinais de fumaca s@o alguns exemplos de métodos para transmitir informacoes [1].
Mais especificamente, as tecnologias de telecomunicacdo desempenham e t€ém desem-
penhado um papel fundamental na evolugdo da humanidade [2]. No meio do século
XX, a era da informacao teve inicio com o desenvolvimento do transistor, permitindo
a digitalizacdo da informacdo [3]. Dessa forma, a informacgao pode ser transmitida de
maneira eficiente, replicavel e segura por meio da rede. Como resultado, a globalizagao
acelerou drasticamente, induzindo alguns dos crescimentos tecnoldgicos e econdmicos

mais rapidos da histéria humana [2].

Na década de 1980, as comunica¢des mdveis comecaram com a implantacdo da
primeira geracao (1G, first generation). No entanto, os servigos de 1G eram acessiveis

apenas a alguns nichos de mercado [4]. Com as geragdes seguintes de redes moveis,
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2G, 3G e 4G ou Long-Term Evolution (LTE), os servicos mdveis se tornaram mais
acessiveis e, portanto, contribuiram para um impacto significativo na sociedade, cul-
tura, economia, meio ambiente e industria [5, 6]. Por exemplo, em 2018, mais de
3,6 bilhoes de dispositivos méveis conectados a rede LTE foram registrados em todo
o mundo, seguindo o crescimento exponencial da ultima década [7]. Esse aumento
dréstico anual no nimero de dispositivos conectados a rede mével impulsiona o rdpido
crescimento do trafego de dados moéveis [7]. Por esse motivo, € crucial atualizar e
aprimorar constantemente a rede mével, sendo a quinta geracao de redes moéveis (5G,
[ifth-generation of mobile networks) a geracdo atualmente sendo implantada e o (6G,

sixth-generation of mobile networks) que estd em fase de pesquisa e desenvolvimento.

O setor de radiocomunicacdes da unido internacional de telecomunicagdes (ITU-
R, international telecommunication union radiocommunication sector) identificou trés
principais cendrios para o 5G, de acordo com o international mobile telecommunicati-

ons-2020 (IMT). Esses cendrios sao [8,9]:

* Comunicacao de banda larga moével aprimorada (eMBB, enhanced mobile bro-
adband): esse cendrio tem como objetivo aumentar as taxas de dados para os
usudrios finais, proporcionando uma experiéncia de banda larga mével mais

rapida e eficiente.

* Comunicacao massiva do tipo maquina (mMTC, massive machine-type commu-
nications): esse cendrio visa conectar um grande nimero de dispositivos a rede
central. Ele € projetado para atender as necessidades de comunicagao de dispo-

sitivos 10T e outras aplica¢des que exigem conectividade em larga escala.

* Comunicacao ultra-confidvel de baixa laténcia (URLLC, ultra-reliable and low-
latency communications): este cendrio tem como objetivo reduzir o tempo de
resposta da rede, garantindo uma comunicagdo extremamente confidvel e de
baixa laténcia. E adequado para aplicacdes que exigem alta confiabilidade e
tempo de resposta rapido, como comunicagdes criticas, saide digital e automacgao

industrial.

Esses diferentes cendrios impdem requisitos rigorosos, contrastantes e desafiadores

na camada fisica (PHY, physical layer) da rede 5G. A camada PHY precisa ser flexivel
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Capitulo 1 1.1. Contextualizagdo e Motivagao 3

o suficiente para atender aos requisitos especificos de cada cenério de uso definido,
garantindo o desempenho e a efici€éncia necessarios para cada tipo de comunicagdo.
Solugdes técnicas como o novo padrdao de radio 5G (5G NR, new radio), utilizagao
de espectro na faixa de ondas milimétricas (mm-wave, millimeter waves), RANs he-
terogéneas e centralizadas (C-RAN, centralized-RAN) e comunicacio Optica sem fio
(OWC, optical wireless communication) estao sendo propostas e implementadas para

atender as demandas iminentes dos cendrios citados [10, 11].

No que diz respeito ao espectro de frequéncias, o projeto de parceria da terceira
geracio (3GPP, 3" Generation Partnership Project) definiu duas faixas de frequéncias
(FR, frequency range) [12] para o padrao 5G NR. A primeira faixa de frequéncia (FR1)
abrange de 0,410 a 7,125 GHz, suportando largura de banda (BW, bandwidht) de até
100 MHz. A segunda faixa de frequéncia (FR2-1) cobre ondas milimétricas (mm-
waves) na faixa de 24,5 a 52,6 GHz, com BW de até 400 MHz. Por fim, a terceira
faixa de frequéncia (FR2-2) abrange frequéncias de 52,6 a 71 GHz, proporcionando
BW de até 2 GHz. No entanto, sabe-se que o método convencional de geracdo e
distribui¢do de frequéncias na faixa de ondas milimétricas é complexo e apresenta
desafios, especialmente quando se trabalha no dominio elétrico. Isso muitas vezes
pode ndo ser economicamente vidvel devido a necessidade de componentes elétricos
de alta velocidade, o que acaba limitando a velocidade geral alcan¢édvel dos sinais de

ondas milimétricas gerados [13, 14].

Nesse contexto, a fotdnica de micro-ondas (MWP, microwave photonics) desem-
penha um papel importante no suporte as novas geracoes de tecnologia sem fio, per-
mitindo a convergéncia dptico-sem fio desejada e oferecendo solugdes atrativas para
geracdo e distribui¢dao de ondas milimétricas por meio de tecnologia dptica [15,16]. O
transporte eficiente de sinais de ondas milimétricas em links de fibra Optica € realizado
usando a tecnologia de rddio sobre fibra (RoF, radio over fiber), que € considerada
uma abordagem promissora para alcancgar a convergéncia optico-sem fio em redes 5G
e 6G. Essa abordagem simplifica o controle, gerenciamento e compartilhamento de

recursos [17].

Basicamente, os enlaces fronthaul opticos baseados na tecnologia RoF sdo utiliza-
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4 1.1. Contextualizagdo e Motivagao Capitulo 1

dos para transportar sinais digitais ou analégicos, conhecidos como radio digital sobre
fibra (D-ROF, digital radio over fiber) e radio analdgico sobre fibra (A-RoF, analog
radio over fiber), respectivamente [18, 19]. Os esquemas D-RoF digitalizam sinais
analégicos para transmiti-los pelo link 6ptico, enquanto os esquemas A-RoF trans-
mitem sinais de radio frequéncia (RF, radio frequency) diretamente através da fibra
Optica, ou seja, a distribui¢do ocorre na propria frequéncia do canal. Uma solugdo
hibrida combina D-RoF e A-RoF para aproveitar as vantagens de ambas as técnicas
em um Uunico sistema [20]. Por outro lado, a tecnologia de comunicag¢do baseado em
optica de espaco livre (FSO, free space optics) ttm demonstrado potencial como uma
alternativa para a rede de transporte de ondas milimétricas. Os links FSO podem ofe-
recer um desempenho semelhante ao da fibra 6ptica. No entanto, € importante destacar
que fendmenos atmosféricos como chuva, neblina e poeira podem afetar negativamente
a qualidade do link 6ptico [21,22]. Para lidar com esses desafios, os enlaces FSO t€ém
sido implementados em conjunto com enlaces de RF como backup e combinados com a
tecnologia RoF. Isso permite ter um link duplo e/ou aplica¢des de ultima milha quando
ha restri¢Oes para a instalagcdo de fibras opticas. Assim, € possivel alcancar um sistema

mais flexivel [23].

Quando se trata de técnicas baseadas em fotonica para gerar ondas milimétricas, o
principal método para gerar sinais elétricos de forma Optica € a detec¢do heterddina.
Essa técnica requer uma alta correlacdo de fase entre as portadoras dpticas para pro-
duzir sinais com baixo ruido de fase. A deteccdo heterddina explora a interferéncia
de duas portadoras Opticas no fotodetector (PD, photodetector), resultando em um si-
nal elétrico com frequéncia igual a diferenca de frequéncia entre as duas portadoras
originais [16]. No entanto, embora essa técnica seja relativamente simples, o uso de
portadoras Opticas ndo correlacionadas em fase resulta em sinais de RF com ruido de
fase proibitivamente alto. Por essa razdo, sao necessdrias técnicas e dispositivos adi-
cionais para garantir a correlacdo de fase e, assim, gerar sinais de ondas milimétricas
com baixo ruido de fase usando a abordagem heterddina. Alguns desses dispositivos
incluem a (OIL, optical injection locking) [25], o (OPLL, optical phase lock loop) [26]
e o (OIPLL, optical injection phase-lock loop) [27]. Esses dispositivos adicionais sao

utilizados para garantir a correlacdo de fase necessaria e, assim, obter sinais de ondas
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Capitulo 1 1.1. Contextualizagdo e Motivagao 5

milimétricas com baixo ruido de fase.

Uma segunda metodologia para gerar sinais Opticos refere-se a multiplicacdao de
frequéncia optica (OFM, optical frequency multiplication), geralmente baseada em
técnicas de modulacdo externa. Nesse caso, a correlagdo de fase entre as portado-
ras, mais especificamente, as modulacdes das bandas laterais, € assegurada durante
o processo de conversdo elétrico-Optico (E/O). Essa estratégia utiliza um fator de
multiplicacdo de frequéncia, como 2, 4, 6, 8, 10 ou 12, dependendo da configuragao

aplicada [28,29], para realizar a conversdo de RF para ondas milimétricas.

A configuragdo tipica é composta por moduladores eletro-6pticos em cascata, pola-
rizados em pontos de operacdo distintos, como o ponto minimo de transmissao (MITP,
minimum point) € o ponto maximo de transmissao (MATP, maximum transmission
point), dependendo do fator de multiplicacio desejado. Com a OFM, € possivel alcancar
alta pureza espectral e baixo ruido de fase, porém o niimero de elementos em cascata

aumenta a medida que o fator de multiplicacdo aumenta [30].

Com o avango da tecnologia em direcao ao 6G, a densificacdo de células torna-se
necessaria. Se o objetivo for alcancar taxa de dados ultra-rdpidos uma possivel solug¢ao
€ dividir uma macrocélula em zonas menores possibilitando assim a reutilizag¢do espa-
cial dos recursos de radio [38]. No entanto, a implantacdo densa de células peque-
nas representa desafios em termos de custos de instalagdo e consumo de energia, que
geralmente representam uma preocupacgdo principal dos operadores de redes moveis
(MNOs, mobile network operators) [38,39]. Neste contexto, a arquitetura C-RAN
surge como proposta para atender economicamente a densificagdo das RANs, onde as
funcionalidades avangadas de processamento de sinal serd realizada em uma unidade
centralizada (CU, central unit) com objetivo de atender as vdrias unidades de radio
remotas (RRUs, remote radio units) [38]. No C-RAN, a CU pode conectar a RRU
usando um link fisico conhecido como fronthaul (FH), ou empregando um midhaul
(MH) 6ptico até uma unidade de distribuicdo (DU, distribution unit) seguida pelo FH,
que pode ser 6ptico ou sem fio. As redes de transporte fronthaul e midhaul compdem
entdo a interface fronthaul de préxima geracao (NGFI, next generation fronthaul in-

terface), na qual a estagdo base 5G também € chamada de gNodeB e pode incluir
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6 1.1. Contextualizagdo e Motivagao Capitulo 1

entidades RRU, DU e CU [39].

O NGF¥I faz parte da visdao 5G X-haul, conforme ilustrado na Fig 1.1. Ele integra
as funcodes de backhaul (BH) e fronthaul em uma arquitetura fisica comum, propor-
cionando suporte para transporte e acesso, bem como flexibilidade na divisdo funcio-
nal [39,40]. Isso significa que o 5G pode se beneficiar de uma comunicagdo ripida
entre as unidades de banda base que estdo co-localizadas, resultando em um gerencia-
mento eficiente e economia de energia, custos de implantacdo vidveis, escalabilidade e
tempo de implantacdo 4gil. Vale ressaltar que tanto o RoF quanto o FSO tém sido re-

conhecidos como promissores para a implantagcao dos fronthauls 6pticos na tecnologia

5G.

Narede 6G, espera-se que surjam novos cendrios de utilizag¢ao, abrangendo telepresenca,
comunicacdo onipresente, utilizacdo de robds em diferentes areas do cotidiano, bios-
sensores e potenciais aplicacdes ainda ndo identificadas [41]. Dentre algumas solu¢des
técnicas que estao sendo propostas para o 6G incluem: o uso de comunicacdes na faixa
de Terahertz (THz), inteligéncia artificial e aprendizado de mdquina para atender redes

autdnomas e superficies refletoras inteligentes [41,42].
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Figura 1.1: Rede de acesso de rddio centralizada, apta a suportar transporte e acesso de
dados em uma arquitetura chamada Xhaul.
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1.2 Revisao da Literatura

A academia e a inddstria tém atuado intensamente nos ultimos anos no desen-
volvimento de solugdes que atendam as redes 5G. Diversas abordagens baseadas na
utilizagcdo de técnicas fotOnicas para geragdo de ondas milimétricas t€ém sido propostas
para atender aos requisitos dos cendrios propostos. Em [43], por exemplo, demonstrou-
se experimentalmente duas abordagens distintas para gerar sinais na frequéncia de
60,25 GHz. Aplicando dois estdgios de modulacido externa em cascata e utilizando
variacoes das técnicas OSSB e CS-DSB, transmitiu-se o sinal em um fronthaul ba-
seado em A-ROF para aplicacdes 5G. Foi relatado em [44] a integracdo e avaliacdo
de desempenho experimental de um transceptor SG baseado em multiplexa¢do por
divisdo de frequéncia generalizada (GFDM, generalized frequency division multiple-
xing) em uma rede GPON. Enquanto que em [45] foi demonstrado que a utilizagao
de técnicas como a geracdo de pente de frequéncia autooscilante (SOFCG, selfoscilla-
ting frequency comb generation) para geracao de ondas milimétricas em sistemas RoF
¢ uma solugdo atraente em termos de baixo ruido de fase do sinal. Com objetivo de
avaliar o desempenho das técnicas DSB e CS-DSB, duas configuragdes experimentais
utilizando um /ink hibrido de fibra 6ptica e FSO para atender aplicacdes que operam
na banda de 25 GHz foram demonstradas em [46]. A avaliacdo de desempenho expe-
rimental de um sistema FiWi baseado em processamento digital de sinais foi aplicado
para transmissao de sinais 5G com objetivo de atender aplicacdes eMBB. A solugdo de
fronthaul proposta emprega uma infraestrutura WDM-PON, para permitir a operacao
em diferentes faixas de frequéncia [47]. Em [48], os autores propuseram uma solu¢do
baseada na técnica DSB para transmitir sinais M-QAM na frequéncia de 60 GHz. No
entanto, a distancia do fronthaul 6ptico foi limitada a 1 km, o que pode ser considerado

relativamente curto para fronthauls opticos aplicados em redes 5G.

Esquemas de geracdo de ondas milimétricas utilizando a técnica CS-DSB para
configuracdes locais e remotos da rede sdo avaliados tedrica e validados experimen-
talmente [49]. Com objetivo de comparar ambas as abordagens para implantacdes
praticas, experimentos foram realizados e a configuracao remota demonstrou um de-

sempenho superior em ambas avaliagdes para links Opticos de até 25 km. Lopes et.
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8 1.2. Revisao da Literatura Capitulo 1

al [50] relatam a implementagdo e investigacao experimental de duas arquiteturas de
rede para aplicacoes SG NR. Com o objetivo de atender as demandas 5G a primeira
implementagdo aplica modulagdo e deteccdo direta para transmissao de sinais 4G e 5G
em um /ink FiWi. A segunda arquitetura proposta baseia-se em uma nova e eficiente
rede Optica heterogénea 5G utilizando fibra Optica e FSO para compor o transporte
da rede, enquanto que, o acesso € realizado por um link sem fio de 10 m. Em [51],
a transmissao de sinais SG NR foi investigada utilizando as técnicas DSB e CS-DSB
em um link hibrido combinando A-RoF e FSO. J4 em [52] o impacto da distorcdo
harmonica e de intermodulagdo foi avaliado na recep¢do de um sinal em 40 GHz ge-
rado utilizando a técnica CS-DSB. Shiet et.al [53] propuseram um /ink RoF baseado
nas técnicas DSB e OSSB para transmissao de sinais 5G na frequéncia de 3.5 GHz e

28 GHz respectivamente.

Com objetivo de atender aplicagdes 5SG que exigem o uso intensivo de largura de
banda, uma arquitetura FiWi € proposta em [55]. Esta solucdo suporta a coexisténcia
de links digitais e analdgicos na mesma arquitetura de rede. Os autores em [55] im-
plementaram uma solu¢do de fronthaul baseado em FSO para aplicacdes Ethernet full-
duplex. Uma demonstracao experimental utilizando a técnica OFC para geracio de
sinais de ondas milimétricas 5G NR foi apresentada em [56]. A abordagem proposta
emprega um filtro passa-faixa elétrico para isolar o ruido de fase da portadora em
26 GHz, aumentando assim a eficiéncia espectral do sistema. O trabalho relatado
em [57] descreve a implementacdo de uma prova de conceito em um /ink A-RoF com
fronthaul de 12,5 km seguido por um link de VLC de 1,2 m para aplicacdes internas.
A prova de conceito inicial alcangou uma taxa de transferéncia de dados de 60 Mbit/s.
Por fim em [58], uma transmissdo de video 4K a 60 GHz foi demonstrada usando a
tecnologia FiWi em uma infraestrutura de rede de transporte X-Haul. A Tabela 1.1
fornece um resumo dos trabalhos implementados experimentalmente abordando as de-

mandas emergentes de 5G e 6G.

A partir desta revisdo bibliografica foi possivel identificar algumas areas chaves
de estudo referentes a implementacdo de novas solugdes para atender demandas do
p6s 5G. Desta forma, solucdes que utilizam técnicas fotdnicas para geracao de ondas

milimétricas aplicadas a tecnologia A-RoF e solu¢des hibridas utilizando FSO e VLC
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Tabela 1.1: Estado-da-arte em arquiteturas de redes para sistemas 5G e 6G.

[Ref] Tecnologia Aplicacao ou Frequéncia .. . _
Ano Utilizada Arquitetura Transmitida Técnica Fotonica  Vazao de dados
[43] CS-DSB .
2017 A-RoOF Fronthaul 60,25 GHz OSSB 5 Gbit/s
[44] 735 MHz )
2018 A-RoF GPON 26 GHz DSB 1,1 Gbit/s
2[3 155]; A-RoF Fronthaul 94,8 GHz SOFCG 120 Mbit/s
[46] A-RoF .
2019 FSO WDM 25 GHz CS-DSB 300 Mbit/s
[47] W 788 MHz .
2020 Fiwi WDM-PON 3.5 26 GHz DSB 4,41 Gbit/s
[43] A-RoF GPON 60 GHz DSB 1,4 Gbit/s
2020
2[329 1] A-RoF Fronthaul 40 GHz CS-DSB 500 Mbit/s
[50] Fiwi 788 MHz .
2021 ESO Fronthaul 3.5 26 GHz DSB 3 Gbit/s
[51] A-RoF 3,5 GHz DSB o
2021 FSO Fronthaul 27 e 39 GHz CS-DSB 1,4 Gbit/s
2[322; A-RoF Fronthaul 40 GHz CS-DSB 100 Mbit/s
[53] DSB )
2022 A-RoF Fronthaul 3,5e28 GHz OSSB 240 Mbit/s
[54] D-RoF .
2022 A-ROF WDM-PON 10 e 60 GHz DSB 40 Gbit/s
[55] D-RoF :
2022 ESO GPON Baseband DSB 600 Mbit/s
[56] Fiwi )
2022 FSO X-HAUL 26 GHz E/O OFC 4 Gbit/s
[57] A-RoF .
2023 VLC Fronthaul 25 MHz DSB 60 Mbit/s
2[35; Fiwi X-HAUL 1,5 and 60 GHz DSB 408 Mbit/s
A-RoF Baseband
Este FiWwi WDM-PON 550 MHz CS-DSB 4,92 Gbit/s
Trabalho FSO X-Haul 39 GHz DSB 11,8 Gbit/s
VLC 60 GHz

foram investigadas e propostas para atender diferentes cendrios.

1.3 Objetivo e Contribuicoes da Pesquisa

Esta pesquisa tem como objetivo apresentar solucdes Opticas para aplicar em arqui-
teturas de redes propostas para atender redes 5G e 6G. Para isso, realizamos demonstracdes
experimentais abordando técnicas fotonicas para a geragdo e transmissdo de sinais
5G NR em ondas milimétricas, seguindo o conceito C-RAN. Exploramos a capila-

ridade da rede PON como meio de transporte para diversos sinais de RF. Além disso,
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1.4. Estrutura da Tese Capitulo 1

utilizamos solugdes baseadas em RoF e FSO para a camada de transporte da rede,

assim como links VLC para o acesso. As principais contribui¢des deste trabalho sdo:

1.4

Utilizacao da técnica fotobnica CS-DSB para gerar um sinal padrao 5SG NR em

60 GHz com largura de banda de 400 MHz;

Implementar um /ink A-RoF para transmiss@o do sinal 5G NR em 60 GHz em
uma arquitetura WDM-PON, atingindo uma vazao de dados total de 11,8 Gbit/s.
A implementacdo experimental e investigacdo de um X-Haul baseado em A-
RoF, FSO, ondas milimétricas e VLC, operando em 39 GHz e 550 MHz para
aplicagoes 6G.

Propomos uma abordagem de acesso duplo e simultineo para comunicagdes de
alta capacidade em ambientes urbanos densos, utilizando a frequéncia de 39 GHz
ao ar livre e uma conexao VLC de 550 MHz em ambientes internos.

A solugdo proposta permite maior flexibilidade na densificacio de células ope-

rando em ondas milimétricas, aplicando novas tecnologias em redes opticas exis-

tentes.

Estrutura da Tese

Esta Tese de Doutorado possui quatro capitulos distintos. O Capitulo 2 aborda

a base tedrica utilizada neste estudo. O Capitulo 3 destaca os principais resultados

alcancados, os quais foram apresentados sob a forma de artigos originais. Por fim, o

Capitulo 4 contém as conclusdes e sugestOes para pesquisas futuras.
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Capitulo 2

Fundamentos Teoricos

ste capitulo estd dividido em cinco segOes principais. A Secdo 2.1 apresenta
E o novo padrao de rddio 5G, conhecido como New Radio. A Secdo 2.2 aborda
as redes de acesso radio distribuidas e centralizadas. A Secdo 2.3 trata dos sistemas
Jfiber-wireless. A Secao 2.4 descreve solucdes fotdnicas aplicadas nas redes 5G e 6G.

Por fim, a Se¢do 2.5 discute sistemas de comunicagdes Opticos sem fio.

2.1 5G New Radio

Esta subsec@o tem como objetivo fornecer uma visao geral dos fundamentos rela-
cionados as caracteristicas da camada fisica do 5G, também conhecido como 5G NR,
que foi padronizado pelo 3GPP. O 3GPP € uma parceria entre sete organizagdes de
telecomunicagdes que trabalham em conjunto para governar e supervisionar novas tec-
nologias e protocolos de redes sem fio. Suas solucdes técnicas geralmente seguem
as diretrizes e requisitos estabelecidos pela Unido Internacional de Telecomunicacdes
(UIT, International Telecommunication Union), uma organizagdo que regula o uso

global das comunica¢des médveis [8].

A UIT também € responsével por desenvolver e aprovar as especificagdes relacio-
nadas as faixas de RF para o (IMT, International Mobile Telecommunications). Exis-
tem trés principais padroes de IMT estabelecidos pela UIT: IMT-2000, IMT-Advanced
e IMT-2020 (5G). Em 2015, a UIT publicou a recomendacdo M.2083, chamada de
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”Visdo IMT - estrutura e objetivos gerais do desenvolvimento futuro do IMT para 2020
e posterior”’, que estabeleceu os objetivos globais para as redes de telecomunicacdes
moveis. Esse documento destacou varios indicadores-chave de desempenho (KPI, key
performance indicator) importantes, como taxa de dados de pico, laténcia, mobilidade,
densidade de conexdes, eficiéncia energética e capacidade de dados por area [59]. Es-
ses KPIs serviram como referéncia para o desenvolvimento do 5G e para garantir que

as metas globais de desempenho fossem atingidas.

Para atingir os KPIs definidos, o 5G foi padronizado pela primeira vez na versao 15
em 2019 [9]. Sua primeira versao focou principalmente na cobertura do cenario eMBB
ao aumentar a eficiéncia espectral do sistema, utilizando novas faixas de frequéncia e
novas topologias de rede. As solugdes de eficiéncia espectral estdo relacionadas a no-
vas formas de onda, alocacdo de recursos, duplexagdo e técnicas de acesso multiplo.
Em relacdo as novas faixas de frequéncia, a faixa de ondas milimétricas permite uma
taxa de transferéncia de Gbit/s devido a largura de banda disponivel, suportando o
cendrio eMBB. Por fim, as novas topologias de rede concentram-se em solugdes para
reduzir a laténcia e aprimorar o gerenciamento e a orquestracao da rede por meio do
uso de redes definidas por software (SDN, software-defined networks), virtualizagao
e segmentacdo da rede. Além disso, a versdo 16 foi publicada em 2020 para com-
plementar a versdo 15, introduzindo novos recursos de nicleo, RAN, aplicativos e
casos de uso. As principais caracteristicas da versao 16 incluem Internet das Coisas
Industrial (IIoT, industrial Internet of things), URLLC, mMTC e veiculo para tudo
(V2X, vehicle to everything) [60]. O lancamento da versdo 17, o terceiro padrdo 5G,
propde melhorias adicionais no desempenho do sistema com objetivo de expandir para
novas aplicacdes, tais como: servicos de multicast e Broadcast, redes nao terrestres
(NTN, Non-terrestrial networks), redes privadas autonomas (SNPN, Standalone Non-
public networks), geoposicionamento dentre outros [61]. O lancamento 18 do 3GPP é
chamado de 5G Advanced devido as suas melhorias significativas, pois incluird apri-
moramentos importantes nas areas de inteligéncia artificial (IA, artificial intelligence)
e realidade estendida (XR, extended reality). Isso possibilitard solu¢des de rede alta-
mente inteligentes que podem suportar uma variedade ainda maior de aplicagdes [61].

O documento completo do padrao 5G NR compila uma variedade de versdes com
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varias especificacdes técnicas e relatdrios. Portanto, a descri¢do a seguir aborda ape-
nas os principais aspectos do 5G NR necessarios para entender as contribui¢des de
pesquisa, ou seja, os modos de operagdo do 5G, faixa de frequéncia e largura de banda,
numerologia, alocacdo de recursos e magnitude do vetor de erro (EVM, error vector
magnitude).

Non-standalone Standalone

.

eNodeB S >
(4G) Y

Plano de dados

Figura 2.1: Estrutura simplificada dos modos de operacdo non-standalone e standalone do
5G NR.

Embora o 5G comercial ja esteja sendo implantado globalmente, a implementacao
de novos softwares e componentes de hardware 5G € necessaria para habilitar todas as
funcionalidades da rede. O 3GPP especificou dois modos de operacdo distintos para
permitir uma transicao suave desde o inicio da implantagao do 5G até a versao com-
pleta. O primeiro modo é chamado de ndo autonomo (NSA, non-standalone), no qual
a sinalizacdo de controle das redes 5G € ancorada no nucleo de pacotes evoluido (EPC,
evolved packet core) do LTE, utilizando a infraestrutura de rede existente sem substitui-
la, como mostrado na Fig 2.1. A principal vantagem do modo NSA € a implantacdo
rapida do 5G, no entanto, essa abordagem ndo permite explorar completamente o po-
tencial das funcionalidades do que se propde o 5G. Por outro lado, o modo autdbnomo
(SA, standalone) conecta diretamente os planos de dados e controle do radio 5G a rede
central 5G (5GC), eliminando a dependéncia do nucleo 4G existente. Toda a infra-
estrutura, incluindo unidades de radio remotas, redes centrais e links de fronthaul e
backhaul, é dedicada ao 5G. Portanto, o modo NSA pode ser visto como uma etapa
tempordria em dire¢do a uma implantacao completa do 5G, simplificando a transi¢ao

do LTE para o 5G, enquanto somente o modo SA € capaz de fornecer todas as capaci-
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14 2.1. 5G New Radio Capitulo 2

dades das redes 5G [62].

Em relagdo as frequéncias de operacdo do 5SG NR, O espectro suportado é classi-
ficado em dois intervalos de frequéncia (FR, frequency range): FR1 e FR2. O FR1
abrange de 410 MHz a 7,125 GHz, enquanto o FR2 € subdividido em FR2-1 e FR2-2,
abrangendo de 24,25 GHz a 52,6 GHz e de 52,6 GHz a 71 GHz, respectivamente [12].
Além disso, o 3GPP também especificou uma diversidade de alocagdes de largura de
banda do 5G NR com o objetivo de atender a pluralidade de cendrios do 5G, permitindo
flexibilidade e gerenciamento de throughput. A Tabela 2.1 resume a alocacgado de lar-
gura de banda especificada para ambas as faixas de frequéncia. Pode-se observar que,
mesmo para a FR1, sdo possiveis larguras de banda de até 100 MHz sem agregacdo de
portadora (CA, carrier agregation), cinco vezes maior em comparagdo com a versao
atual do LTE. Além disso, a FR2-2 apresenta uma largura de banda sem precedentes

de até 2000 MHz por usudrio, visando aplicacdes de alto throughput.

Tabela 2.1: Larguras de banda alocadas para o padrdo 5G NR.

FR1 FR2-1 FR2-2
Frequéncia 410 MHz - 7125 MHz 24250 MHz - 52600 MHz 52600 MHz - 71000 MHz

5,10, 15, 20, 25,
30, 35, 40, 45, 50, 50, 100, 200, 300 € 400 100, 400, 800, 1600 e 2000
60, 70, 80, 90 e 100

Largura de banda
(MHz)

As frequéncias operando na faixa de ondas milimétricas sio uma abordagem pro-
missora para aumentar significativamente a capacidade dos sistemas 5G. No entanto,
sistemas que operam nessa faixa de frequéncia enfrentam perdas severas de propagacao
em comparacdo com a faixa abaixo de 6 GHz. Consequentemente, a utilizacdo de
técnicas como: beamforming, multiplas entradas e multiplas saidas em massa (mMIMO,
massive-MIMO) e técnicas de codificacao robustas devem ser empregadas para lidar
com esse problema. Além disso, os pontos de acesso que operam na banda de on-
das milimétricas sofrem de ruido de fase, que € tipicamente causado e aumentado
por componentes ativos, especialmente osciladores de RF. Um dos principais proble-
mas causados pelo ruido de fase em um sinal OFDM ¢ a rotacdo de fase de todas as
subportadoras, denominada erro de fase comum (CPE, common phase error). Con-

sequentemente, o sinal de referéncia de rastreamento de fase (PTRS, phase tracking
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reference signal) foi implementado em sistemas 5G NR com objetivo de rastrear a
fase, reduzindo seu impacto no desempenho do sistema [63]. Portanto, sinais de on-
das milimétricas com alta pureza espectral e baixo ruido de fase desde a geracdo sdo
obrigatdrios para aplicagdes 5SG. Normalmente, geradores de RF sintetizados eletro-
nicamente sdo usados como fontes, que podem ser volumosas e caras, especialmente
na faixa de ondas milimétricas. Alternativamente, a fotdnica de micro-ondas tem sido
considerada uma técnica promissora para gerar e distribuir sinais de RF com baixo

ruido de fase [63], que € um topico abordado mais adiante nesta Tese.

O 5G NR utiliza multiplexacdo por divisao de frequéncia ortogonal baseada em
prefixo ciclico (CP-OFDM, cyclic prefix-based orthogonal frequency division multi-
plexing) nas dire¢des de downlink e uplink [9]. A tecnologia 5G NR também intro-
duziu o conceito de numerologia p, permitindo configurar o espagamento entre sub-
portadoras (SCS, subcarrier spacing) de 60 kHz até 960 kHz nas faixas FR1 e FR2,
respectivamente, uma vez que o LTE utiliza um espacamento fixo de 15 kHz entre
subportadoras adjacentes [64]. Portanto, aumentar o SCS permite o uso de maiores
larguras de banda em cada subportadora e, consequentemente, atinge maior vazao de

dados. O SCS resultante depende do valor de p utilizado e é dado por:

SCS = 2#(15 x 10%), 2.1)

em que p assume valores de 0, 1 ou 2 na faixa FR1, resultando em SCS de 15, 30 ou
60 kHz, respectivamente, enquanto na faixa FR2-1 é possivel utilizar 2 ou 3 resultando
em SCS de 60 ou 120 kHz, e por fim x« quando assume valor de 3; 5 e 6 resulta e SCS

equivalente a 120 kHz, 480 e 960 kHz, respectivamente.

A Fig 2.2 apresenta a estrutura de dominio temporal do 5G NR. Um bloco de re-
curso (RB, resource block) é definido como a unidade minima de alocagdo de recursos
disponivel para um usudrio, sendo composto por uma matriz de tempo e frequéncia
com as informag¢des. No dominio temporal, 0 RB é composto por um periodo de qua-
dro de 10 ms dividido em dez subquadros de 1 ms. Os slots de tempo sdo compostos
por 14 simbolos OFDM, independentemente do valor de p [65]. Consequentemente,

aumentar o valor de p resulta em uma duracdo de slot mais curta e fragmentacdo
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16 2.1. 5G New Radio Capitulo 2

do subquadro seguindo o fator 2*. Por exemplo, i = 0, 1, 2 e 3 resulta em slots
com duragdo de 1, 0,5, 0,25 e 0,125 ms, respectivamente, conforme mostrado na
Fig 2.2. Portanto, aumentar o valor de p implica em transmitir mais simbolos no
mesmo periodo, o que corrobora com a flexibilidade do sistema proposta pela estru-
tura de quadro do 5G NR. Além disso, o padrao também propos dividir o slot de tempo
em dois, criando slots de tempo com 7 simbolos OFDM visando aplica¢cdes de baixa
laténcia, uma vez que o processamento do sistema esta diretamente relacionado ao slot

de tempo [66].

frame = 10 ms

— subframe = 1 ms

Cimem el T

CT T 21T 3T 3215161718109 1101
n=0, Af =15kHz u=1, Af =30kHz
| | | | |
slot=1 ms slot =0.5 ms
n=2, Af =60kHz u=3, Af =120kHz
| | | | | | I O O
slot=0.25 ms slot="0:125 i

Figura 2.2: Estrutura no dominio do tempo 5G NR.

A estrutura do 5G NR também € organizada em canais de dados, nomeadamente:
fisicos, de transporte e 16gicos. Os canais fisicos sdo responsdveis pela comunicagao
entre o sistema 5G e os dispositivos de equipamento do usudrio. Ja os canais de trans-
porte funcionam entre a camada (MAC, media access control) e a camada fisica.
Os canais légicos sdo utilizados para a transmissdo de informagdes de controle e
configuracdo entre as camadas de (RLC, radio-link control) e MAC. A Fig 2.3 apre-
senta uma geracao pratica do padrdo 5G NR, incluindo a alocagdo de recursos e ca-
nais de dados mencionados anteriormente. Os sinais de sincronizagdao primdria (PSS,
primary synchronization signals), sinais de sincroniza¢ao secunddéria (SSS, secondary
synchronization signals ) e o canal de transmissao fisica (PBCH, physical broadcast

channel) foram alocados para permitir que o equipamento do usudrio adquira o sincro-
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Capitulo 2 2.1. 5G New Radio 17

nismo do quadro e a identificacdo da célula. O canal fisico compartilhado de dados
5G NR (PDSCH, physical data shared channel) € responsavel por transportar os da-
dos do usudrio, configurado em particular com modulagdo 16 e 64-QAM. O sinal de
referéncia de demodulacao (DMRS, demodulation reference signal) € especifico para

o usudrio final e utilizado para estimar o canal sem fio [67].

Constelacio 5G NR Alocacdo 5G NR

Ss! | PBCH
PECH DMRSPDSCH DMRS CSI-RS

@ sss (BPSK) PDSCH (64-QAM) @ PDSCH (Z-Chu)

® rss Brsk) @ DMRS (QPSK) @® rscH BPSK)

Figura 2.3: Exemplo de descrigcdo e alocacdo de simbolos/canais de dados 5G NR.

Em relacdo a qualidade do sinal do 5G NR, a medida de EVM ¢é proposta e utilizada
para avaliar o desempenho do sistema, como ilustrado na Fig 2.4. Um vetor de erro é
um vetor no plano I-Q entre o simbolo ideal da constelagdo e o simbolo recebido, ou
seja, a distancia entre os simbolos recebidos e os simbolos ideais. Portanto, o EVM
total é a raiz quadrada média de todas as magnitudes dos vetores de erro entre os
simbolos recebidos e a localizagdo ideal mais proxima na constelagao [68]. O 3GPP
padronizou a magnitude médxima do erro quadratico médio do vetor (EVMgys) para
o sinal 5G NR, como uma fun¢do da ordem de modulacdo, especificamente: 3,5%,
8,0%, 12,5% e 17,5% para 256-, 64-, 16-QAM e modulacdo de deslocamento de fase

em quadratura (QPSK, quadrature phase shift keying), respectivamente.
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° ° Q Simbolo recebido Ordem d_e ['"-"':N!mls
wetor Rrpemal  Modulagio méiximo
o) QPSK 17.5%
L , 16-QAM 12.5%
-7 Simbolo ideal 64-QAM 8%
256-QAM 3.5%
|

!.0 :.t*--h-;._
\o®

Figura 2.4: Representacdo do EVM e os valores mdximos permitidos para sinais 5G NR.

2.2 Radio Access Network (RAN)

A rede de acesso por radio (RAN, radio acces network) representa a ponte entre
os usudrios moveis e a rede central, sendo composta por cabos coaxiais e/ou fibras
Opticas, além das antenas e elementos da estacao base (BS, base station). Estes tltimos
s@o principalmente a unidade de banda base (BBU, baseband unit), responséavel pelo
processamento completo do sinal de banda base, incluindo o controle de recursos, e
a unidade de radio (RU, radio unit), que realiza tarefas de processamento de radio
frequéncia, como filtragem de frequéncia e amplificacdo. De acordo com a topologia,
a RAN pode ser classificada como uma rede de acesso por radio distribuida (D-RAN,
distributed-RAN) e uma rede de acesso por radio centralizada (C-RAN, centralized-

RAN) [69,70].

2.2.1 Distributed-RAN (D-RAN)

A arquitetura distribuida da RAN localiza fisicamente a unidade de banda base
juntamente com a unidade de radio nos sites das células das redes moveis. A Fig 2.5
(a) mostra que, inicialmente, as fungdes de processamento de radio e banda base sdo
integradas na estacao base, de modo que a eletronica funcional € colocada na base da
torre e conectada as antenas usando cabos coaxiais. Assim, todas as funcionalidades
sdo processadas no site da célula, conectado a rede central por meio do gateway e do
link fisico de backhaul. Essa estrutura de D-RAN foi implementada principalmente

para a segunda geracdo de redes moveis [70].
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Num segundo momento, a unidade de banda base e a unidade de radio sdo separadas
uma da outra, conforme ilustrado na Fig 2.5(b). A unidade de radio € posicionada
proxima as antenas e é chamada de cabecote de radio remoto (RRH, remote radio
head) ou unidade de rddio remota, enquanto a unidade de banda base permanece no
gabinete. O RRH e a BBU sdo conectados utilizando fibra 6ptica, o que possibilita
a redugdo de peso, volume e atenuacdo em comparagdo com o cabo coaxial. Essa
solucdo de D-RAN também permite o uso de cabos coaxiais curtos para conectar as

antenas setoriais, reduzindo assim as perdas de RF [69].

Crateway Rede de Crateway Rede de
Transporte Transporte
P sporte

| | /

| &
% Antenas| [0 \ "":;% Antenas T
\?‘;? N
\ f a
Gabinete Cabo \ Gabinete Fibra

E-u ady b- g | ’ *
| Estacio base coaxial | Gptica

BBU RU BBU (

Estagio celular Estaciio celular
(a) (b)

Figura 2.5: Rede de Acesso por Rddio Distribuida: (a) Unidade de Banda Base (BBU) e
Unidade de Rddio (RU) integradas na estagdo base; (b) BBU no gabinete e Unidade Remota
de Rddio (RRH) proxima as antenas.

A segunda fase da D-RAN supriu as demandas do (UMTS, universal mobile tele-
communications system) e do 4G, porém nao € escaldvel nem eficiente o suficiente para
oferecer os servicos de alta largura de banda e baixa laténcia esperados pelo 5G. Além
disso, os gastos operacionais (OPEX, operational expenditure) e de capital (CAPEX,
capital expenditure) da D-RAN aumentam significativamente quando mais estacoes
base (chamadas de NodeB) sdo implementadas, pois cada novo local requer uma in-
fraestrutura completa de energia e refrigeracdo, além de uma &rea fisica relevante. O
CAPEX cobre os custos necessarios para a constru¢ao da rede, incluindo aquisi¢do
do local, hardware de RF, licengas de software, instalacdo, entre outros, enquanto o
OPEX refere-se aos custos relacionados a operagao da rede, como eletricidade, aluguel
do local, manutencao e atualizacdo. Esses gastos sao uma questao importante para as

futuras geragdes sem fio devido ao aumento previsto no nimero de locais de células.
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Portanto, a D-RAN ndo tem sido considerada uma solu¢do de RAN competitiva para

0 5G [70,71].

2.2.2 Centralized-RAN(C-RAN)

A RAN centralizada, ilustrada na Fig 2.6, surgiu como uma alternativa a arquite-
tura distribuida. A C-RAN mantém o RRH préximo a antena remota e centraliza as
fungdes de processamento de banda base de varias BBUs no mesmo local, geralmente
na unidade central. Esta ultima é uma sala de equipamentos Unica que abriga o cha-
mado pool de BBUs, que pode estar a quildometros de distancia (até 20 km) dos RRHs.
O backhaul conecta o pool de BBUs a rede central, enquanto as ligacdes de fronthaul
conectam o pool de BBUs a diversos RRHs. O fronthaul € baseado principalmente
em fibra 6ptica, embora também possa ser sem fio. A solucdo de RAN em discussdo
tem se mostrado atrativa em termos de economia de custos e tem sido amplamente

implementada em redes comerciais 4G [39,72].

A Fig 2.6 também ilustra a arquitetura C-RAN de acordo com o conceito de inter-
face de fronthaul da proxima geracgdo, proposto pela China Mobile em 2014 para o 5G.
Essa arquitetura introduz a unidade de distribui¢io como um novo elemento da estacao
base, a fim de permitir uma divisdo funcional entre as funcdes de banda base. A di-
visao funcional consiste em remover algumas fun¢des da BBU e atribui-las a DU ou ao
local da antena, que geralmente realizam tarefas de processamento rapido. As funcdes
de controle complexas continuam centralizadas na CU. O fronthaul é utilizado para
conectar a DU e o RRH, enquanto o midhaul surge como o segmento de conectividade
entre a unidade central (CU, central unit) e a unidade de distribui¢ao (DU, distributed
unit). Essa solucdo de RAN resulta em uma estrutura de estacdo base chamada de
gNodeB [39].

As principais vantagens do C-RAN que o tornam promissor para o 5G podem ser

listadas da seguinte forma:

* Economia de custos em CAPEX e OPEX: A centralizacdo das BBUs e dos
equipamentos de suporte em um tunico local permite o compartilhamento de

instalacdes, como energia, ar-condicionado e infraestrutura civil. Além disso,
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Figura 2.6: Rede de acesso por rddio centralizada.

a centralizacdo permite simplificar o site da estagdo base, que tem tamanho e
consumo de energia reduzidos, uma vez que acomoda apenas o0 RRH e nenhum
gabinete de equipamento de banda base. O RRH pode até ser instalado em postes
com taxa minima de aluguel de site e requisitos minimos de suporte. O gerenci-
amento e a manuten¢do da rede se tornam mais faceis e vidveis, assumindo um
grande nimero de estacdes base [70,73]. Em um dos testes de campo do C-RAN
relatados na literatura, foi observado que o CAPEX e o OPEX para novos sites
de células podem ser reduzidos em 30% e 5%, respectivamente, em compara¢ao

com o0 método de implantacao de RAN distribuido [72].

Aceleracdo da implantacao da rede: Isso € alcancado com a simplificacdo do site
remoto e o agrupamento de hardware na CU. Em nimeros, o ciclo de construgao
da RAN pode ser reduzido de aproximadamente 77 dias para cerca de 30 dias ao

utilizar a arquitetura centralizada [72].

Escalabilidade e flexibilidade: Além da simplificacao do site remoto, a unidade
central é projetada para utilizar hardware geral, que pode ser facilmente esten-
dido e/ou atualizado para conectar um nimero de DUs ou RRHs conforme a
demanda. Além disso, a CU e a DU podem ser implantadas independentemente,

de acordo com as capacidades de hardware, o que proporciona flexibilidade [39].
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* Melhoria de desempenho: A comunicacdo agil entre as BBUs co-localizadas
contribui para a reducdo da laténcia e pode facilitar mecanismos de cooperagao,
como o (CoMP, Coordenate Multi-Point), ja introduzido no LTE-Advanced. Al-
goritmos de CoMP no C-RAN se beneficiam da rdpida interacao entre as BBUs
e podem favorecer, por exemplo, o aumento da taxa de dados na borda da célula

[70,71].

* Virtualizacao/cloudificacdo: Como os recursos computacionais sdo agregados
no pool de BBUs, eles podem ser consolidados usando servidores padrdao do
setor localizados em data centers. Essa caracteristica permite uma alocagao

flexivel e sob demanda de recursos [39].

* Eficiéncia energética em direcao a uma rede sustentavel: O C-RAN oferece eco-
nomia de energia devido a fatores como a centralizacdo, que permite o compar-
tilhamento de instalagdes, e a virtualizag¢do, que reduz os requisitos de hardware.
Além disso, os recursos de processamento podem ser seletivamente desligados
quando uma estacdo base virtual esta ociosa, por exemplo, durante a noite, redu-
zindo o consumo de energia. De acordo com a literatura, a economia de energia
no C-RAN chega a cerca de 40% em relacdo ao D-RAN devido a infraestru-
tura [39] de resfriamento compartilhada, e pode exceder 70% dependendo do
nivel de centraliza¢do das funcdes de banda base e da escala de implantacao

(nimero de células que um pool de BBUs cobre) [70,73].

De fato, o C-RAN traz vérias vantagens que estimulam sua implantacdo comer-
cial para o 5G, mas uma série de desafios precisam ser enfrentados. Por exemplo,
€ necessario ter disponibilidade de redes de transporte de alta largura de banda,
abordagens de cooperagdo entre BBUs sdo exigidas e técnicas de virtualizacio
do pool de BBUs precisam ser consolidadas. As solucdes que serdo propostas

neste trabalho estao relacionadas ao elo de fronthaul da arquitetura C-RAN.
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2.3 Sistemas fiber-wireless (FiWi)

Os sistemas de comunicacdes modernos empregam uma variedade de tecnologias
para transportar € transmitir sinais entre os usudrios e o nucleo da rede. Os sistemas
FiWi estdo entre essas tecnologias, combinando as vantagens dos sistemas Opticos e
sem fio. Isso se tornou possivel devido ao aprimoramento das fontes de luz e das
fibras Opticas de baixa perda, juntamente com a evolucido das comunicagdes sem fio,
que contribuem para a implementacdo de enlaces de longa distancia e alta taxa de
transferéncia de dados. No entanto, para atingir altas taxas de transmissao no nucleo da
rede, € necessario aumentar as frequéncias de operacdo. Por outro lado, isso resulta em

uma diminui¢do na 4rea de cobertura devido as perdas de propagagdo mais elevadas.

Neste contexto, a tecnologia de MWP surge como solugdo para convergir as comunicagdes
Opticas e sem fio em um unico sistema [15, 16]. Os sistemas FiWi, baseados na tec-
nologia de RoF, sdo utilizados em sistemas 5G, visando a transmissdo simultanea de
multiplos sinais de RF entre uma unidade centralizada e o RRH [40, 74]. Essa apli-
cabilidade permite aproveitar a infraestrutura dptica existente, assim como sua ampla
cobertura, para criar uma rede de distribui¢cdo de RF de banda larga. Para isso, o si-
nal de RF € modulado em uma fonte de luz com comprimentos de onda (\) diferentes

daqueles padronizados para aplicagdes como o GPON [75].

Uma fonte luminosa € baseada na emissdo espontanea ou estimulada, que ocorre
quando um atomo excitado retorna ao seu estado de energia fundamental [76]. As
principais fontes Opticas utilizadas em sistemas Opticos sdo os LEDs (Light-Emitting
Diodes) e os Lasers (Light Amplification by Stimulated Emission of Radiation). Na
emissao espontanea, os fotons sdo gerados de forma aleatdria, sem coeréncia de fase
ou direcdo entre eles. Por outro lado, na emissdo estimulada, um féton existente inicia
o processo, transmitindo caracteristicas bem definidas, como dire¢do de propagacao,
energia e fase. Essas caracteristicas sdo replicadas nos fétons subsequentes, resul-
tando em uma emissdo de luz estimulada e coerente. Nos sistemas Opticos modernos,
€ necessdrio utilizar fontes luminosas com larguras espectrais estreitas para alcancar
modulacdes de alta taxa de bits e baixa dispersdo. Nesse contexto, os lasers sdo mais

eficientes do que os LEDs no cumprimento dessas exigéncias e, portanto, sdo ampla-
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mente utilizados em sistemas RoF.

As solucdes RoF sdo empregadas em sistemas FiWi 5G, seguindo a arquitetura C-
RAN, para o transporte de sinais analdgicos (A-RoF) ou digitais (D-RoF), conforme
ilustrado na Fig 2.7 [77]. Em resumo, a técnica RoF realiza a E/O (Electrical-to-
Optical Conversion) e O/E (Optical-to-Electrical Conversion), adaptando o sinal ao

canal de transmissao.

RRU
[ oo J u DLRF o
Processamento J_I_I_L
(a) digital em banda -
SMF base SMF
m Backhau! Fronthanl
cO
gNodeB
RAU
(b)
SMF Amplificador de RF/
Antena
Backhaul 0 I O/E |I E/O
- Front end de RF gNodeB

Figura 2.7: Sistemas FiWi 5G baseados em radio sobre fibra digital (a) e analégico (b).

Grande parte dos enlaces fronthaul modernos utiliza a tecnologia D-RoF com o
padrao CPRI (Common Public Radio Interface). Nessa solugdo, o processamento di-
gital de banda base do sinal é realizado, juntamente com o encapsulamento CPRI e a
conversao E/O na Central Office (CO). A CO e a Remote Radio Unit (RRU) sao co-
nectadas por meio de fibras monomodo (SMFs), nas quais s@o transportadas amostras
digitalizadas do sinal. Na unidade remota de radio (RRU), ocorre a conversao O/E,
o desencapsulamento CPRI e a conversdo do sinal digital para o dominio analdgico.
Em seguida, o front-end de RF realiza a amplificacdo, a conversdo de frequéncia e a

transmissao do sinal, que serd recebido pelos usudrios finais.

Nas transmissdes na faixa de ondas milimétricas, a amostragem do sinal se torna
um fator critico devido a necessidade de utilizar conversores analégico-digital (ADC,
Analog-to-digital Converter) e digital-analogico (DAC, Digital-to-analog Converter)

com altas frequéncias de amostragem e largura de banda, o que resulta em um alto
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custo. Embora os sistemas D-RoF sejam amplamente utilizados em enlaces fronthaul,
€ evidente a necessidade de melhorias para tornar essa solugdo vidvel em redes moveis
de quinta geragdo. Isso estd relacionado a baixa eficiéncia de transmissao de bits do
padrao CPRI, que utiliza a maior parte da banda disponivel para transmitir as amostras

do sinal digitalizado [78,79].

Os sistemas A-RoF surgem como uma alternativa promissora aos sistemas D-RoF,
permitindo maximizar a eficiéncia espectral, reduzir custos e simplificar as RRUs.
A simplificacdo ocorre devido ao deslocamento do front-end de RF para a CO e a
eliminacdo dos conversores ADC e DAC nas RRUs [80]. Essa divisdo levou ao sur-
gimento de uma nova terminologia, na qual a RRU passou a ser chamada de (RAU,
Remote Access Unit). Outras nomenclaturas que surgiram com a técnica A-RoF estio

relacionadas a frequéncia da portadora utilizada.

Os sistemas A-RoF podem ser divididos em trés categorias: RFoF (Radiofrequency-
over-fiber), IFoF (Intermediate Frequency-over-fiber) e BBoF (Baseband-over-fiber)
[81]. Ao contrdrio do IFoF, os sistemas RFoF transportam sinais nas frequéncias de
radiacao das redes de acesso, eliminando a necessidade de osciladores na BTS (Base
Transceiver Stations) para multiplicacdo em frequéncia. No entanto, essa abordagem
apresenta maior susceptibilidade a dispersdes cromaticas e distor¢des em comparagao
com as outras técnicas A-RoF [82]. Nos sistemas BBoF, os sinais sdo transportados
em banda base até a estacdo radio base para detec¢ao Optica. Apds a deteccao dptica,
o sinal de informacdo modula uma portadora de RF de acordo com a frequéncia de
operagio da rede de acesso. E importante ressaltar que os sistemas A-RoF realizam
a conversdo elétro-Optica por meio de técnicas de modulacdo direta ou externa, em
contraste com os sistemas D-RoF, que raramente empregam modulacdo externa [76,

83].

A Fig 2.8 ilustra o esquema fundamental de um sistema A-RoF com técnicas de
modulacdo direta (Fig 2.8 (a)) e externa (Fig 2.8 (b)). Na modulagdo direta, o sinal
modulante de RF, contendo as informacgdes a serem transmitidas, é diretamente apli-
cado a corrente de alimentacdo do laser. As variagdes no sinal modulante alteram a

intensidade da luz, resultando em uma modula¢do de intensidade na portadora dptica.
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Consequentemente, o sinal 6ptico na saida do laser assume a mesma forma do sinal
elétrico modulante. A modulagdo direta é mais econdmica em comparacdo com a
modulacdo externa, o que a torna atraente especialmente para aplicagdes com taxas de
transmissdo de até 10 Gbit/s [76]. Entretanto, essa abordagem ¢é limitada principal-
mente pelo tempo de resposta do laser e pelo chirp, que sdo causados por variagdes de
fase da portadora 6ptica ao longo do tempo. Para superar esses problemas, sdo em-
pregados moduladores eletro-Opticos. Esses dispositivos externos possibilitam maior
controle e eficiéncia na modulacdo do sinal 6ptico, permitindo taxas de transmissao

mais elevadas e melhor desempenho do sistema A-RoF.

Sistema radio sobre fibra com modulag¢édo direta

{ Sinal de RF Laser Fotodetector \}
i =

[ b a—t - {F]—X e Il
i I % SMF i
i . :
i Fonte | _ _ . _ _ ! :
' L I Elétrico Optico (a) ,rl

/" Sinal de RF \
I 1
: M[\N\ T 1 :
i Laser ! (®) Fotodetector i
! I
| x MZM (@] Ii- o> ]
| SMF |
I i I
: Fonte | ! !
! I
‘\ 1 ae- Elétrico Optico (b) /

Figura 2.8: Esquema bdsico do rddio sobre fibra: (a) Modulacdo direta; (b) Modulagcdo
externa.

Na técnica de modulagdo externa, geralmente € utilizado um modulador 6ptico
com guias de onda de Niobato de Litio (LiNbO3) Fig 2.9. Ao aplicar uma tensao
de polarizagdo (Vy,,s), 0 indice modal efetivo do guia € modificado, resultando em uma
variagao de fase do sinal de entrada. Existem trés tipos de moduladores Mach-Zehnder
e estdo amplamente disponiveis, como ilustrado na Fig 2.9. Eles diferem principal-

mente em relacdo ao ndmero de entradas elétricas, mantendo o mesmo principio ope-

Inatel



Capitulo 2 2.3. Sistemas fiber-wireless (FiWi) 27

racional. O modulador Mach-Zehnder (SD-MZM, Single drive-MZM) Fig 2.9 (a) pos-
sui uma unica porta de entrada de sinal de radiofrequéncia (RF;,) € um tnico controle
de polarizacdao (Vy;,s). Por outro lado, o modulador Mach-Zehnder (DD-MZM, Dual
drive - MZM) Fig 2.9 (b) possibilita duas portas de RF independentes, com controles
de polarizacdo individuais (Vpiss1 € Viias2) N0Os bragos superior e inferior do dispositivo.
O modulador Mach-Zehnder (DP-MZM, dual-parallel) Fig 2.9 (c) combina dois mo-
duladores SD-MZM e adiciona a possibilidade de um terceiro controle de polarizacdo
(Vpias3) antes da juncdo Y final. Vale destacar que cada um desses tipos de MZM
pode ser adequadamente utilizado para aplicagdes especificas. O SD-MZM ¢€ geral-
mente empregado em modulagdo externa e processamento fotdnico de um tnico sinal
RF [16]. O DD-MZM ¢ conhecido por sua aplicagdo em modulagdo 6ptica de banda la-
teral tnica (OSSB, optical single side band) [84], enquanto o DP-MZM ¢é reconhecido
por suas fungdes em modulagdo 1Q [28, 85].

R]"in Vhiﬂs

0 ")
(c) RI-},,.[ lVbiasl lmes_%

(b) R}"’Inll thiasl

Er'n (U Eau.r (")

Rl Vo
Figura 2.9: Modulador Mach-Zehnder: (a) Single-drive; (b) Dual-drive; (c¢) Dual-parallel.

Rf“in:. I I Vbiusl

Como exemplo, utilizando o DD-MZM visto na Fig 2.9 (b) a intensidade do campo
elétrico da portadora dptica de entrada (Fj,(t)) € igualmente distribuida em poténcia
entre os bracos do modulador. O campo elétrico da portadora dptica na saida do dispo-
sitivo (Eoy(t)) varia de acordo com a tensdo de polarizacéo aplicada ao guia Fig 2.10,

e essa variacdo pode ser descrita conforme [86].

(71 4+ e7'%2), (2.2)

em que ¢, e ¢, representam as fases resultantes da aplicagao das tensdes de polarizagio
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Figura 2.10: Funcdo de transferéncia do MZM.

Vbias1 € Vpias2, respectivamente, e podem ser expressas por:

™ ™

o1 = m‘fela P2 = m‘/e% (2.3)

considerando V. como a tensdo de meia onda do modulador e V,; € V.5 como as tensoes
de modulagdo aplicadas aos eletrodos dos bracos superiores e inferiores, respectiva-
mente, a relacdo entre essas grandezas e os sinais RFj,; E RFj,,, juntamente com as

tensdes de polarizacdo, pode ser expressa da seguinte maneira:

Ver = Vint cos(wWrpinit) + Viiast, Vea = Vina cos(Wrpinat) + Viias2- 2.4)

Finalmente, ao substituir as equagdes 2.3 e 2.4 na equacgio 2.2, obtém-se [86]

Foult) = Ein(t) —igp (Vin1 cos(WrFin1t)+Vbias1 ) + e tavy (Vim2 COS(wRFith)-i-Vbiasz)] . (2.5)
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onde V.1, Vin2, WrE,, € WRE, , representam as amplitudes e frequéncias angulares dos

inl in2

sinais de entrada do modulador (RF',; e RF'yp), respectivamente. Na equacgdo 2.5,

observa-se que a intensidade do campo elétrico da portadora Optica varia em funcdo da

tensdo aplicada aos eletrodos.

Os principais pontos de operagao do modulador 6ptico s@o conhecidos como MATP
(Maximum Transmission Point), MITP (Minimum Transmission Point) e QP (Quadra-
ture Point). Na auséncia da tensdo de polarizagdo, os campos elétricos da portadora
Optica nos dois bracos sofrem deslocamentos de fase iguais, sendo combinados cons-
trutivamente na saida do dispositivo, caracterizando o MATP. Quando uma tensao V;
€ aplicada, obtemos o MITP, onde € introduzido um desvio de fase de 180 graus entre
os bracos do modulador. Nesse ponto, a combinagdo resultante € destrutiva, levando
a uma atenuacio do sinal de RF na frequéncia de interesse. E importante ressaltar
que existem vdarias combinag¢des de fase entre os bragos do modulador, dependendo do

ponto de operagdo escolhido ao longo da func¢do de transferéncia.

Com relacao as fibras Opticas aplicadas em redes de telecomunicagdes, sao clas-
sificadas de acordo com o nimero de modos que se propagam pelo nucleo: a MMF
(Multi-mode Fiber) e a SMF (Single-mode Fiber). Os modos referem-se as diferentes

distribui¢des do campo eletromagnético guiado ao longo do comprimento das fibras.

Fibras monomodo permitem a transmissdo de feixes 6pticos modulados com taxas
de bits mais elevadas, uma vez que apenas uma distribui¢do de campo € confinada ao
ntcleo, resultando em uma reducao na dispersao total [83]. Apds percorrer a extensao
da fibra, o feixe 6ptico modulado é convertido de volta ao dominio elétrico por meio
de um fotodetector. Essa conversao permite a recuperagao dos dados transmitidos para

posterior processamento e utilizagao.

Essencialmente, o processo de fotodetec¢do envolve a geracdo de uma corrente
elétrica quando um feixe de luz incide sobre um detector. Portanto, é necessario es-
tabelecer uma relacdo entre a corrente fotodetectada e as caracteristicas do feixe de
luz que chega ao detector. Quando a energia do feixe Optico € suficiente para liberar
elétrons no material semicondutor, ocorre a transferéncia desses elétrons da banda de

valéncia para a banda de conducao.
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Em uma situagdo ideal, a incidéncia de uma determinada quantidade de fétons por
segundo resultaria na liberacdo de uma quantidade igual de elétrons por segundo. No
entanto, na pratica, o nimero de elétrons liberados por segundo (/N,) é menor do que
o nimero de fétons incidentes por segundo (/Ny). A relagdo entre esses dois valores
define a eficiéncia quantica do dispositivo. Essa eficiéncia quéntica indica a capaci-
dade do detector de converter a luz incidente em corrente elétrica e € um parametro

fundamental para a caracterizagcao e desempenho do fotodetector, que é dada por [76]:

Ne

Mg

esse parametro € influenciado pelo comprimento de onda, e cada material apresenta seu
valor mdximo em torno de um comprimento de onda especifico. Além disso, existe um
comprimento de onda de corte acima do qual ndo ocorre mais transferéncia de elétrons
para a banda de condug¢do, uma vez que o foton ndo possui energia suficiente para

realizar essa agdo.

Ao multiplicar tanto o numerador quanto o denominador da equacao 2.6 pela carga
do elétron e pela energia do féton, € possivel relacionar a corrente resultante com
a quantidade de elétrons por segundo e a poténcia do feixe optico incidente. Esse

processo leva a seguinte expressao [76]

 Neghf  Lhf  Lhf

- - S 2.7)
e Nerhf ther PinQe

nesta expressdo, [, representa a fotocorrente gerada pelo deslocamento de elétrons e
lacunas no semicondutor, h é a constante de Planck (h = 6,63 x 1073*J - seg), f é
a frequéncia do feixe optico e F;, € a poténcia resultante do produto do nimero de
fotons incidentes por unidade de tempo pela energia do féton. Isolando a fotocorrente,

temos:

. B
I = 435 P = 0 5= Pon = RPy, 2.8)

hf

a responsividade do fotodetector, representada por 2, € um parametro que combina
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diferentes fatores da equagdo e é expressa em Amperes por Watt (A/WV). O valor de
R engloba a eficiéncia quantica, a carga do elétron, o comprimento de onda do feixe
optico, a constante de Planck e a velocidade da luz no vacuo. Sendo todos esses valores

invaridveis, a responsividade é constante para um dado comprimento de onda.

Portanto, conclui-se que a fotocorrente € diretamente proporcional a poténcia optica
incidente [76]. Por essa razao, a fotocorrente acompanha as variacdes de poténcia do
feixe Optico, permitindo reproduzir no dominio elétrico a mesma forma de onda que
estd modulando a onda portadora no dominio 6ptico. Isso torna o fotodetector uma fer-
ramenta valiosa para converter informagdes Opticas em sinais elétricos, possibilitando

a transmissdo e processamento eficiente de dados em sistemas de comunicagdo optica.

2.4 Solucoes Fotonicas aplicadas em sistemas 5G

A MWP pode ser definida como uma abordagem interdisciplinar que integra as
areas de ondas milimétricas e Optica, utilizando dispositivos optoeletronicos para trans-
mitir, gerar e processar sinais opticos e elétricos [16,87]. Essa abordagem tem diver-
sas aplicagdes, como redes de acesso sem fio de banda larga, redes de sensores, radar,
comunicagdes via satélite, instrumentacdo, sistemas de guerra, espectroscopia, além

de radioastronomia, entre outras [16, 87].

A geracgdo de sinais de alta frequéncia, como os sinais de mm-wave que operam na
faixa de 30-300 GHz, € um desafio significativo na drea de RF. Os esquemas eletronicos
convencionais apresentam limitacdes devido as restri¢des de frequéncia dos dispositi-
vos e equipamentos eletronicos. Tradicionalmente, os sinais mm-wave sao gerados
por osciladores que utilizam dispositivos de dois ou trés terminais, como diodos, res-
sonadores de cristal ou transistores. No entanto, a geragcdo de alta frequéncia requer
multiplos estagios elétricos, 0 que aumenta o custo e a complexidade. Essas aborda-
gens sao adequadas para muitas aplicacdes, mas nao sao suficientes para as aplicacoes
emergentes que demandam sinais de frequéncias mais alta. Além disso, a distribui¢ao
de sinais de alta frequéncia no dominio elétrico apresenta limitacdes devido as altas
perdas associadas as linhas de transmissao elétrica, como cabos coaxiais ou guias de

onda, bem como nas comunica¢des sem fio. Por outro lado, abordagens que utili-
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zam a geragao fotonica de sinais mm-wave sao altamente compativeis com técnicas de

distribui¢do de sinal fotdonico, como os esquemas RoF ou FSO.

2.4.1 Geracao de sinais em ondas milimétricas utilizando técnicas

fotonicas

A geracdo de sinais de ondas milimétricas utilizando fotonica € altamente desejavel
devido a sua capacidade de produzir sinais de alta frequéncia, inclusive na faixa de te-
rahertz (THz), limitada apenas pela largura de banda do fotodetector. Essa abordagem
apresenta baixo ruido de fase, alta capacidade de ajuste de frequéncia e € menos sus-
cetivel a interferéncias eletromagnéticas em comparagdo com as técnicas tradicionais

no dominio elétrico [16, 87].

A heterodinacdo oOptica é o esquema mais simples de geracdo de sinais de ondas
milimétricas [16, 88]. Conforme ilustrado na Fig 2.11, ela é baseada no batimento
entre dois campos Opticos em diferentes comprimentos de onda no fotodetector, com
um espacamento de comprimento de onda igual a frequéncia desejada do mm-wave,

tal como:

Ei(t) = EOlej(wltJr(bl(t))
(2.9)
Ey(t) = Epgel 2t 021

Y

onde Fy e Eyo representam a amplitude, w; € wy s@o a frequéncia angular, e ¢; € ¢,

sdo a fase dos campos elétricos.

O fotodetector realiza a conversao optoeletronica, onde a corrente elétrica detectada

pelo fotodiodo pode ser calculada como [89]:

ien(t) = R- P(t) = R-|E(t) - E*(t)]?, (2.10)

onde R ¢é a responsividade do fotodiodo dado em (A/W) , P(t) é a poténcia Gptica
detectada e F(t) é a amplitude do campo eletromagnético na entrada do fotodiodo.
ApOs a conversao optoeletronica, a corrente na saida do fotodiodo € obtida e expressa

da seguinte forma [16, 88]:
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ipD<t) =R- {Egl + E(2)2 + 2E01E02 COS [(wl — w2>t + (bl (t) - ¢2(t)]} . (211)

Os dois primeiros termos representam a componente de (DC, direct current) e o
terceiro € o sinal de RF gerado na frequéncia dada pela sua diferenca, ou seja, w; — wo.
Esta técnica € capaz de gerar sinais com frequéncia até a faixa de THz, limitada apenas

pela largura de banda do fotodetector.

E; (t) = Eoq ef(wﬂ*‘pﬂﬂ)

Illlllllllllllll”|III,IIIIIIII,I|III||I I|I I||I',|I"I||I|'I El (t} . 56
Laseﬁ E, (t) + E5(t) E_ .
E,(t)
n'bu i .“".I"”'.'I | |_'|| II||',,'r|| |P'_"| |P"||r' Lasefz ~
E»(t) = Egpel(wat+ea(t) ipp(t) = R{ES, + E§, + 2Eo1Eqz cos[(w,—w3) t + ¢1(t) — 2 ()]}

Figura 2.11: Representacdo do processo de deteccdo heterodina de sinal A-RoF [16].

No entanto, devido a falta de correlagdo nos termos de fase das duas ondas Opticas
provenientes de fontes de laser independentes em funcionamento livre, o sinal gerado
de onda milimétrica teria um alto nivel de ruido de fase. Isso ocorre porque o processo
de heterodinacao transfere as flutuagdes de fase relativas entre as duas ondas Opticas
para o sinal gerado. Para melhorar a qualidade desse sinal gerado, € necessario eliminar
as flutuacdes relativas de fase Optica, correlacionando os termos de fase entre as fontes
de laser ou comprimentos de onda. Nos ultimos anos, varias técnicas fotonicas foram
propostas para gerar sinais de ondas milimétricas com baixo ruido de fase. As prin-
cipais técnicas utilizadas na literatura podem ser classificadas em quatro categorias:
1) (OIL, optical injection locking ), 2) (OPLL, Optical phase-lock loop), uma solu¢do
hibrida que combina OIL e OPLL denominada (OIPLL, Optical injection phase-lock

loop) e por fim 4) Geragao de ondas milimétricas usando modulagao externa.

(OIL, Optical injection locking)

A técnica OIL € baseada na utilizacdo de dois ou mais lasers, geralmente chamado
de esquema mestre-escravo, onde um laser escravo em funcionamento livre € injetado

com luz coerente proveniente de um laser mestre (ML, master laser). Dessa forma,
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o laser escravo (SL, slave laser) segue a fase do laser mestre. A Fig 2.12 ilustra um
esquema OIL composto por um laser mestre e dois lasers escravos. Conforme ampla-
mente conhecido, a modulacao de frequéncia gera diferentes ordens de bandas laterais
Opticas com um espacamento de frequéncia angular wrpr. O sinal 6ptico de saida do
laser mestre € entdo direcionado para os lasers escravos. Os lasers escravos operam de
modos independentes entre si, onde seus comprimentos de onda estdo proximos das
segundas bandas laterais do laser mestre, ou seja, 49274 Dessa forma, 0s comprimen-
tos de onda dos lasers escravos sao bloqueados nas bandas laterais de segunda ordem,
alcancando o bloqueio por injecao Optica. Nesse esquema, os comprimentos de onda
na saida dos lasers escravos estao correlacionados em fase, resultando em um sinal de

onda milimétrica gerado com ruido de fase reduzido na saida do PD.

*’5!
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Figura 2.12: Bloqueio por injecdo optica (OIL, Optical injection locking) de dois lasers es-

cravos.

Foram realizados diversos experimentos documentados na literatura. Por exemplo,
foi gerado um sinal em 64 GHz com baixo ruido de fase, e espectros opticos com lar-
gura de linha inferior a 1 Hz foram obtidos com sucesso [17]. Em um estudo posterior,
os lasers escravos foram substituidos por um laser Fabry-Perot [90]. Além disso, pes-
quisas recentes t€ém demonstrado a geracdo fotonica de sinais de ondas milimétricas
para comunicagdes 5SG em esquemas full-duplex [91,92]. No entanto, a principal des-
vantagem dessas abordagens € a necessidade de pelo menos dois lasers e outros com-
ponentes Opticos (como isoladores, circuladores, acopladores Opticos, entre outros), o

que aumenta a complexidade e o custo do sistema.
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(OPLP, Optical phase-lock loop)

Nesta técnica, denominada (OPLL, optical phase lock loop), um circuito de retroalimentacao

possibilita o controle eletronico da fase de uma determinada fonte 6ptica [93]. Con-
forme ilustrado na Fig 2.13, a fase do sinal elétrico gerado apds o batimento da onda
Optica no fotodetector é comparada com a referéncia de RF em um misturador, se-
guido por um filtro de loop de baixa frequéncia. A diferenca de fase entre o sinal e a
referéncia de RF produz uma tensdo de erro que controla a fase de uma das fontes do
laser, alterando a corrente de injecdo. Dessa forma, a fase de um laser é ativamente
ajustada para sincronizar com a de um segundo laser.

Loop control

LD,

*’k

_ Detector de fase elétrica

PD EA

oc ‘}*

X MV

LD, Referéncia RF

Loop
Filter ' RF

out

Figura 2.13: Esquema com loop de bloqueio de fase optica (OPLL, optical phase lock loop).

A técnica OPLL apresenta uma limitacao devido a largura de linha dos lasers, o que
restringe o tempo de atraso e a largura de banda do loop OPLL [93,94]. Sdo necessarios
lasers de largura de linha estreita para retroalimentacdes curtas [16]. No entanto, para
reduzir a frequéncia de retroalimentagdo, propoe-se e demonstra-se em [95] um OPLL
que incorpora um moédulo de conversdo de frequéncia para baixo. Esse mddulo permite
o uso de componentes de baixa frequéncia no loop de controle de fase, o que permite

que o loop de retroalimentacdo controle a fase de ambas as fontes de laser.

Viérios trabalhos demonstraram na literatura, como em [96], que sinais de 6 a
34 GHz com uma largura de linha inferior a 1 MHz foram gerados. Em [97], é re-
latada uma comparagdo de fase do sinal gerado em 20.5 GHz entre um modulador

MZM de supressao de portadora (CS, carrier supressed) e esquemas OPLL.
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(OIPLL, Optical injection phase-lock loop)

As técnicas descritas anteriormente, OIL e OPLL, podem ser combinadas em um
unico sistema de bloqueio denominado (OIPL, optical injection phase locking), con-
forme ilustrado na Fig 2.14. Nesse sistema, o feixe de luz emitido pelo laser mestre €
dividido por um acoplador em dois caminhos de fibra 6ptica. Em um dos caminhos, a
luz € direcionada para o modulador antes de ser injetada no laser escravo, e esse ultimo
€ bloqueado em uma das bandas laterais do sinal modulado através da técnica OIL. No
outro caminho, o feixe € combinado com a saida do laser escravo em um segundo aco-
plador e é misturado em um PD. O sinal gerado na saida do PD € entdo comparado
com a referéncia de RF por um detector de fase, que controla a fase do laser escravo

para atingir o bloqueio de fase.

PD
2
A G @Y
ML
SL
Modutador | * e Dlsdorde facaithica .
EA Mixer !
Loop :
Filter ‘RF,,,

Referéncia RF

MAW

Figura 2.14: Esquema de um sistema de bloqueio por injecdo dptica e bloqueio de fase dptica.

Conforme relatado na literatura, o OIPL apresenta menor ruido de fase em comparagdo
com as técnicas OIL ou OPLL individualmente. Além disso, o OIPL demonstra ampla
sintonizagao de frequéncia, abrangendo a faixa de 4 a 60 GHz, bem como uma ampla
faixa de bloqueio de 30 GHz e baixo ruido de fase de 93 dBc/Hz a 10 kHz de afasta-
mento em 36 GHz do sinal portador gerado [98]. No entanto, ¢ importante destacar
que o OIPL também herda as desvantagens associadas ao OIL e ao OPLL, como com-
plexidade, custo, limitacdo da largura de linha do laser e a necessidade de utilizag¢ao

de componentes de alta frequéncia no loop de retroalimentacao.
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Modulacao externa utilizando moduladores Mach-Zehnder (MZM)

Testando meu novo latex. A geracdo fotdnica de sinais de micro-ondas ou ondas
milimétricas pode ser realizada por meio da técnica de modulagdo externa. Essa abor-
dagem envolve a multiplicacio da frequéncia de um sinal de baixa frequéncia para uma

frequéncia mais alta, utilizando a multiplicac@o de frequéncia no dominio 6ptico.

Os esquemas para geracao de sinais de ondas milimétricas com base no ponto de
polarizacdo linear de um modulador Mach-Zehnder (MZM) resultam em espectros
com todos os subtons 6pticos, incluindo a portadora Gptica. E necessdrio um filtro
para selecionar faixas com espagamento adequado. Na nossa abordagem, o MZM
¢ polarizado em uma regido ndo linear, mais especificamente, utilizamos a técnica
de supressao de portadora (CS-DSB, carrier supressed double side band) como uma
solucdo excelente para gerar sinais de ondas milimétricas com o dobro da frequéncia
de radio, ou seja, fim-wave = 2frr- Nesse caso, apenas os subtons de ordem +1 sdo os

sinais Opticos desejados.

Assumindo que uma portadora 6ptica na entrada do modulador pode ser formulada

como:

Ewn(t) = Ey - e@ottéo®) (2.12)

onde Fy é a amplitude constante, wy € a frequéncia angular, e ¢,(t) € a fase do sinal
optico. O MZM, ilustrado na Figura 2.9 (b), é acionado por um sinal v(¢) composto

por um sinal senoidal elétrico, definido como:

v(t) = Viias + Ve cos(wrrt + ¢re(t)), (2.13)

onde Vi, € a tensdo de polarizagdo continua, Vip, wrr € ¢re(t) sdo a amplitude,
frequéncia angular e fase do sinal de RF de acionamento, respectivamente. Combi-
nando as equagdes (2.12) e (2.13), o campo elétrico de saida apds a modulagao pode

ser expresso como [99]:
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Eou(t) = Ein(t)-{cos(b) cos(m cos(wrrt + ¢re(t))) — sin(b) sin(m cos(wrrt + ¢rr(t)))},

(2.14)
onde b = V“’;‘* 7 € o deslocamento de fase constante induzido pela tensdo de polarizacio
continua, e m = ;‘}Fﬂ' € o indice de modulacdo de fase. Combinando as equacdes

(2.12) e (2.14) com a expansao de Jacobi-Anger e as funcdes de Bessel, a saida do

MZM ¢é dada por:

Eou(t) = Eycos(b)Jo(m) cos(wot + ¢o(t))

+ Ey Z " cos(b) Jan(m) cos ([wo + 2nwre|t + 2nére(t) + ¢o(t) — n)]

+ E, Z " sin(b) Jon_1(m) cos (wo + (2n — Dwret + (2n — 1)Pre(t) + ¢o(t) — n7r)]

+ cos (wp — (2n — D)wret — (2n — 1)dre(t) + ¢o(t) + nm),

(2.15)
onde J,(.) é a funcdo de Bessel de ordem n. A Figura 2.15 ilustra as tipicas bandas
laterais Opticas de um MZM. Conforme pode ser observado, a amplitude das bandas
laterais Opticas corresponde as funcdes de Bessel associadas. Note que as bandas la-
terais Opticas de £1* e £2* exibem um deslocamento de fase de 180° em relagdo ao

portador, de acordo com a equagao (2.15).

3
] Wy — 2Wpr Wy — Wer Wy + Wy wq + 2wpr ]

wq — 3wgp l I wp l wg + 3wgp

Z2¥

+2

1 +1

Figura 2.15: Diagrama das bandas laterais dpticas geradas por um MZM.

Assumindo um sinal de condug@o e optico com fase nula, ¢re(t) = 0 e ¢o(t) = 0,
a modulacdo CS-DSB pode ser configurada em Vii,s = Vi, ou seja, cos(b) = 0 e

sin(b) = 1, o que leva a seguinte expressao para o campo 6ptico de saida:
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Eou(t) = Ey Z )" Jon—1(m) cos ([wo + (2n — 1)wrg]t — nr)
(2.16)

+ cos ([wo — (2n — 1)wgg]t + nm)].

As amplitudes das subfaixas geradas sdao proporcionais as funcdes de Bessel impares
associadas correspondentes, J5,_1(m), com o indice de modulagdo de fase m. Quando
o indice de modulacdo de fase € suficientemente alto, as ordens mais altas das subfai-
xas oOpticas podem ser ignoradas. Se Vgr = V, 0 indice méximo de modulagdo de fase
€ 5, e o argumento das fungdes de Bessel € 0 < m < 7. As bandas de ordem superior
podem ser ignoradas de acordo com as funcdes de Bessel, e a saida do MZM pode ser

simplificada como [100]:

Eou(t) = —J1(m)Ep [cos ([wo + wret) + cos ([wo — wrrt)] - (2.17)

Essa abordagem demonstra a vantagem da robustez do sistema em relagdo as pe-
nalidades de poténcia de RF induzidas pela dispersao da fibra [101], bem como os
requisitos reduzidos de largura de banda eletronica no transmissor. No entanto, devido
ao ponto de polarizacao ndo linear, é necessaria uma alta poténcia de acionamento RF
para obter uma profundidade de modulacdo desejavel [102]. Nesta tese, a modulagcao
externa CS-DSB € utilizada para a geracdo de sinais de ondas milimétricas na faixa de

60 GHz.

2.5 Comunicacoes ()pticas sem Fio

Uma alternativa promissora para enfrentar as restricoes das tecnologias sem fio
baseadas em radiofrequéncia é a comunicagdo Optica sem fio (OWC, optical wire-
less communication). A OWC oferece uma largura de banda quase ilimitada de até
400 THz e inclui subfaixas nos espectros infravermelho (IR, infrared), visivel (VL,
visible light) e ultravioleta (UV, ultraviolet), conforme ilustrado na Fig 2.16 [103].

Em comparacdo com as tecnologias de RF, a OWC demonstra caracteristicas supe-
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riores, como largura de banda ultra alta, resisténcia a interferéncia eletromagnética,
capacidade de reutilizacao quase ilimitada de frequéncias (ou comprimentos de onda)

e seguranca fisica inerente [103, 104].

Comprimento de onda A (nm)
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Figura 2.16: Espectro eletromagnético.

Além disso, as tecnologias OWC podem operar em faixas de espectro nao re-
gulamentadas, dispensando a necessidade de licenciamento, o que representa uma
solu¢do econdmica para diversas aplicacdes [105]. O termo OWC refere-se a qual-
quer transmissdao optica em um meio ndo guiado, embora suas variagdes baseadas
no comprimento de onda de operacdo (frequéncia) possam ter usos diferentes. Sis-
temas OWC operando na faixa visivel (350-750 nm) sdo comumente conhecidos como
comunica¢cdo VLC. Os sistemas VLC aproveitam tanto diodos laser (LD, laser dio-
des) quanto LEDs, que podem ser ligados e desligados em altissima velocidade sem
efeitos perceptiveis na iluminag@o ou no olho humano [103]. O uso miltiplo de LEDs
visiveis para iluminag¢do, comunicacido de dados e localizagdo em ambientes indoor
apresenta-se como uma abordagem sustentdvel e energeticamente eficiente, com po-
tencial para revolucionar como utilizaremos a ilumina¢do no futuro. A comunicagdo
VLC pode ser aplicada em diversas areas, incluindo pontos de acesso sem fio, redes
locais sem fio, redes pessoais sem fio e redes veiculares, transmissdes sub-aquaticas

entre outros [103, 105].

Por outro lado, os sistemas OWC ponto a ponto terrestres, também conhecidos

como sistemas opticos de espaco livre (FSO, free space optical), operam em frequéncias
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proximas ao IR [106]. Esses sistemas normalmente utilizam transmissores a laser e
oferecem uma conexdo com protocolo transparente com elevadas taxas de dados, ou
seja, 10 Gbps por comprimento de onda, apresentando-se como uma potencial solucao
para gargalos de backhaul e fronthaul [107]. Em aplicacOes externas, semelhantes
a tecnologia RF, as ligagdes FSO enfrentam desafios relacionados as condi¢des at-
mosféricas adversas como neblina, chuva, poeira e a0 movimento de edificios, o que
afeta a disponibilidade da conexdo em todos os momentos. No entanto, esses proble-
mas podem ser superados pela utiliza¢do de liga¢des hibridas FSO e RF [108]. Ape-
sar de ser predominantemente uma tecnologia externa com vérias aplicagOes praticas,
o FSO também pode ser utilizado em ambientes internos para fornecer conectivi-
dade de alta largura de banda em cendrios de multiplos pontos. Isso representa uma
Otima solucdo para conectar varios pontos dentro de grandes dreas sem a necessi-
dade de adaptacdOes extensas na infraestrutura. Nesse sentido, o FSO pode oferecer
as melhores solucdes para substitui¢do e implantacdo de sistemas de fibra ptica em
edificios modernos. Além disso, pode desempenhar um papel significativo em uma
crescente tendéncia de pesquisa em comunicacao de radio via FSO, apresentando mui-

tas semelhangas com os sistemas estabelecidos de radio sobre fibra.

Também houve crescente interesse na comunicacdo ultravioleta devido ao pro-
gresso recente em fontes/detectores Opticos de estado sélido operando no espectro UV
(200-280 nm) [103, 104]. Nessa chamada banda profunda de UV, a radia¢do solar
€ desprezivel ao nivel do solo, o que possibilita o projeto de detectores de conta-
gem de fétons com receptores de amplo campo de visdo, aumentando a energia re-
cebida com pouco ruido de fundo adicional. Tais projetos sdo particularmente uteis
para configuracdes sem linha de visada direta em ambientes externos, apoiando a
comunicacao UVC de curto alcance e baixa poténcia, como em redes de sensores sem

fio [109].

Este trabalho propds a utilizagdo da comunicagao via FSO para compor o fronthaul
da rede 6ptica, enquanto que, concentrou esfor¢os para propor e implementar uma
solucdo no acesso utilizando tecnologia VLC. A seguir serd apresentado uma visao

geral sobre essas duas tecnologias.
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2.5.1 Sistemas Free Space Optics (FSO)

A tecnologia FSO € considerada uma potencial habilitadora para as redes 5G e
6G [106]. Trata-se de uma tecnologia de comunicacdo Optica que transmite sinais
opticos sem fio através de um meio de transmissdao nao guiado. Seu conceito remonta
as civilizacdes antigas, que utilizavam sinais de fogo ou fumaca para se comunicarem.
A primeira comunicacdo optica no espaco livre, baseada na luz solar, foi realizada por
Alexander Graham Bell em 1880 [110]. Nos sistemas FSO atuais, feixes de laser extre-
mamente estreitos, na faixa de comprimento de onda infravermelho, sdo transmitidos
através do ar como meio de transmissao, dispensando a necessidade de fibra dptica ou

qualquer outro sistema 6ptico que guie a luz.

O FSO enfrenta concorréncia de tecnologias como a fibra ptica, comunicagdes sem
fio via RF e cabos coaxiais. No entanto, apresenta algumas vantagens, como maior
seguranga, baixo custo de instalacdo de rede e facilidade de manutencao e atualizacao.
Além disso, emprega o comprimento de onda que opera no infravermelho, o que con-
fere capacidades de largura de banda de transmissdo comparaveis as da fibra Optica,
possibilitando elevada vazio de dados. As perdas do FSO sdo consideravelmente me-
nores em comparacao com as perdas do RF devido a sua alta direcionalidade do feixe
optico. Por exemplo, a atenuag@o atmosférica para a janela de transmissao de 1520-
1600 nm ¢€ inferior a 0,2 dB/km em condi¢des de boa visibilidade [111], enquanto as
perdas de RF dependem fortemente da frequéncia utilizada. O sistema FSO ¢ uma
excelente alternativa em dreas onde a instalacdo de fibra Optica ndo € viavel, sendo
uma solugdo ideal para links sem fio de alta capacidade, como o link de fronthaul.
Além disso, a portadora dptica operando em frequéncias na ordem de THz ainda ndo é

licenciado, o que significa que o uso do FSO nao requer taxas de licenciamento.

A transmissao FSO tem sido objeto de extensos estudos na literatura cientifica. Por
exemplo, foi realizado um experimento onde uma taxa de transmissao de 40 Gbit/s
foi alcancada ao longo de uma distancia de 20 metros utilizando a tecnologia FSO
[112]. Em outra pesquisa, foram realizados experimentos em ambiente externo, entre
dois edificios, nos quais a modulacdo de amplitude por pulso (PAM, pulse-amplitude

modulation) foi utilizada para alcangar uma taxa de transmissao de 200 Gbit/s [113].
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Um sistema de FSO consiste essencialmente em trés subsistemas: transmissor, ca-
nal e receptor, conforme ilustrado na Fig 2.17 [106]. O transmissor, que geralmente
incorpora uma fonte dptica € um modulador, emite um sinal elétrico modulado sobre
um portador 6ptico. Para possibilitar a transmissdo de feixes extremamente estreitos,
€ comum utilizar uma lente colimadora e um estagio de alinhamento mecanico. O
canal FSO corresponde a atmosfera, que € sujeita a turbuléncia atmosférica, desali-
nhamento dinamico e perdas atmosféricas durante a propagacao do sinal 6ptico. Por
fim, o receptor tem a responsabilidade de coletar o feixe Optico transmitido e recuperar
o sinal elétrico de dados. Em geral, um receptor tipico € composto por uma lente de
focalizacdo, um estdgio de alinhamento mecanico para captar o sinal 6ptico e um PD

que converte a poténcia 6ptica em uma corrente de saida.
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Figura 2.17: Esquemdtico do sistema FSO.

Os sistemas FSO apresentam algumas limita¢des devido ao meio de transmissao
e as caracteristicas fisicas do local de instalacdo. Os principais efeitos que impac-
tam o desempenho do sistema sao obstrucdes na linha de visada direta, atenuagdo at-

mosférica, desalinhamentos, divergéncia do feixe e turbuléncia atmosférica [114,115].

O sinal optico transmitido pelo canal FSO sofre atenuacido atmosférica devido ao
processo de absorcdo e espalhamento [106]. A atenuacdo atmosférica total € deter-
minada pelo coeficiente de atenuacao atmosférica, oy, 0 qual € expresso como uma

combinacao da absorc¢do e espalhamento da luz.

A absorcdo atmosférica € fortemente dependente do comprimento de onda, como

ilustrado na Fig 2.18 (a) [111]. A absor¢do ocorre principalmente em resposta as
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particulas de dgua (ou seja, umidade), diéxido de carbono e ozdnio. No entanto,
existem algumas janelas de transmissdo com baixa atenuagdo, por exemplo, entre
780-850 nm e 1520-1600 nm. A atenuagdo das faixas de comprimento de onda do
infravermelho € inferior a 0,2 dB/km em uma atmosfera limpa. Além disso, a maioria
dos componentes Opticos disponiveis € projetada para funcionar no comprimento de

onda de 1550 nm.
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Figura 2.18: (a) Atenuacdo do comprimento de onda em condicdes de tempo limpo devido a
absorgdo [111]. (b) Atenuacgdo versus visibilidade durante uma densa neblina [116].

Condig¢des climdticas, como nuvens, neblina, chuva ou neve, também desempe-
nham um papel fundamental devido ao espalhamento dos sinais Opticos, fortemente
dependente do comprimento de onda. Se o tamanho das particulas atmosféricas é
comparavel ao comprimento de onda 6ptico, ocorre o espalhamento de Mie [111],
que € dominante na faixa de comprimento de onda do infravermelho. Por exemplo,
a Fig 2.18 (b) exibe a atenuagdo especifica em relacao a faixa de visibilidade durante
uma densa neblina, mostrando que o coeficiente de atenuacdo € superior a 30 dB/km

com uma faixa de visibilidade inferior a 1 km.

As perdas geométricas causadas pela divergéncia do feixe ptico entre o transmissor
e o receptor devem ser consideradas, principalmente em links FSO de longo alcance
em ambiente externo [117,118]. A Fig 2.19 ilustra os subsistemas do transmissor e
receptor, juntamente com o canal de espaco livre. O feixe transmitido se espalha pelo
canal devido a difragdo. Quando a abertura do receptor ndo é capaz de coletar todo o

feixe transmitido, ocorrem perdas de poténcia.

A atenuacgdo devido as perdas por divergéncia do feixe FSO, argso, pode ser deter-

minada de acordo com [111,119].
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Figura 2.19: Esquema geral de um link FSO.
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onde dp e dr sdo os diametros das aberturas do receptor e do transmissor, respecti-
vamente, # (mrad) é a divergéncia do feixe, L (km) é o alcance do link FSO e ayy,

(dB/km) € a atenuagao atmosférica, conforme mencionado acima.

Além disso, o FSO € afetado pela turbuléncia atmosférica criada por distribui¢des
térmicas, ao longo do link FSO, onde multiplas fontes térmicas, como sistemas de ar
condicionado, rios, fabricas, etc., podem estar envolvidas. Nesse caso, a cintilacdo
¢ causada quase inteiramente por pequenas variagdes de temperatura, resultando em
flutuacdes do indice de refracdo que contribuem para a degradacdo do sinal. Esse
fendmeno pode ser descrito por varios modelos estatisticos, como o modelo lognor-
mal, o modelo exponencial e, mais recentemente, o modelo Gamma-Gamma, que é

adequado tanto para turbuléncia fraca quanto forte [120].

A cintilagdo € caracterizada de acordo com o modelo de turbuléncia atmosférica
Gamma-Gamma [120], através da variancia do logaritmo da amplitude, conhecida
como variancia de Rytov (c%). Essa varidncia pode ser calculada para um parimetro

de estrutura de indice refrativo uniforme C? da seguinte maneira:

0% =1.23-k7/%.C2. [1/° (2.19)

onde K = 27/ e L é adistancia horizontal percorrida pelo campo 6ptico. O parametro
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C?, que determina a intensidade da turbuléncia, é especificado por:

2 —6 Pa ? 2
Cr=(79-107°- 5 ) - Ch, (2.20)

onde F, € a pressdo atmosférica em milibares, 7' € a temperatura absoluta em Kelvin e

C?2 ¢ o parametro de estrutura de temperatura, definido como:

(T — Tp)?

2/3 ’
Ly

02 = 221

onde 7} e T estdo separadas por uma distancia Lp.

Assim, a probabilidade de uma determinada poténcia dptica apds a transmissao em

um link FSO, denotada por Prob(Prso), é expressa pela seguinte distribui¢ao:

‘E

2(ap)
Pa)l (

onde I € a fungdo gama, K,z € a fungdo de Bessel modificada e 1/a e 1/ sdo as

PT’Ob(PFSO) a 8 2\/ PFSO (222)

variancias de turbuléncia de pequenas e grandes escalas, que sdo calculadas a partir da

variancia de Rytov da seguinte forma:

4902
a = exp 0 90R12 - —1,
1+1.1102 )6
:( +O o R )6: (2.23)
O'
B = exp R — 1.
(1406907 )3

Finalmente, as flutuacdes de intensidade sdo caracterizadas pela distribuicao de pro-
babilidade, que ¢ classificada como turbuléncia fraca (012% < 1), turbuléncia moderada

(0% =~ 1) e turbuléncia forte (0% > 1).

As vantagens da utilizacdo de links FSO possibilita uma ampla variedade de usos,
como mencionado em [121, 122]. O FSO pode ser empregado em distancias de até
15 km para conectar usudrios em aplicagdes como acesso sem fio, conectividade de
ultima milha, conectividade empresarial e links ponto a ponto. Além disso, é uma

solucdo vidvel em cendrios onde a implantacao de fibras Opticas € invidvel ou exces-
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sivamente custosa, como em travessias ferroviarias, rodoviarias ou fluviais. O FSO €
um complemento eficiente para enlaces tradicionais de radio e de fibra Optica, devido

a sua capacidade de transmitir uma elevada vazao de dados.

2.5.2 Sistemas Visible Light Communication (VLC)

A comunicagao por luz visivel (VLC, visible light communicatio) denota o conjunto
de sistemas onde a transmissdao de dados ocorre por meio da modulagdo das ondas
luminosas no espectro visivel do campo eletromagnético, ou seja, mediante a utilizacao
da porg¢ao espectral que abrange comprimentos de onda entre 380 nm e 780 nm [103].
Qualquer informagdo que € transmitida neste intervalo de comprimento de ondas pode

ser considerada um tipo de comunicagdo baseado em sistemas VLC.

O espectro da luz visivel abre uma série de oportunidades para estudos. Diferen-
temente da transmissdo por radiofrequéncia, o espectro da luz visivel nao requer li-
cenciamento, permitindo que dispositivos transmitam em qualquer frequéncia sem a
necessidade de uma autorizagdo [123]. Enquanto o espectro de ondas de rddio varia de
3 kHz a 300 GHz, as frequéncias no espectro visivel estdo na ordem dos THz, ou seja,
mil vezes maiores [124]. Adicionalmente, ao contrario do infravermelho e do ultravi-
oleta, os sistemas VLC possui a capacidade de oferecer simultaneamente ilumina¢ao
e comunicacao em sistemas aplicados para ambientes indoor. Além disso, essa tecno-
logia se beneficia da acessibilidade econdmica dos dispositivos utilizados. Por dltimo,
as ondas de radio tém a capacidade de atravessar barreiras, como paredes, o que torna
as redes sem fio convencionais vulnerdveis a potenciais invasores. Em contrapartida,
nos sistemas VLC, o que é visivel € o que estd sendo transmitido. Em outras palavras,
devido as propriedades intrinsecas da luz, sistemas VLC em ambientes fechados se

tornam notavelmente mais seguros [107].

No cenario das tecnologias de comunicagdes Opticas sem fio para aplicacdo nas
redes 5G e 6G, VLC destaca-se como uma alternativa promissora para atender as
possiveis demandas. A VLC faz uso de dispositivos emissores de luz, tais como dio-
dos emissores de luz (LEDs, light emitting diodes) ou diodos laser (LDs, laser diodes),

para a transmissao de dados, possibilitando o alcance de taxas de transmissdo na ordem
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de Gbit/s [125].

No que diz respeito ao modelo do sistema, tanto a comunica¢do por VLC quanto
por RF possuem a mesma estrutura. Em outras palavras, os blocos comumente utili-
zados para caracterizar ambos os sistemas sdo os mesmos. A Fig 2.20 apresenta os
principais subsistemas da comunicagdo por VLC. Note a semelhancga entre o sistema
VLC e o sistema RF. O VLC é um sistema de comunica¢do sem fio e, como a no-
menclatura sugere, ndo ha conexao fisica entre o transmissor € o0 receptor no sistema
VLC. Consequentemente, a informagao se propaga principalmente pelo ar na forma
de luz visivel. O transmissor tem a responsabilidade de modular de maneira adequada
os dados em pulsos elétricos, que alimentam o LED. Os pulsos elétricos convertidos

em ondas eletromagnéticas na frequéncia da luz visivel pelo LED sdo recebidos pelo

fotodetector.
Filtro Amplificador
“h
I---*:_-. Canal 0:) l ‘l* - D—-}
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Figura 2.20: Diagrama simplificado de um sistema de comunicacdo por luz visivel.

O Fotodetector converte os feixes de luz em sinais elétricos, que sdo entdo filtrados e
demodulados no receptor. Outros componentes mostrados na Fig 2.20 incluem a fonte
de alimentacdo DC e o colimador. Embora nio sejam fundamentais para um sistema
VLC, eles sdo frequentemente implementados em aplicacdes préticas. Se o projeto
para implementar o sistema VLC envolve o compartilhamento da iluminacdo ambi-
ente, a fonte de alimentagcdo continua € necessaria. Um colimador € um dispositivo
que estreita um feixe de particulas ou ondas. Geralmente, é quase sempre necessario
ter uma linha de visada direta (LoS) em sistemas VLC, ou seja, uma trajetdria direta
entre transmissor e receptor. A comunicagdo sem LoS é possivel apenas em casos

extremamente raros e especificos.

O transmissor € responsavel por adaptar o sinal de informacao aos requisitos impos-

tos pelo meio de propagacdo. No contexto dos sistemas VLC, o transmissor deve mo-
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dular a informagao em um feixe de luz da maneira mais eficiente possivel. A principal
proposta para o uso de VLC € a provisao simultanea de dados e iluminacdo. Portanto,
€ essencial que o tremor causado pela modulagdo do feixe de luz seja imperceptivel ao
olho humano e, a0 mesmo tempo, nao prejudique a satide humana. Também ¢ espe-
rado que o sistema VLC ndo altere a intensidade média da luz ambiente. Em outras
palavras, o sisttema VLC ndo deve mudar o padrdo de iluminacdo do ambiente. Esta
€ outra caracteristica imposta ao transmissor de um sistema VLC. Consequentemente,
a intensidade padrao da luz no ambiente define um parametro crucial do projeto do

sistema VLC, a protecao do transmissor.

Como ja mencionado, o transmissor deve modular os dados em um sinal luminoso,
combinando os dados com o componente DC antes de alimentar o LED. De maneira
geral, sistemas VLC permitem desde modulacdes mais simples, como OOK, até es-
quemas de modulacdo mais sofisticados, como modulagdo por divisao de frequéncia
ortogonal com modulacio em OFDM. A modulacdo utilizada no sistema deve ser
cuidadosamente avaliada pelo projetista. Modulagdes mais sofisticadas podem exigir
componentes eletronicos, como (FPGA, Field Programmable Gate Array), e, portanto,

impactar diretamente no custo do transmissor VLC.
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Capitulo 3

Descricao dos Artigos Relacionados a

Tese:

Esta tese € baseada em um conjunto de artigos submetidos para publica¢do em revis-
tas cientificas com revisdo por pares, anais de conferéncias e trabalhos ja publicados.
Esses artigos apresentam os principais resultados obtidos durante o curso dos meus es-
tudos de Doutorado em sistemas 6pticos para aplicacdes em RAN. Além disso, esses
artigos exploram tépicos como geragdo de micro-ondas baseada em fotOnica, Optica de
espaco livre, comunica¢do baseado em luz visivel, rddio sobre fibra e sistemas FiWi

para as redes 5G e 6G.
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The increasing need for ubiquitous broadband connectivity in the fifth and sixth generations of mobile
communications (5G/6G) radio access networks (RANs) has made the centralized radio access (C-RAN)
network topology the mainstream architecture for meeting the demands of growing traffic capacities
and connection densities. In this context, we conducted experimental evaluations of two distinct hybrid
architectures applied to 5G New Radio (5G NR) fiber-wireless (FiWi) systems, employing different optical
fronthaul (FH) approaches. The first evaluated architecture proposes the integration of an analog radio over
fiber (A-RoF)-based optical FH operating in mm-wave into a wavelength-division multiplexing passive
optical network (WDM-PON). The specific FH employs photonics techniques for signal generation in
the V-band. The employed technique, also known as carrier suppressed double side-band (CS-DSB), is
composed of two cascaded stages of external modulation using Mach-Zehnder modulator (MZM). By
optimizing the bias operating parameters of the modulator, 2-fold frequency multiplication in the electrical
domain is achieved. The proposed solution enables the generation and transport of a 5G NR signal at
60 GHz with a bandwidth of 400 MHz and a quadrature phase shift keying (QPSK) modulation scheme.
Based on the obtained results, the proposed solution demonstrated its feasibility for meeting the demands
of cell densification of 5G/6G, achieving a data throughput of approximately 11.8 Gbit/s. The second
experimental configuration converges into a unified network architecture that combines solutions based
on FiWi, free space optics (FSO), and visible light communication (VLC) to meet the requirements of
6G solutions. To achieve this, the implemented architecture is based on the concept of an X-HAUL,
using 20 km of optical fiber followed by an FSO link as the FH of the network, considering last-mile
applications. In the access section, a 5G NR mm-wave link at 39 GHz was implemented at a distance of
2 m, and simultaneously, a VLC transmission using a quadrature amplitude modulation (M-QAM) signal
at 550 MHz was evaluated for indoor 6G applications. Experimental results demonstrated satisfactory
coexistence among the employed technologies, achieving a total data throughput of 1.5 Gbit/s. The two
proposed architectures were evaluated according to the root mean square error vector magnitude (EVMgps)
requirements set forth by the 3'4 Generation Partnership Project 3GPP) Release 18.

© 2024 Optica Publishing Group
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1. INTRODUCTION

Motivated by the growing need for high data rates, increased
cell densification, and low latency for human and/or machine
communications, the next generation of wireless networks re-
ceived considerable attention from academy and industry [1].
The deployment of fifth-generation of mobile networks (5G) tech-
nology allows for the implementation of a variety of new value-
added applications, with enhanced mobile broadband being
the primary focus, while other scenarios continue to mature [2].
Technical solutions such as the 5G new radio (5G NR) standard,
employment of millimeter-wave (mm-wave) spectrum, hetero-
geneous networks, centralized radio access network (C-RAN),
optical wireless communication (OWC), and optical-wireless
convergence are proposed to meet the imminent demands of
5G [2, 3]. In the meantime, the sixth-generation of mobile net-
works (6G) has emerged as a solution to address the potential
unfulfilled promises of 5G and meet future demands from 2030
and beyond with better efficiency [4]. In the 6G network, novel
use case scenarios are anticipated to emerge, encompassing telep-
resence, zero-energy devices, the use of robots in different areas
of daily life, biosensors, and potential applications that currently
remain unidentified [5]. Potential technical solutions for 6G
include the use of terahertz communications (THz) waves, ar-
tificial intelligence/machine learning to support autonomous
networks, and innovative air-interface design [5, 6].

The primary goal of advancing towards 6G networks is to pro-
vide ultra-fast data speeds, high-capacity, and reliable services
for mobile users. Small cells remain a promising solution for in-
creasing speed and density by dividing a macrocell into smaller
zones and spatially reusing radio resources [7]. However, the
dense deployment of small cells presents challenges in terms of
installation costs and energy consumption, which typically rep-
resent main concern of mobile network operators (MNOs) [7, 8].
The C-RAN architecture has been proposed to economically
support radio acces network (RAN) densification by centraliz-
ing advanced signal processing functionalities in a centralized
unit (CU) that serves multiple remote radio units (RRUs) [8].
The proposal involves installing a CU with multiple processing
units at a single network location and dynamically interconnect-
ing it with various RRUs deployed in the field through X-haul
architectures [9]. The main objective of using this centralized
architecture is to leverage the benefits of statistical multiplexing
of hardware resources, resulting in higher energy efficiency and
cost reduction [10, 11].

The 5G networks must operate across multiple frequency
ranges to support a wide range of application scenarios. Among
them, the industry focuses on bands including 15 GHz, 18 GHz,
28 GHz, 38 GHz, 45 GHz, 60 GHz, and 72 GHz [12]. To meet this
requirement, the 3™ Generation Partnership Project (3GPP) has
defined three frequency ranges in the 5G NR standard [13]. The
first frequency range (FR1) spans from 0.410 to 7.125 GHz sup-
porting bandwidth (BW) up to 100 MHz. The second frequency
range (FR2-1) covers millimeter waves (mm-waves) in the range
of 24.5 to 52.6 GHz with BW up to 400 MHz. Finally, the third
frequency range (FR2-2) encompasses frequencies from 52.6 to
71 GHz, providing BW up to 2 GHz. The mm-wave band will
enable multi-gigabit data transmission due to the large avail-
able BW and it is a promising solution for the spectrum scarcity
below 6 GHz in future generations of mobile networks [14].
However, considering one of the main challenges of operating
at higher frequencies is transmission loss and the requirement of
a high-capacity fronthaul interface, analog RoF (A-RoF) and free

space optics (FSO) technologies provide an effective solution
[15]. These technologies enable transmitting signals with high
bandwidth, immunity to electromagnetic interference, and low
attenuation.

The traditional method of mm-wave frequency generation in
the electrical domain may not be cost-effective due to the require-
ment of high-speed electrical components, which ultimately
limits the overall achievable speed of the generated mm-wave
signals [16, 17]. Optical mm-wave generation approaches are
attractive for radio-over-fiber (RoF) fronthaul links as they over-
come the limitation of electrical components and provide the
necessary high-throughput RoF fronthaul for the next gener-
ation of RANSs [17]. Various photonics mm-wave generation
methods have been reported in the past decades and can be
categorized into five groups: nonlinear effects based on stim-
ulated Brillouin scattering [18], four-wave mixing [19], optical
remote heterodyning [20], dual lasers based on phase locking
techniques [21], external modulation techniques [22], and opti-
cal frequency combs (OFC) generated by a photonic integrated
circuit (PIC) [23]. Among these approaches, the external mod-
ulation technique is emerging as a preferred scheme due to its
ease of operation, relatively low phase noise, and high spec-
tral purity of mm-wave signals. Traditionally, three modulation
techniques that use external modulation have been explored to
generate mm-wave frequency signals in the optical domain: op-
tical single sideband (OSSB), double sideband (DSB), and optical
carrier suppressed double sideband (CS-DSB) techniques [24].
These methods have been studied in various research works to
evaluate their effectiveness in generating high-quality mm-wave
signals over RoF links.

Several approaches based on the utilization of photonics
techniques for mm-wave generation have being proposed to
meet the requirements of 5G and future 6G networks. For in-
stance, in [25] the authors present the integration and experi-
mental performance evaluation of a 5G transceiver based on
generalized frequency division multiplexing (GFDM) in a gi-
gabit passive optical network (GPON) utilizing RoF for 5G ap-
plications. It has been demonstrated that utilizing techniques
such as self-oscillating frequency comb generation (SOFCG) for
mm-wave generation in RoF systems is an attractive solution
in terms of low phase noise of the signal [26]. Two experimen-
tal setups of a hybrid K-band (25 GHz) microwave photonic
link (MPL) are examined for seamless broadband wireless ac-
cess networks [27]. The experimental setups involve optical
fiber, FSO, and radiofrequency (RF) wireless channels. Solutions
describe the implementation and experimental performance
evaluation of a digital signal processing (DSP)-based flexible
waveform fiber-wireless (FiWi) system for 5G enhanced mobile
broadband (eMBB) and new vertical applications. The proposed
RoF fronthaul solution employs a wavelength-division multi-
plexing passive optical network (WDM-PON) infrastructure, to
enable 5G operation across multiple frequency bands [28]. In
[29], the authors proposed a solution based on the DSB tech-
nique for transmitting 4- and 16-quadrature amplitude modu-
lation (QAM) signals with a bandwidth of 400 MHz at 60 GHz.
However, the distance of the optical fronthaul was limited to 1
km, which is relatively short for optical fronthauls applied in 5G
networks.

Local and remote mm-wave photonics signal generation
schemes are theoretically and experimentally evaluated to com-
pare both approaches for practical deployment in a C-RAN
fronthaul network. Practical experiments considering the trans-
mission of quadrature phase shift keying (QPSK) signals with
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Table 1. State-of-the-art in network architectures for 5G and 6G Systems.
[Ref] . Application or .
Applied Technology RF Signals Techniques Throughput
Year Architecture
[24] .
A-RoF Fronthaul 60.25 GHz CS-DSB and OSSB 5 Gbit/s
2017
[25] )
A-RoF GPON 735 MHz and 26 GHz DSB 1.1 Gbit/s
2018
[26] .
A-RoF Fronthaul 94.8 GHz SOFCG 120 Mbit/s
2018
[27] .
RoF and FSO WDM 25 GHz CS-DSB 300 Mbit/s
2019
[28] - )
FiWwi WDM-PON 788 MHz, 3.5 and 26 GHz DSB 4.41 Gbit/s
2020
[29]
A-RoF GPON 60 GHz DSB 1.4 Gbit/s
2020
[30] .
A-RoF Fronthaul 40 GHz CS-DSB 500 Mbit/s
2021
[31] - .
FiWi and FSO Fronthaul 788 MHz, 3.5 and 26 GHz DSB 3 Gbit/s
2021
[32] .
A-RoF and FSO Fronthaul 3.5,27 and 39 GHz DSB and CS-DSB 1.4 Gbit/s
2021
[33] .
A-RoF Fronthaul 40 GHz CS-DSB 100 Mbit/s
2022
[34] .
A-RoF Fronthaul 3.5 and 28 GHz DSB and OSSB 240 Mbit/s
2022
[35] .
D-RoF and A-RoF WDM-PON 10 and 60 GHz DSB 40 Gbit/s
2022
[36] .
D-RoF and FSO GPON Baseband DSB 600 Mbit/s
2022
[37] . .
FiWi and FSO X-HAUL 26 GHz E/O OFC 4 Gbit/s
2022
[38] ,
A-RoF and VLC Fronthaul 25 MHz DSB 60 Mbit/s
2023
[39] - .
FiWi X-HAUL 1.5 and 60 GHz DSB 408 Mbit/s
2023
A-RoF Baseband
FiWi WDM-PON 550 MHz
This Work CS-DSB and DSB 1.5 and 11.8 Gbit/s
FSO X-Haul 39 GHz
VLC 60 GHz

a 250 MHz BW centered at 0.5 GHz over 10 and 25 km fiber
links, also validate the superior performance of the remote setup
[30]. Lopes et. al [31] reports the implementation and exper-
imental investigation of two different non-standalone 5G NR

network architectures, aiming to fulfill the 5G demands. The
first implementation applies direct modulation and detection for
transmitting fourth-generation of mobile networks (4G) and 5G
signals over a 25-km fiber optics fronthaul, followed by 105-m
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wireless link. The second proposed architecture relies on a novel
and efficient 5G heterogeneous optical-wireless network using
RoF, FSO and wireless technologies toward enhanced remote
area communications (eRAC) and eMBB applications. In [32],
the transmission of 5G NR signals at 39 GHz was investigated
for DSB and CS-DSB schemes in a combined A-RoF and FSO
link in the 3.5 GHz, 27 GHz, and 39 GHz bands. The authors
evaluated the impact of harmonic and intermodulation distor-
tion in data transmission over local and remote photonically
generated 40 GHz signal over an optical fronthaul based on a
direct modulated laser (DML) and CS-DSB external modulation
for frequency up-conversion [33]. Shiet. al proposed a dual-band
ROF link is proposed where flexible switching between high-
frequency RF channels (28 GHz) and low-frequency (3.5 GHz)
is achieved through polarization control. The OSSB technique
is employed for transmitting signals at 28 GHz, while the DSB
technique is used for transmitting the signal at 3.5 GHz [34].

In order to enable bandwidth-intensive 5G applications, an
experimental FiWi mobile fronthaul architecture is presented
[35], supporting the coexistence of spectrally efficient analog
transport formats with digital RoF (D-RoF) transport schemes,
combined with high-capacity mm-wave wireless channels. The
authors in [36] presented an experimental implementation of
a gigabit Ethernet multiple input single output FSO commu-
nications link. Adaptive switching techniques, implemented
using the GNU Radio open-source software-defined platform,
were employed, and the performance of the system was an-
alyzed. The work reported in [38] describes the implementa-
tion of a proof-of-concept of a 12.5-km A-RoF fronthaul link
followed by an red-green-blue (RGB)-based visible light com-
munication (VLC) link of 1.2 m for 6G applications. The initial
proof-of-concept achieved a data throughput of 60 Mbit/s. An
experimental demonstration of an OFC for generating 5G NR
millimeter-wave signals, was presented in [37]. The proposed
approach employs an electrical band-pass filter to isolate the low-
phase noise 26 GHz carrier from the 2.6 GHz spaced electrical
frequency comb, thus enhancing system spectral efficiency. The
performance of the proposed integrated OFC-based 5G system
is evaluated according to the 3GPP. In [39], a 4K video trans-
mission at 60 GHz was demonstrated using FiWi technology in
an X-Haul transport network infrastructure. Table 1 provides a
summary of experimentally implemented works addressing the
emerging demands of 5G and 6G.

The present work describes the implementation and experi-
mental analysis of two distinct network architectures for 5G NR,
with the goal of meeting the requirements posed by the evolu-
tion towards 6G. The first implementation applies the CS-DSB
optical technique using two cascaded Mach-Zehnder modula-
tor (MZM) to generate signals at 60 GHz in an RoF-based optical
fronthaul. The architecture consists of integrating WDM-PON
and RoF technologies within the same network infrastructure,
aiming to leverage existing optical networks for the implemen-
tation of FiWi systems beyond 5G. In Fig. 1 we propose the si-
multaneous transmission of three data signals, namely: a 5G NR
signal with a 400 MHz bandwidth at 60 GHz; a non-return-to-
zero (NRZ) signal with a data rate of 10 Gbit/s; and a base-band
signal from an active passive optical network (PON) for fiber to
the home (FTTH) applications. The goal is to provide multiple
services such as broadband Internet access and indoor mobile
communications, while increasing system throughput. The pro-
posed solution allows for a significant reduction in capital expen-
ditures (CAPEX) and enhanced network coverage. For instance,
in small cities, MNOs can lease available optical infrastructure

from fiber-to-home Internet service providers (ISPs) as fronthaul
for their 5G systems, instead of deploying a new optical network
[25].

The second proposed architecture is based on a novel and
efficient heterogeneous 6G wireless optical network using RoF,
FSO, VLC, and wireless technologies for the transport and access
layers of the network. It employs a hybrid fronthaul, comprising
a 20-km RoF link followed by a 1.5-m FSO link, along with a 2-m
indoor wireless access network and a 3-m indoor VLC access
network. The additional multi-standard and multi-band optical-
wireless network is based on a 20 MHz to 550 MHz bandwidth
M-QAM signal and a 400 MHz to 39 GHz bandwidth 5G NR
signal. The impact of atmospheric attenuation and turbulence
on the FSO fronthaul performance in the RoF/FSO/Wireless het-
erogeneous networks (HetNet) is unprecedentedly evaluated in
terms of the root mean square error vector magnitude (EVMgpms)
and in accordance with the 3GPP Release 18 requirements.

The manuscript is structured in four sections. Section 2
describes and presents the investigation of the Integrating
WDM-PON and a 60-GHz RoF system towards 6G access net-
works, whereas Section 3 reports the proposed optical-wireless
HetNet using RoF, OWC, and wireless technologies. Finally, the
conclusions and future works are drawn in Section 4.

2. HETNET BASED ON ROF AND CS-DSB INTEGRATED
INTO A WDM-PON INFRASTRUCTURE

The operational principle of the proposed WDM-PON system ar-
chitecture relies on applying A-RoF technology to assist 5G/6G
communications. The architecture primarily concentrates hard-
ware components at the baseband unit (BBU) pool and facil-
itates the collective transport of all RF signals to the densely
distributed and simplified remote radio head (RRH) by using
wavelength-division multiplexing (WDM) couplers and optical
fibers. As the optical fiber has a wide available bandwidth, the
maximum link capacity is limited by the response of the optical
components, such as the electro-optical response of the optical
modulators and photodetectors.

Fig. 1 depicts the block diagram of the proposed system (a)
and photograph (b). The system employs a photonically fre-
quency doubling technique utilizing one MZM (MZM;, Fujitsu
FTM7939EK) biased at the null point (V; = 6.6 V) to suppress the
optical carrier and a second MZM (MZM,, Fyjitsu FTM7920FB)
biased at quadrature point (V,/, = 2.6 V) for data modulation.
We have employed a distributed-feedback (DFB) laser diode
(LDy) that operates at 1530 nm and has an output power of
15 dBm. A polarization controller (PC) is used to adjust the
light polarization state at the MZM inputs. The MZM; is fed
by an RF; = 24.5 GHz single-tone signal from an analog signal
generator (ASG) (Keysight N5173B) and generates a CS-DSB sig-
nal with a frequency spacing between the sidebands of 49 GHz.
An arbitrary waveform generator (AWG) (Keysight M8190A)
generates the baseband 5G NR signal and a vector signal gen-
erator (VSG) (Keysight PSGE8267D) performs the frequency
up-conversion, providing a 5G NR signal at 11 GHz, which is
injected into MZM,. The RF; carrier and RF, data power levels
are 15 and 10 dBm, respectively. Furthermore, a second laser
DFB (LD;) emits an optical carrier with a power level of 5 dBm
at 1560 nm. The optical carrier is modulated by the NRZ signal
using a MZM (MZM3, Fujitsu FTM7920FBA). The NRZ signal,
operating at a data rate of 10 Gbit/s, is generated by a bit error
rate test (BERT, MP2100B) and applied to the MZM3. Addition-
ally, within the central office (CO), a pair of media converters
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Fig. 1. Block diagram (a) and photograph (b) of the proposed WDM-PON system.

(MCs, GT-806A60) are employed, operating at wavelengths of
1310 nm for downlink and 1550 nm for uplink, respectively.
These media converters enable bidirectional transmission of
Transmission Control Protocol /Internet Protocol (TCP/IP) over
an Ethernet Tester ET (TSW900ETH) in full-duplex mode.
Additionally, a WDM coupler (WDM;) from Haphit, with an
insertion loss of 2 dB, has been used to couple the modulated
optical signal from MZMs and the one from MC;. The resultant
signal is launched into an optical fiber composed of 20 km. At the
RRH, the WDM, component decouples the base-band signals
and the RF-modulated optical signal. Two low-noise Erbium-
doped fiber amplifiers (EDFAs) can be employed before the
photodetectors (PDs) to compensate for the insertion losses of
the MZMs, WDM couplers, and other link components. Two
variable optical attenuators (VOAs) from Thorlabs (VOA50PM-
FC) are employed to adjust the received optical power. The PD;
(Thorlabs, DXM50AF) and PD, (EOT, 5000F) photodetectors
receive the optical power of up the 8 dBm at 1530 nm and 0 dBm

at 1560 nm, respectively. The received 5G NR signal is evaluated
by a vector signal analyzer (VSA, R&S FSW67). A bit error rate
tester (BERT) is used to receive and analyze the transmitted NRZ
signal at 10 Gbit/s. In parallel, MC; receives the -10 dBm optical
power at 1310 nm and converts it into Ethernet for feeding ET».
The returning data traffic is inserted into the network using
the MC, uplink wavelength at 1550 nm, and the performance
analysis is realized by ET;, which measures the throughput
and latency. Thus, it was possible to experimentally assess the
integration of various technologies coexisting within a single
optical network. Table 2 presents a concise overview of the
proposed system pertaining parameters.

The experimental measurement campaign was divided into
three parts. The first part presents a performance evaluation of
the A-RoF link using the CS-DSB technique for mm-wave gen-
eration, specifically at 60 GHz. The second part evaluates the
transmission of a 10 Gbit/s NRZ signal, and finally, the third
part assesses full-duplex transmission of 1 Gbit/s Ethernet pack-
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Table 2. Key parameters of the experimental setup I.

Parameter Value
Wavelength 1551 nm
LD,
Output Power 15 dBm
Wavelength 1560 nm
LD,
Output Power 5dBm
Wavelength 1310 nm
LDs
Output Power 0dBm
Wavelength 1550 nm
LD,
Output Power -8 dBm
Power of RF; @ 24.5 GHz 15 dBm
Power of RF, @ 11 GHz 10 dBm
MZM; Insertion Loss 8 dB
MZM, Insertion Loss 6 dB
MZM; Insertion Loss 4dB
SMF Lenght (loss) 20 km (4.4 dB)
Output Power 9 dBm
EDFA,
Noise Figure 5dB
Output Power 0 dBm
EDFA,
Noise Figure 5dB
PD Responsivity 0.8 A/W @ 1550 nm
1
Bandwidth 50 GHz
PD Responsivity 0.6 A/W @ 1550 nm
2
Bandwidth 12.5 GHz

ets. The testing model used was TM3-1, as specified by 3GPP,
which outlines 5G NR signal configuration, i.e., subcarrier spac-
ing, duplexing mode, modulation order, frequency range and
bandwidth. For instance, in FR2, the testing model employs
bandwidths of 50, 100, 200, and 400 MHz, with modulation or-
ders of QPSK, 16-QAM, and 64-QAM. The subcarrier spacing
used was 60 kHz for 50 and 100 MHz, and 120 kHz for 200 and
400 MHz. With the aforementioned characteristics of the 5G NR
signal generation, a 400 MHz bandwidth signal can achieve a
data throughput of up to 1386 Mbit/s when employing 64-QAM.

In the initial experimental analysis, we evaluate the A-RoF
link performance in terms of EVMRys regarding the received
optical power level. The 3GPP has specified maximum EVMpgys
values of 17.5%, 12.5%, and 8% for QPSK, 16-QAM, and 64-QAM
switching, respectively [13]. A variable optical attenuator (VOA)
and an optical power monitor (OPM) were employed to vary
and visualize the optical power level at the input of the PD,
respectively. The power level was varied from 1 to 8 dBm, and
at the output of the PD, the electrical signal was demodulated
and analyzed using a vector signal analyzer (VSA).

As shown in Fig. 2, four analyses were performed employ-
ing different characteristics of the 5G NR signal transmitted at
60 GHz. For a bandwidth of 50 MHz, a 64-QAM modulation
scheme was employed, and an optical power level of 8 dBm was

required to achieve EVMRys values below 8%. To increase the
data system throughput, a signal with a bandwidth of 100 MHz
was transmitted, using a 16-QAM modulation scheme. It was re-
quired optical power level of 6 dBm for attaining approximately
12% of EVMRys. Finally, when QPSK signal is employed with
bandwidths of 200 and 400 MHz, the required optical power
levels were 4 dBm and 5 dBm, respectively. EVMRps values of
16.5% and 16.9% were obtained for the 200 MHz and 400 MHz
signals, respectively.
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Fig. 2. RoF system digital performance as a function of the
received optical power for QPSK, 16-QAM and 64-QAM sig-
nals.

The proposed A-RoF system achieved improved performance
by optimizing and specifying fixed values of the optical power
level at the receiver. For the 50 MHz signal, an EVMRgys of 5.9%
was achieved with an equivalent optical power at the receiver of
9 dBm. For the 100 MHz and 200 MHz signals, EVMRus values
of 10.2% and 14.8% were observed with received optical power
levels of 6 dBm and 4 dBm, respectively. Finally, the 400 MHz
bandwidth signal exhibited the best performance with a received
optical power level of 4 dBm. Fig. 3 shows the electrical spec-
tra and constellation diagrams for the four transmitted signals.
Specifically, Figs 3. (a) and 3. (b) correspond to the signals with
a bandwidth of 50 MHz and 100 MHz, respectively, while Figs.
3. (c) and 3. (d) correspond to the signals with a bandwidth of
200 MHz and 400 MHz, respectively. Based on the measured
EVMRyys, it was observed that the system A-RoF proposed in
this study adequately meets the specifications of 3GPP Release
18 [13], as the constellation points were clearly defined.

The second part of the measurement campaign is presented in
Fig. 4. The experimental evaluation aims to assess the quality of
NRZ signal reception as a function of the bit error rate (BER) per
received optical power at PD,. For this analysis, two measure-
ment campaigns were considered. The first campaign, known as
optical back-to-back (OB2B), evaluated the performance by con-
necting the output of MZMj to the input of EDFA,. The second
campaign involved interconnecting the WDM modules through
a 20 km optical fronthaul. In addition to the WDM modules and
the optical fronthaul, the second measurement campaign was
conducted with all three systems operating simultaneously in
the same network architecture. The received optical power was
varied from -6 to 0 dBm for evaluating the performance of both
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Fig. 3. The 5G NR constellation diagrams and spectra were
obtained for four distinct symbol rate signals: (a) 64-QAM
with a bandwidth of 50 MHz; (b) 16-QAM with a bandwidth
of 100 MHz; (c) QPSK with a bandwidth of 200 MHz; and (d)
QPSK with a bandwidth of 400 MHz.

methods.

A BERT was employed at the receiver side to evaluate the
quality of the 10 Gbit/s NRZ signal transmission. In the OB2B
configuration, the system achieved a BER value of 10710 for a
received optical power equivalent to 0 dBm. For the same level
of received optical power, the WDM system operating simul-
taneously with other technologies achieved a BER margin of
10”. This degradation of the received signal can be attributed
to attenuation due to the insertion of WDM modules and the
effects of attenuation and dispersion in the optical fiber when
the WDM system is operating at its full capacity. For a received
optical power of 0 dBm, it is observed that a well-open eye
pattern can be obtained with a relatively large dynamic range
during a 40-minute measurement time. On the other hand, the
measured eye diagram for a received optical power of -5 dBm
exhibits distinct characteristics.
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Fig. 4. Bit error rate as a function of the photodetector input
power.

Finally, Fig. 5 illustrates the throughput and latency mea-
surements for the transmitted base-band signal over GPON, as
a function of frame size and various scenarios proposed in this
study. The results indicate that the larger the frame size, the
higher the throughput achieved, which remains almost constant
across all evaluated scenarios for the corresponding frame sizes.
The maximum throughput of over 947 Mbit/s was achieved
using frames with 1518 Bytes, as observed in Fig. 5 (a). Addi-
tionally, the coexistence of WDM-PON and RF signals did not
significantly affect the latency, as it remained almost constant
for all scenarios and corresponding frame sizes. The maximum
latency of only 5 s was observed for the 1518 Bytes package,
as presented in Fig. 5 (b). It is noteworthy that the WDM-PON
was not able to achieve 1 Gbit/s, as provided by the Ethernet
tester, even for the back-to-back (B2B) scenario, due to the trans-
mission protocol and frame encapsulation limitations imposed
by the media converter when using its electrical interface. Fur-
thermore, the throughput and latency measurements for point-
to-multipoint distribution were also successful, as they were in
agreement with the expected behavior of a WDM-PON.

(a) [ W Electrical BZB ~ ®Optical B2B @ WDM System |
= 1000 ,
S 800 [\
5 600 [ -1l
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£ 400 = :
=]
2 200 -1 -
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6

Latency (us)

64 Bytes

512 Bytes 1518 Bytes

Frame Size

Fig. 5. GPON performance as a function of frame sizes: (a)
Throughput; (b) Latency.

3. IMPLEMENTATION OF A HYBRID FIWI SYSTEM USING
FSO, VLC AND MM-WAVES TOWARDS 6G APPLICA-
TIONS

The schematic diagram of the experimental setup is depicted in
Fig. 6 (a) and (b) respectively. All technologies are converged
into a unified architecture, which employs a hybrid RoF/FSO
link to integrate the midhaul and fronthaul of the network, while
access is provided by a wireless link operating at 39 GHz, along
with a VLC link operating at 550 MHz. The base-band 5G NR
signal is designed using Keysight Signal Studio software and
generated by a Keysight arbitrary waveform generator (AWG)
MS8190A. The test model 3.1 (TM 3.1) generated by the soft-
ware was specified by 3GPP Release 15, which specifies that the
5G NR signal in frequency range 2 (FR2) operates with band-
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widths of up to 400 MHz and QPSK, 16-QAM, and 64-QAM
modulation schemes. The base-band signal is applied to a VSG;
(PSG-E8267D), which is used to convert the signal to RF; =
39 GHz and transmit it at a power of 4 dBm. In parallel, the
M-QAM signal is generated by a VSG, (EXGN5172B) at RF;, =
550 MHz with a transmission power equal to -10 dBm. The two
RF signals are combined by a diplexer DPX; (DPX1721) before
being applied to a single MZM (FTM7939EK). The MZM mod-
ulates an optical carrier from a laser centered at 1551 nm (LDy)
using the combined RF signals. The LD, transmission power
is equal to 15 dBm, and the modulated optical signal is then
launched into a 20 km single-mode fiber (SMF), giving rise to
the optical midhaul.

We split the signal using an 80/20 optical splitter, in which
20% is applied to an optical spectrum analyzer (OSA) for real-
time frequency domain measurements, and the remaining opti-
cal signal is amplified by an EDFA. The EDFA is located in the
distribution unit (DU) that is connected to a RRH via a fronthaul
link, which can be either optical or wireless. Afterward, the mod-
ulated optical signal reaches a collimator CFS18 for transmission
and reception. A 1.5-m FSO fronthaul has been implemented as

Fig. 6. Block diagram (a) and photograph (b) of the proposed system.

LD

a proof-of-concept, integrating the hybrid RoF/FSO application.
It is worth mentioning that FSO systems have a maximum al-
lowed optical power to keep an eye-safe environment. Infrared
communication around 1.5 ym does not reach the retina, how-
ever, optical beams with a diameter lower than 1 cm and power
higher than 10 dBm imply risks to the human eyes. After being
irradiated, the optical signal is photodetected by a 50 GHz band-
width PD (DMX50AF) and separated by a DPX, (DPX1721) for
analysis in the VSA.

Two distinct access networks were considered in this study.
The first one is a wireless transmission using a pair of horn
antennas with gains of 30 dBi each. In this case, the received
signal is amplified by a 35 dB gain electrical amplifier (EA)(QLW-
36464835) before being received and analyzed by the VSA (R&S
FSW67). The other access network is based on a 3-m range VLC
link for point-to-point applications. A red LD, at 650 nm is used
to transmit the signal. On the receiver side, an optical lens is
employed to focus the signal, which will be photodetected by an-
other PD,. Finally, the signal quality is evaluated using a digital
signal analyzer (DSA) (V084A) from Keysight. Table 3 presents
a concise overview of the primary parameters pertaining to the
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proposed system.

Table 3. Key parameters of the experimental setup II.

Parameter Value
Wavelength 1551 nm
LD,
Output Power 15 dBm
Wavelength 650 nm
LD,
Output Power 4 dBm
Power of RF; @ 39 GHz 4 dBm
Power of RF, @ 550 MHz -10 dBm
MZM; Insertion Loss 8 dB
SMF Lenght (loss) 20 km (4.4 dB)
FSO Lenght (loss) 1.5m (3 dB)
Output Power 5dBm
EDFA,
Noise Figure 5dB
PD Responsivity 0.8 A/W @ 1550 nm
1
Bandwidth 50 GHz
Wireless Lenght 2m
EA Gain and (NF) 35 dB and (4.8 dB)
VLC Lenght 3m
Responsivity 0.4 A/W @ 650 nm
PD,
Bandwidth 1.2 GHz

The system performance investigation consisted of evaluat-
ing the hybrid architecture at the marks labeled (I) and (II) from
Fig. 6 (a). The first investigated scenario (I), consisted of eval-
uating the system fronthaul performance at the PD output. In
other words, evaluating the performance of the RoF followed
by an FSO link. The second case (Il) is regarding the analysis
of the 6G FiWi/VLC systems implementation employing RoF
and FSO as a midhaul and fronthaul. In both scenarios, the
system performance has been realized in terms of EVMpys in
accordance with the 3GPP Release 18 recommendations, namely:
maximum EVMRgys value of 8%, 12.5%, and 17.5% for 64-QAM,
16-QAM and QPSK, respectively.

Fig. 7 depicts the performance of the received signal as a func-
tion of the measured EVMRyg regarding the optical power at
the photodetector input. For the presented analysis, the 5G NR
signal at 60 GHz was used with bandwidths of 50, 100, 200, and
400 MHz, employing a single modulation scheme of 64-QAM.
The received optical power was controlled at the photodetector
input by using a VOA and an OPM, leading to an optical power
ranging from -5 to 5 dBm. The attenuation of optical power can
be utilized to emulate atmospheric turbulence such as rain, fog,
and visibility, enabling the analysis of their impact on FSO links.
Particularly for a bandwidth of 50 MHz, the proposed RoF/FSO
system easily met the 3GPP specifications for optical power lev-
els higher than -6 dBm. To increase the data throughput of the
system, the bandwidth was increased to 100 MHz, requiring
an additional 1 dB of optical power level at the reception. For
signals with bandwidths of 200 and 400 MHz, a reception optical
power level of -3 dBm and -2 dBm, respectively, was necessary.

The best performance point was around 5 dBm optical power
and the EVMRpg values were 3%, 3.9%, 4.8%, and 5.9% for 50,
100, 200, and 400 MHz bandwidth, respectively, attaining up the
1.38 Gbit/s throughput.
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Fig. 7. RoF/FSO system digital performance as a function of
the received optical power for 64-QAM signals.

The electric spectrum illustrated in Fig 8 presents the recep-
tion power levels for the 5G NR signal transmitted at 39 GHz and
different bandwidths, which determine the frequency range FR2-
1: 50, 100, 200, and 400 MHz represented by BW;, BW,, BW3,
and BWy, respectively. The TM 3.1 test model was employed
for generating this signal, and some characteristics related to the
generation will be described as follows: the signal was transmit-
ted using 50 and 100 MHz bandwidth and subcarrier spacing of
60 kHz, which results in data throughput of 178 and 360 Mbit/s,
respectively. Considering signals with a bandwidth of 200 and
400 MHz, a spacing of 120 kHz was utilized between the subcar-
riers, resulting in a data throughput of approximately 692 and
1386 Mbit/s, respectively [32].
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Fig. 8. Electrical spectrum measured at the output of the pho-
todetector for bandwidths 50, 100, 200 and 400 MHz.

The second and most significant characterization of the pro-
posed architecture involved the performance analysis of the
system operating simultaneously with a wireless link at 39 GHz
and a VLC link at 550 MHz, marked as (II) in Fig. 6(a). We
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selected the optimal performance point of around 5 dBm of op-
tical power at the reception of PD; to implement the hybrid
6G system. Fig. 9 presents the digital performance of the 16-
QAM link operating at 550 MHz for the B2B, RoF/FSO/VLC,
and RoF/FSO/VLC/Wireless configurations, including the mea-
sured constellations. The B2B condition involves directly con-
necting the vector signal generator and the vector signal ana-
lyzer using an RF cable, allowing us to quantify the impact of
implementing the RoF/FSO and FiWi/VLC systems in terms of
EVMRums.

EV Myl %)

B2B RoF/FSO/WLC  RoF/FSO/VLC/Wireless

Fig. 9. M-QAM FiWi digital performance analysis at 550 MHz
employing the hybrid RoF/FSO/VLC and Wireless System.

As expected, the EVMRys value for B2B was below 0.5%,
resulting in an extremely well-defined constellation. The imple-
mentation of RoF/FSO/VLC did not degrade the overall system
performance, and consequently, the EVMRys value was not sig-
nificantly increased, around 2.4%. The VLC channel degrades
the signal both in phase and magnitude, which is reflected in the
symbol dispersion in the RoF/FSO/VLC/Wireless constellation.
However, the M-QAM VLC system met the 3GPP requirements
for modulation orders up to 64-QAM. Therefore, the hybrid 5G
NR approach showed potential for integrating 6G networks,
bringing the notable benefit of FSO flexibility.

EVMypl%)

HB2B RoF/FSO/Wireless RoF/FSO/Wireless/VLC

Fig. 10. 5G NR FiWi digital performance analysis at 39 GHz
employing the hybrid RoF/FSO/Wireless and VLC System.

Similarly, the 400 MHz bandwidth 5G NR signal was ex-
perimentally evaluated for the B2B, RoF/FSO/Wireless, and
RoF/FSO/Wireless/VLC systems, as presented in Fig. 10. Excel-
lent digital performance is observed for the B2B and RoF/FSO
cases, achieving EVMRgyg levels of 2.5% and 5.9%, respectively.
After propagating the 39 GHz 5G NR signal over a distance

of 2 meters, the measured EVMpyg level was around 7.8%,
close to the maximum acceptable value of 8%. The degrada-
tion in digital performance can be observed in the constellation,
highlighting the challenging conditions of the wireless channel
when operating at mm-wave frequencies. However, the hybrid
RoF/FSO/VLC/Wireless system achieved a data throughput
of approximately 1.46 Gbit/s, in accordance with the recom-
mendations of 3GPP Release 18, demonstrating the feasibility
of the FiWi 5G NR system employing different technologies to
compose a hybrid network architecture.

Fig. 11 depicts the measured electrical spectrum at the output
of the electrical amplifier. As illustrated, the 39 GHz transmitted
5G NR signal does not exhibit severe degradation along a wire-
less channel. A 67 GHz span was captured to demonstrate the
feasibility of the proposed system. The most distinct spectrum
is observed within the box represented in the figure, spanning
500 MHz, and with the use of an EA with a gain of 35 dB at
the reception, the loss due to the wireless channel was compen-
sated, and the observed EVMR\s level was 7.8%, thus achieving
a transmission rate of 1.5 Gbit/s considering the two access
networks.
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Fig. 11. Electrical spectrum measured after Fiwi 5G NR trans-
mission at 39 GHz.

4. CONCLUSIONS

We have successfully proposed and implemented an efficient
FiWi system for 5G/6G optical-wireless scenarios, encompassing
both indoor and outdoor applications. Two architectures were
proposed, and their performance was evaluated based on the
specifications outlined in 3GPP Release 18. The first evaluated
architecture involves the integration of an A-RoF based optical
fronthaul operating in mm-wave frequencies within a WDM-
PON network. This approach utilized the CS-DSB technique to
generate signals in the 60 GHz band. This solution enabled the
generation and transport of a 5G NR signal at 60 GHz, with a
bandwidth of 400 MHz and a QPSK modulation scheme. The
obtained results demonstrated the feasibility of this approach in
meeting the demands of cell densification for 5G/6G networks,
achieving a total system data throughput of up to 11.8 Gbit/s.
The second experimental configuration converges into a uni-
fied network architecture that combines solutions based on FiWi,
FSO, and VLC to fulfill the requirements of 6G solutions. This
architecture, based on the concept of a C-RAN, utilized 20 km
of optical fiber followed by an FSO link as the fronthaul of the
network. In the access network, a 5G NR millimeter-wave link
at 39 GHz is implemented, while enabling simultaneous VLC
transmission using an M-QAM signal at 550 MHz for indoor
6G applications. Experimental results demonstrated satisfactory
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coexistence among the employed technologies, achieving a total
data throughput of 1.5 Gbit/s. The hybrid FiWi/OWC fron-
thaul solution has shown potential in increasing the flexibility
of RANs by providing coverage in hard-to-reach areas. Future
work includes implementing the proposed architecture for both
downlink and uplink, as well as extending the range of FSO to
hundreds of meters in outdoor scenarios.
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Abstract— This letter presents an experimental investigation
that integrates various technologies, such as fiber-wireless (FiWi),
free-space optics (FSO), and visible light communication (VLC),
as a network physical layer solution to meet the requirements
for 5G and beyond scenarios. The implemented architecture is
centered on the concept of a centralized radio access network
(C-RAN), utilizing 20 km of optical fiber followed by an FSO link
as the fronthaul of the network, with a focus on last-mile appli-
cations. In the access network, a 2-meters reach 5G New Radio
(NR) mm-wave link operating at 39 GHz was simultaneously
deployed with a VLC transmission utilizing quadrature ampli-
tude modulation (M-QAM) at 550 MHz. The experimental results
demonstrate a satisfactory coexistence among these technologies,
achieving a total data throughput of 4.92 Gbit/s. The proposed
architecture underwent evaluation based on the root mean square
error vector magnitude (EVMRys) requirements specified in the
3'd Generation Partnership Project (3GPP) Release 18.

Index Terms—5G NR, 6G, microwave photonics, millimeter
wave, OWC, radio over fiber.

I. INTRODUCTION

OTIVATED by the growing need for high data rates,

increased cell densification, and low latency for human
and/or machine communication, next-generation wireless sys-
tems, including radio access network (RAN), have received
considerable attention from academia and industry [1]. The
deployment of fifth-generation of mobile network (5G) tech-
nology allows for the implementation of a variety of new
value-added applications, with enhanced mobile broadband
being the primary focus, while other scenarios continue
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to mature [2]. Technical solutions such as the 5G New
Radio (5G NR) standard, employment of millimeter-wave
(mm-wave) spectrum, heterogeneous networks, centralized
radio access network (C-RAN), optical-wireless communica-
tions (OWC), and optical-wireless convergence are proposed
to meet the imminent demands of 5G [3].

X-Haul networks are a vital category of telecommunications
infrastructure designed to meet the increasing demand for
high-speed, low-latency connectivity, especially in the context
of beyond 5G (B5G) networks [4]. They play a crucial
role in deploying advanced technologies like 5G and future
communication networks, carrying various services including
data, voice, and video. X-Hauls feature a flexible architecture
covering access, aggregation, and transport networks, facilitat-
ing seamless interconnection of devices, base stations, and data
processing centers. The ability to dynamically adapt and opti-
mize X-Haul infrastructure in real-time is essential for meeting
the performance demands of next-generation applications and
ensuring reliable, high-quality connectivity [5].

OWC has emerged as a promising solution to address
the challenges of radiofrequency (RF) spectrum congestion
and wireless throughput limitations. In OWC systems, the
electrical signal is modulated onto an optical carrier, which
is then transmitted through free space using wavelengths
spanning from ultraviolet to infrared, encompassing the visible
spectrum [6]. This technology offers significant advantages
over traditional RF access points, including cost-effectiveness
due to the absence of electromagnetic spectrum licens-
ing requirements, immunity to electromagnetic interference
enabling deployment in restricted areas, low power consump-
tion (energy efficiency), and a broad spectrum allocation for
data transmission, achieving throughput comparable to optical
fiber. However, it is susceptible to atmospheric conditions and
requires an unobstructed line of sight. In contrast, visible-light
communication (VLC) is limited by its range and vulnera-
bility to ambient light. The choice between free-space optics
(FSO) and VLC depends on specific application requirements,
considering factors such as range, security, and environmental
conditions for an optimal wireless optical solution [7].

Technical and innovative solutions are being proposed
to meet the demands required by 5G/sixth-generation of
mobile network (6G). In article [8], two non-standalone
5G NR solutions were proposed to meet the initial demands
of 5G. Different technologies were employed for the fronthaul
application, including optical fiber and FSO for last-mile

1041-1135 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Block diagram of the proposed system. AWG - arbitrary waveform generator; VSG — vector signal generator; OSA - optical spectrum analyzer;

EDFA - amplifier erbium-doped fiber; LD — laser diode; DPX - diplexer; MZM — mach-zehnder modulator; SMF — single mode fiber; PD — photodetector;
VSA - vector signal analyzer; DSA - digital signal analyser; SSA - signal and spectrum analyzer; EA - electrical amplifier.

applications. The experimental results demonstrated a secure
and effective convergence between these technologies, achiev-
ing a data throughput of up to 3 Gbit/s. In [9], the authors
presented an experimental measurement campaign involving a
hybrid architecture proposal based on analog radio-over-fiber
(A-RoF) and FSO to compose the 5G fronthaul link. For this
purpose, they utilized 10 km of optical fiber followed by a
50 m FSO link. For the access network, they transmitted a
5G NR signal at 39 GHz over a distance equivalent to 1 m,
achieving a total throughput of 2.4 Gbit/s. In [10], it was
experimentally demonstrated the use of integrated optics to
transmit 5G NR signals in the 26 GHz range. The architecture
explored the X-Haul concept, applying solutions based on
optical fiber, FSO, and wireless transmission to compose
the physical layer of the network. A transmission rate of
900 Mbit/s was observed. The work reported in [11] describes
the implementation of a proof of concept for a 12.5 km
A-RoF fronthaul followed by a VLC based access link with
a length of 1.2 m for 6G solutions. The initial proof of
concept achieved a data throughput of 60 Mbit/s, considering
the convergence between the technologies. Based on this
bibliographic review, it was possible to pinpoint key areas of
study pertaining to the implementation of novel solutions to
meet post-5G demands. The experimental implementation and
investigation of an X-Haul based on A-RoF, FSO, millimeter
waves, and VLC, operating at 39 GHz and 550 MHz for 5G
and 6G applications. We propose a simultaneous dual-access
approach for high-capacity communications in dense urban
environments, utilizing the 39 GHz frequency outdoors and a
550 MHz VLC connection indoors. The experimental findings
substantiate a harmonious coexistence of these technologies,
attaining an aggregate data throughput of 4.92 Gbit/s.

The utilization of heterogeneous networks in X-Haul archi-
tectures emerges as a response to the need to address a
diversified range of connectivity requirements in the era of
advanced communications. These architectures integrate a
variety of access technologies, such as optical fiber, and

Fig. 2.

Photography of the proposed system.

millimeter waves, to optimize network efficiency and capacity.
By combining different technologies types, it is possible to
strike a balance between the high bandwidth demanded by
high-density data applications like 5G, and the extensive
coverage required in less densely populated areas. Further-
more, heterogeneous networks facilitate the deployment of
diverse services, ranging from short-range communications
to long-distance transmissions, promoting comprehensive and
high-performance connectivity in both urban and rural envi-
ronments. This flexible and adaptive approach becomes crucial
in meeting the escalating demands for connectivity in an
ever-evolving technological landscape.

Section II describes the experimental setup of the proposed
system. Section III presents the results of the digital perfor-
mance investigation in terms of the root mean square error
vector magnitude (EVMRgwms). Finally, the conclusions and
final remarks are presented in Section IV.

II. EXPERIMENTAL SETUP

Fig. 1 and Fig. 2 depicts the block diagram and photography
of the proposed 5G NR OWC system, respectively. The base-
band 5G NR signal is designed using Keysight Signal Studio
software and generated by an arbitrary waveform generator
(AWG) M8190A, also from Keysight. The base-band signal is
applied to an analog signal generator (PSG-E8267D), which
is used for upconverting the signal to 39 GHz. In parallel, the

Authorized licensed use limited to: Instituto Nacional De Telecomunicagdes (INATEL). Downloaded on March 13,2024 at 12:00:11 UTC from IEEE Xplore. Restrictions apply.
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quadrature amplitude modulation (QAM) signal is generated
by vector signal generator (EXG-N5172B) at 550 MHz. The
two RF signals are combined by a diplexer (DPX) before being
applied to a single drive Mach-Zehnder modulator (MZM)
(FTM7937EZ). The MZM modulates an optical carrier from
a laser diode (LD) using the combined RF signals. After-
ward, the modulated optical signal is launched into a 20-km
single-mode fiber (SMF), giving rise to the optical midhaul.
We have split the signal using an 80/20 splitter in which
20% was applied to an optical spectrum analyzer (OSA) for
frequency-domain real-time measurements, and the remainder
of the optical signal was amplified by an Erbium-doped fiber
amplifier (EDFA). The EDFA is located at distribution unit
(DU) which is connected to a remote radio head (RRH) by
using a fronthaul link, which might be optical or wireless.
In this work, the fronthaul link is based on a 1.5 m FSO link.
After radiated, the optical signal is photodetected by a 50-GHz
bandwidth photodetector (PD) (DMXS0AF) and separated by
a DPX.

Two distinct access networks were considered in this work:
the first one is a wireless transmission using a pair of horn
antennas. In this case, the received signal is amplified by a
35-dB gain electrical amplifier (EA) before being received
by a vector signal analyzer (VSA) (FSW) from Rohde &
Schwarz. The other access network is based on 3 m reach
VLC link. A red LD at 650 nm is used for transmitting the
signal. At the receiver side, a condenser lens is employed to
concentrate the signal that will be photodetected by another
PD. Again, the photodetected RF signal is amplified before
being evaluated. In this case, we have used a 50-dB gain EA
and a bias tee to eliminate the direct current (DC) component
introduced by PD. Finally, the signal quality is evaluated by
employing a dynamic spectrum access (DSA) (DSA VO084A)
from Keysight. The utilization of red-wavelength laser diodes
(LDs) for data communication, albeit less common, finds
applicability in specific contexts [12]. Red LDs are employed
in scenarios necessitating short-range, high-speed data trans-
mission, such as intra-room communication or inter-sensor
data exchange in laboratories. They also prove valuable in
controlled environments where electromagnetic interference
must be minimized, and where the presence of red light does
not impede visibility [13]. Applications involving navigation,
sensing, and industries such as medical devices and industrial
automation may opt for red LDs due to tailored security and
performance requirements. Nonetheless, it is essential to note
that the usage of red LDs for data communication is more con-
fined in comparison to other LD colors, necessitating careful
consideration of application-specific needs and environmental
conditions [14].

III. RESULTS

The performance analysis of the proposed architecture
was carried out in three stages. The first stage involved
evaluating the quality of the received signals after the mid-
haul based on optical fiber and the fronthaul based on
FSO, i.e., after electro/optical conversion at the photodetector,
(Marker (I) from Fig. 1). Fig. 3 depicts the EVMgrMs mea-
surements for quadrature phase shift keying (QPSK), 16- and
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Fig. 3. EVMRys as a function of optical power at photodetector input.
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Fig. 4. Received 5G NR signal from the FSO/wireless link: (a) resource
blocks of specific symbols; (b) EVMRMmg per subcarrier; (c) electrical spec-
trum and (d) constellation of the signal.

64-QAM signals. We have also included the EVMRgys limit,
defined by 3" Generation Partnership Project (3GPP), for each
modulation scheme. We can notice that ~ —10, —8.5 and
—7 dBm is required for fulfilling the 3GPP requirements
for QPSK, 16-and 64-QAM, respectively. Therefore, we have
fixed an optical power of ~ 5 dBm at PD input for the next
analysis.

We have transmitted a 400-MHz bandwidth signal using the
time division duplexing (TDD) scheme. The signal generation
employed the TM 3.1 test model, and certain characteris-
tics related to signal generation are described below: for
bandwidths of 50 and 100 MHz with a subcarrier spacing
of 60 kHz, data throughputs of 178 and 360 Mbit/s were
achieved, respectively. For signals with BWs of 200 and
400 MHz and subcarrier spacing of 120 kHz, the system
achieved data throughputs in the order of 692 and 1386 Mbit/s,
respectively. The FSO/wireless has achieved throughput
of ~ 1.38 Gbit/s with EVMgrms of 4.32%, which is below
than 3GPP specification for 64-QAM (9%). The duplexing
scheme can be seen in the left-top part of Fig 4 (a), in which
all resource blocks of specific symbols are left unoccupied for
uplink transmissions. We can also notice that EVMRgys was
kept almost the same for all subcarriers, as demonstrated in
the EVMRvs per subcarrier result (b). The electrical spectrum
shown displays the reception power levels for the 5G NR sig-
nal transmitted at 39 GHz with a bandwidth of 400 MHz (c).
Finally, the constellation of the signal does not demonstrate
any considerably apparent distortion (d).

Authorized licensed use limited to: Instituto Nacional De Telecomunicagdes (INATEL). Downloaded on March 13,2024 at 12:00:11 UTC from IEEE Xplore. Restrictions apply.
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Fig. 5. EVMRums as a function of the optical power at the photodetector
input for the VLC signal.
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The proposed VLC system, considered a point-to-point
network access option, was evaluated alongside a simultaneous
and parallel transmission with the 5G NR link at 39 GHz. The
performance of the FSO/VLC access network, measured using
the EVMRrMms metric, was assessed at Marker (III) in Fig 2.
We configured a 64-QAM signal at 550 MHz, achieving a data
transfer rate of 120 Mbit/s. This signal was transmitted over
a 3-meter link to a collimation lens. The collimation lens was
positioned to focus the light onto the appropriate receiving
region of the photodetector. The FSO/VLC system attained an
EVMRrMms of 4.97%. Notably, no significant distortions were
observed in the eye or constellation diagrams.

According to the specifications outlined in Release 18 from
3GPP, a bandwidth of up to 2000 MHz will be utilized
in the frequency range FR2-2 [15]. However, in this study,
the experiments were conducted within the FR2-1 band,
where carrier aggregation is not an option, and the maximum
bandwidth allowed is 400 MHz. To address this limitation,
the goal was to implement an access network with carrier
aggregation capabilities, similar to what is done in LTE. In this
context, three signal bands were generated, each utilizing
16-QAM modulation and having a bandwidth of 400 MHz.
Fig. 6 illustrates the electrical spectrum after fiber/wireless
(FiWi) transmission. BW; centered at 38.7 GHz showed an
EVMgrms measurement of 6.5%, while BW, = 38.2 GHz and
BW3 = 37.7 GHz exhibited EVMgrpms measurements of 7%
and 9%, respectively. With these results, the Fiwi 5G NR

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 35, NO. 24, 15 DECEMBER 2023

system operating at 39 GHz achieved a data transfer rate
of 4.8 Gbit/s.

I'V. CONCLUSION

In this letter, we evaluated the 5G NR OWC system per-
formance. An analog radio over fiber (RoF) midhaul link was
used for transporting the signal up to a DU, in which the
signal is transmitted to the RRH via FSO transmission. For
the access network, we employed two distinct transmission
techniques using wireless and VLC systems. The FSO/wireless
link was used for transmitting a 5G NR signal at 39 GHz
aiming high-throughput indoor femtocells. On the other hand,
the FSO/VLC structure was employed to transmit a 550 MHz
QAM signal, also for indoor applications. The FSO/wireless
link has achieved throughput of &~ 4.8 Gbit/s, whereas the
FSO/VLC link attained 120 Mbit/s. Therefore, the hybrid
OWC system total throughput was 4.92 Gbit/s. This proposed
architecture takes advantage of fiber-optics transmission ben-
efits whilst VLC, FSO, and wireless link increase network
flexibility.
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Abstract—This paper reports the implementation of 5G New
Radio (5G-NR) optical fronthauls based on radio-over-fiber (RoF)
technology and optical carrier-suppressed double sideband (CS-
DSB) technique, operating at 60 GHz. Experimental results over
20-km fiber-optics links demonstrate the successful transmission
of QPSK, 16-QAM and 64-QAM modulated signals with up
to 400-MHz bandwidth. The proposed SG-NR RoF system per-
formance meets the 3" Generation Partnership Project (3GPP)
requirements, achieving a total throughput of 800 Mbps.

Index Terms—5G, 5G-NR, CS-DSB, mm-waves and radio-over-
fiber.

I. INTRODUCTION

In parallel with the deployment of fifth-generation (5G)
mobile networks, researchers and industry experts are explor-
ing the possibilities for the next generation of wireless com-
munication systems, known as Beyond 5G (B5G) networks.
The millimeter-wave (mm-wave) frequency band is expected
to play a crucial role in enabling higher data rates in B5G
systems, as it offers wider bandwidths compared to lower
frequency bands used in current wireless networks [1]. In
particular, the 3™ Generation Partnership Project (3GPP) has
defined the frequency range from 52.6 GHz to 71 GHz as
FR2-2 in the 5G new radio (NR) standard [2]. Although the
60-GHz frequency band is more susceptible to high attenuation
and blockage, it has recently been considered for short-range
applications due to the wide bandwidth and availability of
unlicensed spectrum [3].

Photonic generation of mm-wave signals could be easily
integrated with radio-over-fiber (RoF)-based fronthauls by pro-
viding wide bandwidth, high purity, low phase noise, and high
stability. In particular, the authors in [4] demonstrated the use
of optical frequency combs generated by a photonic integrated
circuit (PIC) at 26 GHz. Vallejo et. al presented a solution
based on directly modulated laser and carrier-suppressed (CS)
external modulation for generating a 40-GHz signal [5]. The
carrier-suppressed double sideband (CS-DSB) technique has
also been reported in literature. Bohata et. al demonstrated
that the CS-DSB technique employing two external modulators
provides better performance compared to using a directly
modulated laser in addition to an external modulator [6]. In this
context, this paper presents the use of the CS-DSB technique

979-8-3503-0402-2/23/$31,00 ©2023 IEEE

for generating 5G-NR signals at 60 GHz followed by an RoF-
based 20-km fronthaul transmission. The 5G NR standard
transmission and analysis is performed in accordance with the
3GPP requirements [2].

II. EXPERIMENTAL SETUP

Fig. 1 depicts a block diagram of the proposed architecture.
This setup is based on one Mach-Zehnder intensity modulator
MZM) (MZM,, Fujitsu FTM7939EK) biased at the null point
(Vz = 6.6 V), to suppress the optical carrier, and a second
MZM (MZM,, Fujitsu FTM7920FB) biased at quadrature
point (Vo = 2.6 V), to enable data modulation. We have
employed a distributed feedback (DFB) laser diode (LD) that
operates at 1530 nm and has an output power of 15 dBm. A po-
larization controller (PC) is used to adjust the light polarization
state at the MZMs inputs. A 24.5-GHz single-tone signal (RF)
generated by a signal generator (Keysight N5173B) is injected
into the MZM,. An arbitrary waveform generator (AWG)
(Keysight M8190A) generates the baseband 5G-NR signal
and a vector signal generator (VSG) (Keysight PSGE8267D)
performs the frequency up-conversion, providing a 5G-NR
signal at 11 GHz, which is injected into MZM,. The RF; and
RF, signals power levels are 15 and 10 dBm, respectively.
The RF; signal creates two sidebands in the optical domain
with a frequency spacing of 49 GHz. The optical distribution
network consists of a 20-km single-mode fiber (SMF) link.
Subsequently to the optical transmission, an optical erbium-
doped fiber amplifier (EDFA) is used to compensate for the
system loss. The EDFA was placed at the remote node in the
laboratory setup to provide a maximum optical output power of
8 dBm. The optical-to-electrical conversion is performed by
a high-frequency photodetector (PD) (Thorlabs DXMS0AF).
The two sidebands generated at the MZM?2 output beat each
other in the PD, which results in a frequency doubling. The
recovered signal is evaluated in a spectral and signal analyzer
(R&S FSW67).

ITII. EXPERIMENTAL RESULTS
Fig. 2 presents the measured EVMRgys results as a function
of the received optical power at the PD input. By varying the
EDFA gain, we were able to evaluate the EVMgys over an
optical power range from 0 to 8 dBm. We have employed
5G NR quadrature phase shift keying (QPSK), 16-quadrature
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Fig. 1. Block diagram of the 5G-NR Fronthaul based on RoF technology and CS-DSB technique.

amplitude modulation (QAM), and 64-QAM signals with
bandwidths of 50 MHz, 100 MHz, 200 MHz and 400 MHz, re-
spectively. The 3GPP has specified maximum EVMgyg values
of 17.5%, 12.5%, and 8% for QPSK, 16-QAM, and 64-QAM,
respectively [2]. The proposed RoF system meets the 3GPP
requirements for optical powers ranging from 6 to 8 dBm for
the 50-MHz 64-QAM signal, from 5 to 6 dBm for the 100-
MHz 16-QAM signal, from 1 to 4 dBm for the 200-MHz
QPSK signal, and from 3 to 4 dBm for the 400-MHz QPSK
signal. The best performance measurements were obtained
at 8 dBm, 6 dBm, and 4 dBm for the 64-QAM, 16-QAM,
and QPSK modulation schemes, with EVMgus of 6%, 10%,
15%, 16.8%, respectively. From these points on, the EVMgrums
rises due to the increase in the EDFA amplified spontaneous
emission (ASE), which degrades the overall signal-to-noise
ratio (SNR). Fig. 3 depicts the 400-MHz QPSK signal received
constellation and measured spectrum at 4-dBm optical power
at the PD output. Overall, a maximum throughput of 800 Mbps
was obtained with this bandwidth and modulation scheme.

IV. CONCLUSIONS

We have successfully implemented 20-km 5G-NR optical
fronthauls based on RoF technology and CS-DSB technique
operating in the 60 GHz frequency band. The overall system
performance has been shown in accordance with the 3GPP
requirements. For instance, EVMgrys as low as 6% was
obtained for a 50-MHz 64-QAM signal. Moreover, 800-Mbps
throughput could be achieved with a 400-MHz bandwidth
QPSK 60-GHz 5G NR signal, demonstrating the applicability
of the proposed technique for the current 5G-NR deployments.
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Fig. 2. RoF system digital performance as a function of the received optical
power at the PD input for QPSK, 16-QAM and 64-QAM signals.
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Fig. 3. 400-MHz QPSK signal received constellation and measured spectrum
at 4-dBm optical power.
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Implementacdo de um Sistema Hibrido FiWi
utilizando FSO, VLC e Ondas Milimétricas para
Aplicagoes 6G

C. H. S. Lopes, L. A. M. Pereira, T. P. V. Andrade, E. Conforti e Arismar Cerqueira S. Jr

Resumo— Neste trabalho, avaliamos experimentalmente uma
arquitetura hibrida FiWi (fiber/wireless) que combina fibra op-
tica, (FSO, free space optical), ondas milimétricas e (VLC, visible
light communication) em uma mesma topologia de rede. Para o
fronthaul, um enlace de 20 km de fibra 6ptica seguido por um
enlace FSO de 1,5 m foi implementado. Para o acesso, um enlace
5G NR sem fio de 2 m operando em 39 GHz e um enlace VLC
ponto-a-ponto de 3 m em 550 MHz garantiram uma vazao de
dados total do sistema na ordem de 1,5 Gbit/s, atendendo aos
requisitos do 3GPP Release 18.

Palavras-Chave— 5G, 5G-NR, 6G, FiWi, FSO, mm-waves, VLC
e X-Haul.

Abstract—In this work, we experimentally evaluated a hybrid
FiWi (fiber/wireless) architecture that combines optical fiber,
free space optical (FSO), millimeter waves, and visible light
communication (VLC) in the same network topology. For the
fronthaul, a 20 km optical fiber link followed by a 1.5 m FSO
link was implemented. For the access, a 2 m 5G NR wireless
link operating at 39 GHz and a 3 m point-to-point VLC link at
550 MHz ensured a total system data throughput in the order
of 1.5 Gbit/s, meeting the requirements of 3GPP Release 18.

Keywords—5G, 5G-NR, 6G, FiWi, FSO, mm-waves, VLC e
X-Haul.

I. INTRODUCAO

Motivados pela crescente necessidade de altas taxas de
dados, aumento na densificacio de células e baixa laténcia para
comunica¢do humana e/ou entre maquinas, os sistemas sem
fio de quinta geracdo, incluindo as redes de acesso de radio
(RAN, radio acces network), tém sido objeto de considerdvel
atencdo perante a academia e industria [1]. A implantacdo
da tecnologia de redes modveis de quinta geragdo (5G, fifth-
generation of mobile network) permite a implementacdo de
uma variedade de novas aplicagdes, tendo como foco principal
o acesso mével operando em banda larga [1], [2]. Solucdes
técnicas como o novo padrdo de rddio 5G (5G NR, new
radio) utilizacdo de espectro na faixa de ondas milimétricas
(mm-wave, millimeter waves), RANs heterogéneas e centrali-
zada (C-RAN, centralized-RAN), comunicacio Optica sem fio
(OWC, optical wireless communication) sao propostas para
atender as demandas iminentes [2], [3]. Ao mesmo tempo,
a sexta geracdo de redes moéveis (6G, sixth-generation of

C. H. S. Lopes, L. A. M. Pereira, T. P. V. Andrade e Arismar
Cerqueira S. Jr. Instituto Nacional de Telecomunicacdes, Santa Rita
do Sapucai, MG 37400-000 Brasil (e-mails: celso.henrique @dtel.inatel.br
luiz.melo@inatel.br; tomasvillena@dtel.inatel.br; arismar @inatel.br). E. Con-
forti. DECOM-Universidade Estadual de Campinas, Campinas 13083-970,
Brazil (e-mail:conforti@unicamp.br).

mobile networks) surge como um tépico popular para abordar
as promessas ndo cumpridas do 5G e atender as demandas
futuras a partir de 2030 com maior eficiéncia [4]. Na rede 6G,
espera-se que surjam novos cendrios de utilizacdo, abrangendo
telepresenca, comunicagdo onipresente, utilizacdo de robds
em diferentes dreas do cotidiano, biossensores e potenci-
ais aplica¢des ainda ndo identificadas [5]. Solucdes técnicas
potenciais para o 6G incluem o uso de comunicacdes na
faixa de terahertz (THz), inteligéncia artificial/aprendizado de
maquina para atender redes autdnomas e superficies refletoras
inteligentes [4], [5].

O objetivo fundamental de avancar em direcdo as redes 6G €
fornecer velocidades de dados ultrarrdpidas, alta capacidade e
servigos confidveis para usudrios méoveis. As células pequenas
continuam sendo uma solugdo promissora para aumentar a
velocidade e a densidade, pois aumentam a capacidade di-
vidindo uma macrocélula em zonas menores e reutilizando
os recursos de radio de forma espacial [6]. No entanto, a
implantacdo densa de células pequenas representa um desafio
em termos de custos e consumo de energia dos locais de
instalacdo, que normalmente representam os maiores custos
e consumo de energia para um provedor de servicos mével
[6], [7]. A arquitetura C-RAN foi proposta para dar suporte
de forma econdmica a densificacdo da RAN, concentrando
as funcionalidades avancadas de processamento de sinal em
uma unidade centralizada (CU, centralized unit) que atende a
multiplas unidades remotas de radio (RRUs, remote radio units
[8]. A proposta consiste em instalar uma CU com multiplas
unidades de processamento em uma unica localizagdo da
rede e portanto interconectd-la dinamicamente a varias RRUs
implantadas no campo por meio de arquiteturas X-haul [9].
O objetivo principal de utilizar esta arquitetura centralizada
€ a possibilidade de explorar os beneficios da multiplexacao
estatistica de recursos de hardware, resultando em maior
eficiéncia energética e reducdo de custos [9], [10].

As redes 5G/6G devem operar em multiplas faixas de
frequéncias para suportar uma ampla gama de cendrios e
aplicacdes. Para atender a esse requisito, o 3GPP definiu
tr€s cendrios de operacdo para o padrio 5G NR [11]. A
primeira faixa de frequéncia (FR1) abrange de 0,410 GHz a
7,125 GHz, suportando larguras de banda (BW, bandwidth) de
até 100 MHz. A segunda faixa de frequéncia (FR2-1) abrange
as ondas milimétricas na faixa de 24,5 GHz a 52,6 GHz, com
BW de até 400 MHz. E por fim, a terceira faixa de frequéncias
(FR2-2) que vai de 52,6 GHz a 71 GHz com BW de até 2 GHz.
No entanto, considerando um dos principais desafios de operar
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Fig. 1.
optical spectrum analyzer; SO - spliter optical; EDFA - amplifier erbium-doped fiber; LD — laser diode; MZM — mach-zehnder modulator; SMF — single
mode fiber; PD — photodetector; VSA - vector signal analyzer.

em frequéncias mais altas, que € a perda de transmissdo e a
necessidade de uma interface de fronthaul de alta capacidade,
as tecnologias rddio analdgico sobre fibra (A-RoF, analog
radio over fiber) e Optica no espago livre (FSO, free space
optical) tornam-se extremamente interessantes [12]. Essas
tecnologias possibilitam a transmissdo de sinais com elevada
bandwidth (BW), imunidade a interferéncias eletromagnéticas
e baixa atenuacio.

Solucdes técnicas e inovadoras estdo sendo propostas para
atender as demandas requeridas pelo 5G/6G. A utilizacdo de
A-RoF para aplicagdes 5G foram descritas em [13], [14],
[15]. No artigo [16], foram propostas duas solucdes non-
standalone 5G NR para atender as demandas iniciais do 5G.
Foram empregadas diferentes tecnologias para a aplicagdo no
fronthaul da rede, incluindo fibra éptica e FSO para aplicagdes
de ultima milha. Os resultados experimentais demonstraram
uma convergéncia segura e efetiva entre essas tecnologias,
alcangando uma vazdo de dados de até 3 Gbit/s e de acordo
com as especificagcdbes do 3GPP Release 15. Em [17] os

iz Y — i

4 Fonte DC

Diagrama em blocos (a) e fotografia (b) do sistema FiWi proposto: AWG — arbitrary waveform generator; VSG — vector signal generator; OSA -

autores apresentaram uma campanha de medi¢do experimental
envolvendo uma proposta de arquitetura hibrida baseada em A-
RoF e FSO para compor o fronthaul da rede 5G. Para isso, eles
utilizaram 10 km de fibra 6ptica seguidos por um enlace FSO
de 50 m. Para a rede de acesso eles transmitiram um sinal 5G
NR em 39 GHz a uma distincia equivalente a 1 m, atingindo
uma taxa de transferéncia total de 2,4 Gbit/s. Foi demonstrado
em [19] por meio de uma investigacdo experimental, o uso
de optica integrada para gerar sinais 5G NR na faixa de 26
GHz. A arquitetura explorou o conceito X-Haul, aplicando
solugdes baseadas em fibra Optica, FSO e transmissao sem fio
para compor a camada fisica da rede. Foi observado uma taxa
de transmissdao de 900 Mbit/s demonstrando a viabilidade da
técnica para gerar sinais de ondas milimétricas sintonizaveis
de baixo ruido de fase. O trabalho relatado em [20] descreve
a implementa¢@o de uma prova de conceito para um fronthaul
A-ROF de 12,5 km seguido por um enlace de acesso baseado
em VLC com comprimento de 1,2 m para solugdes 6G. A
prova de conceito inicial alcangou uma vazdao de dados de
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60 Mbit/s, considerando a convergéncia entre as tecnologias.

Neste trabalho, propde-se a investigacdo experimental de
uma arquitetura de rede proposta baseada no conceito X-Haul.
No fronthaul da rede, a fibra 6ptica e FSO sio utilizados para o
transporte simultdneo de sinais operando em diferentes faixas
de frequéncias. No acesso da arquitetura de rede proposta,
um enlace 5G NR operando em 39 GHz é implementado e
avaliado, enquanto que um segundo enlace de acesso baseado
em luz visivel opera em 550 MHz para aplicagdes 6G. A
Secdo II descreve o arranjo experimental do sistema proposto.
A Secdo III apresenta os resultados da investigacdo de desem-
penho digital em termos de magnitude de erro vetorial médio
(EVMgRums). Por fim, as conclusdes e comentdrios finais sdo
apresentadas na Secdo IV.

II. ARQUITETURA PROPOSTA

A configuracdo experimental é representada na Fig.l em
forma de diagramas em blocos (a) e fotografia do setup (b).
Todas as tecnologias utilizadas no experimento sdo conver-
gidas em uma arquitetura unificada, que emprega um enlace
hibrido RoF e FSO para integrar o fronthaul da rede. Para o
acesso ¢ implementado um enlace wireless de 2 m operando
em 39 GHz e paralelamente um enlace VLC operando em
550 MHz. O sinal 5G NR em banda base é projetado usando
o software Keysight Signal Studio e gerado por um gerador de
forma de onda arbitraria (AWG, arbitrary waveform genera-
tor) M8190A da Keysight. O modelo de teste escolhido foi o
3.1 (TM 3.1) especificado pelo 3GPP. Este modelo especifica
que o sinal 5G NR operando na faixa de frequéncia 2.1 (FR2-
1) tenha larguras de banda de até 400 MHz utilizando ordens
de modulacdo QPSK, 16- e 64-QAM. O sinal de banda base
¢ aplicado a um VSG; (PSG-E8267D), que é usado para
converter o sinal para RF; = 39 GHz e transmitir a uma
poténcia de 4 dBm. Em paralelo, o sinal M-QAM ¢ gerado
por um VSG, (EXGN5172B) a RF; = 550 MHz com poténcia
de transmissdo igual a -10 dBm. Os dois sinais de RF sdo
combinados por um diplexer (DPX, 1721) antes de serem
injetados em um MZM (FTM7937EZ). O MZM modula a
portadora 6ptica do laser (LD) centrado em 1551 nm usando
os sinais de RF combinados. A poténcia de transmissdo do LD
€ igual a 15 dBm, e o sinal 6ptico modulado € entdo langado
em uma fibra monomodo (SMF) de 20 km, dando origem ao
fronthaul 6ptico.

Antes da transmissdo, o sinal optico foi dividido utilizando
um divisor 6ptico (SO, spliter optical) 80/20, no qual 20% do
sinal € aplicado a um analisador de espectro Optico (OSA,
optical spectrum analyzer) para medi¢des no dominio da
frequéncia em tempo real, e o equivalente a 80% ¢é amplificado
por um amplificador de fibra dopada com erbium (EDFA,
amplifier erbium-doped fiber). O EDFA estd localizado na
unidade de distribuicdo (DU, distribution unit) que esti co-
nectado a um RRH por meio de um enlace fronthaul 6ptico.
Posteriormente, o sinal 6ptico modulado € transportado por
um enlace FSO de 1,5 m de comprimento. Dois colimadores
(CFS18) sao utilizados na transmissao e na recep¢ao do enlace
FSO, implementando como prova de conceito a rede hibrida
RoF/FSO. Na recep¢do, o sinal dptico é fotodetectado por

um (PD,, photodetector) com largura de banda de 50 GHz
(DMXS50AF) e apdés o PD; o sinais s@o separados por um
DPX (1721) para serem transmitidos em dois enlaces distintos
e paralelos.

TABELA 1
PARAMETROS DO SISTEMA.

[ Parametro Valor
Comprimento de onda do LD; 1551 nm
Poténcia de transmissdo do LD; 15 dBm
Poténcia de RF; em 39 GHz 4 dBm
Poténcia de RF,; em 550 MHz -10 dBm
Comprimento da Fibra 20 km
Poténcia de Saida do EDFA 8 dBm
Comprimento do FSO 1.5 m
Poténcia éptica recebida no PD; 5 dBm
Largura de banda do PDj 50 GHz
Responsividade do PD; 0,75 A/W @ 1550 nm
Comprimento do enlace sem fio 2 m
Comprimento de onda do LD: 650 nm
Poténcia de transmissdo do LDj 4 dBm
Comprimento do enlace VLC 3 m
Poténcia éptica recebida no PDy 4 dBm
Largura de banda do PD3 1,2 GHz
Responsividade do PD; 0,4 A/W @ 650 nm

Duas redes de acesso distintas foram consideradas neste
estudo. A primeira é uma transmissdo sem fio usando um
par de antenas tipo corneta com ganhos de 30 dBi cada.
Nesse caso, o sinal recebido € amplificado por um amplificador
elétrico (EA, electrical amplifier) com ganho de 35 dB antes
de ser recebido e analisado por um VSA; (R&S FSW67).
A outra rede de acesso é baseada em um enlace VLC de
alcance de 3 m para aplicagdes ponto-a-ponto. Um LD, com
comprimento de onda de 650 nm ¢é usado para transmitir o
sinal. Do lado do receptor, uma lente 6ptica € empregada para
focalizar o sinal, que serd fotodetectado por outro PD, (EOT,
3020). Finalmente, a qualidade do sinal é avaliada usando um
VSA,; (V084A) da Keysight. A Tabela I resume os principais
parametros do sistema proposto.

III. RESULTADOS EXPERIMENTAIS

A andlise de desempenho da arquitetura proposta foi reali-
zada em duas etapas. A primeira etapa foi avaliar a qualidade
dos sinais recebidos apdés o enlace de fronthaul 6ptico e
FSO, ou seja, apds a conversdo eletro/optica no fotodetector,
demarcado na Fig. 1 (a) no ponto (I). O espectro elétrico
ilustrado na Fig. 2 apresenta os niveis de poténcia de recepcao
para o sinal 5G NR transmitido em 39 GHz e para diferentes
BWs, como determina a faixa de frequéncias FR2-1, 50,
100, 200 e 400 MHz representados por BW;, BW,, BW3 e
BW,, respectivamente. Como o modelo de testes empregado
na geragdo deste sinal foi o TM 3.1, algumas caracteristicas
relacionadas a geracao dos sinais serdo descritas a seguir: para
larguras de banda de 50 e 100 MHz com espacamento entre as
subportadoras de 60 kHz, alcancou-se vazdes de dados de 178
e 360 Mbit/s, respectivamente. Considerando os sinais com
BW de 200 e 400 MHz e espacamento entre as subportadoras
de 120 kHz, o sistema atingiu vazido de dados na ordem de
692 e 1386 Mbit/s, respectivamente [21].
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Fig. 2. Espectro elétrico medido na saida do fotodetector para larguras de

banda 50, 100, 200 e 400 MHz.

A Fig. 3 reporta os diagramas de constelagdo para os sinais
5G NR recebidos no ponto (I) da arquitetura proposta. Para o
sinal com BW; de 50 MHz, atingiu-se 3,3% de EVMgys,
medido para uma poténcia 6ptica de recep¢do de 5 dBm.
Enquanto que o BW,; e BW3 operando em 100 e 200 MHz
atingiram 3,8 e 4,7%, respectivamente para o mesmo nivel de
poténcia Optica. Finalmente, o nivel de EVMgrys de 5,9% foi
observado para a BW, = 400 MHz, considerando as mesmas
condi¢des de niveis de poténcia avaliadas anteriormente.
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Fig. 3. Constelacdes 5G NR medidas para larguras de banda de 50, 100,
200 e 400 MHz e ordem de modulagdo 64-QAM.

Os valores de EVMgums observados estdo abaixo do valor
limite estipulado pelo 3GPP Release 18 para a ordem de

modulagdo 64-QAM empregada, que é de 8%. Com isto, a
transmissdo explorando a faixa de frequéncias FR2-1, demons-
trou ser vidvel do ponto de vista do fronthaul hibrido RoF/FSO
da rede.

O sistema VLC proposto como uma op¢ao de acesso ponto-
a-ponto da rede, foi avaliado considerando uma transmissao
simultdnea e paralela ao enlace 5G NR em 39 GHz. Trés
campanhas de medicdo distintas foram realizadas, empregando
a mesma BW de 20 MHz para o sinal M-QAM, valor
limitado pelo equipamento de gera¢do. Com o objetivo de
aumentar a taxa de dados do enlace VLC, foram utilizadas
trés ordens de modulacdo diferentes: QPSK, 16-QAM e 64-
QAM. E importante ressaltar que ordens de modulagio mais
altas requerem uma relagéo sinal-ruido (SNR) aprimorada para
manter o mesmo nivel de desempenho do sistema.

Fig. 4. Andlise de desempenho VLC: Luz vermelha com modulagdo QPSK,
16- e 64-QAM com largura de banda de 20 MHz.

Para avaliar o desempenho do enlace VLC, variou-se o nivel
de poténcia do sinal de RF transmitido de -22 a 0 dBm. Para o
sinal QPSK, observamos um valor de EVMgys de 16,4% para
uma poténcia de RF de transmissdo de -20 dBm, alcan¢ando
uma taxa de dados de 40 Mbit/s. Para aumentar a taxa de
dados do sistema, as ordens de modulagdo 16-QAM e 64-
QAM foram empregadas, exigindo um aumento na poténcia
de RF para -18 e -15 dBm, respectivamente, para atingir niveis
de EVMgrys de 11,8% e 8,5%. A Fig. 4 ilustra o diagrama
de constelacdo, o espectro elétrico e o diagrama de olho para
as respectivas ordens de modulacdo transmitidas (a) QPSK,
(b) 16-QAM e (c) 64-QAM, alcancando uma vazdo total de
120 Mbit/s. Vale ressaltar que a Fig. 4 apresenta os diagramas
medidos para uma poténcia do sinal de RF transmitido de
-10 dBm, enquanto que a poténcia Optica na recep¢do foi
de aproximadamente 4 dBm. Observou-se que estes valores
otimizam o desempenho do sistema.

Ap6s caracterizar o sistema RoF/FSO com relago a valores
otimizados de poténcia transmitida de RF para o enlace VLC
e de poténcia dptica recebida para o sinal em 39 GHz, foi
implementado um enlace sem fio com distancia de 2 m.
A Fig. 5 retrata o espectro elétrico medido na saida do
amplificador elétrico. Conforme ilustrado, o sinal 5G NR
transmitido a 39 GHz ndo aparenta degradagdes severas de-
vido a fendmenos fisicos de propagacdo tais como: reflexdo,
difracdo e bloqueio encontrados ao longo de um canal sem fio.
Um span de 67 GHz foi capturado com objetivo de demonstrar
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a viabilidade do sistema proposto. O espectro mais definido
¢é observado na caixa representada na figura por um span de
500 MHz, e com o emprego de um EA com ganho de 35 dB
na recep¢do, a perda devido ao canal sem fio foi compensada
e o nivel de EVMRys observado foi de 7,5%, atingindo assim
uma taxa de transmissio de 1,5 Gbit/s considerando as duas
redes de acesso.

- 30 dBm 10 dB/div

bbb s

F=39GHz

Fig. 5. Espectro elétrico medido apds transmissdo FiWi 5G NR a 39 GHz.

IV. CONCLUSOES

Este trabalho descreveu a investigacdo experimental de uma
proposta de arquitetura de rede hibrida baseada em A-RoF,
FSO e VLC para atender as demandas das redes 5G e 6G.
A arquitetura de rede demonstrada utiliza uma conexdo de
fronthaul baseada em A-RoF e FSO, enquanto o acesso é
realizado por meio de ondas milimétricas operando a 39 GHz
e VLC na faixa de 550 MHz. Os resultados experimentais
comprovaram que as diversas tecnologias empregadas podem
oferecer uma solucdo para a demanda crescente de largura
de banda necessdria para atender as diferentes aplicagdes. Foi
obtida uma vazdo maxima de dados de aproximadamente 1,5
Gbit/s utilizando uma modulacdo 64-QAM no sistema FiWi
proposto. O desempenho do sistema foi avaliado de acordo
com os pardmetros de EVMgyg estabelecidos pela especifi-
cacdo 3GPP Release 18. Como trabalhos futuros, propde-se a
implementacdo da arquitetura avaliada em um sistema WDM,
permitindo a transmissdo simultinea de diferentes tecnologias
para atender a um niimero maior de usudrios
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Abstract—The fifth-generation of mobile networks (5G) claims
for a radio access network (RAN) update in order to support
the enormous incoming wireless data traffic. In this context, we
experimentally evaluate two distinct hybrid architectures applied
to 5G New Radio (NR) FiWi systems based on different optical fron-
thaul approaches. The first architecture operates in non-standalone
(NSA) mode, defined by the 3" generation partnership project
(3GPP), for simultaneously transmitting 4G and 5G technologies
through an unique FiWi system. The three considered waveforms
are as follows: a filtered orthogonal frequency division multi-
plexing (F-OFDM) signal at 778 MHz with 10 MHz bandwidth
from our 5G flexible-waveform transceiver; a long-term evolution-
advanced (LTE-A) signal with five 20 MHz sub-bands centralized
at 2.24 GHz; a 5G NR signal at 2.35 GHz with 100 MHz bandwidth.
On the other side, the second architecture employs radio over
fiber (RoF), free space optics (FSO), and wireless technologies
converged into a heterogeneous network (HetNet). The additional
multi-standard and multiband optical-wireless network is based
on a 10-MHz bandwidth F-OFDM signal at 788 MHz, a 100-MHz
bandwidth 5G NR signal at 3.5 GHz, and a 400-MHz bandwidth
M-QAM signal at 26 GHz. Throughput up to 3 and 1.4 Gbps are
demonstrated for RoF/FSO and RoF/FSO/Wireless transmission,
respectively.

Index Terms—4G, 5G NR, FSO, fiwi, hetnet, NSA.

Manuscript received June 22, 2020; revised August 10, 2020, September
4, 2020, and September 29, 2020; accepted September 30, 2020. Date of
publication October 7, 2020; date of current version January 15, 2021. This
work was supported in part by RNP, with resources from MCTIC, under
Grant 01250.075413/2018-04, under the Radiocommunication Reference Cen-
ter (Centro de Referéncia em Radiocomunicacoes-CRR) Project of the National
Institute of Telecommunications (Instituto Nacional de Telecomunicagdes-
Inatel), Brazil, in part by CAPES, in part by FINEP, and in part by CNPq.
(Corresponding author: Arismar Cerqueira.)

Celso Henrique de Souza Lopes, Eduardo Saia Lima, Luiz Augusto Melo
Pereira, Alexandre Carvalho Ferreira, Whebert Damascena Dias, Luciano
Leonel Mendes, and Arismar Cerqueira Sodré Junior are with Inatel, Santa Rita
do Sapucai, MG 37400-000, Brazil (e-mail: celso.lopes@mtel.inatel.br;
elima@get.inatel.br;  luiz_augusto@get.inatel.br;  alexandrecf@inatel.br;
wheberth @inatel.br; lucianol @inatel.br; arismar @inatel.br).

Ramon Maia Borges is with Inatel, Santa Rita do Sapucai, MG 37540-000,
Brazil, and also with the Federal University of Itajubd (UNIFEI), Itajubd, MG
37500-903, Brazil (e-mail: ramonmb @inatel.br).

Marcelo Abreu is with Venturus Innovation and Technology, 13086-530
Campinas, Brazil (e-mail: Marcelo.Abreu@ venturus.org.br).

Danilo Henrique Spadoti is with UNIFEI, Itajubd, MG 37500-903, Brazil
(e-mail: spadoti @unifei.edu.br).

Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2020.3029500

, Luiz Augusto Melo Pereira
Alexandre Carvalho Ferreira, Marcelo Abreu, Whebert Damascena Dias

, Ramon Maia Borges *“,
, Danilo Henrique Spadoti*”,

, and Arismar Cerqueira Sodre Junior

I. INTRODUCTION

HE fifth-generation of mobile network fifth-generation of

mobile networks (5G) has already started to be commer-
cially implemented worldwide. The main application scenar-
ios that 5G aims to serve are basically defined as: enhanced
mobile broadband (eMBB); massive machine type communi-
cation (mMTC) and ultra-reliable low-latency communication
(URLLCQ) [1]. In addition, the enhanced remote area communi-
cations (eRAC) scenario, aimed for long-range communications
up to 50 km, has also be considered potential to be included in
the next 3GPP release versions. [1]. Due to the 5G plurality of
applications, it becomes necessary to use innovative technical
solutions, including: 5G new radio (5G NR) standard; addi-
tional spectral bands; software-defined network (SDN); massive
multiple-input multiple-output (mMIMO). The 3GPP Release
15 establishes the phase 1 for the 5G standardization, called the
New Radio Phase 1. At this initial stage of implementation,
5G networks operate in NSA, hence leveraging the fourth-
generation of mobile networks (4G) architecture for deploying
the 5G NR [2], [3].

In parallel, microwave photonics (MWP) has been recognized
as a key technology for generating, processing and transmitting
radiofrequency (RF) signals in the optical domain [4]. Notably,
Radio over Fiber (RoF) technology empowers to transport and
distribute digital and/or analog signals among central office (CO)
and remote radio unit (RRU) via fiber optic links. Sequentially,
the signal is photodetected at base station (BS) before being
radiated, giving rise to a fiber-wireless (FiWi) system, which has
been proposed to meet the 5SG scenarios [5]. The radio access
network (RAN) architectures must complementarily evolve the
evolution of transport networks. One of the most quoted archi-
tecture for 5G networks is the centralized RAN (C-RAN) [6].
In C-RAN architecture, the backhaul link connects CO to the
core network, typically carrying digital user data, whereas the
fronthaul link connects CO to RRUs. Currently, most fronthaul
links are based on digital RoF (D-RoF) technology, using Com-
mon Public Radio Interface (CPRI). Nonetheless, this technique
suffers from scalability issues, which suggests the use of alter-
natives fronthaul solutions [7]. Analog RoF (A-RoF) represents
a promising solution to simplify the system and enhance its
scalability, since there is no need for analog-to-digital converter
(ADC) and digital-to-analog converter (DAC), either at RRUs
and CO [8]. Another potential fronthaul approach is employing
free space optics (FSO) links, which provide high capacity with
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electromagnetic immunity and using the unlicensed Terahertz
bands [9]. The use of FSO links requires to deal with atmospheric
phenomena, that could degrade the transmission quality, e.g rain,
fog, temperature variations and dust [10].

Diverse works have claimed the terahertz communications
(THz) use to fulfill the future wireless network demands. Shakir
et al. demonstrated a simultaneous transmission employing an
FSO at 1.5 ym and a 60 GHz RF system [11]. Moreover,
RoF/FSO/Wireless links enable to extend the fronthaul reach
to regions, where the optical fiber is difficult to be deployed,
maintaining the attractive features from the optical communica-
tions and wireless access to the end user. In [12], Chong Han et
al. have reported a comparison among microwave, mm-waves,
THz band and FSO approaches based on the following aspects:
technical challenges, channel modelling and propagation char-
acteristics, such as atmospheric and spreading losses, diffraction
and weather influences.

Table I summarizes the state-of-the-art solutions based on
RoF, FiWi and FSO for high transmission capacity links [13]-
[21]. Delmade et al. [13] demonstrated the transmission of
different 4G and 5G services coexisting on the same RoF link in
the 700 MHz to 3.6 GHz band. The integration and experimental
performance analysis of a 5G transceiver based on generalized
frequency division multiplexing (GFDM) in a RoF-based giga-
bit passive optical network (GPON) has been reported by our
research group in [14]. Bohata et al. [15] combined the FSO and
FiWi techniques for transmitting a 100-MHz bandwidth signal
using 64-QAM modulation. In [16], authors have experimentally
analyzed the effects of dust storms on the performance of an FSO
link, carrying a RF signal at 28 GHz; their results demonstrate
the FSO all-optical link is significantly affected by low visibility.
Furthermore, we have recently reported the implementation of
a DSP-based flexible-waveform and multiband FiWi system,
applied to 5G scenarios and PROFINET-based vertical applica-
tions [17]. A heterogeneous RoF/FSO/Wireless non-standalone
(NSA) transmission of LTE-A and 5G NR signals in the 2.2
and 3.5 GHz bands, respectively, was demonstrated in [18].
According to the literature, the state-of-the-art proposes internal
FSO links as proof of concept for lengths ranging from 0.9 to 2
m [15], [16]. For external environments, links with 500-m reach
were demonstrated attaining 100 Gbps [19]. In [20], we have im-
plemented a multiband and photonically amplified FiWi system,
which allows to simultaneously transport and amplify multiple
RF signals for providing a variety of 5G services, including
Gbps throughput at 28 GHz. Finally, the reference [21] proposes
a self-steering array beamformer (SSA-BF) receiving system,
which is composed of a home-designed integrated circuits (IC)
package with zero DC power consumption and a 4-element
antenna array.

Fig. 1 illustrates the diversity of services that can be offered by
using mobile networks operating in a hybrid mode. CO is phys-
ically connected to the network core, using a fiber optics-based
backhaul (BH). Fronthaul links might be based on different
photonics technologies, including fiber optics and FSO. The
latter is commonly applied to bypass environments, where the
use of optical fibers is impractical, such as mountainous regions,
river and lake crossings. Wireless access networks could serve
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Fig. 1. FiWi system based on RoF/FSO/Wireless fronthaul implementation.
BH-Backhaul; FH-Fronthaul; CO-Central Office; FSO-Free Space Optics.

remote and rural areas, as well as indoor and outdoor eMBB
applications.

The current work reports the implementation and experi-
mental investigation of two different non-standalone 5G NR
networks architectures, aiming to fulfill the 5SG demands. The
first implementation applies direct modulation and detection
for transmitting 4G and 5G signals over a 25-km fiber-optics
fronthaul, followed by 105-m wireless link, namely: our dig-
ital signal processing (DSP)-based and flexible waveform 5G
transceiver [17] using F-OFDM; a 100-MHz 5G NR standard
signal at 2.35 GHz; a 100-MHz LTE-A signal at 2.24 GHz. Its
main contribution over the state-of-the-art is the deployment of a
non-standalone 4G/5G FiWi system based on A-RoF technology
using adjacent channels, being one of them our DSP-based flex-
ible waveform 5G transceiver. To the best of our knowledge, for
the first time in literature the coexistence between LTE-A and 5G
NR commercial standards in a NSA FiWi system is performed
considering both optical and wireless media impairments. A
peaceful coexistence is demonstrated, by properly managing
the frequency offset between the LTE-A and 5G NR signals,
providing an efficient spectrum sharing with interference mitiga-
tion. Completely, the F-OFDM waveform use plays an important
role on the coexistence, due to its intrinsic lower out-of-band
emission compared to the conventional CP-OFDM waveform.

The second proposed architecture relies on a novel and ef-
ficient 5G heterogeneous optical-wireless network using RoF,
FSO and wireless technologies toward eRAC and eMBB ap-
plications. It employs a hybrid fronthaul, which embrases a
12.5-km RoF link followed by a 1-m FSO link, besides an 8-m
indoor wireless access network. The additional multi-standard
and multiband optical-wireless network is based on a 10-MHz
bandwidth F-OFDM signal at 788 MHz, a 100-MHz bandwidth
5G NR signal at 3.5 GHz and a 400-MHz bandwidth M-QAM
signal at 26 GHz. The impact of attenuation and atmospheric tur-
bulence from the FSO fronthaul on the RoF/FSO/Wireless Het-
Net performance is unprecedentedly evaluated, as a function of
the magnitude of the root mean square error vector (EVMpus)
and in according to the 3GPP Release 15 requirements.

The manuscript is structured in five sections. Section II de-
scribes our DSP-based and flexible waveform 5G transceiver,
developed for remote areas coverage. Section III presents the
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TABLE I
STATE-OF-THE-ART FOR PHOTONICS SOLUTIONS FOR 5G NETWORKS

Wireless
Wavef
Reference Architecture averorm Frequency Range Fronthaul Access Throughput
Standard
Network
OFDM
[13] RoF GFDM From 700 MHz to 3.6 GHz Fiber-optics No 8.1 Gbps
UF-OFDM
GFDM 735 MHz . . 100 Mbps
[14] RoF Fiber-optics No
16-QAM 26 GHz 1 Gbps
[15] FSO/Fiwi 64-QAM From 24 to 26 GHz Fiber-optics Yes 10 Gbps
[16] FSO/Wireless 16-QAM 28 GHz FSO Yes 4 Gbps
F-OFDM
Baseband
GFDM
S 788 MHz . i
[17] Fiwi OFDM Fiber-optics Yes 4.41 Gbps
3.5 GHz
16- and 64-QAM
26 GHz
Standard 5G NR
Standard LTE-A 2.12 and 1.72 GHz
[18] ROF/FSO/Wireless andard == 2.68 and 2.56 GHz Fiber-optics No —
Standard 5G NR
3.5 GHz
[19] FSO-UWOC 1.7 GHz FSO Yes
PAM4 100 Gbps
1.8 GHz
[20] FiWi 7.5 GHz Fiber-optics Yes
16- and 64-QAM 10 Gbps
28 GHz
[21] Fiwi Fiber-optics Yes
OFDM 28 GHz 10 Gbps
F-OFDM
. 778 and 788 MHz . X 1.1 Gbps
. Fiwi Standard LTE-A Fiber-optics
This work ) From 2.2 to 2.28 GHz Yes 3 Gbps
RoF/FSO/Wireless Standard 5G NR FSO
2.35 and 3.5 GHz 1.4 Gbps

16-QAM

26 GHz

investigation of the NSA 4G/5G FiWi system, using an fiber
optics-based fronthaul, whereas Section IV reports the proposed
5G optical-wireless HetNet using RoF, FSO and wireless tech-
nologies. Finally, the conclusions and future works are drawn in
Section V.

II. 5G FOR REMOTE AREAS TRANSCEIVER

The effort to develop a revolutionary mobile network is push-
ing 5G to cover a wide range of conflicting requirements. An
important scenario for large size countries has received only
partial attention. Internet wireless connectivity in remote and
rural areas is a key future for 5G networks to support several
new verticals, such as smart farms, road coverage, disaster mon-
itoring and smart mines. Moreover, a mobile network for remote
areas might bring a large parcel of the unconnected population
to the Information era. However, Long-term Evolution (LTE)
was developed to fulfil the requirements of urban environments.
Therefore, the limited cyclic prefix of 4.7 us, for normal mode,
and 16.67 us for the extended mode, does not avoid inter
block interference among the orthogonal frequency division
multiplexing (OFDM) symbols when the coverage increases.
The cell radius of this network might achieve up to 50 km,

while delivering up to 100 Mbps at the edge, allowing for an
affordable mobile network deployment in remote areas. This
section presents our digital signal processing (DSP)-based 5G
transceiver, which has been developed in the context of the
remote area access network for the 5th generation (SG-RANGE)
project [22] to provide connectivity in remote and rural areas for
different applications and satisfying the technical and economic
requirements for remote area operation.

A. Requirements

The remote and rural areas applications demand different
requirements, from low latency for rural machinery control to
broadband connectivity for video monitoring of crops and cattle.
Table II shows the main requirements addressed by the physical
layer (PHY) and medium access control (MAC) layer described
in this section [23].

High throughput is needed for providing broadband Inter-
net access for those living in uncovered or underserved areas.
Long-range coverage is important to increase the number of
subscribers per cell, reducing the number of BSs necessary to
provide the service. Additionally, long-range cell is important
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TABLE II
REQUIREMENTS FOR REMOTE AND RURAL AREAS NETWORKS

Requirement Value
Throughput 100 Mbps

Coverage 50 km

Latency 20 ms
Frequency band unlicensed

Spectrum allocation
Out-of-band emissions

AT BIE
MAC | "™ | L2/
Layer Interface

Fig. 2.

Fragmented, secondary
-50 dBc without RF filters

Block diagram of our 5G transmitter.

for road coverage. Low latency is needed for controlling au-
tonomous machinery, such as harvesters or drones for agribusi-
ness. The cost for licensed spectrum is prohibitive in remote and
rural areas, thus the network must exploit idle frequency bands
as secondary user. TV white space (TVWS) exploitation [24]
is an interesting solution, since the TV occupancy is rural and
remote areas is low. Nevertheless, the primary users (PUs) must
be protected and the waveform used by the secondary network
must present very low out-of-band emission (OOBE) [25], while
being able to employ discontinuous spectrum chunks without
causing interference in legacy technologies.

B. Physical Layer

The transceiver proposed for remote and rural areas appli-
cations uses the most recent digital communication techniques
to overcome the challenging doubly-dispersive channels [26].
Fig. 2 displays the basic block diagram of the proposed trans-
mitter.

The data from the MAC layer is delivered to the PHY us-
ing an L2/L1 interface. The MAC Protocol Data Unit (PDU)
contains all control information for the resource allocation and
Modulation Coding Scheme (MCS) configuration [27], as well
as the data to be transmitted in the frame. Data are processed
individually for each user, by the Transport Block Processing
Unit (TBPU), which is responsible for the channel encoding,
quadrature amplitude modulation (QAM) modulation, multiple-
input multiple-output (MIMO) encoder, and auxiliary signalling
insertion. The transceiver employs the Polar code as forward
error correction (FEC) because of its low complexity and high
error correction capability. The code rate is flexible and it can
assume different values. Puncturing is used to further improve
the flexibility. The QAM mapper can use modulation order
J = 2P, for p € {2, 4, 6, 8}. The combination of a code rate
and a modulation order consists on a specific MCS.

In this transceiver, two MIMO schemes have been imple-
mented for different goals. For the users close to the BS, where
the signal-to-noise ratio (SNR) is high enough, the MIMO
system is used to increase the network throughput, hence, space
multiplex [28] is employed. For user located far away from

BS, the MIMO scheme is used to increase the robustness, by
providing diversity. In this case, an Space-Time Block Code
(STBC) [29] is used. The decision on which MCS or MIMO
scheme will be used for each user is based on a feedback quality
parameter sent by the user equipment (UE) to the BS, called
Channel Quality Indicator (CQI). Such parameter is evaluated
by UE based on the received SNR or on the perceived bit error
rate (BER). Low CQI trigger the BS to use more robust MCS
and STBC for the specific user, while high CQI triggers BS to
use spectrum efficient CQI and space multiplexing.

After the MIMO encoding, data samples are organized in a
time-frequency grid, in which the pilot signalling as inserted. A
waveform modulator is applied to produce the base-band signal
to be transmitted. Transceiver can employ three different wave-
forms: OFDM [30], F-OFDM [31] and GFDM [32]. OFDM is
the most common waveform in wireless system nowadays due to
its simplicity and robustness against multipath channel. OFDM
uses K orthogonal subcarriers to transmit K data samples, using
a square pulse shape. Therefore, OFDM has very high OOBE.
F-OFDM is a derivation from OFDM, but with base-band filter
applied to the entire bandwidth. This filter reduces OOBE, while
keeping the orthogonality within in the total bandwidth. GFDM
is a new waveform that uses K subcarriers and M subsymbols
to transmit N = K M data symbols. A prototype Filter Impulse
Response (FIR) is K times cyclically shifted in frequency and M
times cyclically shifted in time to produce a set of NV FIRs, one
for each data symbol. The modulated FIRs are added together
and a cyclic prefix (CP) is added to protect the signal from mul-
tipath channels. The subcarrier filtering reduces OOBE, which
can be further reduced by using a time window applied over the
modulated signal. The time window smooths the transition from
one block to the other, improving the frequency localization of
the signal. The time windowed GFDM can achieve OOBE below
—50 dBc.

Finally, the signal provide by the GFDM modulators are ap-
plied to the Digital Pre-Distortion (DPD). This block is responsi-
ble for compensating the non-linearities introduces by the power
amplifier. The pre-distorted signal is shifted to the band-pass
operating frequency and amplified before being applied to the
transmit antenna for wireless communication or applied to the
optical system. On the receiver side. all the processes described
for the transmitter are reversed, and the recovered PDU are
delivered to the MAC layer by the L1/L2 interface.

C. MAC Layer

The MAC layer implemented in our transceiver is responsible
for controlling PHY, defining the MCS and MIMO scheme to
be used by each user, according with the corresponding CQI.
The MAC layer is also responsible for the resource allocation in
the time-frequency grid and for the spectrum allocation. This is
one of the main innovation in this MAC layer, since secondary
use of the idle channels is a demand for remote and rural areas
operation, the MAC layer must be able to define which channels
are available in the region where the network is being deployed.

As depicted in Fig. 3, the MAC layer uses a cognitive engine
to decide about the channel allocation based on the spectrum
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sensing performed by selected UEs. The BS commands the
UEs to measure the potentially available channels using the
Collaborative Spectrum Sensing Optimized for Remote Areas
(COSORA) block [33].

After performing the spectrum sensing, UEs reports their
individual results to BS that fuses all measurements to obtain
a final decision about the availability of the channels using
the Dynamic Spectrum and Resource Allocation for Remote
Areas (DARA) block [33]. This block also consults a geoloca-
tion database listing the available channels according with the
spectrum regulator. The Scheduler is responsible for allocating
the user data on the selected channels. Notice that Fragmented
Spectrum Allocation (FSA) [34] might be used to exploit chunks
of spectrum among TV signals. Finally, the Adaptive Transmis-
sion Bandwidth (ATB) and Link Adaptation (LA) blocks defines
which MCS and MIMO scheme to be used for transmitting and
receiving the data from a given user.

D. Implementation and Performance Analysis

Our 5G-RANGE transceiver has been implemented using
software-defined radio (SDR) approach. Figure 4 describes the
basic block diagram of the 5G-RANGE transceiver platform. A
general purpose processor (GPP)-based platform has been used
to process all base-band signals, while a radio front-end, named
SDR interface and connected with the GPP through a peripheral
component interconnect (PCI) express bus, provides an interface
with the transmit and received antennas or the optical system. An
field programmable gate array (FPGA) board is used as hardware
accelerator for blocks that needs high parallelism, such as the
Polar decoder.

The proposed 5G transceiver represents a low cost and highly
flexible solution, since off-the-shelves computers can be used
to implement state-of-the-art communication systems. Figure 5
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SDR Interface

Fig. 5. The our 5G-RANGE transceiver.

efiter 542,00 MHz
Res BW 30 kHz

VBW 3 kHz

Fig. 6. (a) SDR transceiver maximum data rate (b) SDR OOBE performance.

shows a picture of the transceiver, where a mini personal com-
puter (PC) is used as GPP and a National Instruments universal
software radio peripheral (USRP) model 2954R is used as FPGA
accelerator and SDR interface.

The 5G-RANGE transceiver achieves high performance in
terms of throughput and OOBE. Figure 6 (a) reports that the
transceiver is able to deliver up to 125 Mbps, whereas 6 (b)
depicts an OOBE below —58 dBc without any RF filtering.

III. IMPLEMENTATION OF THE NSA 4G/5G FIwI SYSTEM
USING A FIBER-OPTICS FRONTHAUL

The implementation of the 4G/5G FiWi system using a fiber-
optics fronthaul was based on the simultaneous transmission and
distribution of different RF signals, using adjacent channels.
Since the optical fiber has a broad available bandwidth, the
maximum link capacity is going to be mainly limited by the
response of the optical components. For instance, the electro-
optical response of the optical modulator and photodetectors, as
well as the antennas bandwidth. Fig. 7 depicts a block diagram
of the proposed architecture based on ARoF. In accordance to
the C-RAN concept, the scheme is divided into three main parts:
CO, RRU and end user as indicated by the (i), (ii) and (iii) figure
markers, respectively. The transport network regards the 25-km
single-mode fiber (SMF)-based fronthaul, connecting CO with
RRU, besides the 10-m wireless link, connecting remote radio

Authorized licensed use limited to: Instituto Nacional De Telecomunicac¢des (INATEL). Downloaded on March 13,2024 at 11:39:26 UTC from IEEE Xplore. Restrictions apply.



LOPES et al.: NON-STANDALONE 5 G NR FIBER-WIRELESS SYSTEM USING FSO AND FIBER-OPTICS FRONTHAULS 411

Optical

G Transceive
aiiSCeivE i@ - Electrical

s IOMESRE) |
! RoF RoF (L]
i Module TX .'.\_‘!.*.‘Fi‘.‘..li..H.‘;'
AWG  VSG P (W |

) SMF . 3
g 224612 @R | B L oy VOA_ |2 R e,
’ fombiner| 1 ¥ H——ie——e{omi ¥
.

- ESA cctional
s \u'SG)_ - - | - i D;{;“‘[’:r‘
o T 235 GHz (RF) L ii;ﬂ !"l ’
m e ! 0 1%
g . Tx
c id
VSA, \nl..,::n't (1) ETH-ASG N Antenng
=" . Spliter
X 1:2
Tx |
Antcona | Z
- :

Fig.7. The proposed 4G/5G FiWi architecture using radio over fiber: (a) block
diagram; (b) 10-m wireless indoor link; (c) indoor receiver side; (d) the 105-m
wireless outdoor link view. AWG - arbitrary waveform generator; VSG - vector
signal generator; LD - laser diode; SMF - single mode fiber; VOA - variable
optical attenuator; OPM - optical power monitor; PD - photodetector; AMP -
amplifier; EA - electrical amplifier; VSA - vector signal analyzer.

head (RRH) with the end user unit. Our current implementation
exploits the downlink path. The uplink path represents an impor-
tant challenge owing power restriction, which might impact the
system performance, e.g. increasing EVMgyig. Downlink and
uplink are expected to be asymmetric in terms of throughput,
despite the bandwidth symmetry. It means the transmission in
the uplink direction might use more robust code and modulation,
besides employing the MIMO scheme only to obtain robustness
and diversity, instead of increasing throughput. Therefore, even
with power restriction, the mobile terminal is expected to be
able to establish a communication link with the base station.
The uplink is going to be exploited in a future work.

At CO, the proposal 5G transceiver generates the first RF
signal (RF;), corresponding to a 64-QAM and 10 MHz band-
width F-OFDM signal at 778 MHz, toward eRAC applications.
AMS8190 A arbitrary waveform generator (AWG) from Keysight
running the Signal Studio software generates five 256-QAM
LTE-A subbands using carrier aggregation. These subbands
are sequentially up converted by a PSGE8267D vector signal
generator (VSG ), also from Keysight, giving rise to the second
RF signal (RF2). The latter one has 100 MHz total bandwidth,
central frequency of 2.24 GHz and is aimed for eMBB applica-
tions. Moreover, a SMBV100B vector signal generator (VSG2)
from Rohde & Schwarz provides the third RF signal (RF3) to be
transmitted, corresponding to the 5G NR standard in accordance
with the 3GPP Release 15 [3]. Similarly to the LTE-A signal,
RF3 has 256-QAM symbols and 100 MHz bandwidth to ad-
dress the eMBB scenario. However, it is centered at 2.35 GHz.

At CO, a RF combiner couples all generated RF signals for
driven the electrical-to-optical (E/O) conversion stage based
on a commercial RoF module from Oz Optics (OZ101mini
TX). Basically, the RoF transmitter is composed of a 4 dBm
distributed-feedback (DFB) laser centered at 1551 nm, a RF
input and an optical output. The 1551 nm optical carrier is
simultaneously modulated by the three mentioned RF signals
and then launched into the 25-km G652D optical fiber-based
fronthaul link. Analog radio over fiber (AROF) systems might
suffer from fading effect due to the fiber chromatic dispersion,
since the beating of side-bands leads to periodic destructive
interference depending on the operating frequency and fiber
length. Specifically for 25 km of a G652D fiber with chromatic
dispersion D = 17 ps/nm.km, one could expect fading nodes for
frequencies higher than 12 GHz. Since the maximum frequency
of our 5G FiWi system implementation was 2.35 GHz (RFj3),
there was no degradation due to the fading effect. Moreover,
it is important to highlight that the maximum fronthaul reach
is limited by latency and not by optical power at RRU [35].
Therefore, it is not necessary to employ an Erbium-doped fiber
amplifier (EDFA) for compensating de link losses, since the total
attenuation is only 5 dB. At RRU, a variable optical attenuator
(VOA) and an optical power monitor (OPM) are used to manage
and measure the optical power at the photodetector input, respec-
tively. VOA and OPM support our experimental characterization
and are not required in a commercial deployment, which can
apply the optical-to-electrical (O/E) conversion as the RRU first
stage. In the implemented setup, a second commercial RoF
module from Oz Optics (OZ101mini RX) performs the O/E
conversion using direct detection. It is worth mentioning such
device takes benefit of 22-dB integrated electrical amplification.
The recovered and amplified RF signals are then submitted to
a directional coupler, which provides a sample of the electrical
field with 1% of the total energy to a BTS MT8222 A electrical
spectrum analyzer (ESA) from Anritsu measuring/monitoring
RF;, RF> and RFj3. In parallel, the directional coupler delivers
99% of total energy to a 1:2 power splitter, used for creating
two versions of the RF signals. The latter ones feed commercial
antennas (AARONIA HyperLOG 7040, with 5-dBi gain) for
wireless transmission and are received by identical HyperLOG
antennas. Finally, the 5G transceiver receiver block demodulates
the 778 MHz F-OFDM signal at the end user, whereas RF;
and RFj3 are 40-dB amplified by an electrical amplification
stage and demodulated by the FSW-8351 vector signal analyzer
(VSA;) from Rohde & Schwarz. Fig. 8 shows photographs
of the experimental setup. We have divided the experimental
investigation into two phases, namely: RoF system analysis;
FiWi system analysis.

A. Rof System Analysis

First, the electrical spectrum at the RoF receiver module
output is reported in Fig. 8, assuming -6 dBm RF power for
each electrical signal at CO, as well as -7 dBm receiving optical
power at RRU. One can note the presence of the three RF signals
at 778.0 MHz, 2.24 GHz and 2.35 GHz, besides the absence
of undesired spectral components. From the zoom-in-views

Authorized licensed use limited to: Instituto Nacional De Telecomunicac¢des (INATEL). Downloaded on March 13,2024 at 11:39:26 UTC from IEEE Xplore. Restrictions apply.



412

-357
40|
-45|
=50+
- 55|
-60 |
65

70
250

RF Power (dBm)

1500 2350 2750

Frequency (MHz)

778

Fig. 8.

Measured electrical spectrum at the RoF module output.
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Fig. 9. Electrical spectrum, constellations and EVMR s measurements for
the LTE-A and 5G NR signals with 106 MHz frequency offset.

presented in the insets (i) and (ii), one can also observe there
is no apparent distortion after the simultaneous modulation in
the optical domain. Especially in the inset (ii), it is visible the
five 20 MHz bandwidth LTE-A subbands, occupying a 100 MHz
portion of the spectrum and coexisting with the 5G NR signal.
The power level decay of the two upper LTE-A subbands is due
to the fact these ones are closer to the RF, generator bandwidth
limit, which is 110 MHz for FR;.

The next step of our investigation was the 5G NR and 4G
coexistence investigation, since many research groups and com-
panies have claimed the 5G deployment on top of the existing
LTE-A. In such analysis, RF5 was kept centered at 2.24 GHz,
whereas the RF3 frequency carrier was varied, with the purpose
of changing the frequency offset between the RF signals and
evaluating a peaceful coexistence, i.e. the minimum frequency
offset that does not impose interference between the LTE-A and
5G NR standards. The evaluated figure of merit was the error
vector magnitude, in such way the obtained EVMRg\1g values
were compared to the 3GPP requirements in accordance with
the Releases 14 and 15. The latter ones specify 8% and 3.5%
as EVMRgys limits for 64 and 256-QAM modulation orders,
respectively [3].

By taking the aforementioned EVMR )\ values as reference,
we found the minimum frequency offset of 106 MHz that allows
efficiently meeting the 3GPP requirements, as reported in Fig. 9.
This frequency offset corresponds to a guard band of 2 MHz.
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Fig. 10. EVMRs as a function of the optical power at the photodetector.

In case of setting 106 MHz offset, we achieved 490 Mbps
throughput for LTE-A with EVMgp\g of 2.8%, assuming the
extreme subbands, and lower than 1.9% for the central subbands.
The extreme subbands present worst digital performance owing
the generator bandwidth, which affects mainly the signals close
to the cutoff frequency of the radio equipment. Moreover, the
5G NR signal has enabled 578 Mbps throughput with 2.7%
EVMg\is. The measured constellations of each LTE-A subband
and 5G NR signal are presented in the Fig. 9 insets, from which
one can observe well defined symbols. It is worth mentioning
two points: the F-OFDM signal at 778 MHz was kept on all the
time, ensuring a 60 Mbps throughput with 2.8% EVMgyg; by
reducing frequency offset to 105 MHz, EVMgys from both 4G
and 5G signals exceeded 17% as a result of interference. From
the reported results, one can conclude the 4G and 5G standards
can have a peaceful coexistence in the proposed architecture, ad-
dressing eRAC and eMBB applications, as long as the minimum
106 MHz frequency offset is respected.

Before radiating the RF signals, we measured the EVMRg 1
at the RoF system output, as a function of the photodetector
input power, which was varied from —19 to —7 dBm. Our goal
was identifying the optical power levels that allow meeting the
3GPP EVMR\is requirements for the F-OFDM, LTE-A and 5G
NR signals. For the analysis, the frequency offset between the
4G and 5G NR signals was kept as 106 MHz, and the electrical
power at the RF combiner output was —5 dBm. As reported in
Fig. 10, EVMR\ s of the 64-QAM F-OFDM signal at 778 MHz
met the 3GPP EVMRg\\ g requirement of 8% for receiving optical
power levels higher than —17.5 dBm.

The central subbands of the LTE-A signal presented
EVMgus below 3.5% for an optical power higher or equal to
—9 dBm, whereas the extreme LTE-A subbands demanded 2 dB
more optical power to meet such EVMRg\ig requirement. The
256-QAM 5G NR signal at 2.35 GHz met the 3GPP EVMRg1s
requirement of 3.5% for receiving optical power levels higher or
equal to -9 dBm. The F-OFDM enhanced digital performance
at lower optical powers in relation to the other signals is jus-
tified by the use of the developed 5G transceiver as generator,
which takes advantage of a lower bandwidth hardware over the
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commercial VSGs, favoring performance improvements. There-
fore, simultaneously addressing eRAC and eMBB applications
in the presented conditions requires a minimum optical power
level of —7 dBm at RRU, besides a minimum offset of 106 MHz
between the LTE-A and 5G NR signals.

Regarding the interference mitigation for more general trans-
mission cases, the 5G NR standard provides the flexibility of
choosing the subcarrier spacing, unlike LTE-A that only permits
15-kHz subcarrier spacings. Particularly, 5G NR specifies 15, 30
and 60 kHz subcarrier spacing options in the frequency range 1
(FR1) range. As a consequence, the coexistence between LTE-A
with a 5G NR signal, or even another multicarrier waveform
scheme, might be enhanced by using the 15-kHz subcarrier
spacing option. This solution aims to keep the orthogonality be-
tween the LTE-A and 5G NR subcarriers, enabling interference
mitigation between the signals.

B. Fiwi System Analysis

We have implemented a 10-m reach indoor femtocell, em-
bracing both LTE-A and 5G NR wireless transmission, after
the RF distribution over 25-km optical fronthaul. The minimum
frequency offset between the LTE-A and 5G NR of 106 MHz was
kept toward a peaceful coexistence with the lower guard band as
possible. The optical power at the photodetector input was set to
—7 dBm. The effective isotropic radiated power (EIRP) was —17
and —16 dBm at 2.24 and 2.35 GHz, respectively. Fig. 11 reports
the measured spectrum using VSA;. The magnitude difference
among the signals comes from the wireless channel response,
and the additional spectrum components come from other active
telecommunication services. The LTE-A signal presented well
defined symbols in the constellation and a maximum EVMgs
of 3.3% as reported in the insets, meeting the 3GPP EVMg s
requirement of 3.5% for 256-QAM. A 3.3% EVMgs refers
to the extreme subband on the right side, i.e. the worst case as
previously demonstrated. In a similar way, the 5G NR signal
presented well defined symbols in the constellation and 3.1%
EVMgs, meeting the 3GPP requirement for this parameter.
As a conclusion, the LTE-A and 5G NR signal proved to be able
to coexist in the proposed FiWi system.

A digital performance comparison has been performed
among back-to-back (B2B), RoF and FiWi configurations, as
presented in Fig. 12. The B2B implementation considers the
RF transmitter directly connected to the receiver, enabling to
measure the minimum allowable EVMgyg for evaluating the
impact of the RoF and FiWi system implementations. It is
worth mentioning that the F-OFDM signal has been transmitted
over a 105-m wireless link, instead of 10-m as in the previous
case. An EVMRgus as low as 1.5% has been obtained for the
B2B configuration. One can note the RoF implementation
implied in increasing the EVMRgyg parameter, as a result
of the propagation throughput 25 km of SMF, losses in the
electrical-optical and optical-electrical conversion, as well as
the photodetector noise sources, including thermal noise, shot
noise and dark current. Particularly the LTE-A central sub-band
suffers higher interference, due to the neighbor sub-bands at
both sides. Nevertheless, all evaluated signals attained the 3GPP

Fig. 11.  The received electrical spectrum at the end user after 10-m wireless
transmission and 25-km fiber-optic distribution.
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256-0AM EV Mgy requircment
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Fig.12.  EVMRns measurements for the LTE-A, 5G NR and F-OFDM signals
in the back-to-back; RoF and FiWi configurations.

EVMg\s requirements, providing 1.1 Gbps of total throughput.
The multipaths imposed by the wireless channel impair the
transmitted signals in either phase and magnitude. Despite the
performance reduction, EVMRgy\g has increased by only 0.5%,
satisfying the 3GPP limit for 256-QAM (3.5%) for all assessed
signals. Furthermore, the 5G transceiver for remote areas op-
erating with F-OFDM presented enhanced digital performance
in all evaluated scenarios, mainly due to its lower operating
frequency. A maximum EVMgys of 3.3% demonstrates the
proposed NSA 5G FiWi system feasibility and applicability.
The next step was the implementation of a 105-m reach
outdoor link for investigating the coexistence between the 5G
transceiver signal at 712 MHz and a 10-MHz bandwidth LTE
signal. The carrier frequency of the later one has been varied
from 722 MHz to 720.5 MHz, reducing then the co-channels
guardband. The referred analysis considered 64-QAM modula-
tion. For the LTE carrier frequencies of 722 and 721 MHz, the
F-OFDM signal presented MER equals to 34.4 and 31.2 dB,
respectively. By setting the LTE carrier to 720.5 MHz, the
F-OFDM MER reduced to 30.4 dB, as indicates the LabVIEW
print from Fig. 13, which also presents BER = 7.7x 1077 ,as well
as the received constellation. When applying no guardband, i.e.
LTE carrier at 720 MHz, the F-OFDM MER was only 25.1 dB,
leading to 11.9x 1073 BER. The obtained results indicated that
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Fig. 14.  Our hybrid 5G FiWi architecture using RoF and FSO. PC - polar-
ization controller; AWG - arbitrary waveform generator; VSG - vector signal
generator; LD - laserdiode; EDFA - Erbium-doped fiber amplifier; VOA -
variable optical attenuator; PD - photodetector; EA - electrical amplifier; DPX
- diplexer; VSA - vector signal analyzer.

a guardband of at least 500 kHz is required to avoid significant
degradation and maintaining the received MER above 30 dB in
the explored FiWi system.

IV. 5G OPTICAL-WIRELESS HETNET USING ROF, FSO AND
WIRELESS TECHNOLOGIES

The 5G RoF/FSO/Wireless HetNet is described in terms of
block diagram in Fig. 14. All technologies are converged into
an unique architecture, which employs a hybrid RoF/FSO link
for integrating the fronthaul, enabling a dual-band 5G wireless
link. We proposed to simultaneously transmit three RF sig-
nals in the hybrid architecture, using the 5G frequency bands
standardized by 3GPP Release 15, namely: F-OFDM signal
centered at 788 MHz with 10-MHz bandwidth, generated by
our 5G transceiver for remote areas [22]; 100-MHz bandwidth
5G NR standard at 3.5 GHz in accordance with 3GPP Release 15
specifications [3], aiming outdoor eMBB applications; M-QAM
signal at 26 GHz and bandwidth up to 400 MHz for indooreMBB
scenarios.

A 3-dB insertion loss combiner has been used to combine the
788 MHz and 3.5 GHz signals and the resulting electrical signal
has been combined with the M-QAM by using a diplexer. The
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RF signals power level has been properly set to 0 dBm, except
for the M-QAM at 26 GHz, which has been employed 5 dBm
due to the Mach-Zehnder modulator (MZM), photodetector
(PD) and RF cable response over the frequency. The combined
signals have been coupled to the MZM input, which modulates
a 13-dBm optical carrier at 1549.70 nm, provided by a Golight
OS-TL-D-C—50-200-1-S-FA DFB laser. Afterward, the modu-
lated optical signal has been launched into 12.5-km SMF-based
optical fronthaul, reaching a collimator. An 1-m FSO fronthaul
has been implemented as a proof-of-concept, integrating the
hybrid RoF/FSO application. It is worth mentioning that FSO
systems have a maximum allowed optical power to keep an
eye-safe environment. Infrared communication around 1.5 pm
does not reach the retina, however, optical beams with diameter
lower than 1 cm and power higher than 10 dBm imply in risks to
the human eyes [36]. For this reason, we have placed the EDFA
after the 12.5-km fiber optics and 1-m FSO hybrid fronthaul,
ensuring a safe FSO environment. Additionally, using an optical
low-noise amplifier at the receiver side is more attractive than
employing a booster at the transmission side, which typically
imposes more noise. Considering the total losses from MZM
and optical fiber, the transmitting power in the FSO link was
around 5 dBm, i.e. at the same level of other related works, such
as [15].

At the reception, an optical lens with a five-fold magnification
factor (5x) has been used for collimating the optical beam and
coupling it to an optical cord. The sensitivity of the FSO link
in terms of alignment of the optical beam must be taken into
account, for this reason, a 3-axis micropositioner was used to
reduce the attenuation due to misalignments and vibrations. The
fiber-coupled optical signal has been amplified by an EDFA for
compensating the system losses. Sequentially, a VOA and an
OPM coupled to the EDFA output have been used for attenuating
and monitoring the optical power level at the photodetector
input, respectively. The RF signals have been converted to the
electrical domain, amplified by EA; with 24-dB gain and divided
by using an identical diplexer, which separates the 3.5 GHz
and 26 GHz signals. The 5G signal has been transmitted and
received by identical commercial 5-dBi gain log-periodic an-
tennas, whereas, the M-QAM signal has been transmitted and
received employing identical 25-dBi gain horn antennas, giving
rise to 8-m reach wireless link. The received 5G signal has been
individually amplified by using EA, (20-dB gain) and analyzed
by a FSW-8351VSA, whereas, the mm-wave signal has been
35-dB amplified (EA3) and demodulated by a DSAZ632 A
oscilloscope.

The system performance investigation consisted of evaluating
the hybrid architecture at the marks labeled as (A) and (B) from
Fig. 14. The first investigated scenario (A), consisted of eval-
uating the system fronthaul performance at the photodetector
output. In other words, evaluating the performance of the RoF
followed by an FSO link. The second case (B) is regarding the
analysis of the 5G FiWi system implementation employing RoF
and FSO as a fronthaul. In both scenarios, the system perfor-
mance has been realized in terms of EVMRgwg in accordance
with the 3GPP Release 15 recommendations, namely: maximum
EVMpus value of 3.5%, 8% and 12.5% for 256-QAM, 64-QAM
and 16-QAM, respectively. Fig. 15 reports the EVMRg\is as a
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Fig. 15. RoF/FSO system digital performance as a function of the optical
power, for F-OFDM, 5G NR and M-QAM signals.

function of the optical power at the photodetector input for the
tree RF signals, employing 16-QAM and 64-QAM modulation
orders (Marker (A) from Fig. 14).

The experimental results have been obtained employing a
VOA and an OPM, resulting in a range from —14 to 3 dBm
optical power at the photodetector input. The optical power
attenuation can be used to emulate atmospheric turbulences such
as rain, fog and visibility, enabling to analyze its impact in FSO
links. Particularly for F-OFDM, the proposed RoF/FSO system
easily accomplished the 3GPP specifications, for optical power
levels higher than —14 dBm and —12 dBm, for 16-QAM and
64-QAM, respectively. The best performance point was around
3 dBm optical power and the EVMgpys values were 2.33%
and 2.11% for 16-QAM and 64-QAM, respectively, attaining
60 Mbps throughput. The 100-MHz bandwidth 5G NR signal
provided 578 Mbps throughput and EVMgs as low as 2.37%
and 2.45% for 16-QAM and 64-QAM, respectively. One can
observe the 64-QAM reaches the 3GPP limit at approximately
—8 dBm optical power, whereas for 16-QAM the recommenda-
tion is satisfied for optical powers higher than —10 dBm.

We have properly confronted the F-OFDM and 5G signal as
a function of EVMRys. One can note the curves are similar
for optical power levels higher than —4 dBm. However, the 5G
transceiver for remote areas presents enhanced digital perfor-
mance at lower optical powers, due to its remarkable advantage
when operating at lower RF power levels, reducing in 4 dB
the required optical power for fulfilling the 3GPP specifica-
tions. For the M-QAM signal at 26 GHz, we have properly set
400-MHz bandwidth, which implies in 2.4 Gbps throughput for
64-QAM modulation order. This throughput has been achieved
for optical power levels higher than —5 dBm, whereas 16-QAM
provided 1.6 Gbps with 3-dB less optical power. One can note at
26 GHz, the acceptable EVMR1\ig values occur for higher optical
power levels due to RF cables, PD, and MZM responses over
the frequency. The proposed hybrid RoF/FSO system provided
3 Gbps total throughput in accordance with 3GPP Release 15
specifications.

The second and most important characterization was the 5G
FiWi system performance analysis using RoF and FSO. We have

.

482

7 i
033
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BIB RoF/FSO RoF/FSO/Wireless

Fig. 16.  5G NR FiWi digital performance analysis at 3.5 GHz employing the
hybrid RoF/FSO fronthaul.

chosen the best RoOF/FSO performance point (3 dBm) for imple-
menting the hybrid 5G FiWi system. An 8-m reach wireless link
has been established for demonstrating the system applicability.
We have transmitted a standardized 5G NR signal at 3.5 GHz and
an M-QAM signal at 26-GHz. Fig. 16 presents the 5G NR digital
performance for B2B, RoF/FSO and FiWi using the hybrid
RoF/FSO fronthaul, including the measured constellations. The
B2B condition consists of directly connecting the transmitter and
receiver by using an RF cable, enabling to quantify the impact
of the RoF/FSO and 5G FiWi systems implementation in terms
of EVMRMS .

As expected, the EVMRy\is value for B2B remained below
1%, giving rise to extremely well-defined constellation. The
RoF/FSO implementation does not degrade the overall system
performance and consequently, the EVMRgy\1g value has not been
significantly increased. The wireless channel degrades the signal
in both phase and magnitude, which is noticed by the symbols
dispersion in the RoF/FSO/Wireless constellation. However, the
5G NR FiWi system met the 3GPP requirements with margins
up to 3.2%, which might be used to extend the wireless link,
since we use the maximum standardized bandwidth for FR1.
Therefore, the hybrid SG NR FiWi approach has shown potential
for integrating the 5G networks, bringing the remarkable benefit
of FSO-flexibility.

Similarly, the 400-MHz bandwidth M-QAM signal has been
experimentally evaluated for B2B, RoF/FSO and FiWi systems,
as presented in Fig. 17. One can note excellent digital perfor-
mance for B2B and RoF/FSO cases, fulfilling the Release 15
with plenty of margin. In any case, the propagation at 26 GHz
severely degrades the EVMRpyg digital performance and the
FiWi system with 400-MHz bandwidth has exceeded the 3GPP
specifications. For this reason, we have employed only 16-QAM
modulation order and 200-MHz bandwidth to overcome this
issue. Despite the bandwidth reduction, the hybrid FiWi sys-
tem provided EVMRgyg around 12%, near to the maximum
acceptable (12.5%). The digital performance degradation can
be observed in both constellation and eye diagram, emphasiz-
ing the severe wireless channel conditions when operating at
millimeter-wave (mm-wave) frequencies. Nevertheless, the hy-
brid RoF/FSO/Wireless system attaining 1.4 Gbps total through-
put in accordance with the 3GPP Release 15 recommendations,
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Fig. 17. M-QAM FiWi performance investigation at 26 GHz using the hybrid
RoF/FSO fronthaul.

demonstrating the feasibility of the FiWi system employing FSO
as a fronthaul.

By using MIMO for diversity and the state-of-the-art FEC
schemes, 5G networks are robust against the wireless channel
impairments, as has been demonstrated by the 5G-RANGE
project [22]. In the current work, the performance of the pro-
posed 4G/5G system over the optical link has been evaluated,
showing that the co-existence is feasible. Nevertheless, the root
mean square error vector magnitude (EVMgys) performance
of these networks can be improved by using an equalizer on the
receiver side, which takes the influence of the optical link into
consideration. Since the combined wireless-optical channel has
a complex model, the use of artificial intelligence (Al) algo-
rithms based on neural networks might improve the EVMR\s
performance. The Al algorithm can exploit the interference
introduced among the systems, sharing the same optical channel
and reduce the impact of the fiber link on the EVMp\g perfor-
mance. This innovation might be introduced in two different
points of the communication chain: i) after the optical-electrical
converter prior to the wireless transmission or; ii) on the mobile
devices after the wireless channel. The advantage of the first
approach relies on the fact that a single Al-based equalizer can
improve the signal quality for a large set of users, reducing
the implementation costs. The second approach, on the other
hand, enables to deal with the combined effect of the optical
and wireless channels, providing additional performance gain
at the cost of higher complexity for the overall system. Both
approaches are topics for future research efforts.

V. CONCLUSION

We have successfully proposed and implemented an efficient
RoF/FSO/Wireless FiWi system applied to 5G optical-wireless
scenarios, including indoor and outdoor eMBB and eRAC appli-
cations. Firstly, multiple signals were transmitted using a 25-km
SMF-based fronthaul for evaluating the coexistence between 5G
NR and LTE-A signals towards the implementation of an NSA-
based network. The multiple signals referred to an F-OFDM
signal at 778 MHz from our 5G transceiver, a standardized 5G
NR and LTE-A signals at 3.5 GHz and 2.24 GHz, respectively.
We have also implemented a 5G optical-wireless HetNet using
ROF, FSO and wireless technologies toward eRAC and eMBB

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 2, JANUARY 15, 2021

applications. It was based on a 12.5-km RoF link followed by
a I-m reach FSO fronthaul, aiming the transmission of a 5G
NR signal at 3.5 GHz, an F-OFDM signal at 788 MHz and a
400-MHz bandwidth M-QAM signal at 26 GHz for exploiting
high data rates. In the first analysis, the total attained throughput
was 1.12 Gbps with EVMR\g in accordance with 3GPP require-
ments. In this way, we could demonstrate a peaceful coexistence
between 4G and 5G signals, both with 100 MHz bandwidth, in
a 10-m reach FiWi system. The minimum offset for avoiding
overlapping between the signals was 106 MHz, which corre-
sponds to a 2-MHz guard band. In the second analysis, the
maximum attained throughput was about 3 Gbps in a RoF system
and 1.4 Gbps in a FiWi system. The hybrid RoF/FSO/Wireless
fronthaul solution has being shown potential for increasing
the flexibility of radio access networks, enabling coverage in
difficult access areas. Future works regard the implementation
of the proposed architecture for either downlink an uplink, as
well as the increase in the FSO reach up to hundreds of meters
in an outdoor scenario.
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Abstract: The fifth-generation of mobile network (5G) and beyond requires a radio access net-
work (RAN) update in order to cope with the incoming increase of wireless data traffic and new
applications. In this context, we propose an efficient optical-wireless architecture applied to the
non-standalone (NSA) 5G new radio (NR) framework. Several distinct electrical- and optical-based
fronthaul configurations combining free-space optical (FSO), wireless links, and radio over fiber (RoF)
techniques were implemented and properly analyzed for selection according to network operator
deployment requirements. In addition, visible light communication (VLC) was investigated as a
future access network technology when immunity to electromagnetic interference is paramount.
Experimental results demonstrated fourth-generation of mobile network (4G) and 5G coexistence at
Gbit/s throughput and error vector magnitude (EVM) in accordance with 5G NR Release 15.

Keywords: 4G/5G; fronthaul; optical-wireless systems; VLC

1. Introduction

The fifth-generation of mobile network (5G) has already started to be commercially
implemented around the world. At this initial implementation stage, 5G typically operates
in the non-standalone (NSA) mode, aiming to take advantage of the fourth-generation (4G)
infrastructure to deploy 5G new radio (5G NR) systems. Therefore, 5G and 4G share the
network infrastructure and must coexist seamlessly [1]. Phase 1 of 5G systems is based
on the 3rd Generation Partnership Project (3GPP) Release 15, which defines the 5G NR
standard by focusing on the enhanced mobile broadband (eMBB) scenario. Technical
solutions explored at this stage include radio equipment design, use of additional spectral
bands encompassing millimeter-waves (mm-waves), flexible resource allocation, and mul-
tiple input multiple output (MIMO) schemes [2,3]. In addition, 5G deployment requires a
radio access network (RAN) update in order to cope with the planned increase in wireless
data traffic. Trends in network planning point to optical-wireless convergence, mobile
dense heterogeneous networks (HetNet), centralized RAN (C-RAN), and the so-called
“Xhaul”, which integrates backhaul (BH), midhaul (MH), and fronthaul (FH) transport
networks [4-6].

Recently, 3GPP completed Release 16 for phase 2 of 5G systems, which considers ultra-
reliable low latency communication (URLLC) and massive machine-type communication
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(mMTC) applications. According to the release, the technical solutions to be explored
include integrated access and backhaul (IAB), industrial Internet of Things (IoT), satellite
access, and NR-based access to unlicensed spectrum [7]. Releases 17 and 18 for 5G are
currently in production and scheduled to end in 2021, with the goal of further enhancing
mobile systems [8]. By the same token, planning of sixth-generation (6G) communications
has already begun, focused on providing performance superior to 5G and satisfying
future demands as far as 2030. Among the potential technologies for 6G, optical-wireless
convergence continues to play an important role for future RANs, whereas terahertz and
visible light communications (VLC) have also emerged [9,10].

In this context, a key area of study is microwave photonics (MWP), which takes
advantage of optical and mobile communications for signal distribution in a heterogeneous
architecture [11,12]. MWP techniques have been strongly applied to radiofrequency (RF)
generation, processing, detection, transport, and distribution. Notably, radio over fiber
(RoF) technology enables transportation and distribution of digital and/or analog signals
among central office (CO) and remote radio units (RRUs) via fiber-optic links, giving
rise to the fiber-wireless (FiWi) systems [11,13]. From a C-RAN point of view, HetNet in
conjunction with picocell and femtocell implementations allows system coverage and data
rate to be enhanced. In C-RAN architecture, the backhaul and fronthaul links connect CO
to the core network, typically carrying digital user data and CO to RRUs, respectively.

Fifth-generation systems are mostly based on digital radio over fiber (D-RoF) using
the common radio public interface (CPRI) protocol, in which radio signals are sampled
and directly digitalized into baseband data at the remote radio head (RRH) from the cell
site. Millimeter-wave operation requires high-speed A/D (analog-to-digital) and D/A
(digital-to-analog) converters, creating a bandwidth bottleneck in uncompressed CPRI. To
address this issue, two main network alternatives have been actively investigated. One
possibility is functional split (FS), widespread by 3GPP under e-CPRI. The FS establishes
that some network functionalities be carried out at RRHs, thereby alleviating the trans-
mission rate requirements for the 5G fronthaul. Specifically, 3GPP has defined a series of
options for functional split between BBU and RRHs. In short, functional splits decentralize
control functionalities in such way as to establish a trade-off between reducing fronthaul
throughput and increasing latency. The other option is analog fronthaul (A-RoF), in which
the RF wireless signal modulates an optical carrier that is optically distributed. Because
there is no high-speed A/D conversion, the system is far less complex and the overall
latency is much smaller, dictated essentially by the optical fiber length.

Our research group has been intensely investigating A-RoF solutions for multiband
and Gbit/s 5G systems in recent years [14-17]. The solution presented in [14] takes
advantage of an operating gigabit passive optical network (GPON) from a local Internet
service provider to distribute 5G-like signals, thus making use of an existing network
infrastructure for 5G fronthaul in accordance with C-RAN. The approaches presented
in [15,16] explore optical link not only for data transmission but also as a medium to
perform photonics-assisted RF amplification. In [17], a dual-band wireless fronthaul
using an FSS-based focal point/Cassegrain antenna assisted by an optical midhaul was
demonstrated.

Alternatively, free-space optical (FSO) technology has also shown potential for 5G
transport network deployment using the unlicensed terahertz bands [18,19]. For instance,
Mufutau et al. successfully reported a hybrid RoF/FSO fronthaul approach in which
5G coexists with 4G by means of coarse wavelength division multiplexing (CWDM) [19].
These previous works considered wireless links operating at a variety of radiofrequencies
for providing mobile access, which might be either indoor or outdoor. Overall, RF links
correspond to the main technical solution employed for access, although visible light com-
munications (VLC) have also been recognized as an alternative for indoor environments,
particularly when RF electromagnetic interference must be avoided [20,21].

Apart from a tiny segment of the worldwide market already using VLC, wireless
access networks are almost entirely based on electrical solutions, with approximately 70%
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of macrosites in the world being connected by microwave fronthauls. Although there
are many published works investigating individual proposals regarding fronthaul solu-
tions, only a few of them present comparisons between different optical-based fronthaul
solutions [22,23]. To the best of our knowledge, work addressing and confronting diverse
electrical- and optical-based fronthauls is still missing in the specialized literature.

In this context, the current study relies on integrating optical and wireless techniques
towards novel fronthaul and access architectures in a NSA 5G NR framework, as proposed
in Figure 1. In other words, we report implementations and comparison of diverse MWP
techniques towards a non-standalone 5G NR optical-wireless communications (OWC)
architecture in such a way that a variety of integrated services may be offered according to
the network operator needs.

mm Optical fiber link
FSO link

))) Wireless link

VLC link

mm-wave link

Central office = '
(CO) Fy ﬁ FH: Fronthaul BH: Backhaul

Figure 1. Optical-wireless communication system based on RoF/FSO/wireless fronthaul configurations combined to

VLC /wireless access for 5G and beyond.

The main contributions of this study are as follows: proposal and implementation of
optical-wireless architectures applied to the NSA 5G NR framework; evaluation of diverse
transport and access network solutions, including 5G NR dual wireless and FSO-based
fronthaul, 4G/5G NR fiber-wireless fronthaul, combined fiber-optic and FSO-based 5G
fronthaul, and 4G/5G NR VLC-based access network; discussion of experimental results
regarding 4G and 5G coexistence at Gbit/s throughput and error vector magnitude (EVM)
in accordance with 3GPP Release 15.

The focus of our work is data transmission in the physical layer, although Figure 1
provides a unifying view of our applications in a single ecosystem. The rest of the paper is
structured as follows. In Section 2, we address different fronthaul configurations. First, in
Section 2.1, a dual wireless and FSO-based fronthaul that enables a backup link for high-
reliability services is reported. In Section 2.2, a RoF-based fronthaul is demonstrated for
simultaneous RF signal distribution at distinct spectral bands. Unlike previous works [7,8],
a single wavelength is used to simultaneously cover 4G and 5G NR applications, including
millimeter-wave bands. Next, in Section 2.3, we discuss a RoF/FSO-based fronthaul
that enables high-capacity fronthaul extension for regions where optical fibers cannot be
deployed all the way. A VLC-based access network for indoor applications is presented
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in Section 3, targeting applications in which immunity to electromagnetic interference
is crucial. Section 4 compares the obtained results to related works from the literature.
Conclusions, final remarks, and future works are outlined in Section 5.

2. Fronthaul Solutions for 4G/5G

This section reports on the architectures and experimental results for the three fron-
thaul configurations illustrated in Figure 1, namely 5G NR dual wireless and FSO-based
fronthaul, 4G/5G NR FiWi-based fronthaul, and combined fiber-optic and FSO-based 5G
fronthaul.

2.1. The 5G NR Dual Wireless and FSO-Based Fronthaul

Figure 2a depicts a block diagram of the dual wireless and FSO-based fronthaul archi-
tecture, in which the two parallel data transmission paths enable link dynamic selection
according to transmission performance at a given instant, while the other link serves as a
backup. The FSO and RF links were implemented at 1550 nm and 38 GHz, respectively. The
hybrid FSO/RF system was analyzed under the 5G NR standard operating with 400 MHz
bandwidth and 120 kHz between orthogonal frequency division multiplexing (OFDM)
subcarriers for quadrature phase shift keying (QPSK) and 16- and 64-quadrature amplitude
modulation (QAM).
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Figure 2. The 5G NR dual wireless and FSO-based fronthaul. (a) Block diagram of the proposed hybrid wireless-FSO system.
From the left, the signal generated by the vector signal generator (VSG) SMVB100A reaches the FSW signal and spectrum

analyzer via the two different links. (b) Dependence of hybrid FSO/RF EVMgys as a function of rain precipitation rate.
(c) Dependence of hybrid FSO/RF EVMgys as a function of visibility.
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In the experiments, a SMVB100A vector signal generator (VSG) was responsible for
generating 5G NR signal at 1 GHz with 400 MHz bandwidth for the QPSK, 16-QAM, and
64-QAM schemes. In the FSO link, the modulated RF signal was inserted into a single-drive
Mach-Zehnder modulator (MZM) based at the quadrature point. A distributed feedback
(DFB) laser at 1550 nm provided the optical carrier, which fed the MZM after passing
through a polarization controller (PC). The MZM output was coupled to a collimator to
prepare the optical beam for transmission in free space. The transmitted optical beam
was then captured by a M-5X objective lens and coupled to a single-mode fiber (SMF).
The received signal was amplified by an Erbium-doped fiber amplifier (EDFA) and then
photodetected by a p-intrinsic-n (PIN) broadband photodetector (u?t XPDV2120RA). Before
demodulation in the electrical spectrum analyzer (FSW), the RF signal was amplified by a
low-noise amplifier (LNA, EA1). As in references [24] and [25], an FSO link of a few meters
was taken as a proof-of-concept for 5G networks to assure an eye-safe indoor environment.
As shown below, real-life performance was emulated by varying the optical power reaching
the optical receiver.

Meanwhile, for the RF link, the same 5G NR signal, once again generated by a
SMVB100A VSG, was used to drive the PSG E8267D equipment, which upconverted the 5G
NR frequency to 38 GHz. Posterior, its output was connected to a 25 dBi horn antenna, and
an identical antenna was used at the receiver side with the same height and polarization.
A two-stage amplification (EA; and EA3) scheme was employed before demodulation.

The performance of the hybrid FSO/RF is presented in Figure 2b,c through EVMRgms
measurements at different power levels at the receiver, emulating equivalent attenuation
levels according to visibility and rain conditions. These power levels at the receiver ranged
from —41.9 to —7.4 dBm. Regarding the effect of rain attenuation, the attenuation levels
used for the FSO link ranged from 0 to 56 mm/h, while the values ranged from 0 to
102 mm/h for the wireless link. For the specific case of 64-QAM, the 3GPP EVMRgps limit
was reached at about the same precipitation intensity for both FSO and 38 GHz wireless
links (36 mm/h, Figure 2b). However, as shown in Figure 2b, while operating in a rainy
environment, the wireless link suffered less significant performance degradation as the
rain intensity increased.

Figure 2c depicts the dependance of EVM regarding visibility for the FSO link for
three distinct modulation formats. In every case, successful transmission within the 3GPP
standards required a visibility above 780 m. In contrast, the visibility issue was much less
severe for the wireless link. In fact, our experimental results demonstrated a 1.61 Gbps
64-QAM throughput, which is within the 3GPP EVM requirements, as long as the rain
intensity was less than 36.4 mm/h (see Figure 2a) and the visibility exceeded 40 m.

2.2. 4G/5G NR Fiber-Wireless (FiWi) Fronthaul

The long-term evolution-advanced (LTE-A) and 5G NR signals have similar physical
channel configurations, including primary (P-SS) and secondary synchronization signal
(5-5S), physical transmission channel (PBCH), demodulation reference (DMRS), and shared
physical data channel (PDSCH). Different modulation formats are used for the data and
control channels. For instance, data signals might be modulated in 64-QAM format, while
binary phase shift keying (BPSK) modulation is applied for modulating the P-SS and
S-SS channels. In addition, QPSK and 64-QAM are utilized for PBCH-DMRS and PDSCH
signals, respectively [19].

The EVMRms performance of the FiWi system was investigated for the eRAC scenario
operating in the 700 MHz frequency range. Figure 3a displays a block diagram of the exper-
imental arrangement of the proposed FiWi system, which employs an A-RoF configuration
based on external modulation and direct detection followed by a link access for increased
reach.
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Figure 3. The 4G/5G NR fiber-optic-based fronthaul architecture. (a) Block diagram; (b) coexistence analysis between 4G

and 5G technologies in the optical-wireless system.

An EXG generator (N5171B) from Keysight generated the LTE-A signal (VSG,) at
778 MHz, which was configured offline using the Keysight Signal Studio software for
generating signals with 20 MHz bandwidth and 64-QAM. The 20 MHz baseband 5G
NR signal was also configured by means of the Signal Studio software in conjunction
with an arbitrary waveform generator (AWG M9505A). Next, the PSG E8267D converted
the baseband 5G NR signal to the 759 MHz band (VSG;). This approach allowed the
transmission of the LTE-A and 5G NR signals coexisting in adjacent channels, thereby
making use of the non-standalone transmission mode proposed by 3GPP in Release 15 [3].

A dual-drive Mach-Zehnder modulator (DD-MZM) modulated an optical carrier
provided by a laser at 1560 nm with two distinct RF signals. The optical beam was then
launched into a single-mode fiber with 0 dBm of optical power. Nonlinearities were not
observed in our approach as the optical power level in the SMF did not reach the power
thresholds leading to nonlinear effects [26]. Regarding the electrical power levels, RF; and
RF, signals were transmitted at —5 dBm, while the PIN photodetector (EOT ET-5000F)
received a fixed optical power of —3 dBm. After photodetection, the signals in the electrical
domain were amplified by about 44 dB (EA1) to compensate for the overall system losses.
Two log-periodic broadband antennas with 5 dBi gain were used to transmit and receive
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both RF; and RF,, and a 10 m wireless transmission was performed as a proof-of-concept.
At the receiver side, a Keysight MXA N9020A vector signal analyzer (VSA1) was used to
demodulate the received signals and provide the EVMRgys measurement results.

In the experiments, a 19 MHz frequency offset was employed between RF; and RF;.
This offset was determined as a preliminary step in order to find the minimum frequency
offset allowing seamless coexistence between the RF; and RF; signals. Specifically, we
measured the EVMRys as a function of the central frequency offset between the LTE-A
and 5G NR signals. The LTE-A central frequency was kept at 778 MHz central frequency,
whereas the 5G NR central frequency was varied from 760 to 758 MHz. For a 18 MHz
frequency offset, there was a spectral overlap of 2 MHz between the signals, resulting in
EVMRrwms higher than 19%. This exceeds the limits specified by 3GPP [27], making the
system unsuitable for 64-QAM transmission. In contrast, the 19 MHz offset was enough to
assure an EVMRys value below 3%. For this offset, there was still a spectral overlap of 1
MHz between the signals. However, this overlap occurred in the lateral lobes and did not
significantly affect the quality of the received signal after the optical fronthaul.

Having established an offset of 19 MHz, the optical-wireless system based on non-
standalone mode was implemented using a RF power level of —5 dBm for the RF; and
RF, signals and an optical power of —3 dBm at the input of the photodetector. The RF
signals were configured with 19 MHz frequency offset, 64-QAM, and 20 MHz bandwidth,
thereby achieving a maximum throughput of 182.8 Mbit/s for the 5G NR and LTE-A
signals. Figure 3b reports the measured spectrum and detected constellations for the
LTE-A and 5G NR signals. One can clearly distinguish each synchronism, control, and
data symbols transmitted as the obtained EVMgy\is were 2.5% and 2.4% for 5G NR and
LTE-A, respectively. Furthermore, there were no noticeable phase rotation distortions in the
detected constellations after the fiber-wireless transmission, thus demonstrating successful
and seamless coexistence between 5G NR and LTE-A signals.

2.3. Combined Fiber-Optic and FSO-Based 5G Fronthaul

The combined fiber-optic and FSO-based 5G fronthaul followed by wireless access
extension is described in a block diagram in Figure 4a. The system encompasses RoF,
FSO, and wireless technologies in a single architecture that takes advantage of a hybrid
RoF/FSO link for fronthaul integration followed by dual-band 5G NR wireless access. The
FSO link enables last-mile applications when there are restrictions to the placement of a
fiber-optic connection, thereby increasing system flexibility. After photodetection, further
reach is achieved by wireless access.

For the experiments, we simultaneously transmitted two RF signals in the hybrid
configuration in accordance with the frequency bands standardized by 3GPP Release 15.
A 100 MHz bandwidth 5G NR signal at 3.5 GHz was generated using the VSG1, whereas
a 400 MHz bandwidth M-QAM signal was generated in baseband using an AWG and
upconverted to 26 GHz by means of the VSG,. Finally, a diplexer combined both signals,
resulting in 3 dBm electrical power at the optical modulator. An OS-TL-D-C-50-200-1-
S-FA DFB laser from Golight generated a 13 dBm optical carrier at 1550 nm, which was
modulated by the RF-driven signals discussed above using a single-drive MZM. The
modulated optical carrier was transmitted throughout a 12.5 km fiber-optic fronthaul to
the collimator, and then, as a proof-of-concept, it followed a 1 m long FSO fronthaul in
such a way as to assure an eye-safe FSO link.
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At the receiver side, an optical lens with a 5-fold collimation factor coupled the
free-space optical beam into an optical patch cord. A 3-axis micropositioner was used
to minimize vibration and misalignments losses. Next, the optical signal was amplified
by an EDFA, whereas a variable optical attenuator (VOA) and an optical power monitor
(OPM) were used for controlling and monitoring the optical power at the input of the
PIN broadband photodetector from u?t. It is worth highlighting that the EDFA noise was
considered in the approach as there was no filter before the photodetector. If the EDFA
amplified spontaneous emission (ASE) had been filtered out, an enhanced performance
could have been achieved. After photodetection, the resulting RF signals were amplified
by the electrical amplifier EA; by about 24 dB. A diplexer was used to separate the 3.5
and 26 GHz signals. Two 5 dBi gain log-periodic antennas were used for transmitting and
receiving the 5G NR signal at 3.5 GHz. In parallel, two 25 dBi gain horn antennas enabled
8 m of mm-wave wireless link at 26 GHz aimed at indoor applications. At the receiver side,
the 5G signal was amplified (EA;) by 20 dB and evaluated employing an FSW-8351VSA
(VSA1). Meanwhile, the 400 MHz bandwidth M-QAM signal was amplified (EA3) by 35 dB
and evaluated using a DSAZ632A high-frequency oscilloscope (VSAj).

The system performance was investigated by assessing the hybrid architecture in two
distinct scenarios in terms of EVMRgys and in accordance with 3GPP Release 15 specifica-
tions. The first step was to evaluate the hybrid RoF/FSO fronthaul at the photodetector
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output, whereas the second step consisted of actually analyzing the dual-band 5G NR
wireless system employing the hybrid RoF/FSO fronthaul, as depicted in Figure 4b. It is
worth mentioning that the experimental results were achieved using 3 dBm optical power
at the photodetector input for both scenarios. In particular, for the 5G NR signal at 3.5 GHz,
we selected 64-QAM, which resulted in 578 Mbit/s and measured EVMgpg of around 2.4%,
thereby satisfying the 3GPP requirements (8%) by a wide margin. Likewise, the received
400 MHz bandwidth signal at 26 GHz was within the 3GPP recommendations, providing
2.4 Gbit/s throughput. The increased EVMRpys value (5%) for mm-wave transmission was
due to the RF cables, SD-MZM, and photodetector frequency responses at the mm-wave
band. Overall, the proposed hybrid RoF/FSO fronthaul provided 3 Gbit/s of total through-
put, which is within the 3GPP requirements for EVMRgys, thereby enabling further network
reach by wireless access.

The second analysis consisted of evaluating the combined fiber-optic and FSO-based
5G fronthaul followed by the 8 m wireless access, as reported in Figure 4b. As expected, the
wireless channel impaired the transmitted signal in both phase and magnitude as could be
observed by the received symbols in the RoF/FSO/wireless constellations. Nevertheless,
the 5G NR signal attained the EVMRgps requirements with 3.2% margin, which may be ex-
plored for either increasing the signal data rate or extending the wireless reach. In contrast,
the propagation conditions at 26 GHz critically impaired the 400 MHz bandwidth signal,
and hence the EVMRgys did not meet the 3GPP recommendations. As an alternative, we em-
ployed a 200 MHz bandwidth under 16-QAM to overcome this performance shortcoming.
With this bandwidth reduction, the hybrid dual-band 5G NR system achieved an EVMgrums
value of around 12%, which is still within the 3GPP limit for 16-QAM (12.5%), due to the
severe propagation impairments at mm-waves. In spite of the bandwidth reduction at
26 GHz, the hybrid RoF/FSO/wireless 5G NR system was able to provide 1.4 Gbit/s total
throughput, thus fulfilling the Release 15 recommendations and demonstrating feasibility
of the system while giving the remarkable additional advantage of FSO fronthaul flexibility.

3. 4G/5G NR VLC-Based Access Network

VLC has emerged as an alternative for transmitting the 5G NR standard or other
wireless signals in environments where electromagnetic interferences must be minimal,
such as in hospitals, petrochemical industrial plants, and airplanes. Furthermore, LED-
based VLC systems can take advantage of environment lighting to provide free-space data
transmission using wavelengths in the visible part of the optical spectrum. The LED is
directly modulated, and the optical link operates in IM-DD mode at the photodiode [28].
By using an LED, the wide light beam divergence allows the desired area to be fully
eliminated, thereby enabling simultaneous access for multiple devices and/or patterns of
data traffic [21]. In addition, carrier aggregation strategies can be employed to increase the
effective user throughput.

Figure 5a depicts the experimental set-up diagram of the LED-based VLC access point
for simultaneous transmission of the 5G NR standard signal and an LTE-A three-band
signal. RGBA (red, green, blue, and amber) LEDs were considered as the light source
because they provide larger modulation bandwidth in comparison to white commercial
LEDs [29]. In particular, the final selection of red LED (623 nm optical carrier) was dictated
by the manufacturer’s datasheet, which indicates that this wavelength offers the best
trade-off between output power and quantum efficiency. In the experiments, the 5G
NR signal was generated using a SMBV100B vector signal generator (VSG;), while a
PSGEB8267D vector signal generator (VSG;) and a M9505A arbitrary waveform generator
(AWG) were employed to generate the LTE-A three-band signal. The RF signals were
electrically combined and directly modulated the red LED by means of a bias tee. The LED
light beam directivity was enhanced by a reflector and launched in a free-space link of
0.75 m.

At the receiver side, a plane convex lens with the diameter and focal distance of 25.4
and 35.0 mm, respectively, was used to focus the incident beam at the input of the PIN



Appl. Sci. 2021, 11, 5048

10 of 15

photodetector (EOT ET-2030). Next, an RLC equalizer similar to the one described in [29]
was implemented to compensate for the LED frequency response. A DC blocker ensured
that the DC component from the OE conversion did not reach the VSA. Finally, a cascade
of four electrical amplifiers (EAs) assured a 50 dB gain in the received signal.

The system performance was evaluated by EVMpy;s measurements. The 5G NR
signal was generated with a bandwidth of 10 MHz, 64-QAM, centered at 46 MHz. The
configuration of the LTE-A signal represented the aggregation of three intra-band carriers
in order to triplicate the effective throughput of a single user. Specifically, the LTE-A signal
was generated with three sub-bands of 12 MHz, 64-QAM, at 57, 69, and 81 MHz, named as
64-QAM;, 64-QAM;, and 64-QAM3, respectively.

M-QAM 37.69 and 81 GHz
BW = 12 MHz

Reflector

- e oy
= ; VSA
— S Bias tee

b / FD A
o[t \.+> =

V8G, F[‘:";;] nj:| Si-g".ul < (0.75m —>
= e DC [ens
5GNR 46 MHz
BW = 10 MHz 64-QAM,
{b) -25 e
SCMR ot 0am
g =33 ity CHOAML 6.0,
E 2 3
5 45 EVMpps 4.06%  EVMpysd.15%
= 64-QAM, 64-QAM,
& —55
—65
S 45 55 65 75 85
Frequency (MHz) EVMpy6.18%  EVMyy6.45%

Figure 5. The 4G/5G NR VLC-based access network architecture. (a) Block diagram; (b) electrical
spectrum and EVMRys at the receiver.

Figure 5b shows the received spectrum as well as the measured constellations and
EVMRwms values. The received signal power decreased as the operation frequency increased
on account of the LED frequency response, degrading both the signal-noise ratio (SNR) and
the EVMRums value. The constellations in Figure 5b illustrate these performance issues by
considering the four transmitted bands. The measured EVMgys values were 4.06%, 4.15%,
6.18%, and 6.45% for 5G NR, 64-QAM;, 64-QAM,, and 64-QAM3;, respectively, which are
all within the 3GPP limit of 8% for the 64-QAM format [27]. The effective throughputs
measured for the 5G NR signal and the aggregation of the three 64-QAM signals were 38
and 180 Mbit/s, respectively, rates which are attractive for a VLC access point.

4. Related Works and Comparison to the State of the Art

This section reports on a review of the state of the art by comparing optical-wireless
techniques for 5G radio access network reported in the literature to the results of our
implementation. Five architectures were considered, namely FiWi mm-wave/IFoF links,
multiuser FiWi links, parallel FiWi and FSO relay links, RoF links followed by a FSO-section,
and VLC access. Table 1 summarizes the aforementioned literature and comparisons to our
work with the aim of contributing to and advancing the body of knowledge in this field.
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Table 1. State of the art on optical-wireless techniques for 5G radio access network.

Reference Architecture Application RF Bands S Transmitter Throughput
Waveform
- External cavity
- FiWwi mm-wave/ -57 GHz laser + in-phase .
(301 -RE -91GHz - OFDM and quadrature - 24 Gbit/s
(1Q)-MZM
- FiWi mm-wave/ - QPSK .
[31] -5G -57-64 GHz 16:QAM -LD + SD-MZM - 24 Gbit/s
[32] - FiWi mm-wave/ ) FTSEH -60 GHz -16-QAM _LD+SD-MZM - Not specified
-5G '_];ggeﬁ;l‘j - OFDM, GFDM,
[14] - Multi-user FiWi links -FTTH F-OFDM, M-QAM -LD + DD-MZM -4.41 Gbit/s
-3.5GHz
- M2M and Standard 5G NR
-26 GHz
[33] - Multi-user FiWi links -5G - 60 GHz - QPSK -LD + SD-MZM - 0.6 Gbit/s
[34] - Multi-user FiWi links -5G -28 GHz - 16- and 64-QAM - RE COIT)bmer * - 6 Gbit/s
-17.6 GHz -LD + SD-MZM +
[35] - Multi-user FiWi links -5G 22 6 GHz - M-QAM optical ring - 21 Gbit/s
resonators
[36] - mm-wave/FSO links - Backhaul - 60 GHz -BPSK - Bias tee + LD -1 Gbit/s
/fronthaul
. -16-QAM - DFB laser + .
[37] - mm-wave/FSO links -5G -60 GHz - OFDM MZM -4 Gbit/s
[25] - mm-wave/FSO links -5G -28 GHz S1oQAM -LD + MZM -1 Git/s
[18] - RoF/FSO/Wireless links -5G -25GHz - Standard LTE -LD + 2-MZMs - 120 Mbit/s
-212GHz
[19] - RoF/FSO/Wireless links -5G -2.6 GHz el L - SFP module - Not specified
-5G NR
-3.5GHz
[24] - RoF/FSO/Wireless links ~ ~ Ff;‘i‘;“l -24-26 GHz - 64-QAM - Bias tee + LD - 600 Mbit /s
. - Bias tee + .
[38] - VLC access - Access point - - O0OK GaN-based LED -2.3 Gbit/s
[39] - VLC access -5G - ) O:IBI\;I’B(I\TE M - Bias tee + LED - 10 Mbit/s
; . - Bias tee + .
[40] - VLC access - Access point - - DCO-OFDM phosphor LD - 6.9 Gbit/s
- FiWi multi-user
mm-WaV.e / ROF link - 700 MHz - M-QAM LD + SD-MZM -182.8 Ml?lt/ s
. - Parallel FiWi and FSO -4G -3.5GHz -1.61 Gbit/s
This work - LTE standard -LD + DD-MZM .
-8 ~ 29I - 5G NR standard - Bias tee + LED ~LaGAYe
- RoF/FSO-based link -38 GHz - 218 Mbit/s

- VLC access

FiWi mm-wave/IFoF architectures, which include digital or analog RoF approaches
followed by wireless transmission, have benefited from diverse technical solutions aimed at
improving capacity and coverage [30-32]. For instance, Li et al. reported a 24 Gbit/s FiWi
mm-wave link by exploiting 6 GHz bandwidth [30], whereas Argyris et al. demonstrated
a similar bit rate in a mm-wave/IFoF link with electrical subcarrier multiplexing [31].
Mm-wave/IFoF links have even been deployed over legacy PON as an alternative for 5G
fronthauling [32].

Advances in the multiuser FiWi links include simultaneous transmission of multiple
RF signals at distinct frequency bands [14] as well as the use of phased array antennas for
beamforming and beamsteering [33-35]. In [14], we presented a FiWi system over legacy
PON based on DD-MZM that was able to cover the 5G eMBB scenario at FR1 and FR2,
thereby enabling applications including long reach, fiber-to-the-home, and machine-to-
machine communication. In [33], Ruggeri et al. reported a multiuser FiWi mm-wave/IFoF
system taking advantage of a 32-element 60 GHz phased array antenna with beamsteering
capability. In [34], Huang et al. demonstrated the possibility of integrating self-steering
array beamforming to the FiWi architecture. Additionally, a photonic beamforming-based
FiWi architecture was experimentally demonstrated in [35].
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Multiple works have reported a hybrid mm-wave and FSO fronthaul aimed at increas-
ing system reliability. The FSO and mm-waves links can operate in distinct architectures,
namely simultaneous transmission for increased throughput in parallel with switchable
transmission and a cascade system with FSO followed by a wireless link. Shakir et al.
reported a hybrid system that simultaneously transmitted the same data over both links,
namely an FSO at 1550 nm and mm-waves at 60 GHz [36]. The link selection was based on
SNR for both approaches in accordance with decision thresholds aimed at evaluating BPSK
transmission in a turbulent channel. Zhang et al. presented a hybrid FSO and mm-wave
link for 5G backhauls operating at 1553.96 nm and 60 GHz, respectively. The link option
was based on maximum-ratio combining (MRC) and was evaluated in terms of EVMRgms
for a 16-QAM signal in turbulent, fog, and rain conditions [37]. Additionally, the authors
in [25] reported a hybrid 1550 nm FSO link cascaded with a 28 GHz RF link for 5G backhaul
and fronthaul applications. The experiments consisted of evaluating the cascaded approach
in terms of bit error rate (BER), EVM, and visibility range under the same dusty conditions.
The experimental results demonstrated that the dust environment did not impair the RF
link at 28 GHz, enabling the RF link to operate as a backup for FSO [25].

The FSO link has also been employed for extending the RoF fronthaul to sites where
fiber optics do not reach, thus maintaining the optical communication advantages. In this
way, Mufutau et al. demonstrated a hybrid 4G/5G optical fiber-wireless system, including
a free-space optics fronthaul [19]. The results showed that a 100 MHz bandwidth 5G
signal transmission using A-RoF throughout a 8 km fiber-optic fronthaul could coexist
on the same LTE fronthaul infrastructure. Additionally, a hybrid fiber and FSO fronthaul
demonstrated the 4G and 5G operability at 2.6 and 3.5 GHz, respectively. Nguyen et al.
experimentally implemented a radio-over-fiber followed by an FSO fronthaul and mm-
waves wireless transmission aimed at broadband wireless access [18]. The performance
was evaluated by transmitting 4-, 16-, and 64-QAM LTE signals over the hybrid link and
evaluating the EVM parameter as a function of weak-to-strong atmospheric turbulence
regimes. Furthermore, Bohata et al. presented a radio-over-fiber combined with FSO and
RF transmission for the 5G networks [24]. The authors used the 24-26 GHz frequency
band and a particular direct intensity modulation solution for transmitting a 100 MHz
bandwidth 64-QAM signal. The link performance was evaluated by exposing the FSO
section to atmospheric turbulence and analyzing the SNR and EVMRgys.

In parallel with the wireless techniques for access point, VLC systems have been
emerging as a potential technology to accomplish the 5G requirements and beyond. They
are mainly composed of light-emitting diodes, which can be used for simultaneously
lighting the environment and transmitting data. In this way, Yeh et al. reported a GaN
LED-based visible light communication using a 4 x 4 color polarization multiplexing and
on-off keying (OOK) [38]. The system attained 2.3 Gbit/s over 1 m employing MIMO
and pre-equalization under the illumination of 6.9-136.1 lux. Recent works have shown
the use of VLC for 5G. For instance, Monteiro et al. reported a comparison among 5G
waveform candidates, namely filter bank multicarrier (FBMC), generalized frequency
division multiplexing (GFDM), and OFDM, with regard to a single-input single-output
VLC system [39]. On the other hand, VLC systems may employ lasers as a light source
to achieve higher throughput. Wei et al. reported a VLC system employing a white-light
phosphor laser for illuminating and providing 6.9 Gbit/s over 1.5 m [40].

In this work, we examined an innovative proposal for optical-wireless architectures
applied to the NSA 5G new radio framework. In contrast to previous works, we experimen-
tally demonstrated 4G and 5G NR coexistence in the 700 MHz band taking into account a
FiWi system.

Regarding the dual wireless and FSO-based fronthaul architecture, our implementa-
tion employed the 5G NR standard. The parallel FSO at 1550 nm and mm-wave link at
38 GHz enabled a dynamic selection according to its transmission performance, whereas
the other link operated as a backup. Its performance was investigated by assessing the
EVMRus for different power levels at the receiver to emulate the equivalent attenuation
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levels for visibility and rain conditions. The attenuation levels used for the FSO link were
from 0 to 56 mm/h, whereas the values ranged from 0 to 102 mm/h for the wireless link.
Overall, our 5G NR experimental results demonstrated 1.61 Gbit/s total throughput, which
is within the 3GPP EVMRys requirements, for rain intensity less than 36.4 mm/h and
visibility above 40 m.

Moreover, we examined a fiber-optic and FSO-based 5G fronthaul followed by a
dual-band 5G NR wireless access, including mm-waves. The FSO link enables last-mile
applications, thereby increasing system flexibility and providing optical fiber-like through-
put. The system performance was investigated by assessing the hybrid architecture in two
distinct scenarios in terms of EVMRgys and in accordance with 3GPP, namely the RoF/FSO
fronthaul at the photodetector output and the dual-band 5G NR wireless system employing
RoF/FSO as fronthaul. Overall, the proposed hybrid RoF/FSO fronthaul provided 3 Gbit/s
total throughput with plenty of margin in terms of EVMRys, thereby enabling wireless
access. The dual-band 5G NR wireless system assisted by a hybrid RoF/FSO fronthaul
demonstrated the feasibility of the system by providing 1.4 Gbit/s total throughput, thus
fulfilling the 3GPP Release 15 specifications.

Finally, the RGB-based VLC system for indoor applications was examined, in which
immunity to electromagnetic interference is crucial. We transmitted a standard 5G NR
signal and 3 LTE-A bands in order to attend to multiple users employing a single red
LED, which offers the best trade-off between output power and quantum efficiency. The
system performance was evaluated by assessing each transmitted signal in terms of SNR,
constellation symbols dispersion, and consequently the EVMgys. The 5G NR VLC system
provided 218 Mbit/s throughput and EVMRys as low as 6.45% considering all transmitted
signals, thereby demonstrating the viability of VLC for 5G networks.

5. Conclusions

We have successfully proposed and reported on an efficient optical-wireless architec-
ture applied to the non-standalone 5G new radio framework and compared the system to
related works in the literature. Several distinct electrical- and optical-based fronthaul ap-
proaches combining free-space optical, wireless links, and RoF techniques were deployed
for selection according to network operator requirements. First, a dual 38 GHz wireless and
FSO-based fronthaul architecture enabled a backup link for high-reliability services. Next,
a fiber-wireless configuration based on an analog RoF link followed by a wireless extension
was studied for simultaneous RF signal distribution of both LTE-A and 5G NR signals.
Finally, fiber optics and FSO techniques were integrated into a single fronthaul to extend
the fronthaul reach where fiber optics cannot be deployed. After photodetection, further
access extension was achieved by wireless signal transmission of the two 3GPP Release
15 spectral bands of 3.5 and 26 GHz. All three investigated approaches demonstrated
performance within the 3GPP EVMRgys requirements prescribed by 5G NR Release 15. In
addition, a VLC access network with carrier aggregation was examined to increase user
throughput when immunity to EM interference is paramount. The reported solutions may
be integrated in a flexible optical-wireless platform for 5G and beyond, allowing their
coexistence with 4G over a shared fronthaul infrastructure. Future works should consider
implementation of the proposed architecture to either downlink an uplink or to increase
the FSO reach up to hundreds of meters in an outdoor scenario.
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Abstract—This work presents the implementation and peaceful
coexistence analysis between a 5G New Radio (5G NR) and Long
Term Evolution-Advanced (LTE-A) signals over radio over fiber
(RoF) based 25-km fronthaul, operating in the non-standalone
(NSA) mode. Three signals are investigated, namely: 10-MHz
bandwidth Filtered Orthogonal Frequency Division Multiplexing
(F-OFDM) at 778 MHz; five 20-MHz LTE-A subbands at
2.24 GHz; 100-MHz bandwidth 5G NR signal at 2.35 GHz. The
system performance is estimated measuring the root mean square
error vector magnitude (EVMgwms), as a function of the optical
power and the 5G NR and LTE-A frequency offset, achieving 1.4
Gbps throughput.

Index Terms—5G NR, Coexistence, Fronthaul and Non-
standalone.

I. INTRODUCTION

he fifth-generation of mobile networks (5G) comes up
as a substantial improvement on the wireless systems in
terms of capacity, throughput, flexibility, energy efficiency, and
low end-to-end latency [1]. The 5G was specified with the
initial focus on meeting requirements associated with the fol-
lowing 3™ Generation Partnership Project (3GPP) application
scenarios: enhanced mobile broadband (eMBB); ultra-reliable
low-latency communication (URLLC); massive machine type
communication (mMTC) and the enhanced remote area com-
munications (eRAC) [2]. The 3GPP initially establishes in the
Release 15, the phase 1 for the 5G standardization, called the
New Radio (NR) phase 1 [1]. At this initial stage, 5G networks
might operate in non-standalone mode (NSA), i.e. employing
the fourth-generation of mobile networks (4G) architecture and
core for deploying the 5G networks to enable new services and
applications [3].
The 5G systems employ several innovative technical so-
Iutions for covering the plurality of applications and new

(978-0-7381-2418-6/21/$31.00 ©2021 IEEE)
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services. The main technologies exploited include new spectral
bands, software-defined network (SDN), massive multiple-
input multiple-output (mMIMO) and microwave photonics
(MWP). The latter one, more specifically the radio over fiber
(RoF) technique, have been widely employed to compose
the cellular communication systems architecture, enabling to
transport radiofrequency (RF) signals in the optical domain
[4,5].

The centralized radio access network (C-RAN) is the one
of proposed architectures for 5G networks [5]. In C-RAN,
the backhaul link connects the central office (CO) to the
core network, typically carrying digital user data, whereas
the fronthaul link connects CO to remote remote radio units
(RRUs) [6]. Currently, the C-RAN architectures fronthaul links
are based on digital RoF (D-RoF) technology, using Common
Public Radio Interface (CPRI). However, such technique suf-
fers from scalability issues, which suggests the use of alter-
natives fronthaul solutions, for instance, analog RoF (A-RoF)
[7]. This solution simplifies the system operation and enhances
its scalability, since there is no need for an analog-to-digital
converter (ADC) and digital-to-analog converter (DAC), as
well as up-conversion requirement at the RRU [8].

Several A-RoF-based fronthaul solutions for 5G networks
have been proposed along the years. Delmade et al. [9]
demonstrated the transmission of 4G and 5G signals coexisting
on the same A-RoF link in the 700 MHz to 3.6 GHz band.
The integration and experimental performance analysis of a 5G
transceiver based on generalized frequency division multiplex-
ing (GFDM) in an RoF-based gigabit passive optical network
(GPON), have been reported by our research group in [10]. In
[11] the authors report the implementation and experimental
investigation of two different non-standalone 5G NR networks
architectures, aiming to fulfill the 5G demands. In [12], was
demonstrated the use of a monolithically integrated multi-



wavelength transmitter for multi-band 5G NR RoF systems,
simultaneously operating in the standalone (SA) and NSA
modes.

The current work reports the implementation and experi-
mental investigation of the 5G NR and Long-Term Evolution-
Advanced (LTE-A) coexistence on a non-standalone based
transmission, aiming to fulfill the eMBB and eRAC services.
The implementation employs direct modulation and detection
for transmitting 4G and 5G signals simultaneously over a
25-km fiber optics fronthaul. The signals encompass our
digital signal processing (DSP)-based and flexible waveform
5G transceiver using filtered orthogonal frequency division
multiplexing (F-OFDM); a 100-MHz 5G NR standard signal
at 2.35 GHz; a 100-MHz LTE-A signal at 2.24 GHz. Its
main contribution over the state-of-the-art is the deployment
of a non-standalone 4G/5G based on A-RoF technology using
adjacent channels in the aggregation carrier mode. Experimen-
tal results demonstrated a peaceful coexistence between the
4G/5G signals operating in adjacent channels.

The manuscript is structured in four sections. Section II
presents the investigation of the NSA 4G/5G A-RoF system,
using a fiber optics-based fronthaul. Section III reports the
experimental results and finally, the conclusions and future
works are drawn in Section IV.

II. ROF BASED FRONTHAUL IMPLEMENTATION

The experimental coexistence evaluation between 5G NR
and LTE-A signals is described in terms of block diagram
in Fig. 1. The architecture is based on the C-RAN concept,
A-ROoF technique and downlink transmission direction. At the
CO, we have transmitted three distinct RF signals, namely:
a 10-MHz bandwidth 64-QAM F-OFDM signal at 778 MHz
(RF)), generated by our 5G transceiver, developed for remote
and rural areas communication, in the context of the remote
area access network for the 5th generation (5G-RANGE)
project [13]; five 20-MHz LTE-A sub-bands (RF,) centralized
at 2.24 GHz, generated by a A M8190A arbitrary wave-
form generator (AWG) and upconverted by a PSGE8267D
vector signal generator (VSGj), both from Keysight; a 100-
MHz bandwidth 5G NR signal at 2.35 GHz (RF3) in ac-
cordance with 3GPP Release 15 specifications, employing a
SMBV100B vector signal generator (VSG;) from Rohde &
Schwarz. A RF combiner has been used for combining the
three mentioned RF signals, resulting in 0 dBm electrical
power. The combined electrical signal driven a commercial
RoF Tx module from Oz Optics, composed by a 4-dBm direct
modulated laser (DML) operating at 1551 nm. Afterwards,
the modulated optical signal has been launched throughout
25-km G657 optical fiber fronthaul. Therefore, the chromatic
dispersion does not severely impact the RoF system, since the
dispersion accumulated was around 400 ps/nm.

At the reception side (RRU), the modulated optical carrier
reaches a variable optical attenuator (VOA) and an optical
power monitor (OPM), which enable to control and manage
the optical power at the RoF Rx module input. The receiver
comprises a photodetector (PD) and subsequently a 22-dB
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Fig. 1. RoF based fronthaul implementation. AWG - arbitrary waveform
generator; VSG - vector signal generator; LD - laser diode; SMF - single
mode fiber; VOA - variable optical attenuator; OPM - optical power monitor;
PD - photodetector; AMP - amplifier; VSA - vector signal analyzer.

integrated electrical amplifier. After the optical-to-electrical
conversion, a directional coupler has been used for providing
1% of the total power to a electrical spectrum analyzer (ESA).
The remaining 99% power fed a 1:2 power splitter, which
equally divided the signal in two parts. In this way, a 5G
transceiver has been used for evaluating the 5G signal at
778 MHz, whereas a vector signal analyzer (VSA) has been
used for assessing the 5G NR and the LTE-A signals in
the 2.35 and 2.24 GHz bands, respectively. Fig. 2. depicts a
experimental setup photography, which is in accordance with
the description and block diagram.
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Fig. 2. Experimental setup.

The RF signals performance have been evaluated by an-
alyzing the measured root mean square error vector mag-
nitude (EVMgupms) in accordance with the 3GPP Release 15
specifications. The first system characterization consisted on
performing the coexistence between the 5G NR and the LTE-A
for investigating the minimum frequency offset between then,
aiming for a peaceful coexistence. It is worth mentioning that
the optical power level for the first investigation remained
around -7 dBm. The second characterization consisted on
assessing all the transmitted signals as a function of the optical
power at the Rx module input, in order to identify the best
operating point.
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III. COEXISTENCE ANALISYS BETWEEN 5G NR AND
LTE-A

Fig. 3 reports the coexistence analyses for offset of 0, 20,
40, 60, 80 and 104 MHz, measured at the Rx module output.
For 0 MHz, all the signal are overlapped, as a result, the
EVMgrpms measured exceeded the limits stipulated by 3GPP
for the 5G NR signal and all LTE-A sub-bands. Similarly,
for 20-MHz offset, which is, the LTE-A 1 sub-band centered
at 2288 MHz, the measured EVMgrms was 2.3%, however,
sub-bands from 2 to 5 are still overlapping with the 5G NR
signal. One can note as the offset increases the overlapping
between the LTE-A subbands and the 5G signal becomes
less significant. As a result, each subband, which are not
overlapped for the current offset, presents EVMgys lower
than 3.5% and the LTE-A symbols, carried by the subbands,
could be efficiently demodulated. The last measurement was
carried out with 104-MHz frequency deviation between the
central carriers, as shown in Fig. 4. One can observe there no
more spectral overlapping between LTE-A and the NR signal,
as a consequence, all the evaluated signals accomplished
the 3GPP EVMRys requirements with margins, ensuring that
the signals coexist peacefully in the proposed experimental
setup. In addition, all the measured constellations presented
well-defined symbols and no noticeable phase and magnitude
variations, emphasising the obtained performance. The total
attained throughput was 1.4 Gbps, considering all transmitted
signals. Table I summarizes the EVMgys measurements for
each signal and the investigated offset.

Posteriorly, we measured the EVMgys at the RoF system
output, as a function of the photodetector input power, which

Fig. 4. The received electrical spectrum at the end user after 25-km fiber-
optics transport.

TABLE 1
EVMRums (%) AS A FUNCTION OF FREQUENCY OFFSET.

Offset LTE-A LTE-A LTE-A LTE-A LTE-A

G NR
[MHz] Subband 1 Subband 2 Subband 3 Subband 4 Subband 5
0 _ _ _ _ _ _
20 23 — — — — —
40 244 2 — — — —
EVMgus (%)

60 2.55 1.95 1.55 — — —
80 2.60 1.75 1.28 1.7 — —
104 2.77 1.89 1.03 1.61 2.75 2.39

was varied from -19 to -7 dBm, as reported in Fig 5. Our goal
was to identify the optical power levels that allow meeting
the 3GPP EVMgys requirements for the F-OFDM, LTE-A
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Fig. 3. Peaceful coexistence between LTE-A and 5G NR signals.
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and 5G NR signals. In this case, the frequency offset between
the 4G and 5G NR signals was kept as 104 MHz, and the
electrical power at the RF combiner output was -5 dBm. The
EVMgus value for the 64-QAM F-OFDM signal at 778 MHz
met the 3GPP EVMgys requirement of 8% for receiving
optical power levels higher than -17.5 dBm. Whereas, the
central sub-bands of the LTE-A signal presented EVMgys
below 3.5% for an optical power higher than -9 dBm and the
extreme LTE-A subbands demanded 2-dB additional optical
power to accomplish the specifications. The 256-QAM 5G
NR signal at 2.35 GHz met the 3GPP EVMpgys requirement
of 3.5% for receiving optical power levels higher or equal
to -9 dBm. Therefore, simultaneously addressing eRAC and
eMBB applications in the presented conditions, requiring a
minimum optical power level of -7 dBm at RRU, besides a
minimum offset of 104 MHz between the LTE-A and 5G
NR signals. Additionally, the 5G NR standard enables the
flexibility of choosing the sub-carrier spacing, unlike LTE-A
that only permits 15-kHz sub-carrier spacing. Particularly, 5G
NR specifies 15, 30 and 60 kHz sub-carrier spacing options for
frequencies below 8 GHz. As a consequence, the coexistence
between LTE-A with a 5G NR signal, might be enhanced by
using the 15-kHz sub-carrier spacing option aiming to keep the
orthogonality between the subcarriers signals. Overall, the 5G
NR/LTE-A system employing A-RoF in the NSA mode was
able to reach 1.4 Gbit/s, demonstrating the system feasibility
for integrating the 5G core and access.

—A—LTE 1 (256-QAM)
4 —a—LTES (256-QAM _)1
204 —8—5G NR (256-QAM)
= ¥ - F-OFDM (64-QAM) g
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Fig. 5. EVMRuys as a function of the optical power at the photodetector input.

IV. CONCLUSIONS

We have successfully implemented a multiband RoF fron-
thaul based on 5G NR and LTE-A applied to 5G radio access
scenarios, including indoor and outdoor eMBB and eRAC
applications. Multiple RF signals have been transmitted using
a 25-km optical fiber fronthaul for evaluating the coexistence
between 5G new radio (5G NR) and LTE-A signals towards
the implementation of an NSA-based network. The aforemen-
tioned signals referred to an F-OFDM signal at 778 MHz from
our 5G transceiver, a standardized 5G NR and LTE-A signals
around 2.24 GHz. The total attained throughput was 1.4 Gbps
with EVMRuys in accordance to the 3GPP requirements. The

minimum offset for avoiding overlapping between the signals
was 104 MHz, which corresponds to a 2-MHz guard band,
demonstrating a peaceful coexistence between 4G and 5G
signals over an A-RoF system. Future works regard the im-
plementation of the proposed architecture for either downlink
and uplink, as well as to the exploiting the millimeter-wave
frequency bands.
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ABSTRACT The sixth generation of mobile communication (6G) systems is recently rising a lot of interest,
introducing new futuristic and challenging use cases that will demand much more than just communications
to become a reality. Higher throughput, lower latencies, higher number of connections will push the
requirement of the future mobile networks to a new level, but also sensing, positioning and imaging will
play an important role in the new foreseen use cases. The integration of techniques developed for wireless
communications with those conceived for optical links will be essential to provide the infrastructure for the
6G networks. In this context, this paper presents a review on wireless and optical convergent access solutions
towards the 6G systems. The manuscript brings the use cases, requirements and enablers for 6G networks
including a discussion about the state-of-the-art on THz and sub-THz communications, wireless and optical
convergence, visible light communication, integrated and free-space optics, new antenna designs, power-
over-fiber deployments and the use of machine learning in the physical layer of future networks. By reviewing
the most relevant contributions available in the literature for wireless and optical communications and
presenting their main contributions, this paper clearly shows that, more than a technological trend, the
convergence of wireless and optical technologies is a fundamental step towards the development of the 6G

network infrastructure.

INDEX TERMS 6G, antennas, FSO, optical-wireless convergence, physical layer, PIC, PoF, THz, VLC.

I. INTRODUCTION munications (4G) has been mainly focused on increasing
The evolution from the first generation of mobile com- the system capacity in terms of data rate and number of
munications (1G) to the fourth generation of mobile com- users. The fifth generation of mobile network (5G), on the
other hand, has been designed to support three main scenar-

The associate editor coordinating the review of this manuscript and ios according with international mobile telecommunications
approving it for publication was Leo Spiekman . (IMT)-2020 vision [1], [2], [3]: enhanced mobile broadband
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communication (eMBB); massive machine-type communi-
cation (mMTC); ultra-reliable low-latency communications
(URLLC) [1], [2], [3], [4], [5]. Additionally, remote and rural
access have been also triggering a lot of interest, mainly in
continental-sized countries [6].

The 5G network has been recently standardized in its first
release, 3rd generation partnership project (3GPP)-Release
15 [7], which focuses on eMBB. Release 16 [8] is focused
on the URLLC scenario, whereas Release 17 [9], scheduled
for early 2022, expects to address both mMTC and enhanced
remote area communication (eRAC) scenarios. Beyond 5G,
the sixth generation of mobile network (6G) is a vision for the
2030s, which will require a much wider and holistic approach
to identify the system needs [10], [11], [12], [13]. Latva-
aho et al. claim that the main idea for the future mobile
system is to be a network based on the term “Ubiquitous
Wireless Intelligence” [12], which means services following
users everywhere and seamlessly, with wireless connectivity
and context-aware smart services and applications for both
human and non-human users.

The advent of 5G networks brought the possibility of new
services that will increase the importance of mobile networks
for the modern society. Although these new generation is
still being deployed and evolving, it is clear that even more
profunding changes will be needed to support the application
scenarios foreseen for 2030. Several research projects around
the world have shown that innovative solutions for spectrum
allocation, network integration and coverage improvement
are key to provide solutions for applications that cannot be
supported by the restrictive frame and waveforms introduced
by the 5G new radio (NR). The next generation of mobile
communication needs to seamlessly connect the user by using
the proper available network, being it a satellite, optical,
wired or wireless network.

Particularly, our research group has contributed to 5G and
6G projects worldwide. The Radiocommunications Refer-
ence Center (CRR) has its goal of researching, evaluating,
and developing technologies and solutions aimed to Brazil-
ian society demands, considering specific demographics,
geographical, and economic features [14]. It is focused on
five subject areas including long-range, high-capacity radio
links, wireless broadband access, 5SG networks and satellite
communication links [14]. Under the CRR scope, multiple
projects have been also proposed including the development
of a 5G transceiver using flexible and manageable waveform
applied to long-range communications [15], [16]. The 5G
Range project, for designing, developing, implementing and
validating mechanisms to enable 5G networks to provide an
economically effective solution for Internet access in remote
areas [15], [16], [17]. The 5G Internet of things (IoT) project,
which has aimed its research on developing IoT technical
solutions embedded into a 5G network [18] and, finally, the
“6G Brasil” [19], [20], which is the first Brazilian project
focused on 6G and has established a formal partnership with
6G Flagship Project from University of Oulu in Finland,
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which is one of the main 6G research group worldwide coor-
dinated by Latva-aho [21].

The requirements imposed by the future applications also
bring challenges for the transport network, the proposed
access network is nominated as centralized/cloud radio access
network (C-RAN), which needs to support high data rates
and low latency. The transport network also needs to sup-
port physical and virtual network functions, providing the
infrastructure for all foreseen use cases [5]. In C-RAN archi-
tectures [22], the core network is connected directly on a
central office (CO), containing the baseband unit (BBU) pool,
through a backhaul (BH), typically using wavelength division
multiplexing (WDM) systems. A BH can also connect multi-
ple COs to each other. COs provide the baseband processed
signals to a distributed unit (DU) or directly to remote radio
unit (RRU). The connections between BBUs and DUs are
named midhaul (MH) and between BBUs and RRUs are
named fronthaul (FH). FHs are also used to connect DUs
to RRUs and MHs are also used to provide high data traffic
to femtocells [23]. Some wireless FH could be assisted by a
photonic MH, resulting in a hybrid Xhaul [22], [23], [24].
The proposed architecture has to jointly use wireless [25]
and photonic [26], [27], [28] techniques for increasing the
spectral efficiency and, as a result, the data traffic in both
optical MH and wireless FH. Furthermore, supercells oper-
ating with reasonable throughputs (up to 600 Mbit/s) can
manage a massive number of micro and femtocells in its
coverage area, creating extremely high throughput hotspots
reaching up to 20 Gbit/s per user [29], [30], [31], leading to
a heterogeneous networks (HetNet).

Wireless and optical convergent technologies might enable
mobile network systems to meet the wireless systems needs,
such as high throughput, latency, coverage and geographi-
cal positioning. For example, eMBB can benefit from the
available wide bandwidth from optical communication fol-
lowed by millimeter waves (mmWaves) and tera-hertz (THz)
communications [24] in order to ensure very high throughput
wireless access. Latency might be reduced in HetNet sys-
tems, by employing analog radio-over-fiber (A-RoF) systems
for reducing processing time at remote radio head (RRH),
jointly with edge computing [32], bringing core functions
closer to the users to achieve dynamic orchestration, stor-
age, and computing resources [32], [33]. Additionally, cov-
erage can be enhanced by using new waveforms to increase
power efficiency and lower frequency bands in the wireless
domain, whereas fiber-based FH is potential to take RRHs
even further [15], [16], [17]. Finally, accurate positioning
becomes feasible by properly using visible light communica-
tion (VLC) communications as access technology [34], [35].

In this paper, we are focusing on identifying state-of-the-art
research related to radiofrequency (RF) and optical communi-
cation systems, to be applied in 6G networks. The manuscript
is structured in five sections, in which Section II presents
the use cases, requirements and enablers for 6G networks.
Section III describes the main wireless technologies trends
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and features, including channel losses and capacity, THz
communications, antenna design and high altitude platform
as IMT base stations (HIBS). The optical and wireless conver-
gent systems towards 6G are presented in Section IV, which
includes fiber/wireless systems, free space optical (FSO),
VLG, integrated optics, power-over-fiber (PoF) and also the
use of machine-learning (ML) in optical fronthauls. Finally,
Section V outlines the conclusions and future researches.

Il. USE CASES, REQUIREMENTS AND ENABLERS FOR 6G
NETWORKS

During the conception of the 5G networks, the IMT
2020 defined several audacious and futuristic use cases sce-
narios that posed very challenging requirements for the physi-
cal layer (PHY). Contrasting requirements, i.e. high through-
put and low latency, were necessary to support applications
such as remote surgery, autonomous driving, and many oth-
ers. A very innovative PHY was necessary to provide the
flexibility demanded by those applications. However, the
standardization procedure that resulted in the 5G NR can be
considered conservative and the frame structure and wave-
forms might be seen as an evolution based on the 4G PHY.
As a result, several applications scenarios foreseen by IMT-
2020 are not feasible with the 5G networks.

Besides the technical limitations from the 5G networks
to cover all IMT-2020 visions, new applications have being
proposed for future mobile networks [10], [11]. For exam-
ple, during the COVID-19 pandemic, it was clear the
bi-dimensional video and stereo sound were not enough to
provide emotionally comforting communications. Multisen-
sory holographic communication enhanced by haptic data is
considered to be the next step for advanced remote com-
munication [11], requiring high data rate and fast response
from the network to achieve acceptable quality of experi-
ence (QoE). The International Telecommunication Union -
Telecommunication Standardization Sector (ITU-T) vision
for future remote communications agrees that holographic
and multi-sense media will have an important role in future
remote interactions [10]. ITU-T highlights four emerging sce-
narios, named as Holographic-Type Communications (HTC),
multi-sense networks (MSN), time engineered applications
(TEA) and critical infrastructure (Crl) [10], [11].

Clearly, personal communication is not the only class of
applications that will benefit from the expected high data rate
and low latency supported by 6G networks. The low latency
achieved by the future infrastructure can be exploited to
control remote devices, while instantaneous feedback allows
for precision operation. These are the key enablers for the
remote surgery, remote driving and many other applications.

Besides the enhanced communication capabilities, the 6G
networks will need new features to support all upcoming
services and applications. Imaging, sensing and mapping will
be as important as communications for the next generation of
mobile networks [36]. The use of frequencies in the sub-THz
and THz bands have being seeing as a solution for increas-
ing the data rate while also providing sensing, imaging and
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mapping capabilities for the network. The tiny wavelength at
these high-frequency bands allows the signal to interact with
the materials at the molecular level, opening the opportunity
to exploit the RF front-end as a spectroscopic imaging sys-
tem. On the other hand, the use of such high frequencies leads
to several challenges where channel modeling and channel
attenuation deserve special attention.

Since the 6G networks must support a multitude of scenar-
ios, applications and services, it is clear that the future net-
work will need a multi-radio access network (RAN) approach
to deal with all demands. Fig. 1 depicts the main foreseen
applications, enablers and requirements, organized according
with the necessary cell size.

In this vision of the 6G networks, the small cells will
provide connectivity and functionalities to support the appli-
cations that require very high data rates (up to 1 Tbit/s),
very small latencies (below 0.1 ms) and very precise posi-
tioning and map resolutions (below 1 cm). Here, THz com-
munications, VLC and ultra massive multiple-input multiple-
output (umMIMO) are the key technologies to address these
requirements. The challenges within the macro cells are still
impressive. Because coverage now increases to up to 5 km
from the base station (BS), THz communications becomes
very difficult. Signals at millimeter wave are more likely to
succeed in providing data rates of up 100 Gbit/s with latencies
below 1 ms and precision up to 10 cm. However, intelligent
reflecting surface (IRS) and smart beamforming aided by
artificial intelligence (AI)-based antennas will be important
to provide reliable communication over a doubly-dispersive
channel, while light detection and raging (LiDAR) can help
to increase the mapping and positioning capabilities of the
6G networks. In the future mobile systems, the super cell
is expected to provide reliable connectivity in remote and
rural areas, a task that, so far, has not been satisfactorily
performed by any network. In this case, long-range links of
up to 50 km are necessary to offer digital services for farms,
mines, planes, ships, trains and cars. Even in remote areas,
data rates up to 1 Gbit/s and latencies below 10 ms are neces-
sary for remote controlling and video and data acquisition,
while precision up to 0.1 m is necessary for autonomous
machinery operation in mines and farms. In this case, radio
over fiber (RoF) can be used to reduce deployment costs in
remote areas and multiple-input multiple-output (MIMO) for
diversity can improve the signal robustness to increase the
coverage range and feasibility. TV white space (TVWS) can
also play an important role in reducing the operational cost,
since licences are not required to exploit the vacant ultra high
frequency (UHF) channels. Finally, satellite networks can be
jointly used with terrestrial networks to complement coverage
or provide backhauling for terrestrial BS.

The 6G networks are being designed to fully fulfil the IMT
visions but also to support new applications. The require-
ments, architecture and enabling technologies are still under
discussion in several initiatives and research projects around
the world, but it is clear that THz and sub-THz communi-
cations, wireless-optical integration, VLC and new antennas
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FIGURE 1. Main use cases, enablers and requirements for the 6G networks.

designs are important players in the definition of the next
generation of mobile networks.

Ill. WIRELESS TECHNOLOGY TRENDS

Technologies for wireless communication will be the main
enablers for several applications and services. As mentioned
in Section II, new frequencies bands and new requirements
will demand innovative solutions. This Section describes the
main wireless technologies for the future mobile networks.

A. CHANNEL CHALLENGES AND CAPACITY FEATURES

As the data traffic increases throughout the mobile genera-
tion systems, exploitation of higher frequencies is necessary
as illustrated in Fig. 2. For example, from 1G to 4G the
mobile communication system has been allocated at differ-
ent frequencies between 400 MHz and 2.9 GHz worldwide.
Techniques of carrier aggregation has enabled throughput up
to 1 Gbit/s in 4G by using multiple channels of 5-, 10-, 15-
or even 20-MHz bandwidth simultaneously. By allocating
theses multiple channels, it has been possible to increase
the system capacity for enabling high-throughput applica-
tions [37], [38]. The 5G network was the first generation
of mobile communication that uses two different frequency
range (FR), i.e, FR 1 from 410 to 7,125 MHz and FR 2 from
24.25 to 52.6 GHz [7], [37]. 5G was the first network to
use mmWaves as a solution for the RAN, also employing
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FIGURE 2. Evolution of wireless communication frequency range from 1G
to 6G.

bandwidth up to 400 MHz. These new frequency allocation
has increased the system complexity, requiring high cost RF
components. The high propagation and penetration losses in
in the FR 2 range is one of the biggest challenges related with
the use of mmWaves in the RAN [38].

Many techniques have been proposed in the literature to
overcome the high path loss from mmWaves. Classical meth-
ods of MIMO technique can be used to improve the reliability
of the links, in which diversity can be achieved by multiple
transmitting and receiving antennas, increasing the signal-to-
noise ratio (SNR) at the reception and minimizing the outage
probability. Spatial multiplexing, on the other hand, consists
of using multiple transmitting and receiving antennas for
improving the spectrum efficiency by sending multiple paral-
lel data streams. Beamforming is another technique that can
use the multiple transmit antennas to create a well-defined,
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high-gain and manageable beam. The basic idea is to increase
the system link budget by pointing the beam to a specific
location, or, in other words, only to a specific user equipment
(UE) [37], [39].

The high operating frequency introduced by the mmWaves
allows for reducing the antenna sizes. A high number of
small antennas elements can be packed into antennas array,
resulting in massive MIMO (mMIMO). This large number of
antennas can be used to provide precise beamforming using
maximum ratio transmission (MRT), in which the data trans-
mitted to a given user is weighted by the complex conjugate
of the channel response among the transmit antennas and
the user receive antenna. This procedure allows for spac-
ing multiplexing, since the high number of transmit signals
will be cancelled out in any other location other than the
position of the desired user. Therefore, it is possible to take
advantage from the massive number of paths on scattering
environments for enabling also multiple access. If jointly used
with time-division duplexing (TDD), mMIMO can acquire
channel state information (CSI) from the uplink (UL) and
use it in the downlink (DL) due to the channel reciprocity.
No prior assumptions on the propagation environment and
no predetermined beams are needed. Pilot subcarriers are
transmitted by the UE, allowing for the BS to estimate the
channel responses in the UL, which will be used to precode
the data to be sent to the respective user. It is important to
guarantee that the total TDD frame duration is smaller than
the channel coherence time, which means that this technique
might suffer performance loss in high mobility scenario [40],
[41], [42].

The use of high frequencies bands in mobile communica-
tions brings several challenges for the RF front ends. Solu-
tions based on new algorithms for the base band processing
and integrated with new RF designs has shown to be promis-
ing. New antennas array design and precise channels esti-
mation algorithms based on Al has proved to be a powerful
tool for improving system capacity in mobile communication
systems [43], [44].

The 6G system should be even more ambitious.
Researchers are already expecting that 6G should be the first
mobile network to allocate sub-THz and even THz bands for
the RAN, as illustrated in Fig. 2. The idea is to provide Tbit/s
per user in the next decade [13], [45]. Due to the importance
of THz communications for future mobile networks, this
subject will be further detailed following.

B. THz COMMUNICATIONS

In this sub-section, we briefly review the fundamentals of
THz communications. In fact, following the use of the
mmWaves and sub-mmWaves band (above 20 GHz) as carrier
frequencies for 5G, the need for tens of Gbit/s data rates
will require the use of THz (from 0.1 to 10 THz) carrier
frequencies in 6G. However, for this to become a reality, there
are several technological hurdles to be addressed. Consider-
ing the state-of-the-art in THz technologies, some of these
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hurdles can be understood with the help of Shannon theorem,
which relates the channel capacity (C), with the available
bandwidth (B) and the SNR, in the form:

C = Blog,(1 4+ SNR). (1)

Unlike current mobile systems operating below 6 GHz,
in the THz range the main issue is not the available contiguous
bandwidth, but rather the SNR, directly related to the output
power at the THz transmitter. An interesting consequence
is a shift in design paradigm, since the use of higher-order
modulation formats, which require a more stringent SNR,
is not necessarily advantageous in terms of system perfor-
mance [46].

Apart from that remark, THz behave as any other wireless
system: the link budget is mostly dictated by the very high
free-space path loss, which reaches 140 dB for a 1-km link
at 300 GHz [47]. In addition, atmospheric absorption and
rain attenuation (in outdoor applications) also come into play.
To circumvent this signal loss, an increase on the link budget
can arise from a combination of high gain antenna systems,
phased-array-based beamforming and ultra-mMIMO tech-
niques. Another way to improve SNR consists on the increase
of the transmitted power and/or the receiver sensitivity, focus
of the following discussion.

Historically, the THz band has not been widely considered
for communications applications, mostly due to the lack of
efficient THz transceivers. In fact, this portion of the elec-
tromagnetic spectrum (0.1-10 THz) has suffered from the so-
called THz technological gap. Specifically regarding the ana-
log front-end, the two most usual pathways present hurdles to
be overcome. On one hand, from the electronics side of the
spectrum, the output power of frequency-multiplier circuits
was too low at such high frequencies. On the other hand,
in the corresponding wavelength range from the photonics
side, apart from the quantum cascade laser [48], no efficient
laser was available to generate far-infrared and THz low-
energy photons required in those communications systems.

This is the reason why in most early demonstrations, the
THz signal carrier is generated in high-speed photoconduc-
tors and photodiodes, by means of down-conversion in a pho-
tomixing processes [49]. In other words, a down-converted
THz-wave carrier can be generated by heterodyning two
distinct wavelengths, arising from laser sources. The output
carrier frequency is widely tunable, being defined by the
difference between wavelengths A; and X,. However, since
the two lasers are not synchronized, both frequency and phase
should be stabilized and the spectral distance between the
two laser lines has to be kept fixed, to assure low jitter and
low phase-noise [50]. Some of the most popular alternative
techniques to achieve this locked spectral behavior include
the use of dual-mode lasers [51] or optical frequency comb
generators [52], [53].

Before photomixing, the photonic modulation can be
based on two configurations: double sub-carrier modulation,
in which both sub-carriers are modulated, or single sub-
carrier modulation. The double modulation scheme usually
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provides higher SNR. However, the output power after pho-
tomixing is still low and most configurations require a elec-
tronic power amplifier operating in the THz range, before
the signal carrier can reach the transmitter antenna. Finally,
to establish a THz wireless link, the receiver can be based on
direct detection (typically Schottky or uni-traveling-carrier
photodiode (UTC-PD)) [54] or heterodyne detection, using
sub-harmonic diode mixers to obtain an IF frequency in the
mmWaves or microwave range [55].

There are other emerging photonic technologies capable
of generating THz waves. Among those, we can mention
quantum cascade laser (QCL) which operates emitting pho-
tons whose wavelength is dictated by electronic transitions
between conduction band energy-levels in a sequence of
quantum wells [48]. The operating principle results in photon
emission the high-frequency range, above 2 THz, and current
devices typically requires cryogenic operation in order to pro-
vide a useful output power, around a few hundred mW [56].
These drawbacks make very unlike that QCL-based THz
transmitters will be used in communications systems, at least
in the short and medium terms.

Another alternative would be to rely on the oscillation sur-
face plasmon-polariton (SPP) waves, particularly in graphene
or other two-dimensional (2D) materials such as molybde-
num disulfide (MoS2) [57]. This plasmonics-based approach
is very promising, particularly regarding the possibility of
small footprint and high frequency operation. Unfortunately,
this technology is still on its infancy, particularly concerning
output power and it is not likely to be mature enough for 6G.

Indeed, output power is also a limitation for photonic
systems based on photomixing. Even using state of the art
UTC-PDs for down-conversion, these system can typically
produce less than 10 mW at a few hundreds of GHz [58]. It is
then inevitable that even these photonics-based transceivers
will have to incorporate THz-electronics power amplifiers.
As a consequence, if that is the case, it is probably conve-
nient to approach the THz transceiver configuration from the
other end of the THz gap, namely, to seek an all-electronic
transceiver. As an additional advantage, such all-electronic
implementation would be much more familiar to the wireless
industry, thereby likely to facilitate future 6G deployments.

Although oscillators using two-terminal devices, such as
resonant tunneling diode (RTD), have already pushed the
1-THz boundary [59], most work on THz carrier genera-
tion by electronic means is based on the concatenation of a
chain of frequency multipliers, in such way to up-convert a
mmWaves carrier to the THz band. Early demonstrations of
such schemes have used radio-astronomy hardware on GaAs
technology [60]. Today, although Si-based technologies are
gaining ground, particularly on the basis of SiGe Heterojunc-
tion Bipolar Transistors [61], best results are achieved using
InP high electron mobility transistors (HEMT), as transmis-
sion powers of hundreds of mW at hundreds of GHz have
been already demonstrated [62], which are well above the
current results for photonic down-conversion. As the tech-
nology evolves and the maximum oscillation frequency of
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TABLE 1. State-of-the-art on antenna for 5G towards 6G.

Number
Ref.  Antenna type of Bandwidth [GHz] Application
elements
65] Stot 1 27.751027.35 Switched-b
with S-PIN 7510 27.3 witched-beam
Dipoles Ommidirectional
[66] integrated 1 27t029.5 coverage
cavity for broadcast
(7] [PCBstacked I 261037 Switched-beam
Luneburg lens
[68] Patch 18 3.6t03.8 MIMO
Dipole Analog
69] with cavity 16 49106 Beamforming
Dipole TDD-based
(70] with reflector 128 381043 digital mMIMO
. Digital
[71] Tapered slot 16 24.5t027.5 Beamsteering
[72] Patch 64 5.17 to 6.1 Multiple-beam
Patch
based on TDD-based digital
(73] suspended 18 41047 mMIMO
plate
[74] Patch 256 26.5t029.5 Beamforming
Dual-band sectorial
27.6 to 30.8
[75] SWAA 4 36.8 10 38.4 coverage
at mmWaves
FSS-based
Focal-point/ 69t08 . -
(221 Cassegrain 2 2585103015 Foint-to-point link
parabolic
(76] SWAA 1 23.451024.54 Omnidirectional
indoor femtocell
SICL-based TDD-based
[77] Slot o4 24510265 digital nMIMO

high-speed transistors has already surpassed 1 THz [63], the
short-term trends should favor all-electronic THz transceiver
configurations, due to the increasing availability of several
useful integrated circuits. For instance, an InP-based, higher
power density amplifier has been already demonstrated, with
a bandwidth as high as 235 GHz [64].

C. ANTENNA TECHNOLOGIES FOR SUB-6 GHz AND
mmWaves

This sub-Section presents the state-of-the-art on antennas
and antenna arrays for sub-6 GHz and mmWaves, focusing
on disruptive technologies and application-oriented antenna
proposals for 5G that could also be applied to 6G systems.
Manuscripts published from 2016 to 2021 have been pre-
ferred for this literature review, as complied in Table 1.

A 28 GHz switched-beam slot antenna based on surface
PIN (S-PIN) diodes has been proposed for 5G systems in
2017 by Yashchyshyn et al. [65]. This research goal was to
achieve multiple beams and enable switching among them.
The designed reconfigurable structure was composed of
15 reconfigurable slots with embedded S-PIN diodes. In this
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way, the slots could be reconfigured by appropriate biasing
them, with the purpose of enabling or not radiation through
them. The authors have been able to switch among five
beams, pointed towards 0°, 30° and +45°. In the worst-
case scenario, the proposed antenna has provided 600 MHz
bandwidth centered at 28.05 GHz, reaching up to 7 dBi gain.

In [66], Mao et al. have proposed a planar sub-mmWaves
array antenna with enhanced gain and reduced sidelobes for
5G broadcast applications at 26 GHz. The proposed prototype
was based on two dipoles and a substrate integrated cavity
as a power splitter. The dipoles were placed side-by-side to
create an uniform pattern in the azimuth plane. The authors
have been able to combine the dipole and cavity resonance
to provide a wide bandwidth from 27 to 29.5 GHz. Finally,
they have structured an eight-element array for enhancing
its gain, reaching up to 12 dBi omnidirectional coverage
for broadcast applications. A wideband printed-circuit board
(PCB)-stacked Luneburg lens antenna with a flared open edge
for multi-beam scanning application at 5G mmWaves band
was proposed in 2021 by Wang et al. in [67]. They were
aimed to fulfill the increased data traffic in mobile communi-
cations, by proposing a high-gain (15.4 dBi) and wideband
antenna (from 26 to 37 GHz) for switched-beam applica-
tions. It consists of 11 resonant elements, shifted among
each other by 15°, around a unique circular Luneburg lens.
We can notice the possibility of applying distinct technologies
for encompassing all 5G demands. For instance, multiple
probes [67] or S-PIN-based SWAAs [65] could be employed
for switched-beam applications, whereas waveguide-based
slot antennas [65], Luneburg lenses [67] and cavities could
be used for increasing the antenna gain [65].

There are also some important works from literature on
MIMO and mMIMO systems, which define the antenna array
requirements. In 2016, Gao et al. proposed a dual-polarized
patch antenna array with low mutual coupling [68], which
is a very important MIMO requirement [78]. The proposed
system was composed of 144 ports operating at 3.7 GHz
and 18 low-profile subarrays for allowing 360° coverage.
Each subarray was based on four patch antenna elements with
two ports, one for each polarization, which allowed to reach
mutual coupling lower than —35 dB.

A dipole-based and dual-polarized 16-elements antenna
array was proposed by Komandla et al. in 2017 [69]. They
have proposed the usage of cross-polarized dipoles, one on
each side of a substrate, with a back cavity acting as a reflec-
tor. The coupling among the array elements was kept lower
than —20 dB through the entire operating bandwidth from
4.9 to 6 GHz. Finally, they have numerically demonstrated
beam-steering feature over 50°, four beams for a multi-user
environment and gain higher than 20 dBi for all evaluated
scenarios.

The research conducted by Yang et al. [70] in 2017 was
regarding the design and implementation of a TDD-based
128-element mMIMO system, including an analytical model
and a link-level simulation. The prototype was divided into
8 sub-arrays of 16 printed-dipoles mounted above metallic
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reflectors and arranged as a planar antenna array spaced by
0.8X (at4.1 GHz). From the antenna point-of-view, 0.8 spac-
ing is acceptable for creating a unique directive beam, without
prohibitive levels of grating lobes. However, such a spacing
could degrade mMIMO performance due to lack of channel
diversity. Nonetheless, since the array has been divided into
8 sub-arrays, the spacing among the array elements was
approximately 3.2, which ensured channel diversity and,
consequently, high mMIMO performance, as a result of a
maximum —25 dB mutual coupling. As a final result, authors
reached up to 69.12 bit/s/Hz spectral efficiency using quadra-
ture phase-shift keying (QPSK) modulation, which provides
only 1 bit/s/Hz in a conventional single antenna system.

Hu et al. have proposed a digital multi-beam array with
16 elements for the 26 GHz band in 2018 [71]. The
manuscript has focused on the beamsteering feature instead
of mMIMO application. The array element was a dual expo-
nentially tapered slot antenna (DETSA), which is a variation
of a conventional Vivaldi antenna. Each element was excited
by transverse electric (TE) propagation mode using substrate
integrated waveguide (SIW) in order to ensure mutual cou-
pling lower than —20 dB for an element spacing of 6 mm.
Moreover, a Jerusalem Cross planar lens enabled to increases
the array gain from 20 to 25 dBi and beamsteering from —50°
to 50° , by properly managing the element phase.

In 2020, Li et al. [72] proposed the use of a metasur-
face lens antenna in a 64-element dual-polarization patch
antenna array, envisaging to cover both multibeam and
mMIMO applications. The manuscript reported bandwidth
form 5.17 to 6.1 GHz, a scanning angle of +25°, gain up to
22.4 dBi with 3.3 dB variation and mutual coupling lower
than —20 dB. The switched-beam feature comes from select-
ing a port or a combination of ports of the array feeding
network. In this way, either multiple beams at the same
frequency or frequency division multiplexing for each beam,
aiming to increase the system throughput, might be imple-
mented.

Two important researches on the array topology are pre-
sented in [73] and [74]. In [73], Temiz et al. investigated
the impact of the antenna array geometry in the mutual
coupling and channel correlation, by exploiting a directional
wideband single antenna element for the antenna array and
UE. Particularly, two planar antenna arrays were considered
in the channel correlation analysis: a uniform antenna array
and a shifted antenna array. The uniform one was composed
of equally distributed elements, aligned in both horizontal
and vertical directions, whereas the shifted array consisted of
shifting lines of radiating elements in the matrix, increasing
the spacing between adjacent elements without compromis-
ing the array area. The obtained results proved the shifted
array outperforms the uniform conventional array in terms
of network capacity, due to a lower level of mutual coupling
and lower channel correlation (lower than —15 dB for the
linear array and —20 dB for the shifted array), especially
in lineline-of-sight (LOS) propagation. Additionally, an ele-
ment spacing periodicity investigation on the array topology
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was made by Aslan et al. [74] in 2021. They considered
four different array topologies for evaluating the interference
among multiple users and demonstrating aperiodic element
distribution has the potential of increasing the system quality
of service (QoS) in terms of inter-user interference reduction.
Using element spacing of at least X increases the inter-user
interference due to side-lobe level (SLL) increment in a LOS
environment. The advantages of using more spaced elements
in this scenario are thermal dissipation and creating space for
electronics in active antenna deployments at a limited impact
on quality of service (QoS).

Most papers on beamforming and MIMO applications
from literature are only regarding the array antenna ele-
ment (mainly patch, dipole or slot antennas) or feeding net-
work, as summarized by [68], [69], [70], [71], [72], [73],
and [74]. Regardless the application, reducing mutual cou-
pling is an important performance metric that was required
to be lower than —20 dB in most papers, using element
spacing from 0.5 to 1A for beamforming and multiple beams
applications. On the other side, MIMO systems make use
of channel diversity, the array elements need to be further
spaced.

Operating frequency and application are also important
pieces of information from Table 1. Fig. 3 compiles the
most common antenna types related to their application and
frequency ranges. It is noticed that classical dipoles, patch
and Vivaldi antennas are mostly used in the sub-6 GHz
band, whereas in mmWaves more types of antennas and
antenna arrays, waveguide-based antennas, have been pro-
posed for encompassing different access scenarios. Undoubt-
edly higher frequencies enable high-order antenna arrays, due
to smaller wavelengths. However, most papers on antenna
arrays from literature are focused on the sub-6 GHz band,
probably due to the complexity and high-cost of mmWaves
components and pieces of equipment. Furthermore, it has
been noticed there are more published solutions for beam-
forming, beam steering and multiple-beam than TDD-based
digital mMIMO applications. Once again, this is related to
implementation costs, since beamforming techniques can be
applied with a smaller number of RF chains. However, it is
important to emphasize that analog beamforming and steer-
ing techniques consider communication with few users (some
manuscripts are applied to only one user). On the other hand,
TDD-based digital beamforming guarantees multiple-access
for multiple users, as a result of the channel diversity in a non
line-of-sight (NLOS) scenario, which is more realistic in a
dense urban environment.

Our research group from the Laboratory Wireless and
Optical Convergent Access (WOCA) has been intensely con-
tributing to the development of mmWaves antennas for 5G
in the past few years, as complied in Table 1 [22], [75],
[76], [77], [79], [801, [81], [82] and illustrated by prototypes
shown in Figure 4. In 2017, da Costa et al. have reported the
first optically controlled reconfigurable slotted-waveguide
antenna array (SWAA) (Fig. 4(a)) for mmWaves from lit-
erature [75]. The physics behind its design was managing the
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FIGURE 3. Most common antenna types related to their usual
applications and frequency range.

slots electrical length by partially covering them with photo-
conductive switches in order to enable frequency tunability
and radiation pattern reconfiguration over the 28 and 38 GHz
bands.

Two novel mmWaves antenna designs were introduced in
2018 [79]. First, a 28-GHz omnidirectional SWAA based on
metallic rings for disturbing a traveling wave inside a dielec-
tric waveguide was manufactured, as displayed in Fig. 4(b).
Furthermore, dual-band and dual coverage SWAA (Fig. 4(c))
for simultaneous operation in the 28 and 38 GHz band was
proposed, using two groups of slots with different electrical
lengths on the opposite faces of a retangular waveguide.
Such dual-band SWAA has been applied to a switched-beam
MIMO system by Vilas Boas et al. [80] in 2019, by arranging
four SWAA elements as shown in Fig. 4(d). Experimental
results demonstrated mutual coupling lower than —35 dB
through the entire evaluated bandwidth (24 to 40 GHz).

Vilas Boas et al. have further investigated SWAA antennas
at mmWaves in 2020 [81]. In this new research, a low-profile
and high-gain SWAA (Fig. 4(e)) was developed for point-to-
point links and self-backhaul applications. Six pairs of metal
grooves have been integrated to the SWAA structure, which
implied in aperture efficiency of 20% and 9 dB gain enhance-
ment, reaching 27.7 dBi without using metallic parabolic
reflectors. Finally, the grooved-assisted prototype provided a
bandwidth of 900 MHz, which is compatible with the 5G-NR
standard from 3GPP.

Another approach for point-to-point links was imple-
mented in 2019 [22], by making use of a dual-band wireless
fronthaul using a frequency selective surface (FSS)-based
focal-point/Cassegrain antenna (Fig. 4(f)) [25], assisted by
an optical midhaul. That innovative 5G-Xhaul fiber-wireless
architecture takes advantage of digital pre-distortion in order
to guarantee up to 18 Gbit/s throughput in accordance to the
3GPP requirements. Particularly, the antenna consisted of two
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feeders individually operating at 7.5 and 28 GHz, a main
reflector and a FSS based sub-reflector. The latter one acts as
a conductor at 28 GHz and is electromagnetic transparent at
7.5 GHz, enabling the dual-band feature using a unique main
reflector.

We have also developed an omnidirectional high-gain
SWAA (Fig. 4(g)) operating at 24 GHz for femtocell appli-
cations [76]. It was based on a novel approach for designing
wideband SWAA, which relies on using trapezoidal-shaped
slots with two different electrical lengths, as well as a twisted
distribution of slot groups along the array longitudinal axis.
The trapezoidal slots are formed by gradually increasing
the slot length between the waveguide interior and exte-
rior surfaces. In this way, a smoother impedance transition
between waveguide and air is obtained for increasing the
array operating bandwidth. In addition, the twisting technique
allows to improve the omnidirectional pattern, by reducing
the gain ripple in the azimuth plane. Experimental results
have demonstrated 1.09 GHz bandwidth centered at 24 GHz
(4.54% fractional bandwidth), gain up to 14.71 dBi over the
operating bandwidth and only 2.7 dB gain variation in the
azimuth plane. Such novel SWAA is promising for mmWaves
applications, including 5G eMBB communications in indoor
scenarios, as demonstrated in in 2021, as a result of its imple-
mentation in a 91-m? indoor femtocell [82].

Recently, Filgueiras and Sodre Jr. [77] have conceived
and fabricated a 64-element, slot-based, dual-polarized and
substrate integrated coaxial line (SICL)-fed antenna array
applied to TDD-based digital mMIMO applications. The
prototype from Fig. 4(h) has 64 independent feeding points
and each radiating element provides a 2-GHz bandwidth,
from 25 to 27 GHz, beamwidth of approximately 85° in both
main orthogonal planes and 7.5-dBi gain.

D. ANTENNAS FOR THz

The specialized literature also presents antennas for THz,
as summarized in Table 2 [83], [84], [85], [86], [87], [88],
[89], [90], [91], [92], [93], [94]. Many of them are conven-
tional microwave and mmWaves antenna design, re-tuned
for higher frequencies. For instance, horn antennas, planar
antennas, dielectric lens-based antennas, reflectarrays and
resonant cavities designed for THz were exploited not only
in the Review Paper [91], which presented many manufactur-
ing techniques and antenna types, but also in [94]. Particu-
larly, 3D printing typically achieve up to 0.01 mm precision.
If higher precision is required, micro-milling still repre-
sents a more appropriate choice, such as Computer numeri-
cal control (CNC)-based manufacturing, electric erosion and
Low-temperature co-fired ceramic (LTCC). A conventional
cavity-based radiating structure at 135-GHz fabricated by
3D printing and a SWAA antenna operating at 141 GHz
were reported in [85] and [86], respectively. In the last one,
authors have used gap-waveguide for overcoming the electric
contact issue associated with mechanical mounting at high-
frequencies, enabling to manufacture it using simple micro-
milling techniques.
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FIGURE 4. Laboratory WOCA antenna array prototypes for 5G and
towards 6G. (a) Optically-controlled SWAA from [75]; (b) Omnidirectional
SWAA from [79]; (c) Dual-band SWAA from [79]; (d) 4-element SWAA
from [80]; (e) High-gain SWAA from [81]; (f) Dual-band
Focal-point/Cassegrain from [22]; (g) Omnidirectional SWAA from [76],
[82]; (h) mMIMO slot antenna array from [77].

TABLE 2. State-of-the-art on THz antennas.

Ref. Technology Bgl&;&ildth Fabrication method
[83] SIW 013430 LTCC
[84] SIW 0'05‘5‘ & PCB

Metallic and dielectric 3D

[85] Resonant Cavity 0.125 to printing with
0.144 M
post-metallization
Gap-waveguide
[86] (gapWG)-based 0'01 ?igto Micro milling
SWAA ’
[87] Cassegrain 002§f 0 CNC-based micro milling
[88] Waveguide 0.2 to Micro milling
0.30
[90] Printed slots O(f?ut 0 CNC and PCB
Dipoles and 302 to . .
[95] plantennas 541 Numerical design only
[96] Photoconductive 9to 47 Numerical design only
antenna

In [83], authors have proposed using a SIW feed-
ing line for exciting wideband dipole-based radiators
from 124 to 158 GHz. Similarly in [84], authors have
achieved a 20 GHz bandwidth at 550 GHz, by properly man-
ufacturing a PCB-based antenna with STW. Additionally, A.
Kosogor and Y. Tikhov manufactured a Cassegrain parabolic
antenna with a polished gold-plated for reducing losses

VOLUME 11, 2023



H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

IEEE Access

associated with its paraboloid roughness and conductiv-
ity [87]. It provided bandwidth from 220 to 310 GHz and gain
of 48 dBi at 265 GHz. Beam-steering capability from —75° to
30° at 260 GHz in conjunction with 28.5 dBi gain have been
ensured by a waveguide-based antenna filled with dielectric
material [88]. Its authors claim the achieved high perfor-
mance and their silica micro-milling technique, aimed for
mass production, make their antenna a low-cost and potential
solution for many THz applications, including radars and 6G
systems. The fabrication of a travelling-wave antenna with
reduced SLL operating from 390 to 410 GHz was described
in [90], using CNC and PCB techniques. Finally, plasmonics-
based antennas [96], photoconductive antennas [94] and new
materials, including graphene [97], have also been inves-
tigated for THz generation and detection. A photoconduc-
tive antenna is basically composed of a gap-based antenna,
an electrode and a photoconductive substrate. On the other
hand, the main advantage of using graphene is its resistivity,
which is lower than that of copper and gold [97], [98].

E. HIBS - HIGH ALTITUDE PLATFORM AS IMT BASE
STATIONS

Studies involving high-altitude plataform systems (HAPS)
for communications started in the 1990s. The first spectrum
for their use in the Fixed Services from Radio Regulations
was made available in 1997. Industry initiatives have started
from 1990 to 2000, but the technological aspects blocked
the airborne platform evolution. Particularly, HIBS has the
potential of providing connection to the use many cases,
such as health emergencies, rural areas, natural disasters
and drone operations, as properly elucidated in our previ-
ous publication [99]. As a consequence, the HIBS-based
mobile network can complement terrestrial IMT services,
by covering remote and unconnected areas. The COVID-19
pandemic has demonstrated the major Internet inequalities
among countries, proving more then never the need for
increasing connectivity and guarantee digital inclusion in
poor regions [99], [100].

Non-terrestrial solutions are focused on global attendance.
In this context, low Earth orbit (LEO) satellites and HIBS
represent potential options for overcoming coverage flaws.
Even though LEO satellites have been gaining attention for
mobile communication services, due to the aerospace mar-
ket growth, their user equipment has to be specific. On the
other hand, HIBS shares the spectrum already in use by the
terrestrial IMT networks worldwide, allowing UE connection
using conventional handsets. The HIBS operational altitude
in the stratosphere, around 20 km, ensures lower propagation
delay compared with the LEO satellites, enabling low-latency
applications, such as industrial remote security sensing and
control [99], [101].

HIBS is versatile in terms of deployment and supporting
the existing network infrastructure. An airborne platform is
placed at a quasi-stationary position above the deployment
area, typically using a cruise speed of 110km/h. Further-
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FIGURE 5. “Sunglider” HIBS Platform flying at the stratosphere during an
LTE video call communication test between United States and Japan.
[Courtesy of HAPSMobile/Loon].

more, they can be equipped with 4G, 5G, or even future
6G standard technologies, maintaining a reliable connection
over a cell coverage from 180 to 200 km. In September
of 2020, HAPSMobile has successfully tested a LEO-based
HIBS, by means of making a video call between members
in the United States of America and Japan. The flight at the
stratosphere spent 5 hours and 38 minutes at an altitude of
19.81 km, in which the wind speed reached around 30 m/s
and temperature was as low as —73° C [102]. Fig. 5 presents
the “Sunglider” camera spot perspective of the long-term
evolution (LTE) test flight with the Earth horizon view around
500 km of distance from HIBS Nadir. The LTE payload
test has been conducted at Spaceport America, New Mex-
ico (USA), where it was obtained the following experimen-
tal licenses from the Federal Communications Commission
(FCC): service link at the Band 28 (700 MHz); feeder links
at 5.8 GHz and from 70 to 80 GHz; payload control and
data collection channel from 902 to 928 MHz and 1200 to
1700 MHz, respectively [103].

The three-dimensional (3D) coverage expectation from the
future 6G technologies is one of the remarkable and unique
capabilities for HIBS. It is also important to highlight that
HIBS is a sustainable solution, due to the carbon neutrality,
the low impact on the environment and no use of any kind
of fossil fuel. Such unmanned platform uses solar panels to
generate energy during the day and uses batteries power dur-
ing the night flight. The IMT-2030 technical requirements,
aiming for future technologies as 6G, have been continuing
discussed in International Telecommunication Union (ITU)
Working Party 5D (WP 5D) in the document named as “IMT-
2030 to assess the trends of IMT for 2030 and beyond’ [99],
[101], [102].

In 2014, Google and Facebook have launched HAPS
initiatives trying to provide global connectivity. In 2019,
HAPSMobile and Loon started an alliance and in February of
2020, a group of aerospace and telecommunications compa-
nies joined efforts to create HAPS Alliance, to promote HIBS
connectivity around the globe. Since then, HAPS Alliance has
been promoting the technology and some trials and flight tests
have been conducted. Fig. 6 presents the Sunglider airborne
platform in HAPSMobile facility [102], in which solar panels
cover the top of the HIBS fuselage.
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FIGURE 6. “Sunglider” HIBS Platform at HAPSMobile facility [Courtesy of
HAPSMobile].

According to the ITU Radio Regulations from the Article
No. 5.388A, HIBS may use the following frequency bands;
from 1,885 to 1,980 MHz, from 2,010 to 2,025 MHz and
2,110 to 2,170 MHz in ITU Regions 1 and 3; the 1,885 to
1,980 MHz and 2,110 to 2,160 MHz bands in Region 2.
The ITU Agenda Item 1.4, for the World Radiocommuni-
cations Conference 2023, addresses the discussions on the
HIBS technical and operational features, including sharing
and compatibility studies with other services in the frequency
bands lower than 2.7 GHz, identified for IMT.

The IMT terrestrial evolves to new requirements and uses
cases, due to the final user demand applications. HIBS is
a part of the IMT system, as the non-terrestrial solution is
categorized as unmanned aerial vehicles (UAV) equipped
with Base Stations, which was standardized by the 3GPP
Release 17 [99], [101], [102], [104], [105]. In this context,
looking forward to the future 6G technologies, HIBS could be
considered potential to provide the Global spectrum usability
for attending remote areas and complementing future 6G
terrestrial networks in order to reduce the digital divide.

Our research group has recently published a paper entitled
“High- Altitude Platform Stations as IMT Base Stations:
Connectivity from the Stratosphere’ [99], in which we have
explained into details the HIBS current scenario, use cases,
regulatory aspects and sharing studies. Furthermore, we have
presented a coexistence analysis between HIBS and Fixed
Services at adjacent channels to support decisions to be made
at the World Radiocommunication Conference 2023 (WRC-
23). In [105], authors have presented the HIBS concept,
spectrum aspects and initiatives in 3GPP. Furthermore, the
challenges associated with super macro base station constel-
lations using HAPS are discussed in [101]. Complementary,
Dong Zhou et.al. presented an overview of the HIBS regula-
tory aspects and challenges from the International Telecom-
munication Union - Radiocommunication Sector (ITU-R)
community and Study Groups [104]. Finally, Global Sys-
tem for Mobile Communications Association (GSMA) has
released a report on HIBS in 2022 on its use cases, benefits,
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and opportunities, implementation scenarios, market analy-
sis, regulation and spectrum standard, comprising aviation
regulation and business model scenarios [106].

IV. OPTICAL AND WIRELESS TECHNOLOGY TRENDS

The RAN architecture has evolved over the years to support
mobile communications networks demands, which include
the recent 5G networks standardization efforts as well as early
discussions regarding 6G and its requirements, as mentioned
in Section II. The RAN evolution points out to the conver-
gence between fiber and radio system interfaces, as depicted
in Fig. 7, a configuration known as fiber-wireless (FiWi)
systems [23]. Important trends also include heterogeneous
networks (HetNets) [107] and C-RAN [108] architectures.
In addition, optical wireless communications (OWC) sys-
tems, which are based on FSO [109], have emerged as a
promising candidates for the next RAN generation, providing
a bandwidth of the order of GHz, to work in combination with
the other technologies mentioned above. Among the varia-
tions of OWC, VLC, and infrared communications, in par-
ticular, beam-steered infrared light communication (BS-ILC)
stand out [109].

The C-RAN deployment is very important for opti-
cal/wireless convergence. In distributed radio access net-
works (D-RANs), BBU and RRU are physically located at
BS, increasing the management effort and operational costs
in a scenario with a large number of small cells. On the other
hand, the C-RAN architecture allows the use of simplified
RRU at the antenna location, by means of moving BBUs to
a CO and, consequently, centralizing their baseband process-
ing, which gives rise to the concept of BBU pool [108].

A centralized network brings notable benefits, including
infrastructure reuse, operational and management simplifi-
cation, multiple technologies coexistence and lower energy
consumption, as well as lower capital expense (CAPEX)
and operating expense (OPEX) [107], [108]. In addition, the
C-RAN architectures also take benefits of innovative tech-
nologies such as software-defined networking (SDN) [110]
and network function virtualization (NFV) [111]. SDN
enables the physical/link layer functional splitting, such as
the separation of control and data planes at higher layers, sup-
porting advanced management techniques. The application
plane is based on network monitoring and security, which is
directly connected to the control plane. The latter consists of
SDN controllers, e.g., Open Network Operating System [112]
and OpenDayLight [113], responsible for managing network
devices positioned in the data plane. The OpenFlow proto-
col has been widely adopted to achieve the interconnection
between control and data planes [114].

In addition, the NFV approach provides flexibility and
scalability, by sharing network resources in a dynamic
way [115]. These functionalities allow the deployment of
network functions as specialized devices or virtualized as
virtual network functions (VNFs) [116]. The optimal split
can be dynamically achieved by software-based orchestration
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FIGURE 7. Diagram of a fiber-wireless system: RF- radio-frequency; MH- midhaul; BH- backhaul; FH- fronthaul; A-RoF- analog radio over fiber; D-RoF-

digital radio over fiber; DU- distribution unit.

and control, based on the service requirements and failures.
Therefore, the optimal physical/link layer functional splitting
can be achieved depending on the vertical application, for
instance, low latency, reliability, or high throughput [117].
Overall, an optimal combination of network function virtu-
alization (NFV), SDN and C-RAN is fundamental for inte-
grating optical and wireless systems in a flexible and reliable
mobile network [118]. In this context, landmark C-RAN
solutions have been developed over the years, such as: Soft-
RAN [119], SoftAir [120], FluidNet [121], FlexCRAN [122]
and O-RAN [123].

The remaining of this Section encompasses the main
optical-wireless technology trends based on the C-RAN con-
cept. We describe challenges and potential solutions, dis-
cussing FiWi system implementations, incorporating tech-
nologies based on FSO and VLC. In addition, we also discuss
PoF and integrated optics applications.

A. FiWi—Fiber/WIRELESS SYSTEMS

FiWi systems play an important role in the current and future
mobile communication networks, since they can be used to
support a wide range of applications and services. Indeed,
a full integration of 5G enabling technologies with FiWi sys-
tems is expected [24], [28]. Fig. 7 illustrates a fiber/wireless
system within the C-RAN framework, in which the FH link
can be implemented using a series of distinct technologies:
radio link, radio-over-fiber (RoF), free-space optics (FSO) or
even a combination of those. The BH optical link connects
multiple COs to the core network and can also connect mul-
tiple COs to each other. A DU can be implemented as an
extension of the FH link. In this case, a MH link is used to
connect CO to the DU.

Table 3 summarizes the state-of-the-art on FiWi systems,
addressing diverse applications. All listed works are based on
the C-RAN architecture and demonstrate implementations to
enable 5G solutions integrated to FiWi systems. Remarkable
advances include carrier aggregation for 5G communications;
MIMO use for increasing capacity; 5G coexistence with
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legacy technologies; distribution of 5G signals over passive
optical network (PON); and photonics-based signal amplifi-
cation and FiWi systems fed by a PoF scheme.

An important challenge from FiWi systems is the fiber-
radio integration, typically achieved by applying the RoF
technology, which is classified in at least two types: digi-
tal radio over fiber (D-RoF) and A-RoF [24]. The D-RoF
schemes digitize RF signals for launching them into the opti-
cal fronthaul using commercial interfaces, such as common
public radio interface (CPRI), open base station architecture
initiative (OBSAI) and open radio equipment interface (ORI).
CPRI-based D-ROF links found commercial success with
4G networks, supporting multiple radio standards and the
C-RAN functional split is expected for SG. Such approaches
also bring the advantages of interoperability with diffused
small form-factor pluggable (SFP) modules and robustness
against dispersion-induced power fading from microwaves
and millimeter-waves over fiber [108]. However, the follow-
ing drawbacks arise from the D-RoF solution when consider-
ing the requirements of 5G and 6G: the need of digitization
equipment and RF conversion stages at the remote site, even
more critical when introducing the mm-waves access that
requires complex and expensive hardware remotely; the total
data rate that D-RoF links require, which is significantly
higher than peak rates achieved on the radio interface and
demands a huge fixed bandwidth in the optical fronthaul; the
increase on the number of optical transceivers for addressing
the data rate [108], [124].

On the other hand, the A-RoF schemes concentrate the
most complex radio functions at CO and distribute radio
signals at the wireless carrier frequency through the opti-
cal fibers. Such methodology has been gradually becoming
attractive as the envisaged throughput in the air increases
and the industry begins to deploy mm-waves access. The
A-RoF advantages include: the capability of transporting RF
signals through optical fibers at low processing complexity,
i.e. without the need for digitization and RF remote con-
version; optical bandwidth and computational power saving,
due to the digitization absence; remote site simplification.
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TABLE 3. State-of-the-art on FiWi systems.

Frequency

Ref. Application Range Throughput
5G signal distribution .
[28] over PON FR1 and FR2 4.4 Gbit/s
[134] Carrier aggreg_afl(‘)n tf)r FR2 24 Gbit/s
5G communications
[135] 5G communications FR1 21 Gbit/s
[136] 5G communications FR2 1 Gbit/s
[137] Beam steer_ed fpr FR2 3 Gbit/s
5G communications
[138] 3 x 3 MIMO Not Specified 132 Gbit/s
[139] 5G and 4G C(.)‘mmumcatlons FR1 Not Specified
coexistence
5G signal distribution . L
[140] over PON FR1 and FR2 1.4 Gbit/s
Photonically amplified .
[141] FiWi for 5G FR1 and FR2 16 Gbit/s
[142] Optically-powered FR1 500 Mbit/s

FiWi for 5G

Despite these remarkable advantages, drawbacks might also
be listed as follows: the non-direct compatibility with estab-
lished passive optical networks, since requires A-RoF mod-
ules instead of SFPs; susceptibility to nonlinear effects from
the electro-optic components; susceptibility to chromatic dis-
persion [24], [125].

To make D-RoF powerfull for 5G/6G, technical solutions
toward a bandwidth-efficient digital fronthaul have been pro-
posed, such as data compression, new functional splits and
enhanced CPRI interface design. High capacity (hundreds of
Gbit/s) optical transceivers have also been designed to deal
with the expected throughput in the optical link [108], [126],
[127], [128]. In parallel, techniques to compensate dispersion
and combat power fading have been successfully demon-
strated to maintain A-RoF attractive for 5G/6G [125], [129].
The possibility of using A-RoF in WDM overlay topologies
has also been highlighted as an alternative for integration with
PONs [26], [28].

Once there is no standardization for the 5G/6G transport
schemes, combinations of D-RoF and A-RoF in a hybrid
solution has been proposed as an optimum solution [130].
In this context, hybrid digital-analog transport approaches
based on diverse techniques have been developed in the last
years, including WDM overlay, polarization division multi-
plexing [131], subcarrier multiplexing [132], A-RoF signal
allocation at the null point of the D-RoF spectrum [133] and
non-orthogonal multiplexing [130].

B. FIBER-OPTICS-BASED FRONTHAUL ASSISTED BY
MACHINE LEARNING

As indicated in Fig. 7, the FH link might be implemented
using distinct technologies, including fiber-optics. In this
case, both D-RoF and A-RoF have been considered and
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extensively discussed in the literature [ 143]. Although D-RoF
presents some scalability issues, it has been widely employed
in the FH link [108]. Scalability is an issue in D-RoF because
the radio signals are sampled and directly digitalized into
baseband data at the Remote Radio Head (RRH) from the
cell site. 5G and 6G systems, operating at mm-wave and
THz-wave ranges will demand ultra high-speed analog-to-
digital conversion (ADC) and digital-to-analog conversion
(DAC) components which are not available. To overcome this
problem, A-RoF becomes attractive, since it enables higher
spectral efficiency and remote radio unit simplification, when
compared to D-RoF configurations [24]. In addition, the
reduced signal processing in A-RoF results in diminished
latency.

Considering an A-RoF-based FH architecture, a seam-
less signal distribution is achieved by using linearization
techniques [28], [144], [145]. Fig. 8 illustrates an A-RoF
assisted by linearization techniques. Such techniques are
usually based on digital signal processing (DSP) solutions,
including digital pre-distortion (DPD) and equalization. More
recently, ML techniques have also been considered attractive
to implement the DPD and equalizer processing blocks, since
they are capable of performing complex computational tasks
without excessive computational effort.

The remarkable generalization and representation capa-
bility of ML algorithms might be considered a powerful
tool to further improve the development of convergent fiber-
wireless systems. However, there are a couple of technical
challenges to be overcome. Particularly for the fiber-optics
based fronthaul assisted by machine learning, one important
challenge is related to the need for representative data-set
for training neural networks. Researches have pointed out
reinforcement learning techniques, which do not demand a
previously generated data set, since the reinforcement learn-
ing model is trained on the fly [146]. In parallel, recent
mobile communication systems have embraced a plurality of
new services and applications, which increase the demand
for computing processing and storage capabilities. Moreover,
quantum computing with machine learning has been recently
proposed to increase efficiency, enhance and speed up the
system computing capabilities [147]. When considering the
ML-based linearization techniques, another important chal-
lenge must be considered. Once the response of the devices
that compose the A-RoF-based FH varies with time, a non-
re-calibrated linearization technique is desirable. Otherwise,
it will be necessary re-training the linearization algorithm,
which will generate considerable expenses, since the com-
munication system must be turned off for re-training, leav-
ing customers without coverage. To overcome this issue,
a ML-based scheme able to generalize possible variations
of the A-RoF response was proposed by our research group,
enabling a non-recalibrated linearization technique [148].

In this context, Andres Najarro et.al have demonstrated a
neural network-based approach to compensate the nonlinear
distortions in RoF systems. The neural network is employed
to compute the RoF system inverse response, which is
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FIGURE 8. Block diagram of an A-RoF assisted by a linearization
technique.

then used to compensate the inherent nonlinear degradation.
Liu et al. and Liu et al. have employed a neural network as
an equalizer [149], [150]. In this case, the neural network
processing block is placed at the base station to eliminate the
signal nonlinear distortions before the wireless transmission.
Indeed, our research group have proposed and implemented
DPD and equalizer schemes based on a multi layer perceptron
(MLP) neural network [151]. The proposed implementation
allows increasing the operating RF power, with no significant
distortions, thereby providing more flexibility for telecom-
munication operators making use of dynamic RF power allo-
cation to the several antenna sites.

C. FSO—FREE SPACE OPTICS

FSO wireless communication systems have attracted increas-
ing interest and undergone strong development in the last
decade [152].Some of the key advantages of FSO tech-
nology are large bandwidth, immunity to electromagnetic
interference, no need for spectrum licensing, and high data
rates. These features make FSO highly attractive to meet
the increasing traffic demand [153]. However, a FSO trans-
mission requires tight alignment tolerances and it is prone
to impairments arising mainly from non-ideal propagation
conditions. In other words, a FSO beam is highly vulnerable
to weather conditions such as turbulence, rain, fog, haze, and
dust, which will attenuate the light beam or even disrupt the
entire propagation link [154]. Hence, the FSO system should
be thoroughly characterized under severe weather conditions,
to assure that the received optical power is higher than the
receiver sensitivity, allowing the signal processing.

FSO systems operate in the wireless medium, conse-
quently, alignment losses can be quite common [155], [156].
A precise alignment in an FSO system can be well-achieved
when transceivers operate in LOS with no physical obsta-
cles obstructing the optical beam propagation. In a practical
FSO system, the primary reason for misalignment is the
base motion (building sway) in buildings, especially for FSO
systems installed on skyscrapers, which are heavily subjected
to sway [155], [157]. To minimize the misalignment loss,
an automatic pointing and tracking system can be integrated
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into the FSO apparatus, in such a way this tracking system
consistently adjusts the transceivers for an optimal alignment.

To minimize losses due to adverse weather conditions
one of the key methods for determining the FSO proper
operation is the link budget. The latter is used to predict
how much margin or extra power will be needed in a link
under any particular set of operating conditions. The margin
is then integrated with a model of atmospheric attenuation
to calculate the expected losses from both, scattering and
scintillation. Typically, a FSO link budget includes inputs
for the transmitted optical power, receive sensitivity, link
attenuation, geometric and alignment losses [158].

FSO systems can be used for high data rate communica-
tions between two fixed points over distances from hundreds
of meters up to a few kilometers. They have initially been
proposed as an efficient solution for the “last mile”” problem,
in order to bridge the gap between the end-user and the
fiber optic infrastructure [159]. More recently, FSO systems
are also appealing for a wide range of applications such as
metropolitan networks, inter-building communication, back-
haul for wireless systems, indoor links, fiber backup, service
acceleration, security, military purposes and satellite commu-
nications [160].

Table 4 summarizes some of the state-of-the-art FSO-based
configurations for high transmission capacity links [139],
[161], [162], [163], [164], [165], [166]. In [161] the authors
combined FSO and FiWi techniques to transmit a 100 MHz
bandwidth signal using 64-QAM modulation. Performance is
evaluated by exposing the RoF/FSO section to atmospheric
turbulence. The authors demonstrated that a 100-meters free-
space-optics link span, even under strong turbulence, can still
deliver acceptable error vector magnitude (EVM) below 9%
with SNR levels of 22 dB. Esmail et al. [162] have experimen-
tally analyzed the effect of dust storms on the performance
of an FSO link carrying a RF signal at 28 GHz. The results
indicate that the FSO link operating at an optical carrier
frequency of about 193 THz is significantly affected by low
visibility. In addition, the analysis showed that dust storms
condition introduces a flat fading over the frequency range
under study, i.e., 21-29 GHz bandwidth. Also, a comparison
between the FSO and RF channels under the same dusty
conditions was performed. The results showed that the effects
of the dust storm are negligible for the RF link which makes
it a suitable backup for FSO link in case of severe dust
conditions. Finally, a 8 Gbit/s transmission over the RoF/FSO
link has been demonstrated for a 40 GHz signal. System
penalties have been measured under distinct thermal-induced
turbulence distributions along the FSO channel [163].

A heterogeneous RoF/FSO/Wireless non-standalone
(NSA) transmission of LTE-A and 5G NR signals in the
2.2 and 3.5 GHz bands, respectively, has been carried out
in [139]. The experimental results demonstrated the benefits
of employing hybrid analog/digital heterogeneous transmis-
sion. The authors have achieved [164] the transmission of
high-speed radio signals in the 90 GHz band over a seamless
fiber—FSO system in both DL and UL directions, by using the
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TABLE 4. State-of-the-art FSO solutions for mobile fronthauls.

Ref. Architecture RF fl‘GeI(}l;bncy DL El(l;i?il:/gs?put
[161] FSO/Fiwi 24 t0 26 10

[162] FSO/Wireless 28 4

[163] RoF/FSO 26 to 40 8

[139] RoF/FSO/Wireless 2.2t03.5 Not Specified
[164] RoF/FSO/Wireless 90 80

[165] RoF/FSO/Wireless 39 3

[166]  RoF/FSOMWireless 4 7% 14

intermediate-frequency-over-fiber (IFoF) method. Specifi-
cally, a transmitted data rate of approximately 80 Gbit/s over
a seamless RoF/FSO/Wireless system in the DL direction
has been demonstrated. In addition, the authors established
reliable full-duplex transmission of millimeter-wave signals
over a hybrid single-mode fiber (SMF) and FSO link for
the 5G radio access networks [165]. 3 Gbit/s data rates
have been transmitted over a hybrid system, composed of
10 km SMF and 1.2 m FSO link. In particular, our research
group has proposed an architecture which relies on a novel
and efficient heterogeneous optical-wireless network using
RoF, FSO and wireless technologies for 5G and beyond
applications [166]. A hybrid fronthaul, which encompasses
a 12.5-km RoF link followed by a 1-m FSO link and an 8-m
indoor wireless access network, has been implemented. Spe-
cific combinations of multi-standard and multi-band optical-
wireless network reached throughputs up to 3 Gbit/s and
1.4 Gbit/s based on hybrid RoF/FSO and RoF/FSO/Wireless
configurations, respectively.

D. VLC-VISIBLE LIGHT COMMUNICATIONS
Visible light communications based on light emitting diodes
(LEDs) have emerged as a cost-effective, energy-efficient and
secure wireless access technology to address the demands
brought about by the future 6G network [167], [168].
In this technique, the lightning infrastructure can be exploited
for simultaneously providing multiple wireless services for
offices, aircrafts, homes, and hospitals, as well as vehicu-
lar applications such as vehicle to vehicle (V2V) and vehi-
cle to infrastructure (V2I) [109]. The VLC system offers
important advantages when compared to the conventional
RF systems, such as absence of licensing requirements and
immunity to electromagnetic interference, enabling access to
areas restricted to RF and frequency reuse. In addition, VLC
systems offer a huge amount of available bandwidth (BW) for
modulation, enhancing indoor security and privacy [169].
For these reasons, VLC technology represents an attractive
alternative to RF wireless communications. A carrier in the
visible light wavelength range (380-780 nm) enables a band-
width of up to one thousand times greater than RF communi-
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cations [168], allowing high data throughput, in the order of
Gbit/s [170], [171]. Also, the use of the non-regulated visible
light spectrum allows for a reduced cost for the deployment
of the VLC technology.

The literature registers several investigations of LED-
based VLC systems for indoor applications. Sifaou
et al. [172] numerically demonstrated the benefits of using
precoding techniques. They also established the improve-
ment of the signal-to-interference-plus-noise ratio (SINR)
in systems with multiple MIMO users, when the receivers
are placed at different beam arrival angles. In [173], the
authors experimentally demonstrated the joint implemen-
tation of WDM and MIMO techniques to transmit modu-
lated data streams in discrete multitone (DTM). Mejia and
Georghiades [174] presented an overview of color-shift-
keying (CSK), based on red, green and blue (RGB) LEDs,
by considering different coding methods, with empha-
sis on CSK trellis-coded modulation (TCM) and CSK
finite-state-machines (FSM) codings, which provided higher
SNR. In [175], an experimental work discussed DPD and
pre-equalization techniques to mitigate the degrading non-
linear effects of VLC systems.

In the context of VLC systems applied to 5G networks,
many investigations are also available in the technical liter-
ature [176], [177], [178], [179], [180], [181], [182], [183].
In [176], the authors performed a numerical performance
analysis of the asymmetrically clipped DC-biased optical
OFDM (ADC-OFDM) waveform in a relay-assisted VLC
system employing two radiant sources. The simulation results
show that the proposed configuration improves the system
performance [176]. In [177], the researchers numerically ana-
lyzed the discrete wavelet transform OFDM (DWT-OFDM)
waveform performance for the combined use of power line
communication (PLC) and VLC technologies. The theoret-
ical and simulation results, as a function of bit error rate
(BER), show that the DWT-OFDM outperforms a OFDM-
based PLC-VLC system. In [178], a numerical study was
carried out to optimize the number of optical attocells accord-
ingly to the number of users and the required throughput. The
simulated results showed that an attocell can guarantee the
quality of service of up to four users with a large half-power
half-angle [178].

Chou and Tsai [179] implemented and experimentally
analyzed a micro-projection enabling short-range communi-
cation (SRC) system for a personal communication device
in a 5G application using LEDs with a micro liquid crys-
tal display. 4-PAM, 8-PSK and 16-QAM waveforms were
transmitted and a maximum throughput of 892 Mbit/s was
reached for a distance of 0,65 meters between transmitter and
receiver [179]. Shi et al. [180] experimentally demonstrated
the implementation of the 5G NR standard in a VLC system.
The transmission of QPSK modulated signals was carried out,
and a maximum throughput of 14.4 Mbit/s was achieved for
a distance of 0.55 m [180]. Valluri et al. [181] experimen-
tally demonstrated the reduction of the peak average power
of the DC-biased optical OFDM (DCO-OFDM) waveform,
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FIGURE 9. Photograph of the visible light communication setup for
experiments.

by means of a channel estimation algorithm. The experimen-
tal results indicated a significant reduction in peak-to-average
power ratio (PAPR) without affecting the real-time channel
response [181]. Monteiro et al. [182] carried out a experimen-
tal performance analysis of the orthogonal frequency divi-
sion multiplexing (OFDM), generalized frequency division
multiplexing (GFDM) and filter bank multi-carrier (FBMC).
The results suggested that the GFDM provides improved
performance for the analyzed system, reaching a throughput
of 9.94 Mbit/s for a distance of 2 m [182].

Our research group has also contributed to the advance-
ment of the VLC technology. For instance, in [183],
we developed an RGB-based VLC system using the 5G
NR standard. In this proposition, a four LEDs array with
the red, green, blue and amber (RGBA) colors was used
in order to enable WDM transmission while still generat-
ing white light for environment illumination. During the
experiments, we decided not to use the amber wavelength,
due to its low optical output power. Yet, it was possible to
transmit signals at 872 Mbit/s. Transmission is based on the
VLC technique, operating simultaneously in three remain-
ing RGB colors. Additionally, M-QAM signals were also
transmitted, making use of the DPD in order to increase the
data throughput, which reached 1.92 Gbit/s. Fig. 9 depicts
a photograph of the experimental setup implemented in our
laboratory [183].

Although VLC systems present remarkable advantages in
comparison to traditional wireless links, there are several
implementation hurdles that must be overcome to enable a
commercial VLC system with all the required features. One
of the challenges refers to throughput enhancement since
there is a huge bandwidth available in the visible light spec-
trum and the commercial LEDs 3-dB bandwidth is limited,
reaching only a few MHz [184], [185]. For this reason, several
techniques have been proposed to overcome the LED band-
width limitation. A simple and low-cost approach is to place
a blue optical filter at the received for enhancing the 3-dB
bandwidth, however, throughput remains low in contrast with
the available bandwidth [186]. Laser diodes have also been
employed as a VLC transmitter, enabling higher bandwidths.
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For instance, Wei et al. reported a 6.9 Gbit/s VLC system
with functional transmission distance based on white-light
phosphor laser [187]. In addition, as reported in some of
the previously highlighted works, techniques to linearize and
compensate the LED response over the frequency can be
used, applying pre-distorter or equalizer, and also MIMO
techniques, to enhance the total throughput [172], [173],
[175], [183].

Other VLC systems challenges are concerning the uplink.
VLC links in an indoor environment focus on the use of white
LED broadcasting characteristics to enable lighting and com-
munication, typically downlink. Accordingly, there is a need
to establish an uplink, in order to create a bidirectional com-
munication [188]. The deployment of an uplink connection
using VLC is not an alternative, since the connected devices
might have multiple LEDs pointing in random directions,
which increases cost and can cause discomfort to the user
eyes [189]. In this context, a hybrid solution must be used
in bidirectional VLC links. Thus, the VLC provides a high
throughput downlink, whereas RF [190], [191], [192], [193]
or infrared [194], [195] communication enables the uplink,
combining the advantages of each technology.

E. IMWP—INTEGRATED MICROWAVE PHOTONICS
Integrated microwave photonics IMWP) [196] can support
widespread applications in the fields of radar, broadband
wireless access networks, optical processing, as well as in
emerging areas such as FiWi convergence, Terahertz systems
for medical imaging, personal area networks (wireless-body),
among others [141], [197], [198], [199], [200]. Although part
of this potential can be unleashed by conventional microwave
photonics (MWP) [201], [202], several applications are lim-
ited by its high cost and complexity, which establishes typical
ranges of size, weight and power (SWaP), of the order of
0.04-0.2m2,1.5-10 kg, and 15 -20 W, respectively [112].
Such values are detrimental for practical applications and
unfeasible for large-scale production. Thus, approaches based
on integrated optics have emerged, aiming to reduce research,
development, and prototyping costs, as well as the photonic
integrated circuits (PICs) processing time, by more than an
order of magnitude [196], [203], [204], [205].

A major challenge in microwave photonics implies reduc-
ing SWaP characteristics of its devices, subsystems and
systems. However, all-in-one platform integration is also
challenging for this technology. Integrated photonics has the
potential to change the scaling laws of high-bandwidth sys-
tems through proper architectural choices, which combine
photonics with electronics to optimize performance, power,
footprint, and cost. Drastic space and weight reductions are
immediate gains from integration [206], [207]. This technol-
ogy is transformative as it enables the integration of com-
plete sets of microwave and optical components, such as
light sources, analog and digital signal processing circuits,
light detectors, optical control circuits, and others RF cir-
cuits, all-in-one platform to achieve high-performance and
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low-cost mixed signal optical links. In addition, integrated
photonics offers much more than a reduction in footprint and
complexity. For example, confining light in the small mode
volume enhances its interaction with matter, most of the time
through nonlinear optical processes, which resulted in new
technological tools for IMWP, such as Kerr microresonator
combs, hybrid organic—plasmonic modulators and on—chip
stimulated Brioullin scattering (SBS) [197].

Generally, such integration technologies are composed of
highly standardized photonic integration processes which
allow the implementation of a range of application-specific
photonic integrated circuits (ASPICs) from a small set of
basic building blocks (BBB) [203]. Then, it becomes possible
to support a number of different applications, reducing the
PICs development cost and achieving improved performance
and reliability [208]. Also, several different designs can be
combined on the same wafer, the so-called multi-project
wafer (MPW), also reducing manufacturing costs, as they will
be divided among different users [203], [208].

Technologies and integration platforms available for
IMWP can be classified into monolithic, heterogeneous, and
hybrid [196]. Monolithic approaches require either a single
material system or a single-chip implementation. Heteroge-
neous integration can be accomplished by combining two or
more materials technologies into a single PIC. Meanwhile,
hybrid integration is a process which employs two or more
PICs, generally from different materials technologies, into a
single package [209], [210]. Typical components manufac-
tured in integrated optics include lasers, modulators, pho-
todetectors, optical amplifiers and filters, as well as passive
components such as couplers, splitters, and delay lines. It is
worth mentioning that the performance characteristics of each
integrated component vary accordingly to the technological
platform used. Among the various available integration plat-
forms, the five most common are those based on indium
phosphide (InP), Silicon Photonics (SiPh), Silicon Nitride
(Si3zNy), Lithium Niobate (LiNbO3) and polymers [196],
[209], [211]. Fig. 10 illustrates typical integrated components
within the PIC platform.

InP platforms enable the high-bandwidth lasers, modu-
lators, photodiodes, and optical amplifiers, offering a path-
way to optoelectronic monolithic integration and good
reliability [212], [213]. SiPh leverages existing complemen-
tary metal-oxide—semiconductor (CMOS) process technol-
ogy, thereby offering a more cost-effective implementation
and a more compact footprint [214], [215]. The SizNy plat-
form provides very low propagation losses, low fiber cou-
pling loss, enabling filtering and beam shaping applications,
at a potentially low cost [216], [217]. LiNbOs3 technology
provides a strong E/O effect and relatively low loss, making it
suitable for wide-bandwidth modulators, by taking advantage
of a well-established technology base [218], [219]. Regarding
the electro-optic (EO) polymer technology, it offers intrinsic
advantages such as a large EO coefficients, low dielectric con-
stant and loss, as well as excellent compatibility with other
material systems [220], [221]. In recent years, transmitter
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FIGURE 10. Integrated components within the photonic integrated
circuits platform.

and receiver modules using IMWP are being presented in the
literature as show in [222] and [223].

The development of photonic transmitters based on
wavelength-tunable lasers arrays is an example of integrated
optics research which has been addressed in the literature
because it is a required building block for many microwave
photonics applications. The multi-wavelength transmitter
(MWT) are considered promising for short-distance links
in data center networks, mobile backhaul, and access net-
works [201]. In addition, the MWTs can be employed to feed
phased array antennas, allowing beamforming/beam steering
capabilities [224].

The MWTs investigations reported in the literature are
based either on the directly modulated lasers (DMLs) or
externally modulated lasers (EMLs) configurations. Imple-
mentations based on EMLs are less compact, more complex
and expensive, requiring a larger footprint, due to the use of
external modulators. On the other hand, it offers the benefit of
low chirp, which is a limiting impairment in systems employ-
ing DMLs. In [225], the authors reported a transmitter based
on the integration of four widely tunable EMLs on a InP sub-
strate. Each generated beam passes through a semiconductor
optical amplifier (SOA) and an external electro-absorption
modulator at 10 Gbit/s in baseband operation [225]. Yao
et al. [226] demonstrated a six-channel array based on EML
using Mach-Zehnder modulators integrated into a InP plat-
form. The baseband non-return to zero (NRZ) optical signals
were transmitted at 20 Gbit/s and 30 Gbit/s throughputs. The
photodetected signals were analyzed using the eye diagram
and BER [226].

In [227], the authors implemented an array of eight InP-
based DMLs in the wavelengths around 1550 nm. A 23!-1
NRZ pseudo random binary sequence (PRBS) was trans-
mitted at 10 Gbit/s in the back-to-back (B2B) condition
as well as for a baseband-over-fiber (BBoF) link of 2km
over SMF [227]. In [228], the authors described an array
of four DMLs with a 17 GHz electrical bandwidth, in the
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wavelength range between 1295 and 1310 nm, for Local
Area Network WDM (LAN-WDM) applications. Data trans-
mission tests was performed with the standard 23'-1 NRZ
PRBS, at 25 Gbit/s per channel, analyzing the B2B condition
and the impact of 30-km propagation in BBoF link from
SMF [228]. Andriolli et al. [229] implemented an integrated
MWT, manufactured with eight channels with a 12 GHz elec-
trical bandwidth between 1541.4 and 1547.0 nm, in which
each laser could be tuned around 4 nm. The experiments
demonstrated baseband transmission of 15 Gbit/s over 2.1 km
of SMF [229].

It is noticed that the investigations described so far concern
the optical transmission of baseband signals. However, the
use of multi-wavelength transmitters is also promising for
WDM-based RoF and/or FiWi systems [24], [230]. Regard-
ing the 5G networks, MWTs can be useful for fronthaul
architectures using the WDM technnique.

In this regard, our research group described in [231], a
4G/5G shared optical fronthaul implementation on the basis
of an integrated MWT [229]. The experiments were carried
out in two conditions, the first scenario based on WDM,
where each RF signal was transmitted on a different opti-
cal carrier, and the second scenario based on subcarrier
multiplexing (SCM), where the RF signals were combined
in the electrical domain and then transmitted by a single
laser. Maximum throughput of 1.04 Gbit/s was demonstratd,
by means of two signals in the 5G NR standard and one signal
in the LTE standard, through a 12.5-km optical link [231].
Next, we reported a FiWi architecture using the integrated
MWT [232]. Three RF signals were transmitted in WDM
by a 12.5-km long RoF link and radiated through an indoor
wireless link within a 10 m range or an outdoor wireless link
of about 115 m. A maximum throughput of 1.36 Gbit/s and
230 Mbit/s were experimentally demonstrated, in the 10 m
and 115 m scenarios, respectively [232]. Finally, in [233] we
reported a RoF/FSO system employing the integrated MWT
combined with the use of BS-ILC. In these experiments,
an M-QAM signal was transmitted over a 12.5 km RoF link
followed by a 1.5 m FSO link. The RoF/FSO combination
achieved a maximum bit rate of 160 Mbit/s using a bandwidth
of only 20 MHz [233].

F. PoF—POWER-OVER-FIBER

The PoF technology has become an attractive solution to
transport electrical power to remote locations. In short, this
technology consists of transmitting power by means of an
optical fiber, which provides excellent electrical isolation and
immunity to RF, magnetic fields, sparks, and interference.
Other features include galvanic isolation, weight reduction,
and resistance to corrosion, moisture, and extreme tempera-
tures [234], [235], [236]. In this context, PoF may be con-
sidered as an attractive alternative to increase safety and
reliability of a number of applications by replacing conven-
tional power supplies, metallic cables, and batteries. PoF sys-
tems typically employ three main components: a high-power
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FIGURE 11. Optically-powered FiWi system towards 6G mobile networks
(modified from [142]). CO - central office; BH - backhaul; FH - fronthaul;
PoF - power-over-fiber; RoF - radio-over-fiber; RRU - remote radio unit.

laser diode (HPLD), responsible for generating high optical
power; an optical fiber as the light transmission medium;
a photovoltaic power converter (PPC), which performs the
optical-to-electrical (O/E) conversion [237]. One of the key
performance metrics in a PoF system is power transmission
efficiency (PTE), defined as the ratio between the HPLD
output power and total electrical power delivered by the
PPC [238]. As simultaneous data and power transmission
has become feasible, delivered power levels have reached
over 40 W [239], [240], PoF has been employed to power
devices in a wide range of applications, including 5G and
future mobile networks.

Cell densification is a promising approach to meet the
coverage and capacity requirements of future 6G networks.
An effective way to achieve the required desinsification is to
reduce the cell size and to increase the number of deployed
BSs. However, the BS typically consumes around 60% of the
total available power of mobile systems, leading to a sub-
stantial rise in power consumption [241]. Consequently, it is
crucial to provide solutions to properly supply the required
power to BSs, ensuring network operation stability, safety
and robustness. In this context, PoF may be considered a
potential approach to power BSs in future wireless networks.
Fig. 11 depicts an optically powered FiWi system based on
the C-RAN architecture and employing PoF and RoF tech-
nologies. This implementation consists of a CO from which
power and data are simultaneously transmitted through an
optical fiber cable, which can be composed of multimode
fibers (MMFs), SMFs or multicore fibers (MCFs). Although
the PoF technology typically provides lower PTE compared
to the conventional power lines, it can still be extremely effi-
cient, thereby contributing to the required significant increase
in the number of BSs across 5G and 6G networks [240].

Several architectures employing the PoF technology
have been reported in literature regarding mobile fronthaul
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configurations. Table 5 reports the main performance param-
eters for the state-of-the-art PoF solutions for mobile fron-
thauls. In particular, an optically-powered RoF system
employing a MCF link has been proposed [242]. A 12-Gbps
OFDM signal with intermediate frequency (IF) of 92 GHz
was simultaneously transmitted with a 0.8-W optical power
beam to feed an UTC-PD and an RF amplifier, aiming at
5G applications. Regarding high-power delivery, Matsuura
et al. [238] demonstrated a 150-W optical power transmission
over a 300-m double-clad fiber (DCF) link. Four 808-nm
HPLDs and 18 PPCs were used for providing 40 W of elec-
trical power, resulting in PTE of approximately 30%. A PoF
system capable of delivering roughly 2-W of electrical power
over a 100-m MMF link was reported in [243]. A RRH control
board was developed and different sleep mode configurations
were implemented aiming at efficient 5G C-RAN fronthauls.
Al-Zubaidi et al. [244] reported the use of a SMF link for
optically powering remote antenna units (RAUs) of 5G sys-
tems. Approximately 870 mW was delivered to an optical
power meter (OPM). Also, a 5G fronthaul configuration has
been deployed in [245]. In this work, 10-W optical power
and 1.5-Gbit/s 5G NR signal carrier centered at 3.5 GHz
were simultaneously transmitted over a 1-km SMF link. Over
7 W electrical power was delivered to an OPM, resulting in
PTE of 25.1%. Lopéz-Cardona et al. [246] reported a PoF-
based 5G NR network employing RoF technology and a
MCEF link. More recently, the simultaneous transmission of
a 5G NR signal and 60-W energy light has been reported
in [247] employing 1-km of weakly-coupled seven-core fiber
(WC-7CF). Over 11.5 W electrical power was delivered in
this scheme.

Our research group, WOCA, from National Institute of
Telecommunications (Inatel), has implemented an optically-
powered 5G NR FiWi system employing PoF and RoF
technologies, aiming at high-throughput short-range 5G NR
cells [142]. Our approach enabled the simultaneous transmis-
sion of a 5G NR signal at 3.5 GHz with bandwidth up to
100 MHz as well as a 2.2-W optical power signal employing
dedicated fiber-optics links. The proposed PoF system was
able to deliver up to 516 mW electrical power, by means
of a 100-m MMF link, in order to optically power a 5G
NR RAU. An overall PTE of 23.5% was achieved with this
configuration.

One may notice from Table 5 that the main challenge
regarding PoF systems is the fiber link reach. In a shared
scenario, in which a single optical fiber is used for simultane-
ous power and data transmission (see Fig. 11), long-distance
fronthaul links are not feasible due to the higher attenuation
at the shorter wavelengths employed in PoF systems, e.g.
808 nm and 980 nm, which limits the power transmission
link to a few kilometers. On the other hand, in a dedicated
configuration, data and high-power signals are individually
transmitted through dedicated fibers. In this context, a cen-
tralized power supply station (CPSS) could be implemented
for distributing power to each RRU by means of a dedicated
PoF link, as reported in [142], and the PoF link distance

9250

TABLE 5. State-of-the-art PoF solutions for mobile fronthauls.

Optical Distance Electrical PTE

Ref. Power
(W] [m] Power [W] [%]

[242] 0.8 - 0.05 6.25
[238] 150 300 43.7 30
[243] 54 100 2.343 43.4
[244] 2 100 -
[245] 10 1000 2.51 25.1
[246] 1.26 10000 0.133 10.5
[247] 60 1000 11.5 19.2
[142] 2.2 100 0.516 23.5

limitation would not have any impact on the fronthaul link
distance.

The PoF system capacity of delivering high power is also
critical. As reported in Table 35, the maximum electrical
power delivered by a PoF system reported in literature is
43.7 W. However, the typical maximum power consumption
of a 5G site is currently higher than 11 kW [248]. Conse-
quently, current PoF systems would not deliver enough power
to feed an RRU in 5G sites. On the other hand, PoF systems
could be employed to enable low-power small cells. For
instance, a commercial femtocell typically consumes up to
24 W [249]. In addition, base stations operating in sleep mode
have been proposed, saving up to 60% energy in networks and
enabling PoF integration [238]. Nevertheless, PPCs conver-
sion efficiencies are expected to improve as the technology
matures, increasing the capacity of power delivery in PoF
systems.

V. CONCLUSION

This paper presented a review on wireless and optical con-
vergent access solutions towards 6G systems. The manuscript
started with an brief overview on the mobile communication
systems evolution trends, focusing on the challenges and the
vision for the future 6G RAN. Next, the use cases, require-
ments and enablers for 6G networks were discussed. It was
pointed out that they are still under discussion worldwide,
suggesting that THz and sub-THz communications, wireless-
optical integration, VLC and new antennas designs can be
considered major building blocks for the future wireless
systems. The manuscript also presented the main wireless
technology trends, which encompassed the channel capac-
ity opportunities and issues, considering the expected high
frequencies, including mmWaves and THz communications
and last mile solutions such as HIBS technologies. Also,
the paper conducts a discussion on the state-of-the-art on
antenna design for sub-6 GHz, mmWaves and THz frequency
ranges. It was concluded that the literature on beamforming
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and MIMO applications from literature are usually concerned
with the array antenna element (mainly patch, dipole or slot
antennas), feeding network or scanning range enhancement.
In any case, regardless the application, reducing mutual cou-
pling is an important performance metric. Furthermore, THz
antenna design is divided in two main categories: conven-
tional microwave and mmWaves antenna design, re-tuned
for higher frequencies and photoconductive antenna design
for THz signal generation, by using antennas, photonics and
concepts and plasma physics concepts.

Next, the manuscript presented the RAN evolution towards
optical and wireless convergence, to support current and
future mobile communications networks requirements. In this
context, FiWi systems within the C-RAN architecture and
fiber-optics-based fronthaul assisted by ML were consid-
ered candidates to solve flexibility and scalability issues.
In addition, OWC systems, specially FSO and VLC, have
emerged as promising candidates for enabling optical-fiber
like performance. Also, new approaches in photonic integra-
tion have emerged, aiming to reduce research, development,
and prototyping costs of MWP devices. Finally, the PoF
technology was proposed as a joint solution to transport data
and electrical power to remote locations.

All discussed technologies are still ongoing research,
which brings many opportunities as future works for
researchers worldwide. For example, the manuscript has
pointed out that antenna design is continuously evolving
towards higher frequencies, up to THz frequency range. This
leads to the conclusion that active and integrated circuits,
jointly with new materials, should be investigated for cover-
ing these unprecedented frequency bands. FiWi systems are
limited if employed as D-RoF due to the need for high-speed
ADCs and RF conversion in remote sites, whereas A-RoF
drawbacks are related to the compatibility issues with estab-
lished passive optical networks. If a ML-based linearization
technique is employed, FiWi systems challenges are related
to the need for a representative data set for training a neural
network. FSO systems can be unfeasible in case of low align-
ment precision and stability, whereas VLC systems provide
an extremely wide bandwidth in the optical domain, but are
limited by the electric bandwidth from the LED components,
which is quite narrow. A major challenge in microwave
photonics implies reducing the SWaP characteristics of its
devices, subsystems and systems. Finally, on joint deploy-
ment of PoF and communication links, the main challenge is
the fiber spam length. Long-distance fronthaul links are not
feasible due to the high attenuation at the shorter wavelengths
employed in PoF systems.
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Capitulo 4

Conclusoes e Trabalhos Futuros

Foi proposto neste trabalho a investigacdo experimental de diferentes arquiteturas
de redes moveis baseadas em A-RoF e FSO para o transporte de sinais 5G operando
de forma simultanea. Resultados experimentais comprovaram que as tecnologias po-
dem coexistir utilizando a mesma infraestrutura de rede, se devidos parametros forem
levados em conta, estes sdo: deslocamento de frequéncia minimo entre as portadoras
de RF dos sinais; niveis de poténcia Optica na recep¢ao e niveis de poténcia de RF
transmitidas. Propde-se também a implementac¢do hibrida utilizando as tecnologias A-
RoF, FSO, VLC e ondas milimétricas com objetivo de atender possiveis solugdes para

diferentes cendrios de atuacdo do 5G e 6G.

A primeira investigacdo propde a integracdo de uma rede Optica hibrida baseada
em A-RoF operando na faixa de ondas milimétricas em uma rede WDM-PON. A
técnica especifica utilizada no fronthaul no enlace 6ptico € conhecida como CS-DSB
e emprega dois estagios em cascata de modulacdo externa usando moduladores MZM.
Através da otimizagdo dos parametros operacionais do modulador, € possivel alcancar
uma multiplicacdo de frequéncia de RF em duas vezes no dominio elétrico. A solugdo
proposta permite a geragdo e transporte de um sinal 5G NR na frequéncia de 60 GHz
com uma largura de banda de 400 MHz e um esquema de modulagdo por QPSK. Com
base nos resultados obtidos, a solucao proposta demonstrou sua viabilidade para aten-
der as demandas de densificacdo de c€lulas das redes SG/6G, alcancando uma taxa de

transferéncia de dados de aproximadamente 11,8 Gbit/s.
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A segunda configuragdo experimental converge para uma arquitetura de rede unifi-
cada que combina solu¢des baseadas em FiWi, FSO e VLC para atender aos requisitos
das redes 5G e 6G. Para isso, a arquitetura implementada é baseada no conceito X-
HAUL, utilizando 20 km de fibra 6ptica seguido por um enlace FSO como fronthaul
da rede, considerando aplicacdes de ultima milha. Na sec@o de acesso, um link 5G NR
em ondas milimétricas a 39 GHz foi implementado a uma distancia de 2 m, e simulta-
neamente, uma transmissao VLC utilizando um sinal M-QAM, a 550 MHz foi avaliada
para aplicacdes em ambientes internos. Resultados experimentais demonstraram uma
coexisténcia satisfatoria entre as tecnologias utilizadas, alcangando uma taxa total de

transferéncia de dados de 4,8 Gbit/s.

As duas arquiteturas propostas foram avaliadas de acordo com os requisitos de

EVMgus estabelecidos pelo 3GPP Release 18.

Como trabalhos futuros, o principal foco € no aumento no tamanho dos links FSO e
mm-wave, para isso o objetivo de propor solu¢des com transceptores FSO comerciais,

com possibilidade de estender o link em até 1,5 km.
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