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Abstract

The fifth generation (5G) standard is the potential key to meet the exponentially increasing
demand of the emerging applications, services and mobile end users. 5G technology will offer
an extremely low latency of 1 ms, peak data rate of 10 Gbit/s, high contention density up to 108
devices/km? and enable high mobility up to 500 km/h. This Thesis proposes several solutions
based on enabling technologies for deploying 5G networks. Cloud-radio access network (C-
RAN) architecture is employed in conjunction with microwave photonics techniques as a
promising solution to generate and transmit millimeter wave (mmW) signals in the next
generation of mobile communications. Radio over fiber (RoF) has been demonstrated as a
good option to face the challenge of mmW wireless distribution, due to long transmission
distance, large bandwidth and immunity to electromagnetic interference, as some of the main
advantages. Moreover, this technology can be extended with free-space optical (FSO)
communications in Radio over FSO systems (RoFSO) as wireless networks.

In this Thesis, mmW signals are photonically generated by carrier suppressed double
sideband (CS-DSB) external modulation and distributed over hybrid RoF/FSO fronthaul links.
Signals up to 90 GHz frequency with phase noise levels below -87 dBc/Hz have been
experimentally generated. Moreover, multiple generated signals allow reconfigurable
distribution in wavelength-division multiplexed (WDM) channels from a central office to the
base stations, and the impact of turbulent FSO channels on photonically generated mmW
signals has been evaluated in terms of power signal fluctuations and phase noise.

A directly modulated laser (DML) is proposed as a major solution for signal transmission
over hybrid optical links employing optical frequency multiplication scheme, i.e. CS-DSB, for
mmW signal generation. Moreover, local and remote photonic mmW signal generation
schemes are theoretically and experimentally evaluated and compared for practical
deployment in C-RAN fronthaul network. The remote configuration leads to a higher electrical
output power, i.e. 15 dB higherin 25 km fiber links, than the local generation setup in the mmW
band due to the combined effect of chirp and fiber dispersion. Furthermore, the impact of
harmonic and intermodulation distortion on data transmission is experimentally studied, which
measured results shows that wideband signals with in-band distortion and multiband signals
with out-of-band distortion are examples that need to be transmitted over local generation
mmW approach instead of remote approach. Furthermore, for the sake of obtaining the DML
usability in terms of bandwidth, theoretical and experimental evaluation of the effect of fiber
dispersion and chirp over different M-quadrature amplitude modulation (QAM) signals
bandwidth is also presented. Both experimental and simulation results show that larger signal
bandwidths lead to higher optical power penalties due to the combined effect of fiber dispersion
and laser chirp.

Another data transmission approach based on the cascade of two external modulators is
also employed in the Thesis. In this case, the experimental demonstration of optical signal
generation employing CS-DSB and signal transmission over hybrid fiber and FSO fronthaul
network is completed with a seamless antenna link leading to successful transmission of
64/256-QAM 5G signals with 200 MHz bandwidth. The CS-DSB and DSB schemes are also
investigated for the sake of comparison and results demonstrate that the CS-DSB scheme is
robust against chromatic dispersion-induced fading for the frequency up to 40 GHz and single
mode fiber length of 30 km, whereas the DSB format seems more appropriate for an antenna
seamless transmission. Furthermore, experimental evaluation of the impact of turbulent FSO
links on photonically generated mmW signals with different thermal distributions has been
performed and data signal degradation has been quantified according to the turbulence
conditions.

As final demonstrators, the Thesis includes a full-duplex transmission system employing
39 GHz downlink (DL) and 37 GHz uplink (UL) 5G signals over hybrid links with maximum bit
rate of 1 Gbit/s single-user and 3 Gbit/s three-users for DL, and 2.4 Gbit/s for UL, respectively;

XXV



and 60 GHz (DL) and 25 GHz (UL) OFDM LTE signal transmission over an heterogeneous
optical fronthaul infrastructure consisting of 10 km optical fiber, 100 m FSO channel and 2 m
wireless radio link.
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Resumen

El estandar de quinta generacion (5G) es la clave potencial para satisfacer el aumento
exponencial en la demanda de nuevas aplicaciones, servicios y usuarios. La tecnologia 5G
ofrecera una latencia extremadamente baja de 1 ms, una velocidad maxima de datos de 10
Gbit/s, una alta densidad de conexion de hasta 108 dispositivos/km? y permitira una alta
movilidad de los dispositivos de hasta 500 km/h. En esta Tesis se proponen varias soluciones
basadas en tecnologias habilitadoras para el despliegue de redes 5G. La arquitectura de la
red de acceso de radio en la nube (cloud-radio access network, C-RAN) se emplea junto con
las técnicas de Fotdnica de Microondas como una soluciéon prometedora para generar y
transmitir sefiales de ondas milimétricas (millimeter wave, mmW) en la préxima generacion de
comunicaciones moviles. La tecnologia radio sobre fibra (radio over fiber, RoF) ha demostrado
ser una buena opcién para enfrentarse al desafio de la distribucién inaldambrica mmW debido
a la gran distancia de transmision, el gran ancho de banda y la inmunidad a las interferencias
electromagnéticas, entre algunas de las principales ventajas. Ademas, esta tecnologia se
puede ampliar con comunicaciones Opticas de espacio libre (free-space optics, FSO) en
sistemas de radio sobre FSO (radio over FSO, RoFSO) en las redes inalambricas.

En esta Tesis, las sefiales mmW se generan foténicamente mediante modulacién externa
de doble banda lateral con supresion de portadora (carrier suppression-double sideband, CS-
DSB) y se distribuyen a través de enlaces fronthaul hibridos RoF/FSO. Se han generado
experimentalmente sefales de hasta 90 GHz de frecuencia, con niveles de ruido de fase por
debajo de -87 dBc/Hz. Ademas, la generacion multiple de sefales permite la distribucion
reconfigurable en canales multiplexados por division de longitud de onda (wavelength-division
multiplexed, WDM) desde una oficina central hasta las estaciones base, y se ha evaluado el
impacto de las turbulencias producidas en los canales FSO sobre las sefiales mmW
generadas foténicamente en términos de fluctuaciones de potencia y ruido de fase de la sefal.

Se propone la técnica de modulacién directa de un laser (directly modulated laser, DML)
como solucién principal para la transmision de datos a través de enlaces 6pticos hibridos que
emplean un esquema de multiplicacion de frecuencias oOpticas, es decir, CS-DSB, para la
generacion de sefales de mmW. En concreto, se evaluan tedrica y experimentalmente los
esquemas de generacion foténica local y remoto de sefiales mmW y se comparan para su
implementacion practica en la red frontal de la C-RAN. La configuracion remota conduce a
una mayor potencia eléctrica de salida que la configuracion de generacion local en la banda
de mmW, de forma especifica, 15 dB mas en enlaces de fibra de 25 km debido al efecto
combinado del chirp y la dispersion de la fibra. Ademas, se estudia experimentalmente el
impacto de la distorsiéon armonica y de la intermodulacion en la transmision de datos, cuyos
resultados muestran que las sefiales de banda ancha con distorsidn dentro de la banda y las
sefiales multibanda con distorsiéon fuera de banda son ejemplos de sefiales que deben
transmitirse a través del esquema de generacion local en lugar de la generacion remota.
Igualmente, con el fin de obtener la capacidad que ofrece el DML en términos de ancho de
banda, también se presenta una evaluacion tedrica y experimental del efecto de la dispersion
de la fibra y el chirp sobre diferentes anchos de banda de sefiales de M-modulacion de
amplitud en cuadratura (quadrature amplitude modulation, QAM). Tanto los resultados
experimentales como los de simulacion muestran que los anchos de banda mas grandes de
sefal conducen a penalizaciones de potencia 6ptica mas altas debido al efecto combinado de
ambos.

No obstante, la Tesis también incluye otro enfoque para la transmision de datos basado
en el uso de otro modulador externo. En este caso, la demostracion experimental de la
generacion de sefiales opticas empleando CS-DSB y la transmision de sefales a través de
fibra hibrida y red frontal FSO se completa con un enlace de antena que permite transmitir
sefiales 5G 64/256-QAM con un ancho de banda de 200 MHz. La investigacion realizada con
los sistemas CS-DSB y DSB también permiten compararlos y los resultados demuestran que
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el esquema CS-DSB es robusto frente al desvanecimiento inducido por la dispersién cromatica
para frecuencias de hasta 40 GHz y una longitud de fibra monomodo de 30 km, mientras que
el formato DSB parece mas apropiado para la transmision a través de un enlace radio entre
antenas. Ademas, se ha realizado una evaluacién experimental impacto las turbulencias
producidas en los canales FSO sobre las sefiales mmW generadas fotdnicamente con
diferentes distribuciones térmicas y se ha cuantificado la degradacién de la sefal de datos de
acuerdo con las condiciones de la turbulencia.

Como demostradores finales, esta Tesis incluye un sistema de transmision full-duplex que
emplea senales 5G en enlace descendente (downlink, DL) a 39 GHz y en enlace ascendente
(uplink, UL) a 37 GHz sobre enlaces hibridos con una tasa de bits maxima de 1 Gbit/s para un
solo usuario y 3 Gbit/s para tres usuarios en DL, y 2,4 Gbit/s para un usuario en UL,
respectivamente; y la transmision de senales OFDM LTE de 60 GHz (DL) y 25 GHz (UL) sobre
una infraestructura heterogénea de frontal dptico que consiste en fibra 6ptica de 10 km, un
canal FSO de 100 m y un enlace de radio inalambrico de 2 m.
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Resum

L'estandard de quinta generacio (5G) és la clau potencial per a satisfer I'augment exponencial
en la demanda de noves aplicacions, serveis i usuaris. La tecnologia 5G oferira una laténcia
extremadament baixa d'1 ms, una velocitat maxima de dades de 10 Gbit/s, una alta densitat
de connexio de fins a 108 dispositius/km? i permetra una alta mobilitat dels dispositius de fins
a 500 km/h. En aquesta tesi es proposen diverses solucions basades en tecnologies
habilitadores per al desplegament de xarxes 5G. L'arquitectura de la xarxa d'accés de radio
en el nuvol (cloud-radio access network, CRAN) s'empra junt amb les técniques de Fotonica
de Microones com una solucié prometedora per a generar i transmetre senyals d'ones
mil-limeétriques (millimeter wave, mmW) en la proxima generacié de comunicacions mobils. La
tecnologia radio sobre fibra (radio over fiber, RoF) ha demostrat ser una bona opcio per a
enfrontar-se al desafiament de la distribucié sense fil mmW a causa de la gran distancia de
transmissio, el gran ample de banda i la immunitat a les interferéncies electromagnétiques,
entre alguns dels principals avantatges. A més, aquesta tecnologia es pot ampliar amb
comunicacions optiques d'espai lliure (free-space optics, FSO) en sistemes de radio sobre
FSO (radio over FSO, RoFSO) en les xarxes sense fil.

En aquesta Tesi, els senyals mmW es generen fotdnicament per mitja de modulacié
externa de doble banda lateral amb supressié de portadora (carrier suppression-double
sideband, CS-DSB) i es distribueixen a través d'enllagos frontals hibrids RoF/FSO. S'han
generat experimentalment senyals de fins a 90 GHz de freqiiéncia, amb nivells de soroll de
fase per davall de -87 dBc/Hz. A més, la generacié multiple de senyals permet la distribucid
reconfigurable en canals multiplexats per divisio de longitud d'ona (wavelength-division
multiplexed, WDM) des d'una oficina central fins a les estacions base, i s'ha avaluat I'impacte
de les turbuléncies produides en els canals FSO sobre els senyals mmW generades
fotonicament en termes de fluctuacions de poténcia i soroll de fase del senyal.

Aquest treball proposa la técnica de modulacié directa d’un laser (directly modulated laser,
DML) com solucio principal per a la transmissié de dades a través d’enllagos optics hibrids
que fan servir un esquema de multiplicacié de freqiéncies oOptiques, és a dir, CS-DSB, per a
la generacid6 de senyals de mmW. En concret, s’avalua tedric i experimentalment els
esquemes de generacio fotonica local i remot de senyals mmW i es comparen per a la seua
implementacio practica a la xarxa frontal de la C-RAN. La configuracié remota condueix a una
major poténcia eléctrica d'eixida que la configuracioé de generacio local en la banda de mmW,
de forma especifica 15 dB més en enllagos de fibra de 25 km a causa de I'efecte combinat del
chirp i la dispersié de la fibra. A més, s'estudia experimentalment l'impacte de la distorsio
harmonica i de la intermodulacié en la transmissié de dades; els resultats mostren que els
senyals de banda ampla amb distorsio dins de la banda i els senyals multibanda amb distorsié
fora de banda s6n exemples de senyals que han de transmetre's a través de I'esquema de
generacio local en lloc de la generacioé remota. Igualment, amb el fi d’obtindre la capacitat que
ofereix el DML en termes d’amplada de banda, també es presenta una avaluacié teodrica i
experimental de I'efecte de la dispersio de la fibra i el chirp sobre diferents amples de banda
de senyals de M-modulacié d’amplitud en quadratura (quadrature amplitude modulation,
QAM). Els resultats experimentals com els de simulacié mostren que 'amplada de banda més
gran de senyal condueix a penalitzacions de poténcia optica més alta a causa de I'efecte
combinat de tots dos.

No obstant aix0, la Tesis també inclou altre enfocament per a la transmissié de dades
basat amb |I'Us d’altre modulador extern. En aquest cas, la demostracid experimental de la
generacié de senyals optics emprant CS-DSB i la transmissio de senyals a través de fibra
hibrida i xarxa frontal FSO es completa com un enllag d’antena que permet transmetre senyals
5G 64/256-QAM amb un ample de banda de 200 MHz. La investigacio realitzada amb els
sistemes CS-DSB i DSB també permeten comparar-los i els resultats demostren que
I'esquema CS-DSB és robust davant I'esvaiment induit per la dispersié cromatica per a
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frequéncies de fins a 40 GHz i una longitud de fibra monomode de 30 km, mentre que el format
DSB pareix més apropiat per a la transmissié a través d'un enllag radio entre antenes. A més,
s'ha avaluat experimentalment I'impacte de les turbuléncies produides en els canals FSO
sobre els senyals mmW generades fotdnicament amb diferents distribucions térmiques i s'ha
quantificat la degradacié del senyal de dades d'acord amb les condicions de la turbuléncia.

Com a demostradors finals, aquesta Tesi inclou un sistema de transmissio full-duplex que
empra senyals 5G en enlla¢ descendent (DL) a 39 GHz i en enllag ascendent (UL) a 37 GHz
sobre enllagos hibrids amb una taxa de bits maxima d'1 Gbit/s per a un sol usuari i 3 Gbit/s
per a tres usuaris en DL, i 2,4 Gbit/s per a un usuari en UL, respectivament; i la transmissio
de senyals OFDM LTE de 60 GHz (DL) i 25 GHz (UL) sobre una infraestructura heterogénia
de frontal optic que consisteix en fibra optica de 10 km, un canal FSO de 100 m i un enllag de
radio sense fil de 2 m.
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Chapter 1. Introduction

Houston... we've had a problem.

— Jack Swigert, NASA

The aim of this Chapter is to introduce the reader into the context, motivation and objectives of
this Thesis. An overview of the evolution of the different generations of mobile communications
networks is presented showing the main motivations for this work. Based on the current and
future challenges arising from the increasing demand and new emerging services, the
objectives of this Thesis are defined. Finally, this Chapter also describes the structure of this
Thesis, providing hints and summarizing the contents of the different Sections.

1.1. Context

1.1.1. Evolution of mobile wireless systems

Mobile communications play a crucial role in modern life since they have been closely
integrated in the daily life of the whole society. The race of mobile communications, shown in
Figure 1.1, begun in the 1980s when first generation (1G) emerged [1]. The evolution of mobile
network from 1G to fifth generation (5G), and the sixth generation (6G) forecast is not a one-
step process, but consists of several generations (approximately every ten years) which
introduce new features, capabilites and technologies. However, the world mobile
communications have undergone remarkable changes and enormous growth in the last few
decades.
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Figure 1.1. Evolution of mobile wireless systems.
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In the early 1990s, the second generation (2G) was introduced, based on the Global
System Mobile (GSM) standard. It supported a data rate up to 64 kbit/s for voice and short
message services (SMS), providing advantages such as security, efficiency and data services.

Third generation (3G) was launched in 2000 and the target was basically to increase the
speed of data transmission up to 2 Mbit/s for multimedia services. In order to achieve global
roaming, the 3rd Generation Partnership Project (3GPP) defined the technical specification
and continued the work of new standards.

In 2009, the fourth generation (4G) commonly known as Long-Term Evolution (LTE) was
deployed. It provides data rate up to 100 Mbit/s which enables benefits such as service at any
time as per user requirements anywhere, mobile broadband internet access or multi-service
capacity by integrating previously existing technologies.

The 5G deployment started in 2019 as the planned successor of 4G. It has been designed
with an extended capacity to allow next-generation user experiences and deliver new services.
The aim of 5G is to make revolutionary advances in data rate, latency, network reliability,
energy efficiency and massive connectivity.

Finally, the future mobile communications beyond 5G is the 6G which may roll out
sometime around 2030. The technical requirements are significantly more stringent than those
in 5G which will require more advanced enabling technologies than 5G.

1.1.2. On the way to 5G

The capabilities of mobile generation usually determine the available services, e.g. SMS,
multimedia services or access to multiple sites on the web via internet. However, the
introduction of mobile smartphones, tablets or wearables devices enable the emerging
multimedia services such as cloud access, high-definition video streaming or social
networking, among many other applications, leading to the exponential growth of data traffic.
As expected in [2], over 70% of the global population will have a mobile device and over 10%
of global mobile devices will be 5G by 2023 (Figure 1.2). Besides these foresights, an
unprecedent number of people had to change their workplace from office to home during the
COVID-19 pandemic in 2020 [3], which means a significant growth of mobile data traffic
between 10% and 20% during the lockdown periods.

N3G and below 4G [5G

4+ ]
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Figure 1.2. Global mobile devices trend.
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Mobile devices play evolving roles in everyday life. Future systems should be able to
support new services and applications requiring very high data rate, ultra-low latency and high
reliability applications, and large number of connected devices [4]. The system designed
should guaranteed the demand of high data rate, leading by the multimedia services such as
ultra-high definition (UHD) videos, immersive video conferencing, virtual reality (VR) or
augmented-virtual reality (AVR). The ultra low latency and high reliability should support the
user experience of instantaneous connectivity without waiting times, which is a key factor of
cloud services, VR and AVR, as well as the future deployment of new applications in health,
office, entertainment, and other sectors. Moreover, machine-to-machine (M2M)
communications with real time constraints has been increased in the last years, such as
driverless cars, enhanced mobile cloud services, real-time traffic control optimization,
emergency and disaster response, smart grid, electronic-health or efficient industrial
communications. According the forecast, there will be a massive number of concurrent users
and devices in the near future. Examples are shopping malls, stadiums, open air events or
other public events that attract a lot of people which means a large number of
machines/devices per unite area. Indeed, every object will be connected to internet. Theses
connected “things”, called Internet of things (loT), can be sensors, cameras, vehicles,
wearables, etc., Therefore, users should expect a satisfactory end-user experience in
presence of large number of connected devices.

The International Telecommunication Union (ITU) defines the usage scenarios and
applications of the future development for International Mobile Telecommunications (IMT)-
2020 [4], illustrated in Figure 1.3. Enhanced-mobile broadband (eMBB) is focused in human
use cases for access to multimedia content, services and data, such as three-dimensional (3D)
video, UHD screens, augmented reality or work and play in the cloud. The ultra-reliable and
low latency communications (URLLC) address the requirements for capabilities such as
throughput, latency and availability. Some examples include wireless control of industrial
manufacturing or production processes, remote medical surgery, distribution automation in a
smart grid, transportation safety and self-driving car, among others. Finally, massive machine-
type communications (MMTC) are characterized by a very large number of connected devices,
e.g. loT or smart home/building or cities, typically transmitting a relatively low volume of non-
delay sensitive data.

Enhanced mobile broadband
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Figure 1.3. Usage scenarios of IMT for 2020 [4].
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The 5G will support improved performance such as high data rates, low latency and
increased reliability. It will accommodate the increasing traffic and demand stemming from
M2M and loT communications. However, there are many different inherent issues related to
the development of the infrastructure, e.g. economic or health issues. Other issues are
concerned with bandwidth (BW) access and sharing since the current bandwidth is not enough
for the expected massive use of the mobile infrastructure.

The challenges towards 5G are shown in Figure 1.4(a), as defined by IMT-2020 standard
as main targets for research and investigation for 5G networks, devices and services [4].
Among them, the peak data rate is expected to reach 10 Gbit/s, although under certain
conditions and scenarios would support up to 20 Gbit/s while the user experience data rates
would support a variety of scenarios. For wide area coverage cases, e.g. in urban and sub-
urban areas, a user experience data rate of 100 Mbit/s is expected to be enabled. The spectrum
efficiency will vary between scenarios and could be up to three times higher compared to IMT-
Advanced (marketed as 4G) in some scenarios. It is expected to support 10 Mbit/s/m? area
traffic capacity, for example in hot spots, and a connection density of 108 devices/km?.
However, the energy consumption for the radio access network (RAN) should not be greater
than previous deployed networks. The network energy efficiency should be improved by a
factor at least as great as the predicted traffic capacity increase of IMT-2020 relative to IMT-
Advanced. IMT-2020 would be able to provide as lower latency as 1 ms over-the-air latency,
adequate for supporting services with very low latency requirements. It is also expected to
enable high mobility up to 500 km/h with acceptable quality of service (QoS), for instance in
high-speed trains.

Enhanced mobile

broadband

Massive machine
type communications

(a) (b)

Figure 1.4. Key capabilities (a) and their importance in different usage scenarios (b) for 5G networks [4].

The ITU also defines the usage scenario for IMT-2020, displayed in Figure 1.4(b), in terms
of the key capabilities. The majority of required performances is covered in eMBB scenario,
i.e. data rate, area traffic capacity, peak data rate, mobility, energy efficiency and spectrum
efficiency although their strongly depends on the concrete application. For example, in a
hotspot, it requires high data rate, but the mobility is limited. The low latency is the most
relevant parameter in URLLC scenarios in order to enable reliable critical applications, e.g.
health care industry. Indeed, high mobility requirements are required as well, e.g. intelligent
transportation systems. In contrast, mMTC scenarios need to support enormous number of
devices in the network, i.e. high connection density is required, e.g. many small sensors which
may occasionally transmit at low bit rate and zero/very low mobility.

The required key capabilities, and the disruptive use cases and applications guide the
innnovation on transmission, networking, and computing technologies. The potential enabling
technologies, illustrated in Figure 1.5, show the extraordinary advances required to shape the
5G requirements [5]. A detailed discussion of the relevant enabling technologies is outside the
scope of this Thesis, and only the main principles are described.
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Some of these technologies are mainly architectural, i.e. towards device-centric schemes
while other hardware-based enabling technologies include the use of millimeter wave (mmW)
spectrum for the wireless channel and realizing massive multiple-input multiple-output (MIMO)
at the base station as part of the new air interface optimized for high frequencies and massive
connectivity. Moreover, an all-optical network employing the optical transmission and switching
wherever possible is desired. Also, small cells play an important role to provide high data rates,
frequency reuse and potential energy and cost reductions. In this respect, microwave photonics
is essential to provide signal generation, transport and processing, i.e. distributed antenna
systems (DAS). Controller/user-plane split can address coverage and capacity separately
while the number of network layers and pool resources can be reduced by using network
functions virtualization/software-defined networking/cloud networks. The goal of energy
efficiency accross all network entities is rolled out by energy-efficient hardware and energy-
management techniques. Finally, service-oriented networking, traffic management and big-
data-driven networking intelligence are based on the use of an intelligent agent to manage the
quality of experience (QoE), routing, mobility and resource allocation; redesign network-
attached storage (NAS) protocols, services and service complexity.
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Figure 1.5. Enabling technologies to shape the 5G requirements.

1.1.3. Motivation for this Thesis

Legacy mobile generations, i.e. 4G and below, employ traditional RAN that consist in locating
the radio and baseband processing functionalities in the same place. These networks are no
longer able to provide the 5G requirements, e.g. 4G (LTE) performance include 1 Gbit/s peak
data rate, latency of 10 ms and connection density of 10° devices/km? [6, 7]. Therefore, cloud-
RAN (C-RAN), based on a centralized concept, has been proposed as a promising architecture
for 5G networks [8]. Most of the processing functionalities are located in a central location
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where multiples cells are connected. Therefore, multiples benefits such as cost savings,
enhance capacity and coverage, or network flexibility are achieved.

The gigabit per second throughput cannot be allocated by using traditional frequency
bands, i.e. below 6 GHz. Many research groups, organization and companies proposed the
mmW spectrum which exhibits great amount of available bandwidth [5]. mmWs can support
the requirements for high data rate as well as low latency, and flexible connectivity for a wide
range of users. However, mmW generation in electrical domain is limited by the electronic
devices. Therefore, mmW generation in optical domain is an excellent solution [9, 10].

Moreover, electrical signal transmission experiences high attenuation, i.e. wireless
transmission exhibits exponential dependence with free space loss (FSL), especially at high
frequencies. Consequently, mmW transmission along large distance, i.e. wired or wireless,
may not be feasible. Nevertheless, radio over fiber (RoF) is a technology which can overcome
the attenuation issues, among other benefits [9, 5]. RoF uses optical fiber, whose attenuation
is below 1 dB/km, as wired transmission medium to transport electrical signals. Therefore, it
can transport high bit rate along long distances. Free-space optics (FSO) has increased
recently the interested of the researchers due to its similar performances to optical fibers [11].
It employs the air as no guide transmission medium by using infrared (IR) beams. Although its
transmission distance is not as longer as optical fiber, it can be used where optical fiber cannot
be deployed.

Future mobile communications, i.e. 6G networks, will support novel scenarios such as
holographic-type communications, extended reality, ubiquitous intelligence, tactile internet,
multi-sense experience and digital twin amongst others. Accordingly, the technical
requirements for 6G are significantly more stringent than those in 5G networks, and include
minimal latency of 0.1 ms, user experience of 1 Gbit/s and peaks rate of 1 Thbit/s. Therefore,
advanced enabling technologies will be required to provide new spectrum, virtual
infrastructures, air interfaces, architectures and paradigms in 6G networks [12]. The mmW
technology, already introduced by the 5G new radio, is still essential in 6G networks due to the
huge bandwidth, small antenna size and larger arrays with narrow beams. Analog-RoF (A-
RoF) solutions provide cost-efficient, low latency and large bandwidth links in C-RAN where
the availability and costs of the optical infrastructure become critical, especially due to small-
cell environment [5, 13, 8, 14].

1.2. Objectives

In this context, the global objective of this Ph. D. Thesis is to propose and demonstrate
photonics-based transmission solutions for the fronthaul link of C-RAN employing mmW
frequencies to be deployed in 5G and beyond 5G (B5G) networks. More concretely, the
following specific objectives can be formulated for this work:

e To demonstrate high quality frequency signal generation using microwave photonics
techniques in the mmW range. This objective includes full characterization of the
generated signals to validate the approaches for future deployment in real networks.
The generation of multiple and reconfigurable signals is also required according to the
evolution of wireless communication networks.

e To propose and demonstrate data transmission over photonically generated mmW
signals using a directly modulated laser (DML) in C-RAN. Different configurations for
signal generation will be theoretically and experimentally evaluated, and compared in
terms of performance, i.e. system response and non-linearities, for the sake of
providing useful guidelines for network deployment.

e To evaluate the bandwidth usability of DML-based fronthaul link using photonically
generated mmW signals.

e To demonstrate data transmission employing alternative approaches based on
external modulation and evaluate their performance.
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e To evaluate the impact of turbulences in FSO links on the data transmitted over
photonically generated mmW signals.

o To demonstrate bidirectional signal transmission over a hybrid fronthaul link including
fiber, FSO and wireless links at mmW frequencies.

1.3. Thesis structure
The structure of this manuscript is based in seven Chapters organized as follows.

Chapter 2 presents the enabling architectures and technologies for 5G studied and
developed in this Thesis. It describes the main concepts of C-RAN architecture, microwave
photonics-based technologies for mmW signal generation and RoF techniques for signal
transmission as well as free-space optics technology to extend wireless coverage.

Chapter 3 is dedicated to the photonically mmW signal generation based on carrier
suppressed external modulation. It includes the analytical formulation and the experimental
characterization of mmW generated signals, also showing flexible and reconfigurable
structures for multiple mmW signal generation. The Chapter also covers the mmW signal
generation aided by non-linear effects for the sake of extending the frequency operation range.
Finally, the impact of turbulence in the FSO channel is studied with regards to the photonically
generated and transmitted signals.

Chapter 4 is devoted to data signal transmission based on laser direct modulation over
photonically generated mmW signals. The link frequency response is theoretically studied
under different configurations, i.e. local and remote generation aproaches. Subsequently,
transmission measurements allow the evaluation of link performances and non-linear distortion
effects. Finally, simulations and experimental measurements lead to obtain the system
bandwidth constraints.

Chapter 5 presents the data signal transmission based on external modulation as an
alternative approach to transmit data over photonically generated mmW signals. It starts with
traditional double sideband signal transmission scheme and continues with a comparison
between the former and carrier suppression scheme showing the main limitations of both
schemes. Finally, this Chapter also presents the theoretical and experimental evaluation of the
impact of turbulences in the FSO channel when data signal is transmitted.

Chapter 6 presents two experimental full-duplex setups for 5G networks based on
photonically generated mmW signals. The first experiment is based on 5G New Radio (NR)
signals at 39 GHz band where downlink, uplink and wireless range characterization are shown.
The second one employs 60 GHz for downlink and 25 GHz for uplink over a hybrid link based
on 10 km standard single mode fiber (SSMF), 100 m FSO channel and 2 m seamless radio
link.

Chapter 7 is dedicated to summarise the main conclusions of this Thesis and describe
future research lines.

Finally, Appendix A is included to describe complex data signal modulation and
demodulation employing intensity modulation — direct detection (IM-DD) systems, the signal
analysis by using the error vector magnitude (EVM) and bit error rate (BER) signal quality
parameters and the employed signal generators and analyzers.
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Chapter 2. Enabling
architectures and technologies
for 5G networks

Nana korobi, ya oki.

Fall down seven times, stand up eight times.

— Japanese proverb

This Chapter is focused on the new architectures and emerging technologies for next RAN, i.e.
5G and B5G. The evolution of RAN is discussed and an overview of legacy networks is
presented, followed by the description of the architecture and structures of C-RAN as the
preferred network scheme, and its potential approaches. The use of mmW signals is
considered a potential technology that will assist 5G network in achieving the required
performance parameters. The role of microwave photonics (MWP) is explained along the
Chapter with special focus on photonic mmW signal generation techniques and RoF
techniques, and, finally, FSO transmission, as enabling technologies for future deployment of
C-RANSs.

2.1. Cloud-radio access network

The RAN is the network infrastructure which connects the user terminal to the core network
and therefore, requires high capacity, although is often constrained. Indeed, it is the major part
of the mobile telecommunication system evolving from 1G to 5G and beyond. RAN
development, which includes mobile network technologies and architectures, has been an
interesting topic for researchers over last decade since power consumption, total bandwidth
and efficient use of resources are included as critical parameters for network deployment.

2.1.1. Evolution of radio access networks

From 1G up to today’s 5G communication networks, the RAN has extended its functionality
according to the different standard requirements. In the early years, it was based on distributed
sites where the radio components and signal processing units were placed close to each other.
In order to be 24/7 availability as well as provide the increasing demands for high throughput,
it requires every site to be in continuous mode operation and has peak throughput which
demands high computational capability. However, this architecture causes many troubles such
as high-power consumption, and therefore operation expenditure (OPEX), limited network
capacity and low average hardware efficiency related to capital expenditure (CAPEX). Based
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on the placement and implementation of the radio sites, the evolution of RAN has evolved
through three main stages described as follows [15].

Base stations (BS), antennas, radio remote heads (RRH) and baseband units (BBU) are
common components in legacy RANs [16, 17]. In traditional cellular network (1G and 2G), as
shown in Figure 2.1(a), the BSs perform the baseband processing and radio frequency (RF)
functionalities, i.e. all functions are located in the remote BSs. RRH and BBU can be separated
up to tens of meters depending on the topology of the cell site, leading to power losses. Since
there is no fronthaul network, the site is connected to the core network by a coaxial cable, and
therefore, the latency and the bit rate are limited. This topology leads to high power
consumption and an inefficient use of the resources.

DUser equipment <:> Cell Coaxial cable = ——— Optical fiber
______ I N |

(b) (c)

BBU pool

Figure 2.1. RAN architecture evolution: (a) traditional base station, (b) base station splitted into RRH and BBU and
(c) C-RAN with RRHs.

The second stage is shown in Figure 2.1(b). For 3G and 4G networks, the BS is divided
into RRHs and BBUs. The RF part is moved into the RRHs at the remote site meanwhile the
BBU can be far from the site (tens of kilometres). The fronthaul link, which is usually made by
optical fiber, connects each RRH to a dedicated BBU, allowing to reduce the latency. This RAN
can use the digital-RoF (D-RoF) protocol as well as common public radio interface (CPRI) or
open base station architecture initiative (OBSAI) [15, 18, 19]. It allows much lower power
consumption and higher data rates. However, resource allocation cannot respond to data traffic
demand conditions.

Finally, in C-RAN architecture the baseband resources are pooled as shown in Figure
2.1(c) [8]. The BBUs are centralized into a pool which can be also virtualized and allows to be
shared between RRHs. This architecture, as well as the previous benefits, allows for
dynamically resource allocation depending on the data traffic demand conditions, i.e. high
hardware efficiency. It allows to decrease the CAPEX and OPEX, reduce the energy
consumption, increase the network scalability, simplify network management and
maintenance, improve the spectral efficiency and the network throughput, and facilitate load
balancing [15].

2.1.2. C-RAN architecture

The RAN should be able to satisfy current low latency and high reliability requirements as well
as optimize cost and energy power consumption. C-RAN introduces the approach of
centralized, collaborative and cloud system. It centralizes BBUs from many remote sites in a
pool and move the RF part into the RRHs [20, 8]. In C-RAN, the entire network is split into
hexagonal cells. It typically consists of three main components: RRHs, BBU pool and fronthaul
network, as depicted in Figure 2.2. The backhaul network connects different central offices
(CO) and the gateway provides connectivity to the core network through the transport network,
whose links typically employ optical fibers [13].
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Figure 2.2. C-RAN architecture.

The RRH consists of transmitting and receiving RF components such as power amplifiers,
low-noise amplifiers (LNA), analog-to-digital/digital-to-analog converters (ADC/DAC) and
antenna system. It is installed on the tower near the passive antennas which allows low
electrical losses. It basically transmits the RF signals to user equipments (UE) in downlink and
forwars the signals from UEs to BBU pool in the uplink. The complexity and energy
consumption are reduced due to signal processing is done at BBU pool. The centralized BBU
enables easy and reduced RRH deployment cost in each cell site, which allows to cover large
scale scenarios.

The BBU pool is located at a centralized site, such as cloud or data center, and consists of
a multiple BBU nodes. It relies on hardware and software with high computational and storage
capabilities. As baseband signal processing is conducted in BBU, resources are dynamically
allocated and reconfigured based on data traffic demand of UEs and the time-varying radio
channels, allowing efficient utilization of BBUs and less power consumption. BBU pool can be
shared between RRHs at different remote sites, providing high bandwidth-efficiency.

The link connecting RRHs and BBUs is commonly referred as fronthaul link and is the
responsible for traffic data exchange between them. Therefore, it has to carry a large amount
of baseband data in real time, provide low latency and handle the requirements of multiples
RRHs [21, 22].

2.1.2.1. Fronthaul link in C-RAN

There are different transport solutions, such as optical fiber, FSO, wireless fidelity (WiFi) or
radio communications, which can be employed as fronthaul link between the RRHs and BBUs
[21, 22]. Among them, high frequency radio communications, i.e. mmW solution, exhibits
unexploited vast spectrum capacity. In spite of FSL, which increases with frequency, additional
loss factors come into play, such as atmospheric gases attenuation and weather induced
fading. Some of the wireless telecommunication and chipset suppliers such as Huawei,
Qualcomm or Ericsson have been considering employing the unlicensed spectrum around 5
GHz frequency band, although the majority of such low-frequency bands have been employed
by the existing networks. Conventionally, the fronthaul links are mainly optical fibers which can
be realized with single mode fiber (SMF) or multi-core fiber (MCF) [13, 23]. In any case, optical
fiber is the preferred solution due to its characteristics such as large capacity, low losses and
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immunity to the RF signals. Furthermore, FSO is an excellent alternative in areas where optical
fiber cannot be deployed due to the characteristics of the optical channel.

This link connects the RRHs to BBUs through a high speed digital fronthaul protocol which
allows to transmit the digitized in-phase and quadrature (I/Q) waveforms by using typical
protocols such as CPRI and OBSAI [24, 22]. Both of them contains vendor specific elements,
then the full interoperability is not guaranteed. The new open radio interface (ORI), initiated by
European Telecommunications Standards Institute (ETSI), can support multi-vendor
interoperability between BS elements [22]. However, the CPRI is widely used in fronthaul links
due to its efficient mapping methods.

Figure 2.3 illustrates an example of using optical signal transport and distribution in a typical
city. In this example, multiple communication technologies are employed. COs are connected
to the network core through a backhaul link using optical fibers whereas fronthaul links connect
RRHs to the COs and might be based on hybrid photonic technologies, i.e. optical fiber, and
FSO mostly where optical fiber is unfeasible. Finally, wireless RF communication, e.g. in high
frequency mmW bands, is used to connect mobile users and RRHs.

<— - - = FSOlink _app Optical fiber link s‘:'p, RF wireless link

Central

Fronthaul Central office

Figure 2.3. Example of a city network based on optical fiber and FSO fronthaul links.

2.1.2.2. C-RAN types

According to the splitting of RRH and BBU functionalities and the fronthaul link, C-RAN can be
categorized into two types [20, 15]: fully and partially centralized C-RAN.

In fully centralized C-RAN, Figure 2.4(a), all functions of Layer 1 (L1) (i.e. sampling,
modulation, resource block, etc.), Layer 2 (L2) (i.e. transport-media access control) and Layer
3 (L3) (i.e. radio resource control) are located at the BBU as well as the operation and
management (O&M) layer. The main advantages of fully C-RAN are easy expansion of network
coverage, easy upgrading of network capacity, support to multi-standard operation,
enhancement of network resource sharing, and support to multi-cell collaborative signal
processing. However, the high bandwidth requirements and the transmission of baseband I/Q
signal between RRH and BBU must be addressed.

In partially centralized C-RAN (Figure 2.4(b)), RRH performs L1 functionalities, i.e. radio
and baseband functions, whereas functions of L2 and L3 are held at the BBU. It requires low
transmission bandwidth between RRH and BBU due to the baseband processing is moved to
the RRH. Nevertheless, some drawbacks, such as low flexibility in network upgrades and less
convenience for multi-cell collaborative signal are presented.
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Figure 2.4. C-RAN structures: (a) fully and (b) partially centralized.

The appropriate choice of C-RAN structure depends on the network characteristics and
requirements. In all cases, if the service provider needs to increase the network coverage or
to split the cells in order to improve the capacity, new RRHs have to be deployed and, then,
connected to the BBU pool. On the other hand, if it notices an increasing network load, it will
just need to upgrade the hardware in the BBU pool in order to increase the processing capacity.

2.2. Millimeter waves

Since G. Marconi demonstrated the capability of using electromagnetic waves to transmit
signals wirelessly in 1890s, frequency spectrum has been evolved rapidly due to the
developments in communication systems. There are two key points in terms of the frequency
spectrum designed for different generations of mobile communications. Firstly, frequency
bands have been gradually released for a larger channel bandwidth that can allocate the
demands for higher data rates. Secondly, all the released frequency bands are currently below
4 GHz due to lower frequencies are less susceptible to blockage and weather changes, and
the components are more cost-friendly and power-efficient.

With the incredible growth of the number of consumer wireless devices in use, the 5G
incorporates the mmW frequencies bands (30 to 300 GHz), as a main enabling technology,
that will assist in achieving the high data rate and increased available bandwidth of cellular
systems [25, 26]. The lower-frequency spectrum adjacent to 4G bands would provide an easier
transition to 5G due to component maturity and the nature of the signal propagation
characteristics. However, it is not a viable option mainly due two reasons. First, the sub-6 GHz
spectrum has already been very crowded, filled with distributed bands dedicated to cellular
communications, satellite and aerial communications, and wireless local area networks
(WLANSs). Secondly, mmW frequencies exhibits an enormous available frequency spectrum.

The latest mobile standard, 5G NR, supports sub-6 GHz frequency range 1 (FR) [27] and
mmW frequencies bands between 24.25 and 52.6 GHz (FR2) [28]. According to [28], the Table
2.1 specifies FR2 frequency bands and the channel bandwidths of the 5G NR standard. Many
countries have released a number of mmW bands for 5G NR communications in the K-band
(European countries or China), Ka-band (European countries, USA or Japan) and V-band
(European countries, USA or China).
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Table 2.1. NR operating bands in FR2.

Band Frequencies (GHz) Common name Bandwidth (MHz)

n257 26.50 —29.50 Ka-band
n258 24.25-27.50 K-band
n259 39.50 - 43.50 V-band
50 — 400
n260 37.00 —40.00 Ka-band
n261 27.50 - 28.35 Ka-band
n262 47.20 - 48.20 V-band

Besides its huge available bandwidth, i.e. 270 GHz, mmW bands have several benefits
compared with the existing wireless technologies [25, 26, 29]. Owing to short wavelengths, the
component size can be reduced which enables large antenna arrays with small physical
dimension. With the same antenna size, more antenna elements can be packed at mmW
frequencies than at microwave bands and, then, the formed beam can be narrower which may
be employed in other applications like radar detection. Furthermore, mmW signals enable to
work with small-cell networks and frequency re-use is allowed due to low interferences, i.e.
short wavelength and highly directional beams; and propagation characteristics, i.e. short
range. Finally, there is still unlicensed mmW spectrum (Release 17, 5G NR-U) [30], i.e. 57 to
71 GHz, for various communication applications, e.g. Industry 4.0 and internal information
technology infrastructure [31].

However, mmW signals present several challenges in terms of electronic circuit design and
propagation [29]. On the one hand, mmW signals are susceptible to non-linear distortion
produced by electrical amplifiers due to hardware manufacturing imperfections. Besides,
phase noise is another huge challenge in the design of electronic components, which degrades
severely the signal and poses great dare to mmW communications due to high oscillation
frequency. On the other hand, the physical obstacles in real applications will weaken the mmW
signals reducing the transmission range since its poor diffraction. Moreover, in terms of
attenuation, mmW signals are affected by atmospheric gases, free space losses and weather
fading.

Atmospheric attenuation is important for mmW propagation, especially in some specifics
bands, primarily due to oxygen and water vapor [32]. Figure 2.5(a) shows the RF signal
attenuation due to atmospheric gasses calculated for pressure of 1,013.25 hPa, temperature
of 15°C, and for the cases of a water vapour density of 7.5 g/m® (Standard), and a dry
atmosphere (Dry), i.e. water vapour density of 0 g/m3. For example, oxygen absorption at sea-
level pressures forms a broad absorption band around 60 GHz, where mmW signals can suffer
up to 14.8 dB attenuation over 1 km transmission. Furthermore, FSL is calculated by using the
Friis transmission equation and becomes extremely significant at high frequencies [33]. Figure
2.5(b) plots the FSL at different frequencies over 1 km transmission range. For example, the
FSL over 1 km transmission is 92.5 dB at 1 GHz and up to 128 dB at 60 GHz.

Finally, mmW signals can suffer more severe degradation due to weather conditions such
as rain, snow, sleet, hail and fog, than lower frequencies [34]. For instance, dense fog can
increase the loss up to 0.96 dB/km when transmitting 60 GHz mmW signal whereas heavy
rainfall leads to 4.77 dB/km.
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Figure 2.5. (a) Atmospheric gas spectral attenuation and (b) free space loss.

2.3. Microwave photonics technologies in 5G

MWP can be defined as an interdisciplinary approach which connects microwave and optical
areas, employing opto-electronic devices for transmission, generation and processing of
optical and electrical signals [10, 9]. It can be used for applications such as broadband wireless
access networks, sensor networks, radar, satellite communications, instrumentation, warfare
systems, ultrafast non-invasive measurements, terahertz spectroscopy and imaging, and radio
astronomy amongst others [10, 9]. Figure 2.6 shows a fundamental scheme of a simple
microwave photonic link. Microwave signals are converted into the optical domain, before
transmission through photonic link, at the transmitter side by electrical-to-optical converter. At
the receiver side, the optical signal is converted back into the electrical domain by optical-to-
electrical converter.

Among the numerous topics theoretically and experimentally investigated in the previous
literature, photonic generation of mmW signals, optically controlled phased array antennas,
RoF techniques and photonic DAC/ADC can be identified as enabling technologies for future
networks deployment.

Optical transmission

medium
Microwave Microwave
signal(s) Electrical-to-optical Optical-to-electrical signal(s)
converter converter

Figure 2.6. Basic scheme of a microwave photonic link.

2.3.1. Photonic signal generation

One of the most challenging approaches in microwave is the high frequency signal generation,
e.g. mmW signals which frequency range is 30-300 GHz. The high frequency electrical signal
generation using conventional electronics schemes shows some limitations because of the
frequency restrictions of electronic devices and equipment. Microwave signals are traditionally
generated by oscillators based on two or three terminal devices, e.g. diodes, crystal resonators
or transistors. In addition, multiple electrical stages are required for high frequency generation
with increased cost and complexity. These approaches are good for many applications, but
such microwave electrical generation techniques do not satisfy the emerging applications
which require higher frequency signals. Moreover, the distribution of mmW in electrical domain
is not practical because of the high losses associated to the electrical transmission lines (e.g.
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coaxial cable or waveguides) or wireless communications. Photonic mmW signal generation
approaches are highly compatible with photonic signal distribution techniques, e.g. RoF or FSO
schemes.

2.3.1.1. Photomixing

Photonic mmW signal generation is extremely attractive due to the ability to generate high
frequency signals up to THz band just limited by the photodetector (PD) bandwidth with low
phase noise, high tunability and immunity to electromagnetic interference compared to the
traditional techniques in electrical domain [9, 10].

Optical heterodyning is the simplest mmW signal generation scheme [9, 35]. As shown in
Figure 2.7, it is based on the beating of two optical optical fields at different wavelengths in the
PD with wavelength spacing equal to the desired mmW frequency:

EL(t) = Eyyef(Wit+¢:1(®)
E, (t) = Eozej(wzt"'d’z(t))’
where E,; and E,, are the amplitude, w; and w, are the angular frequency, and ¢, and ¢, are

the phase of the electrical fields.
The PD provides the opto-electronic conversion where the electrical current detected by
the photodiode can be calculated as [36]:
ipp(t) =R-P(t) =R-[EQ®)-E" DI, (2.2)
where R (A/W) is the photodiode responsivity, P(t) is the detected optical power and E(t) is

the amplitude of the electromagnetic field at the input of the photodiode. After the opto-
electronic conversion, the photocurrent at the PD output is obtained and expressed as follows
[35, 9]:

(2.1)

ipp(t) = R+ {EFy + E§, + 2Eg; Egz cos[(wy — wp)t + ¢1(t) — ¢, (D]} (2.3)

The two first terms represent the direct current (DC) component, and the third one is the
RF signal generated at the frequency given by their difference, i.e. w; — w,. This technique is
capable of generating signals with a frequency up to THz range, just limited by the PD
bandwidth.

E (1)
oC RF output
PD —»
Ipp (?)
E,(1)

Figure 2.7. Basic scheme of photonic mmW signal generation: photomixing.

However, the generated RF signal exhibits high phase noise due to the optical sources are
not correlated in phase. Previous works in the literature demonstrate that the phase noise
derived from optical domain can severely degrade multi-carrier modulation mobile formats [37].

In order to mitigate this system limitation, numerous photonic approaches have already
proposed in the literature to generate low phase noise RF signals with the two optical waves
being locked in phase [9, 38]. As itis shown in Figure 2.8, these techniques can be categorized
into four groups according to the lock phase method: optical phase control (injection locking,
phase lock loop and injection phase locking), multimode light sources (dual-wavelength, mode
locked and supercontinuum), external modulation (phase and intensity), and non-linear effects
(stimulated Brillouin scattering and four-wave mixing), as explained in the following sub-
Sections.
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Figure 2.8. Classification of photonically mmW signal generation techniques.

2.3.1.2. Optical injection locking

The optical injection locking (OIL) technique is based on two or more lasers, usually named
master-slave laser scheme, where a free-running slave laser is injected with coherent light
from a master laser (ML). Therefore, the slave laser (SL) follows the master’s phase. Figure
2.9 shows an OIL scheme that is composed of a master laser and two slave lasers. As it is well
known, different orders of optical sidebands are generated by frequency modulation at wgg
angular frequency spacing. The optical output signal of the master laser is then launched into
the slave lasers. The slave lasers work as free-running mode, where their wavelengths are
close to the master laser second sidebands, i.e. 2", Therefore, the wavelength of slave lasers
is locked to the 2" order sidebands, i.e. OIL is achieved. Then, in this scheme, the
wavelengths at the output of slave lasers is phase correlated, and the mmW signal generated
at the PD output shows reduced phase noise.

4'WRF
RF output

(: )WRF )

A

Figure 2.9. Optical injection locking of two slave lasers.

Several experiments have been demonstrated in the literature, e.g. a 64 GHz mmW signal
has been generated with low phase noise and optical spectra with lower than 1 Hz linewidth
has been successfully obtained [8] and slave lasers have been replaced by a Fabry-Perot laser
(FPL) in [39]. Moreover, recent works demonstrate photonically generated mmW signals for
5G communications in full-duplex schemes [40, 41]. However, the main drawback is the need
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of, at least, two lasers and other optical components (i.e. isolators, circulators, optical
couplers...) which increase the complexity and cost.

2.3.1.3. Optical phase lock loop

In this technique, named optical phase lock loop (OPLL), a feedback loop enables the
electronic control of the phase of the certain optical source. As shown in Figure 2.10, the phase
of the electrical signal generated after beating the optical wavelength at PD is compared with
the RF reference at a mixer followed by a low-pass loop filter. The phase difference between
the signal and the RF reference produces an error voltage that controls the phase of one of
the laser source by changing the injection current. Then, the phase of one laser is actively
locked to a second laser.

Loop control

LD-1
*ﬂ Electrical phase detector

|
|
Loop | |
|
|

[
|

RF output

filter

]

RF reference

Figure 2.10. Scheme of an optical phase lock loop.

The OPLL technique presents a limitation due to the linewidth of the lasers, which limits
the loop delay time and bandwidth of the OPLL [42, 43]. Narrow linewidth lasers are required
for short feedback loops [9]. However, in order to reduce the feedback frequency, an OPLL
incorporating a frequency down conversion module is proposed and demonstrated in [44].
Such module allows to employ lower-frequency components in the phase control loop and
then, the feedback loop can control the phase of both laser sources.

Multiple works have demonstrated in the literature such as 6 to 34 GHz signal with a
linewidth less than 1 mHz is generated in [45]. In [46], it is reported a phase comparison of the
20.5 GHz generated mmW between carrier-suppressed (CS) Mach-Zehnder modulator (MZM)
and OPLL schemes.

2.3.1.4. Optical injection phase locking

The techniques above described, OIL and OPLL, can be combined in a single locking
system called optical injection phase locking (OIPL) as shown in Figure 2.11. The output light
of the master laser is split by a coupler into two fiber arms. In one of them, the light is launched
into the modulator before being injected into the slave laser, and this is locked to one sideband
of the modulated signal by OIL. The other arm is combined with the output of the slave laser
in a second coupler and beaten at the PD. The generated signal at PD output is compared with
the RF reference by the phase detector which controls the slave phase laser to achieve phase-
locking.

As demonstrated in the literature, OIPL shows lower phase noise compared with single
OIL or OPLL, i.e. wide frequency tuning (4 to 60 GHz), wide locking range (30 GHz) and low
phase noise (93 dBc/Hz at 10 kHz offset from 36 GHz generated carrier) [47]. However, OIPL
inherits the OIL and OPLL drawbacks, i.e. complexity, cost, laser linewidth limitation and the
use of high frequencies component in the feedback loop.
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Figure 2.11. Scheme of an optical injection locking and phase locking system.

2.3.1.5. Dual-wavelength

Among the multimode light source approaches, microwave signals can also be generated by
using a dual-wavelength laser, where two wavelengths of laser sources are not locked in
phase. However, since the two wavelengths are generated from the same cavity, the phase
correlation between the wavelengths is higher than employing two independent free-running
laser sources.

In the fiber laser cavity depicted in Figure 2.12(a) [48], the insertion of Fiber Bragg grating-
1 (FBG) with two ultra-narrow transmission bands, which are selected by the two reflection
bands of FBG2 (see Figure 2.12(b)), leads to the spectral response of the two cascaded FBGs
shown in Figure 2.12(c). The signal is launched into the PD and, since both wavelengths have
been generated at the same cavity, they share the same gain cavity and the phase fluctuations
between the two wavelength signals are low.

PD ° T
mmW b

40 | Transmission peaks-: !g

T I Ll
FBG2 wf e P
2

|

1555.0 15655.5 1556.0 1556.5 1557.0

(b)

Figure 2.12. (a) Dual-wavelength scheme based on a fiber ring laser and (b) spectra of the two cascaded
FBGs [48].

Moreover, dual-wavelength lasers can be monolithically integrated chips where the two
wavelengths share the same cavity [49, 50]. This allows to reduce the packaging size and
optical delays inside the chip, as well as cost effective production, even tighter packaging, and
fewer alignment issues. In [49], a mmW signal is generated in the 5-110 GHz frequency range
by using integrated indium phosphide (InP) dual-wavelength lasers while in [50], a 146 GHz
carrier wave frequency is generated and 1 Gbit/s on-off keying (OOK) data signal is transmitted
successfully in a free-running state.
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2.3.1.6. Mode locked laser

Mode-locked lasers (MLL) sources are very attractive solution for microwave signal generation.
The term “mode-locking” means to the phase coupling of the numerous modes of the source.
The phases of the spectral components are locked when they differ only by a constant phase
shift, and therefore, narrow beat-note signal linewidth can be generated [51].

Passive MLL is limited by the fundamental repetition rate frequency which is inversely
proportional to the cavity length. However, active mode-locking generates high repetition rate
pulses by modulating the cavity loss or phase periodically through an intra-cavity electro-optic
modulator at a harmonic cavity frequency. Hybrid mode-locking exists where active and
passive techniques are combined and the phase noise of the resulting beat note can be
improved considerably [52, 53].

Several mmW generation experiments using MLLs have been demonstrated in the
literature. For example, Figure 2.13(a) shows the optical spectrum of a mode-locked FPL [54].
A zoom of the frequency comb is displayed in Figure 2.13(b) while Figure 2.13(c) and (d) depict
the generated mmW at 70 and 120 GHz. In other works, mmW signals can be generated with
frequencies up to 320 GHz [53, 55, 56, 57].

Furthermore, MLLs can be fabricated in photonics integrated circuit (PIC) with small
footprint, lower power consumption, improved alignment and immunity to vibration [58].
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Figure 2.13. (a) Optical spectrum of mode locked laser, (b) zoom of the frequency comb with 10 GHz FSR, (c)
electrical spectrum at 70 GHz and (d) electrical spectrum at 120 GHz [54].

2.3.1.7. Supercontinuum lasers

The supercontinuum (SC) sources emit broadband near-infrared laser light. The term
“supercontinuum” is usually defined as broadband light generated from the non-linear
frequency conversion of a laser. This yields an optical source that preserves the spatial
coherence properties.

SC lasers have been investigated in the literature, such as demonstrations of the SC light
generation based on the non-linear dispersion-flattened photonic crystal fiber (PCF) [59], or
the generation and transmission of four 40 GHz RoF channels using a SC multi-wavelength
lightwave source based on PCF.
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Figure 2.14. (a) Optical spectrum of SC light source (bottom shows magnified scale) and (b) SSB phase noise of
50 GHz generated signals [60].

In [60], a single SC light source working as a multiwavelength light source leads to a
frequency spacing of the comb laser of 25 GHz (Figure 2.14(a)). Therefore, the employed
photonic-up conversion technique is the optical heterodyning, where the beat signal is
generated with square-law photodetection of two SC modes (25 GHz spacing). Figure 2.14(b)
shows the measured phase noise of 50 GHz generated mmW signal using different SC modes.
The phase noise at 10 kHz frequency offset is -96.1 dBc/Hz, which is almost the same phase
noise characteristics for all 50 GHz generated signals by beating.

2.3.1.8. Phase modulator

Methods with one laser plus an external optical modulator show great potential for producing
high purity mmW signal. The external modulator is an optical waveguide where the electro-
optic effect changes the optical properties of certain material when an electric field is applied.
Most electro-optic devices, e.g. a phase modulator (PM), are based on Pockels effect, i.e. the
proportional modification of the refractive index of the material by applying an electric field.
This effect is found in crystals such as lithium niobate (LiNbO3), IlI-V semiconductors such as
gallium arsenide (GaAs) or InP as well as poled polymers [36]

Phase modulation approach is shown in Figure 2.15(a) where a PM is employed. A PM is
an external modulator which can control the optical phase of an optical wave. The PM
generates all optical sidebands including the optical carrier. No DC bias is required and mmWw
signal with large frequency and high spectral purity can be generated locally and remotely [9].

As shown in Figure 2.15(b), the PM is fed by a continuous wave (CW) lightwave given by:
Ei‘l’l(t) = Eoej[wot+¢o(t)]’ (24)

where E, is the amplitude, w, is the angular frequency, and ¢,(t) are phase of the optical
signal; and it is driven by a RF electrical signal given by:

v(t) = Vgr cos(wrpt + prr (D), (2.5)
where Vg is the voltage amplitude, wy is the RF angular frequency and ¢zg(t) is the phase.
The output of the PM is given by [61, 62]:

Eque(t) = Eo Z Jn () cos [[(wo + nWrp)t + npp(t) + o (£) + n—]] (2.6)

n=-—oo
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where 7 is the modulation index, n = V‘;F”

and V;, denotes the half-wave voltage of the phase

modulator, and J,,(.) is the n!" Bessel function of first kind, which gives the amplitude of the nt
optical sideband, as it can be observed in Figure 2.15(c). By tuning the power level of the RF
driving signal, the modulation index can be set that the optical power in the desired optical
sideband is maximized. Note that the arrow direction shows the relationship between the phase
of the sidebands and the phase of the optical carrier.

As PM produces all optical sidebands, an optical filter may be employed for carrier
suppressing (notch filter) or selecting the optical sidebands with the desired wavelength
spacing (band pass filter). Then, after photodetection, a mmW signal is generated by the
desired frequency.

A major advantage of PM modulator approach is a tunable mmW signal generation by
using an optical filter, which simplifies the scheme [61]. Furthermore, since the PM does not
require bias, there is no bias-drifting related problems.
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Figure 2.15. (a) Photonic integrated waveguide electro-optic phase modulator in perspective view, (b) schematic
diagram of mmW generation using PM and (c) optical spectrum at the output of the PM.

By using an electrical driving signal from 18.8 to 25 GHz [61], two bands of mmW signals
from 37.6 to 50 GHz and from 75.2 to 100 GHz with high signal quality are generated. In [62]
mmW signal is generated with low phase noise and the frequencies cover from 75 to 140 GHz.
An 88 and 90 GHz mmW signal with up to 1 Gbaud 16-quadrature amplitude modulation (QAM)
data signal have been successfully generated and transmitted in [63]. In [64], 133 GHz D-band
multi-frequency vector mm-wave signal over 80 km SSMF transmission and 10 m wireless has
been demonstrated.

2.3.1.9. Intensity modulator

Another approach also based on external modulation employs an interferometric structure, i.e.
Mach-Zehnder interferometer, which is used in combination with PM, as depicted in Figure
2.16, where the phase modulation is converted into intensity modulation.
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Figure 2.16. Mach-Zehnder structures: (a) single drive and (b) dual-drive.

This MZM is based on a Mach-Zehnder interferometer under two main configurations,
which are single (Figure 2.16(a)) and dual drive (Figure 2.16(b)). In the single drive structure
shown in Figure 2.16(a), the lower arm includes signal phase modulation before combination
of signals travelling through both arms. In this modulator there is always a residual phase
modulation, called chirp, which produces an instantaneous frequency change.

Furthermore, dual drive structure shown Figure 2.16(b) include one PM in each arm. The

PMs are driven by two RF signals, v, (t) and v,(t). When identical signals are applied to each

arm with a relative phase of 180°, i.e. v, (t) = —v,(t) = %t) the dual drive MZM works in push-

pull configuration. Figure 2.16(b) shows the configuration of the driving signal pads. The output
field of dual drive MZM is given by:

E' t @ - Lt) v(t
Eou:(t) = L(){ejz‘/nn +e ]ZVn”} = Ei, (t) cos( ( )n>, 2.7
2 2V

where the relative phase of the output light is expressed as

v O
XE . (£) = KE;(£) + 2’2" + 2e 2" = «E;,(b). (28)

From equation (2.8), dual drive MZM in push-pull configuration can ideally remove the chirp
since opposite relative phases are induced in both interferometer arms.

Although this technique suffers from high driving voltage, severe DC bias drift and
imbalanced optical paths [65, 66], the MZM based on LiNbO3 can offer high extinction ratio,
high bandwidth, high optical input power handling, compactness and reliability. Intensity
modulation operating point defines the optical modulation, such as double sideband (DSB)
whose optical sidebands can be filtered out, or CS-DSB whose optical carrier is suppressed
(explained in Chapter 3). Then, the modulation type can be selected depending on the targeted
application. The use of external modulation techniques for mmW signal generation exhibits an
excellent compromise and it will be the preferred approach during this Thesis.

2.3.1.10. Non-linear effects

Non-linear effects can assist the photonic mmW signal generation where two phase-correlated
optical carriers are employed. The phase-correlated optical carriers may be generated by
different method such as OIL, OPLL, OIPL or external modulation as described above, and
non-linear effects such as four-wave mixing (FWM) or stimulated Brillouin scattering (SBS)
contribute to the mmW signal generation.

FWM is a non-linear effect which occurs in the semiconductor optical amplifier (SOA). It is
based on Kerr effect related to the third-order electric susceptibility. Consider that an optical
signal composed of three different angular frequencies, w,;, w,, as the pump signals and
Wprobe S the probe signal, is launched into a non-linear medium. The angular frequency w;ge,
of the newly emerging signal is given by [67]:

Widler = Wp1 + Wp2 — Wprope- (2.9)
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When an optical signal with only two different optical frequencies (w, and wy,.pe)
experiences FWM, a special case arises which is called partially degenerate FWM and leads
to the following:

Widier = ZWp — Wyrobe- (2.10)

Figure 2.17 shows a FWM scheme also employing external modulation. When an optical
signal which includes just two different optical frequencies, (w, + nwgz) and (w, — nwgg),
entering into the SOA, the emergence of two new idlers can be expressed as:

Widler1 = Winen = 2(Wo + nwgp) — (W, — nwgp) = (W, + 3nwgp) 2.11)
Widierzs = Wonen = 2(W, — nwgp) — (W, + nwggp) = (W, — 3nwgg).

The new optical sidebands (w;4;.;1 and w;g;.») are generated with frequency spacing of
3n times that of RF driving signal. Finally, the new optical sidebands are filtered out and a
mmW signal at 6nfrr is generated after opto-electronic conversion at PD.
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Figure 2.17. Diagram of FWM-aided photonic mmW signal generation.

FWM is a good approach for optical frequency multiplication up to large frequencies, as
will be implemented in this Thesis, in spite of cost related issues. Examples in the literature
report a 42 GHz mmW signal, i.e. 12-tupling the microwave source frequency, generated with
noise level lower than -83 dBc/Hz at 10 kHz offset in [68]. In [33], the feasibility of optical mmW
signal generation up to 210 GHz using frequency 12 times that of the RF driving signal has
been demonstrated.

However, SBS is another well-known non-linear effect which occurs at low pump power in
an optical fiber and degrades the link performance in optical fiber networks due to the signal
energy is transferred to the backscattered signal [69]. Nevertheless, SBS has frequency
selective amplification characteristic that can be employed for mmW signal generation [70].
The concept of Brillouin selective sideband ampilification is shown in Figure 2.18 [70]. Inset (i)
shows the optical sidebands generated by modulating the optical carrier. The pump laser is
coupled into the SSMF and the counter-propagating Brillouin stokes gain is generated at the
frequency of wg (inset (ii)). Therefore, the optical sideband is amplified provided it falls within
the Brillouin gain spectrum in a copropagation manner, as shown in inset (iii). Finally, the
optical signal is launched into the PD and a mmW signal with low phase noise is generated
from the beating of both sidebands.

The mmW signal generation employing SBS has several properties [70] for signal
amplification. Consequently, it usually keeps below the SBS threshold and the implementation
is much less expensive than an erbium-doped fiber amplifier (EDFA) or SOA. It has very narrow
gain bandwidth that is advantageous for the efficient selective sideband amplification, although
it may not be useful for wideband signals. Finally, the gain is generally high, but this is
accompanied by higher amplifier noise caused by the spontaneous emission.
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There are several works in which the SBS is utilized for mmW signal generation. For
example, a 10.87 GHz mmW signal is generated due to optical heterodyning of the CW laser
signal and Brillouin Stokes frequency in [69]. In [71] [72], the MZM generates sidebands up to
6" order, but just 5" sideband is amplified by SBS. Thus, the beating of the 5" sideband and
the carrier generate a 40 GHz mmW signal with a phase noise of less than -90 dBc/Hz.
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Figure 2.18. Schematic diagram for mmW signal generation based on SBS. Insets shows the principle of selective
sideband amplification.

2.3.2. Radio over fiber signal transmission

RoF has been considered as an enabling technology for next generation communication
networks. It consists of transporting an electrical signal through an optical fiber. In the
transmitter, an optical carrier is modulated by an electrical signal. After optical signal
transmission over the optical link, the electrical signal is recovered after photodetection at the
receiver.

The basic scheme to realize this link is shown in Figure 2.19(a). The RF electrical signal is
converted into optical domain through a laser which is directly modulated. Then, the optical
signal is propagated along an optical fiber. Finally, the PD, which helds the opto-electronic
conversion, recovers the transmitted electrical signal. This link is called in the literature intensity
modulation — direct detection (IM-DD). Figure 2.19(b) shows a RoF approach which employs
an external modulator based on MZM operating at linear point. The external modulator, which
is driven by the electrical signal, modulates the optical signal coming from the laser. The
resulting optical signal is transmitted over the fiber and launched into the PD. The PD performs
the opto-electronic conversion and the electrical signal can be recovered. In both approaches,
since multiple optical sidebands are injected into the PD, high order harmonics are generated
after optical beating. Harmonics in the generated electrical signal can be controlled by optical
signal filtering or MZM operating point, as it will explained in Chapter 3.

RoF technology offers technical performance benefits over traditional data transmission
through coaxial cables [13, 8]. Optical carrier frequencies are in the range of 193.4 THz at 1550
nm in contrast to microwave signals with about tens of GHz. Therefore, the huge bandwidth
available in optical fiber systems makes them as an elegant and simple approach to deliver
wideband data signals. Indeed, optical fiber presents immunity to electromagnetic interference
(EMI) due to the dielectric material. These characteristics also provide privacy and security
against eavesdropping.

The optical fiber attenuation, which is below 1 dB/km at the main transmission windows, is
very low compared to the coaxial cables. For example, fiber attenuation is typically 0.2 dB/km
at 1550 nm and does not vary with the modulating RF, meanwhile a commercial typical
attenuation of a coaxial cable at 70 GHz is up to 6 dB/m [73]. Therefore, the distribution
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distance of optical signals is several times higher compared with electrical signals. Indeed, the
transmission power may be greatly reduced.

Figure 2.19. Typical RoF link schematic using: (a) directly and (b) external modulation.

Moreover, RoF is able to transport and multiplex multiple RF signals using sub-carrier
multiplexing (SCM) or wavelength-division multiplexing (WDM). In SCM, multiple RF signals
are aggregated at single wavelength meanwhile, in WDM, each wavelength is modulated at a
given RF signal. Moreover, mode multiplexing and multicore fibers can be also employed in
RoF links to extend the operational flexibility. Thus, RoF can be used to distribute multi-
operator and multi-service traffic.

2.3.2.1. RoF transmission schemes

The RoF signal transmission can be digital or A-RoF, depending on the data format of the
electrical data signal.

Figure 2.20(a) shows D-RoF scheme which involves the digitalization of analog RF signal
before signal transmission over optical fiber. In this scheme, the analog RF signal is first
converted to a binary electronic pulse in an ADC and after is launched into transmitter for
electro-optical conversion. The resultant optical signal is transmitted over fiber. After signal
photodetection at the optical receiver, a DAC must be used prior to the RF wireless
transmission. The CPRI, enhanced-CPRI (eCPRI) and OBSAI protocols are commonly used
as interfacing approaches [8, 18]. However, D-RoF approach consists of digitizing the analog
radio signal with fine quantization resolution to guarantee high fiber link fidelity at the cost of
vast optical bandwidth consumption. Indeed, this translates into continuously equipment
upgrades, including the installation of supplementary optical fiber links and/or high-speed
transceivers [18].

In A-RoF systems, the analog radio signals are directly modulated onto an optical carrier
at the transmitter, as depicted in Figure 2.20(b). The RF signal simply modulates an optical
carrier at electro-optical converter and transmitted over fiber. At the receiver, the RF signal is
recovered using an opto-electronic converter and may be directly transmitted over RF wireless
link. There is not signal quantization which is translated into higher bandwidth efficiency
compared to a D-RoF option [18, 74]. However, A-RoF signal transmission suffers severe
impairments such as chromatic dispersion, noise and distortion [8]. Finally, the non-linear
characteristics of the opto-electronic devices, especially at the transmitter, are the key
contributors to signal distortion, i.e. as intermodulation distortion (IMD).

In terms of electrical carrier frequency, three schemes can be distinguished: baseband-
over fiber (BBoF), intermediate frequency-over fiber (IFoF) and radio frequency-over fiber
(RFoF), as depicted in Figure 2.21.

In RFoF scheme, electrical signals at high frequency, i.e. mmW frequencies, can be
transmitted directly over the optical fiber. Therefore, frequency up conversion is not needed at
the remote antenna sites which simplifies the architecture. Nevertheless, high speed and
bandwidth PDs are required at the receiver side, increasing the implementation cost. Moreover,
the fiber chromatic dispersion drawback degrades the optical signal, which is even worse at
higher frequency signals.
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Figure 2.20. RoF links based on (a) D-RoF and (b) A-RoF.

IFoF scheme transport the signals at lower intermediate frequency (IF) whereas BBoF
scheme transmits the signals at baseband frequency. Both schemes, IFoF and BBoF, require
up-conversion to mmW frequency at the antenna BS. The system needs lower-speed opto-
electronic devices and the impact of fiber chromatic dispersion is lower than RFoF. However,
high complex and costly devices, like mmW local oscillator (LO) and high-speed mixers, are
needed for frequency up-conversion. Theses drawbacks also limit the upgradability and
scalability, in particular when additional carrier frequencies are required.
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Figure 2.21. RoF schemes based on different electrical carrier frequency signals.

2.3.2.2. RoF applications

RoF is widely used in different application scenarios, as explained in this Section. In wireless
networks, e.g. 4/5G, WiFi, worldwide interoperability for microwave access (WiMax), etc., radio
signals are carried over fiber optics to a center location. RoF is also a key enabling technology
for 5G NR standard in C-RAN as fronthaul link between the BBU pool and the RRH.

Moreover, the massive deployment of mobile devices at home generates a rapid traffic
growth in radio mobile networks. The new WiFi standard 802.11.ad operates at 60 GHz
frequency band and is suitable to handle the new data traffic demand at home area networks.
However, this system experiences higher propagation losses compared with the low frequency
WiFi standards (2.4 and 5 GHz), limiting the coverage. RoF is a promising solution to solve
this problem due to simplicity and high bandwidth [75].
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Finally, radio astronomy systems require extremely radio sensitive and electromagnetic
compatible signals. Indeed, immunity to EMI, very low power level of the receiver signals and
low noise are required in these systems. For that purpose, RoF is proposed to be used between
the front-ends receptors and the post-processing unit [76].

2.3.2.3. RoF impairments and limitations

Naturally, the employed components in RoF systems impose impairments and limitations on
the optical signals, which distort the received RF signals. These impairments tend to limit the
frequency/bandwidth and transmission distance of the RF signal.

The output signal emitted by the light source is commonly modulated by the RF signal by
an external modulator, which can provide reduced chirp as well as high bandwidth. However,
spurious out-of-band spectral components can be generated due to the modulator non-linear
response [77]. These spectral components lead to IMD, which reduce the carrier-to-
interference ratio (CIR) and severely degrade the RF signal at the receiver. Additionally, DC
bias voltage drift [78] and the imperfect splitting ratio of external modulator branches [79] can
produce degradation at the recovered RF signal.

DMLs, where the electrical signal is applied to the laser, are often used in RoF systems in
order to reduce the cost and complexity. The frequency chirp of the DML combined with fiber
dispersion, results in power fading [80, 81] besides non-linear frequency system response,
which leads to harmonic distortion (HD) and IMD. Moreover, clipping distortion can be arisen
when the injected modulating signal current occasionally drops below the laser threshold
current, i.e. turning the laser off, or enters saturation.

The system performance is deteriorated by chromatic dispersion in RoF links, specially for
long distances. In optical DSB modulated signals, the sidebands undergo different amount of
phase shift relative to the optical carrier when are transmitted over fiber links. After the square
law photodetection, this phase difference can induce destructive interference of the beat signal
which arises a power fading of generated RF signal. The power fading varies periodically
depending on the chromatic dispersion, transmission distance and frequency parameter as
can be obtained from the RF power expression [82]:

LD
Pep o cOS? [713 fRZF], (2.12)

where L(m) is the fiber length, D(ps/rlm .km) 1S the fiber chromatic dispersion parameter,

c(M/s) is the vacuum lightwave speed, 1,(m) is the wavelength of the lightwave and fzr(Hz)
is the electrical signal frequency. Multiple techniques have been demonstrated to overcome
the impact of the chromatic dispersion [83]. Optical single sideband or optical carrier
suppression schemes are immune to chromatic dispersion induced fading. Other proposals
include a modulation diversity receiver, which can compensate the power fading whereas
cascaded MZMs should be employed for wideband signals [83, 84].

Besides, the transmitted pulses over different frequencies experience different group
velocities, they misplace their temporal overlap after some propagation distance. This effect,
named bit walk-off, causes inter-symbol interference (ISI) [85].

The PD usually works at linear region. However, at high received optical power, non-
linearities begin to dominate which induces a RF signal distortion. Furthermore, multiple optical
sidebands may be launched into the PD, which can produce undesired harmonics at the PD
output after photomixing.

Noise sources in RoF links [86] are mainly due to relative intensity noise (RIN) at laser
diode and thermal noise and shot noise at PD. These noise sources may impose a limitation
on the signal-to-noise ratio (SNR) of the received RF signal.

Additionally, the use of optical amplifiers, like EDFAs, provide the amplified spontaneous
emission (ASE) noise. The effect of ASE noise also produces a reduction of SNR although it
can be partially mitigated by proper optical filtering.
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2.4. Free-space optics

FSO is presented as a potential enabling technology for 5G and beyond. It is an optical
communications technology which transmits optical signals wireless through unguided
transmission medium. It is based on the ancient civilizations that used fire beacons or smoke
signals for communications. The first optical communication through free spaces, based on
sunlight, was done by Alexander Graham Bell in 1880 [87]. In current FSO systems, extremely
narrow laser beams at IR wavelength are transmitted employing the air as transmission
medium instead of optical fiber or any optical system guiding the light.

The competitors of FSO are the optical fiber, wireless RF communications and the copper
cable-based. However, FSO exhibits several advantages since it provides better security,
cheap network installation and easy maintenance and upgrades. Moreover, it employs IR
wavelength so it has similar transmission bandwidth capabilities, achieving high data rates,
compared with optical fiber. FSO losses are much lower than RF losses due to high directivity.
For example, the atmospheric attenuation for the transmission window 1520-1600 nm is lower
than 0.2 dB/km with clear visibility [11] whereas the RF losses strongly depend on the electrical
frequency, e.g. 60 dB at 25 GHz for 1 m wireless distance (Section 2.1). FSO system is an
excellent alternative in areas where the optical fiber cannot be installed. Thus, it is an excellent
solution for high-capacity wireless links, e.g. fronthaul link. Finally, the optical carrier at THz
frequencies is still unlicensed so does not require license fees.

Optical wireless transmission using FSO has been extensively studied in the literature. For
example, a 40 Gbit/s has been experimentally transmitted over 20 m FSO in [88]. In [89], 50 m
outdoor experiments between two buildings with 8x25 Gbit/s pulse-amplitude modulation-4
(PAM) has been demonstrated. Recently, a 20 Gbit/s data signal of 5G mmW and sub-THz
signals through a 20 km fiber, 500 m optical wireless and up to 2 m RF wireless link has been
transmitted [90].

2.4.1. FSO scheme

An FSO system basically consists of three subsystems: transmitter, channel and receiver,
as illustrated in Figure 2.22(a). The transmitter, which usually includes an optical source and
modulator, emits a modulated electrical signal over an optical carrier. A collimating lens and a
mechanical alignment stage are usually employed in order to transmit extremely narrow
beamwidths. The channel is the atmosphere which is affected by atmospheric turbulence,
dynamic misalignment and atmospheric path loss. Finally, the receiver is the responsible for
collecting the transmitted optical beam and recovering the data electrical signal. A typical
receiver consists of a focusing lens, a mechanical alignment stage to collect the optical signal
and a PD that converts the optical power into an output current.
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Figure 2.22. (a) FSO system layout, (b) Thorlabs 50-1550A-APC Single Mode Pigtailed GRIN Fiber Collimator and
(c) Thorlabs F810APC-1550 Air-Spaced Doublet Collimator.
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Figure 2.22(b) shows a commercial pigtailed fiber collimator (Thorlabs 50-1550A-APC). It
uses gradient-index (GRIN) lenses which are coupled to standard single mode fiber. It is
designed to be used in pairs, with a free-space beam between the lenses, and may also need
collimator/focusing lenses. Figure 2.22(c) displays an air-spaced doublet collimator (Thorlabs
F810APC-1550), which leads to be pre-aligned to collimate a laser beam. It does not have any
movable parts; they are compact and not susceptible to misalignment. Both collimators are
employed in this Thesis.

2.4.2. FSO limitations

FSO presents some limitations because of the transmission medium and physical
characteristics of its installation location. The main impairments which affect to the
performances are line-of-sight (LOS) obstructions, atmospheric attenuation, solar interference,
misalignments, beam divergence and atmospheric turbulence (AT) [11, 91, 92, 93].

2.4.2.1. FSO signal attenuation

Optical signal through the FSO channel undergoes atmospheric attenuation due to absorption
and scattering process [94]. Total atmospheric attenuation is given by atmospheric attenuation
coefficient, a,;,,, which is expressed as combination of absorption and scattering of light.

The atmospheric absorption strongly depends on the wavelength, as shown in Figure
2.23(a) [11]. The absorption occurs principally in response to water particles (i.e. moisture),
carbon-dioxide and ozone. However, there are some transmission windows with very low
attenuation, for instance 780-850 and 1520—1600 nm. The attenuation of near-IR wavelengths
is < 0.2 dB/km under clear atmosphere. Furthermore, the majority of available optical
components are designed at 1550 nm.
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Figure 2.23. (a) Wavelength attenuation under clear weather conditions due to absorption [11], (b) attenuation vs
visibility during heavy fog [94].

Weather conditions such as clouds, fog, rain or snow, also play a key role due to scattering
of optical signals, strongly dependent on the wavelength. If the size of the atmospheric particles
is comparable with the optical wavelength, Mie scattering is produced [94], which is the
dominant near IR wavelength range. For example, Figure 2.23(b) displays the specific
attenuation versus visibility range during heavy fog, showing that the attenuation coefficient is
higher than 30 dB/km with a visibility range < 1 km.

2.4.2.2. Beam divergence

Geometric losses caused by beam divergence between transmitter and receiver have to be
considered, mainly for long-range outdoor FSO links [95, 96]. Figure 2.24(a) illustrates the
transmitter and receiver subsystems, and the free space channel. The transmitted beam is
spread out over the channel due to diffraction. When the receiver aperture is not able to collect
the whole transmitted beam, it results into power losses.
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Figure 2.24. General schematic of a FSO link.

The attenuation due to FSO beam divergence losses, arg,, can be determined according
to [11, 97, 98].

_ Py di
@Fs0 =p T (dy + OL)?
where di(m) and d;(m) are diameters of the receiver and transmitter aperture, 6 (mrad) is the

beam divergence, L(km) is the FSO range and a4, (dB/km) is the atmospheric attenuation,
as mentioned above.

L
10~ %atm1g, (2.13)

2.4.2.3. Atmospheric turbulence

Furthermore, FSO is affected by AT created by thermal distributions, as shown in Figure 2.25,
along the FSO link where multiple thermal sources, such as air-conditioned systems, rivers,
factories, etc. can be involved. In this case, scintillation is produced almost entirely by small
temperature variations, resulting in index-of-refraction fluctuations which contribute to the
signal degradation. It can be described by many statistical models, e.g. lognormal model,
exponential model, and recently Gamma-Gamma model, which is suitable for both weak and
strong turbulence [99].
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Figure 2.25. Example of thermal turbulences in a typical scenario [100].

The scintillation is characterized following the Gamma-Gamma atmospheric turbulence
model [99] by log-amplitude variance, named as Rytov variance 3. It can be calculated for a
uniform refractive index structure parameter (C2) as:

of = 1.23k7/°C2L1Y/S, (2.14)
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where k is the wave number and L is the horizontal distance travelled by the optical
field/radiation. The C2 parameter, which determines the strength of the turbulence, is specified
by:

2

P
2= (79 +1076 - T—‘;) c3, (2.15)

where P, is the atmospheric pressure in millibars, T is the absolute temperature in Kelvin and
C# is the temperature structure parameter, which is defined as:

(T, —T,)*

2/3
Ly

C%= (2.16)
where T; and T, are the temperatures at two separated points by a distance L,,.

Hence, the probability of a given optical power after transmission over a FSO link,
Prob(Prgp), is given by the following distribution:

2 (a+B)/2-1
(c;ﬁ(lT(ﬁ)Ka—ﬁ (2\/a_ﬁppso). (2.17)

where I'(*) is the Gamma function, K,_z(-) is the second kind modified Bessel function and

1/a and 1 / B are the variances of small- and large-scale eddies, which are calculated from
the Rytov variance as follows:

Prob (PFSO) =

0.4952 .
a = exp 76| —
(1+1116,7°) | o1
0.510%
B =exp - 1.

(1 +0.690, 5)5/6_

Finally, the intensity fluctuations are characterized by the probability distribution, which is
classified as weak turbulence (2 < 1), moderate turbulence (o7 = 1) or strong turbulence
(of > 1).

2.4.3. FSO applications

FSO advantages allow a high number of FSO uses, such as mentioned below [101, 102, 103].
FSO can be used up to 1 km for connecting users such as outdoor wireless access, last-mile,
enterprise connectivity and point-to-point links. It is also an excellent solution where optical
fiber cannot deploy or is very costly, for example for railway, highway or river crossings. It is
an excellent supplement to traditional radio and fiber link due to high-speed link which can
carry high data rates. FSO can be used as fronthaul and backhaul links (shown in Figure 2.3).

FSO can be deployed in areas with a rapid data traffic growth due to a temporary massive
end user, for example near a football match or a concert. It also can be employed as rapid
replacement of broken cable-links.

The main advantages of FSO links compared to microwave links are frequency
independence of FSO losses, high data rates at low signal power or non-interference EMI with
RF signals. This makes possible applications for satellite and deep space links, links between
satellite and ground stations, and links between aircraft and high-altitude platforms, amongst
others.
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2.5. Conclusions

This Chapter presents a review of the enabling architectures and technologies for 5G networks,
specially focusing in those which have been employed along the Thesis. The purpose of the
Chapter is to provide a general overview of C-RAN, mmW signals, MWP approaches for signal
generation and RoF techniques, and FSO, as driving technologies for future networks
deployment.

The evolution of the traditional RAN architectures and the concepts of C-RAN have been
revised. C-RAN has the potential to reduce the network deployment and operation cost as well
as improve system, mobility and coverage performances for 5G networks. However, since the
amount of data exchange between RRHs and COs is significantly increased, the
implementation of fronthaul link is one of the main challenges for C-RAN deployments.

Since new standard requires high data rates and spectral efficiency, mmW signals are
proposed as a key enabling technology for 5G NR, which can meet the drastic increase of
wireless traffic capacity. Although mmW signal exhibits several benefits, its propagation
characteristics and high frequency signals generation set out several challenges which MWP
can address.

MWP enables photonic signal generation and transport approaches which can satisfy the
5G requirements. Photonically mmW signal generation techniques allow to reduce the
bandwidth constraint of electrical devices. Among all the techniques which have been reviewed
in the Chapter, intensity modulation based on MZM is particularly very attractive in terms of
complexity, performance and cost, and therefore, has been chosen for the experimental work
developed in this Thesis. Furthermore, RoF enables the transparent mmW signal transmission
over fiber when the mmW signal is photonically generated. Therefore, its main benefits such
as large bandwidth, low losses, immunity to RF interference and low power consumption, can
be fully exploited.

Finally, special attention has been paid in the literature during the recent years to FSO as
part of fronthaul link. It is presented as an alternative technology of optical fiber deployment
since it exhibits similar benefits showing complementary features, i.e. high bandwidth and bit
rate, unlicensed THz bands, lower losses than electrical wireless transmission and extending
range where optical fiber cannot be deployed. However, optical signals experience attenuation
due to absorption and scattering process, and misalignment. Furthermore, FSO channel can
be affected by atmospheric turbulences, as has been described above, due to multiple thermal
sources along the channel. Huge number of applications, such as temporary installation,
inaccessible location deploy or fast communication recover of broken cables, can be deployed
using FSO technology.
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Chapter 3. Photonic mmW
sighal generation based on
carrier-supressed external
modulation

We live in a society exquisitely dependent on science and technology, in which hardly

anyone knows anything about science and technology.

— Carl Sagan

In this Chapter, photonic mmW signal generation based on carrier-suppressed external
modulation is described as the main approach employed in the Thesis. CS-DSB modulation is
employed to generate high frequency signals and full optical and electrical signal
characterization is provided. Based on the same scheme, the Chapter also presents multiple
signal generation for 5G deployment networks which is further exploited to provide
reconfigurable mmW signal generation. Moreover, non-linear FWM in a SOA has been
employed to assist photonically mmW signal generation in order to further reduce the
component bandwidth requirements. Finally, the effect of induced thermal turbulence on mmW
signals is experimentally and analytically evaluated along FSO links which are deployed as
part of the fronthaul link in C-RAN, as explained in Chapter 2.

3.1. Analytical formulation

Schemes for mmW signal generation based on MZM linear bias point lead to spectra with all
optical sidebands including the optical carrier (see Figure 2.19) and a filter is required to select
bands with proper spacing. In our approach, the MZM is biased at non-linear region, more
specifically CS-DSB is employed as an excellent solution for the mmW signal generation at
double the RF frequency, i.e. f.mw = 2fzr- In this case, only +1-order sidebands are the
desired optical signals.

Assume that an incoming CW lightwave in the modulator can be formulated as:
Ein(t) = Eoej[wot"'d)o(t)]’ (3.1)

where E, is the constant amplitude, w, is the angular frequency and ¢,(t) is phase of the
optical signal. The MZM, shown in Figure 2.16(b) is driven by a v(t) signal consisting of an
electrical sinusoidal signal given as:

v(t) = Vpias + Var cos(Wgpt + e (D)), (3.2)
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where V,,, is the DC bias voltage, Vir, wgr and ¢rr(t) are the amplitude, angular frequency
and phase of the RF driving signal, respectively.

Therefore, combining equations (2.7) and (3.2), the output electrical field after modulation
can be expressed as [104]:

E,.:(t) = E, (t){cos(b) Cos(m COS(WRFt + ¢RF(t))) (3.3)
— sin(b) sin(m cos(wgpt + Pgp (t)))}
where b = Zbl;“sn is the constant phase shift induced by the DC bias voltage and m = #

s T

the phase modulation index.

Combining equations (3.1) and, (3.3) with Jacobi-Anger expansion and Bessel functions,
the output of the MZM is given by:

Eout(t) = E, cos(b)Jo(m)cos(wot + ¢, (1))

+ By Y [(~1)" c05(b) Jon (m){cos([wo + 2]t + 2nbe (D)
n=1

+ ¢, (t) —nm) + cos([w, — 2nwgplt — 2nggp(t) + ¢, (t) + nm)}] (3.4)
+E, 2 (=1)" $in(B) Jon-1 (m){cos((w, + (21— Dwgelt
+[2 n - 1]¢RF (1) + ¢, (¢) — nmr)

+ cos([w, — (2n — Dwgelt — [2n — 1]rp(t) + ¢, () +nm)},

where J,(.) is the Bessel function of the first kind of order n". Table 3.1 shows the
corresponding optical sideband and the associated term from equation (3.4) controlled by b
parameter.

Tis

Table 3.1. Analytical terms of optical field at the MZM output (normalized to £).

Sidebands Eoue(t) term
Carrier
(cos(b) Jo(m) cos(wot + (1))
Even (=™ Jan(m) cos([w, + 2nwgrlt + 2n¢gp(t) + ¢, (t) — nm)
(cos(b)) (=™ Jan(m) cos([w, — 2nwgrlt — 2nggp(t) + ¢ () + nmr)
Odd (=D™ - Jan—1(m) cos([w, + 2n — Dwgplt + [2n — 1]dgp(t) + ¢o(t) — n)

(sin(0))  (=1)": Jp_q (M)cos([w, — (2n — Dwgelt — [2n — Ldge(t) + ¢, (¢) + )

Figure 3.1(a) illustrates typical optical sidebands of a MZM. As it can be seen, the amplitude
of the optical sidebands corresponds to associated Bessel functions. Note that the +1st and
+2" optical sidebands exhibit 180° phase shift respect to the carrier, according to equation
(3.4) (see Table 3.1).

Figure 3.1(b) shows the optical power (P,,; = |E|?) and optical field curves vs bias voltage.
The operating point of MZM is controlled by changing the applied voltage on the electrodes.
There are four regions of operation depending on the bias point (V};,s). Positive and negative
quadrature (Quad+ and Quad-, respectively), held when V,,;,s = +V,/2, correspond to linear
regions usually employed for electro-optic modulation while peak and null are non-linear
regions that can be used for pulse generation.
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Figure 3.1. (a) Diagram of typical optical sidebands generated by a MZM and (b) normalized power and field
curves vs bias voltage of MZM.
Assuming driving and optical signal with null phase, ¢zz(t) =0 and ¢,(t) = 0, CS-DSB
modulation can be set at V};,; =V, i.e. cos(b) = 0 and sin(b) = 1, and leads to the following
expression for the output optical field (odd sidebands):

Eoue(t) = E, Z{(_l)nJZn—l(m) [cos([w, + (2n — Dwget — nm) (3.5)
n=1

et cos([w, — (2n — Dwgglt + n)]}.

The amplitudes of the generated sidebands are proportional to the corresponding
associated odd Bessel functions, J,,,_1(m), with the phase modulation index m. When phase
modulation index is high enough, high optical sidebands orders can be ignored. If Vyr =V, the
maximum phase modulation index is g and the argument of Bessel functionsis 0 < m < % As

it is shown in Table 3.2, higher order bands can be ignored according to Bessel functions, and
the output of the MZM can be simplified as [79]:

Eoue(t) = —=J1(m)E,[cos([w, + wgp]t) + cos([w, — wrp]t)]. (3.6)

Table 3.2. Analytical optical sidebands and Bessel functions from 1 to 3 order of optical field at the MZM
output (£, normalized) when Viizs= Vz (null bias point).

>

Jan-1(m) Sidebands

1 0.5668 —J1(m)[cos([w, + wgglt) + cos([w, — wgrlt)]
2 0.0690  Js(m)lcos([w, + 3wgr]t) + cos([w, — 3wgg]t)]
0.022  —Js(m)[cos([w, + Swgr]t) + cos([w, — Swgr]t)]

w

This approach shows the advantage of robustness of the system to fiber dispersion-
induced RF power penalties [105] as well as the reduced electronic bandwidth requirements
at the transmitter. However, due to non-linear bias point, high RF driving power is required to
obtain a desirable modulation depth [106]. Althroughout this Thesis, external CS-DSB
modulation is employed for mmW signal generation in different scenarios and applications, as
explained below.

3.2. Experimental setup and characterization

In this Section, mmW signal generation and distribution over hybrid fiber/FSO network system
is demonstrated and experimentally characterized [107]. As depicted in Figure 3.2, an optical
wavelength is modulated by a RF signal, fzr, by using a MZM biased at zero transmission
point (Vyias = V). The optical signal is amplified by an EDFA and then transported through
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SSMF and FSO links. Finally, opto-electrical conversion is held at the PD, where the first
sidebands are beaten and a mmW signal is generated at double frequency, fnw = 2fzrr, 10
be radiated by an antenna at a given BS. Therefore, the electric bandwidth of the RF source is
reduced by half and, since the carrier is suppressed at the modulation itself, an optical filter is
not required.

In the experimental setup shown Figure 3.2, a CW optical signal is emitted at a wavelength
of 1550.12 nm by a distributed feedback (DFB) laser (EXFO IQS) with 10 dBm output power.
The signal state of polarization is adjusted by a polarization controller (PC) and launched into
the dual-drive MZM (Sumitomo Osaka Cement T.DEH1.5-40X-ADC-Y-Z) with 30 GHz
bandwidth and null bias point at 6.5 V. The electrical driving signal is generated by a signal
generator (SG) (Agilent PNA-X N4373C) with 18 dBm output power in the frequency range 20
- 45 GHz. The carrier suppressed modulated optical signal is amplified by an EDFA (Amonics
EDFA-23-B-FA) with 13 dBm output power to be transmitted over 10 km SSMF link and
launched into the 70 cm FSO system by using GRIN lenses (Thorlabs 50-1550A-APC) with an
aperture of 1.8 mm and plano-convex lenses with a diameter of 25.4 mm. Note that optical
losses at the FSO link are measured as 4.6 dB. Finally, the signal is monitored using after
90/10 optical coupler (OC) by optical spectrum analyzer (OSA) (Yokogawa AQ6370C),
whereas the mmW signal is generated after beating the modulated sidebands at the 50 GHz
PD (Finisar XPDV2320R) and is monitored by the RF spectrum analyzer (RFSA) (Anritsu
MS2760A).

Laser f OsA RFSA i
¥ 5 @ 2 g

10%
90% | mmi¥
BS

Figure 3.2. Experimental setup of 40 - 90 GHz mmW signal generation [107].

v

bias

The measured optical spectra at the PD input for optical back-to-back (OB2B) configuration
is shown in Figure 3.3(a). The side-mode suppression ratio' (SMSR) is larger than 30 dB for
frequencies below 60 GHz and is reduced up to 19.1 dB at 90 GHz, due to the MZM bandwidth
limitation. Higher order sidebands are measured to be below 40 dB (40 GHz) and 27 dB (90
GHz) respect to the main sidelobes. Optical spectra after fiber (red trace) and hybrid (green
trace) transmission show similar behaviour than OB2B. As expected, optical signals after
hybrid link shows higher attenuation than fiber and OB2B transmission.

After photodetection, a mmW signal is generated at different frequencies. The RF spectrum
at optical OB2B configuration is depicted in Figure 3.3(b) where similar RF power values are
obtained for all frequencies. The maximum RF power for OB2B system is -34 dBm at 40 GHz
measured by an RFSA with a resolution bandwidth (RBW) of 3 kHz.

1 The side-mode suppression ratio (SMSR) is defined as suppression level between optical carrier and sidebands.
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Figure 3.3. (a) Measured optical spectra at the PD input for OB2B, 10 km SSMF link, and 10 km SSMF and 70 cm
FSO link; and (b) RF power spectrum for OB2B.
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Figure 3.4. (a) Side-mode suppression ratio (RBW = 0.02 nm) and (b) RF electrical power (RBW = 3 kHz) vs
frequency signal.

Figure 3.4 displays the measured SMSR and RF power for a particular frequency in order
to compare the performance of links with different frequencies. Figure 3.4 (a) exhibits similar
values for OB2B, fiber and hybrid links. The measurements show less than 0.5 dB difference
between links. The SMSR shows -3 dB at 60 GHz compared with lower frequencies. Then, the
SMSR sharply drops down to 19.2 dB, which is due to the frequency response of the devices,
as mentioned above.
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Figure 3.4(b) shows the RF measured power for a particular generated frequency. As
expected, the OB2B configuration shows the maximum RF power level, for example -34 dBm
at 40 GHz. However, the RF power level decreases when the frequency increases due to the
overall system frequency response.

3.3. Multiple signal generation

In this Section, we extend the schematic presented above to generate multiple signals with
increased performance and flexibility. The scheme of the experimental setup for multiple mmw
signal generation based on the CS-DSB external modulation is shown in Figure 3.5 [108]. In
this experiment, each wavelength is modulated at CO by a RF signal (fzz) using a MZM biased
at V. (null point), as described in previous Section. Therefore, the carrier is suppressed without
the need of any optical filter, and two first order optical sidebands are generated. In the setup,
multiple optical signals are multiplexed at the CO and distributed along the optical network
which includes optical fiber and FSO links. At the remote node (RN), the optical signals are
distributed by a demultiplexer, and each optical channel is routed towards the corresponding
BS. After beating both optical sidebands at the PD in the BS, the generated mmW signal can
be further amplified and radiated by an antenna.
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Figure 3.5. Schematic layout of multiple mmW signal generation and distribution system. Insets show: (i) output
spectral response of 8 channel AWG with 100 GHz channel spacing and (ii) measured output/input power-voltage
characteristic of MZM-1/2 as function of the bias voltage [108].

In the experimental setup, two lasers (EXFO 1QS) (CW Laser-1 and Laser-2) emit optical
carrier signals with 10 dBm output power at 1549.90 and 1551.52 nm wavelength, respectively.
After optimizing the polarization state of the input signals by PCs, the optical signals are
modulated by MZM-1 (Avanex PowerBit F-10) and MZM-2 (Sumitomo Osaka Cement T
DEH1.5-40). Inset (ii) of Figure 3.5 displays the experimental optical power-voltage curve of
both MZMs where CS-DSB bias point is 4.5 and 6.5 V for MZM-1 and MZM-2, respectively.
MZM-1 and MZM-2 are driven by RF driving signals which are generated by SGs (Agilent PNA-
X' N4373C and PSG E8267C) at frequencies of 7 GHz and 12 GHz with 18 and 23 dBm output
power, respectively. The optical modulated signals are multiplexed by an optical coupler and
the losses are compensated by an EDFA (Amonics EDFA-23-B-FA) with 13 dBm output power.

The resulting optical signal is transmitted by the optical distribution network (ODN)
composed of 10 km SSMF and 70 cm FSO system. The FSO link is identical as described in
single frequency experiments in previous Section, i.e. 4.6 dB insertion losses.
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At RN, the optical signal is launched into the 1x8 arrayed waveguide grating (AWG) (NEL
AWGO0808SPM) with a free spectrum range (FSR) of 100 GHz (0.8 nm), as it is shown in inset
(i) of Figure 3.5 where optical channels come out from output ports #1 and #3, respectively.
The AWG output ports are connected to 90/10 OC allowing the monitoring of optical signal by
OSA (Yokogawa AQ6370C), whereas the mmW signal is generated at the PD (Finisar
XPDV2320R) at BS#1 and BS#3, and monitored by the RFSA (Agilent MXA N9020A).

For the sake of providing optical and electrical signal characterization, five scenarios have
been tested based on different fiber and FSO link lengths, as detailed in Table 3.3, and
compared with OB2B link (scenario A). The scenarios B and C consist of fiber links, i.e. 10 and
25 km SSMF whereas the scenario D is purely FSO link. The hybrid link (scenario E) is formed
by 10 km SSMF and 70 cm FSO, i.e. scenarios B and D, and, when a RF amplification is
applied after photodetection, it is denominated scenario F.

Table 3.3. Definition of experimental scenarios.

Scenarios Optical distribution network Insertion loss (dB)
A OB2B 0
B 10 km SSMF link 3.2
C 25 km SSMF link 5.6
D 70 cm FSO link 4.6
E 10 km SSMF + 70 cm FSO 7.8
F 10 km SSMF + 70 cm FSO (with post-detection RF amplification) -

Figure 3.6(a) and (b) show the measured optical spectra at AWG output ports #1 and #3.
The measured SMSR is 20 dB and larger than 30 dB at 7 GHz for port #1 and at 12 GHz for
port #3, respectively. The high order optical sidebands show power levels below 35 dB with
respect to the fundamental sidebands. Besides, the crosstalk between adjacent channel is -33
and -42 dB for port #1 and port #3, respectively. Note that the AWG nominal crosstalk is 30
dB.
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Figure 3.6. Measured optical spectra at PD input (RBW = 0.02 nm): (a) port #1: A; =1549.90 nm, fre; = 7 GHz and (b)
port #3: A, =1551.52 nm, fze; = 12 GHz.

The 14 and 24 GHz mmW signal (port #1 and #3) are generated after direct photodetection
at the receiver. The RF spectra of both frequencies are depicted in Figure 3.7(a) and (b). The
measured linewidth is 60 kHz in all scenarios using a RBW of 51 kHz. Figure 3.7(c) shows the
RF received power for a particular scenario A-D for both frequencies in order to compare the

41



Chapter 3. Photonic mmW signal generation based on carrier-supressed external modulation

performance for different radio frequencies. Similar received RF power values at 14 and 24
GHz are obtained for scenarios A-E. The measured electrical power is around -41 dBm for
scenarios A and B, meanwhile it is reduced by 9.9, 16 and 25.2 dB for scenarios C-E,
respectively, compared with OB2B for 14 and 24 GHz. A 6 dB difference between 14 and 24
GHz is observed in scenario F due to the frequency response of the amplifier (SHF
Communication Technologies AG SHF 810) and adapters.
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Figure 3.7. (a) Electrical spectrum at f,mws = 14 GHz (port #1, A; = 1549.90 nm), (b) electrical spectrum f,,u; = 24
GHz (port #3, A, = 1551.52 nm) and (c) RF power level measured at different scenarios.

Phase noise is critical in communications systems since it characterizes the spectral purity
of the signal, which is caused by time domain instabilities called as phase jitter. Figure 3.8
shows the phase noise level measurements at 14 and 24 GHz at different scenarios. The best
phase noise at 100 kHz is -87.4 and -93.3 dBc/Hz for OB2B at 14 and 24 GHz, respectively.
The phase noise of the generated mmW signal is affected by the electrical driving signal, the
linewidth of the optical carrier and the chromatic-dispersion effect in the fiber [104]. In this
system, the measured phase noise of scenarios A-D, i.e. under -75 dBc/Hz, is a reasonable
level compared with, e.g. the nominal phase noise of signal generator Agilent PSG E8267C (-
108 dBc/Hz from 10 GHz to 20 GHz at 20 kHz frequency offset). As expected, scenario E
shows higher phase noise, i.e. -69 dBc/Hz at 24 GHz due to very low received RF power. It
decreases down to -87 dBc/Hz at 100 kHz frequency offset when post-detection amplification
is applied (scenario F) for both frequencies, as shown in the inset of Figure 3.8. Note thata 10
dB difference at 1 MHz offset is measured between 14 and 24 GHz signals due to the frequency
response of the amplifier.
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Figure 3.8. Phase noise level measured at different scenarios (RBW = 10 kHz). Inset show the phase noise
measurement at scenario F for channel 1 (port #1, f,mws = 14 GHz, A; = 1549.90 nm) and 3 (port #3, at f,mws = 24
GHz, A; = 1551.52 nm).

3.4. Reconfigurable mmW signal generation

In this Section, multiple mmW signal generation is proposed for dynamic allocation of particular
frequencies to different BSs is depicted in Figure 3.9 [108].

The scheme, based on Figure 3.5, employs an optical switch (OS) (Sercarlo SW8x3-9N-
FC/PC) in the remote node for dynamic allocation of optical channels, and a cyclic 18x18 ports
AWG (NEL A0818GPMFS-B203A) is employed for demultiplexing optical channels. In this
case, five optical channels are used to generate and deliver signals at different frequencies in
mmW bands. Optical waves emitting by DFBs at 1, - 15 are modulated by five MZMs similar to
those employed in Figure 3.5 at 7.5 - 20 GHz frequency range in order to generate mmW
signals at 15 - 40 GHz, respectively. Table 3.4 shows the detailed proposed wavelength and
frequencies. Inset of Figure 3.9 illustrates the measured optical spectrum of the multiplexed
optical signal when channels CH#1 and #2 (1547.47 and 1548.25 nm) are modulated by the
corresponding RF signals.

[ e
PYSE 2R 2N 200 2R 2

Optical power (dBm)

1547 1548 1549 1550 1551
Wavelength (nm)

Figure 3.9. Experimental setup of photonic multiple mmW signal generation and dinamically reconfigurable signal
distribution. Inset shows the optical spectrum of five multiplexed optical channels when CH#1 and #2 are
modulated by 20 and 15 GHz, respectively.
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Table 3.4. Definition of optical channels.

Channel Wavelength (hm) RF (GHz) mmW (GHz)

CH#1 1547 .47 20 40
CH#2 1548.25 15 30
CH#3 1549.10 12,5 25
CH#4 1549.85 10 20
CH#5 1550.70 7.5 15

Figure 3.10 shows the optical and electrical measurements when the optical signal is
launched through port #2 in the AWG after 10 km SSMF and 70 cm FSO. Figure 3.10(a) shows
the carrier suppressed and modulated sidebands at different channels after AWG signal
routing. The crosstalk level between channels is better than -28 dB meanwhile a minimum
SMSR of 17.8 dB is observed due to the differences in their frequency response and
polarization sensivity. The electrical spectra shown in Figure 3.10(b) is measured by the RFSA
and minimal electrical power of -40 dBm is measured and, phase noise levels below 85 dBc/Hz
and linewidths under 60 kHz are obtained at all BS#s.

Figure 3.11(a) shows every wavelength carrying the particular mmW signal and its
corresponding BS# for different AWG input ports, for example the dashed box in Figure 3.11(a)
correspond to the ones depicted in Figure 3.11(b). The electrical spectra displayed in Figure
3.11(b) correspond to different BSs when the OS is configured to launch the optical signal into
a given input. For instance, the 40 GHz mmW signal, carried by optical channel CH#1 (1547.47
nm) is distributed to BS#17 or BS#16 when the signal is launched into AWG port #4 or #5,
respectively. Similarly, optical signals can be switched to different AWG input port and, after
direct detection, routed to a particular BS. The utilization of remote software assisted control
of OS may provide future dynamic mobile fronthaul mobile networks with the highest
performance, expandability and reachability.
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Figure 3.10. Measurements at different BSs after hybrid SSMF/FSO transmission when optical signal is launched
into AWG port #2: (a) optical and (b) electrical spectra.
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Figure 3.11. (a) AWG algorithm routing: BS# where the signal is radiated versus optical carrier wavelength when
is launched into different AWG inputs and (b) RF spectrum at 40 GHz (carried by 1547.47 nm) generated at
different BS according to the AWG input port (span = 1 MHz).
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3.5. Four-wave mixing aided signal generation

This Section proposes to complement the mmW signal generation system based on CS-DSB
to generate two phase-correlated wavelengths in order to extend the achievable mmW
frequency. These wavelengths are employed as pump signals to produce two idlers by non-
linear FWM mechanism which is held in an SOA [109] (see Chapter 2). The SOA-based FWM
shows advantages such as simple configuration, small package and easy to integrate.

The experimental setup of the FWM aided mmW signal generation is shown in Figure 3.12.
An optical carrier emitted by the laser is launched into a MZM biased at null transmission point.
The optical signal is modulated by an electrical signal clock from a signal generator. Then,
optical carrier and even-order sidebands are suppressed, and higher odd-order sidebands can
be ignored. The two wavelengths are then launched into the SOA as two pumps. Then, two
idlers are generated due to FWM. According to the FWM, the spacing of two idler wavelengths
satisfies equation (2.11), (w, — 3wgr) and (w, + 3wgg). Finally, after the PD, a mmW signal
which frequency is six times the RF frequency of the driving signal is generated (W, =
6wgr). Moreover, the generated mmW signal exhibits very narrow linewidth.
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Figure 3.12. Experimental setup of SOA-aided photonic signal generation [109].

In the experiments, a 42 - 90 GHz mmW is generated using a RF frequency of 7 - 15 GHz.
At CO, a laser (EXFO 1QS-2403BLD) emits an optical carrier at 1550.12 and 10 dBm output
power. The MZM-1 (Sumitomo T DEH1.5-40X-ADC-Y-Z) is driven by a SG (Agilent E8267C)
with RF frequency of 7-15 GHz and 20 dBm output power. The MZM-1 output optical signal,
which mainly contains the first order sidebands, +fzF, is launched into SOA (Optospeed COST
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267 Bulk), where FWM produces new bands, as explained above. As will be described in
Chapter 5, when data transmission is required, the optical signal is launched into a second
MZM (MZM-2) (Avanex PowerBit F10), which is biased at linear point. A dual optical bandpass
filter (DOBPF) (Finisar Waveshaper 4000s) filters out both bands separated by 6 fr, where the
electronic bandwidth is reduced by six times in the CS. Before signal transmission over the
ODN, the signal is amplified by an EDFA (Accelink EDFA-MW-BA-40). As in previous Sections,
the ODN is composed of 10 km SSMF and 70 cm FSO. Finally, the opto-electronic conversion
is held in a PD with 50 GHz bandwidth (u2t Photonics, BPDV2020R) for mmW generation and
data recovery in the corresponding RRHs. The RF spectrum is measured by the RFSA Anritsu
MS2760A (9 kHz - 110 GHz).

Figure 3.13 depicts the measured optical spectra of the modulated signal when 11 GHz
frequency is employed. Two optical sidebands with 11 GHz spacing and 19 dB carrier
suppressed ratio are observed in Figure 3.13(a), whereas Figure 3.13(b) shows the sidebands
generated by FWM and the DOBPF spectral response configured for proper filtering. Figure
3.13(c) shows the resulting spectrum after filtering out in the DOBPF, where the spacing is six
times the RF signal frequency, i.e. 66 GHz.
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Figure 3.13. Optical spectra of 11 GHz modulated signal (RBW = 0.02 nm): after MZM-1, (b) after SOA (dashed line
show the filter transmission) and (c) after DOBPF.

Figure 3.14 shows the electrical spectra of generated mmW signals at 42, 66 and 90 GHz
after OB2B (Figure 14(a)-(c)) and hybrid link (Figure 14(d)-(f)) signal propagation. The signals
show —14, =19 and —24 dBm peak electrical power for generated frequencies of 42, 66 and 90
GHz, respectively. The measured linewidth is below 100 Hz (RBW = 1 kHz) and phase noise
level at 100 kHz has been experimentally measured as —80 dBc/Hz. After transmission through
ODN, the electrical spectra are shown in Figure 14(d)-(f), where generated mmW signal suffers
power reduction, e.g. -18 dB at 42 GHz, due to the ODN losses.
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Figure 3.14. Electrical spectra for 42, 66 and 90 GHz mmW signals (RBW = 1 kHz, span = 100 kHz): (a)-(c) OB2B
and (d)-(f) hybrid link.

3.6. Impact of turbulent FSO on photonically mmW generated signals

As described in Chapter 2, the atmospheric turbulence in FSO has a significant impact on the
signal propagation, and therefore, it degrades the photonically generated mmW signal. In this
Section, we experimentally study the impact of non-uniform AT distribution along the FSO link
on the transmission of mmW signals, which are photonically generated by using optical
external intensity modulator biased at the null transmission point [110].

The experimental setup of signal transmission and distribution over hybrid SSMF/FSO links
is illustrated in Figure 3.15(a). In this experiment, a DFB laser (EXFO IQS) at 1550.12 nm
wavelength with 10 dBm output optical power is modulated by MZM-1 (Photline MX-LN-40).
MZM-1 is driven by an RF signal, frr, with 22 dBm RF output power, which is generated by
SG (Agilent PSG E8267C), and is biased at null transmission point (V, = 6.4 V) to obtain CS-
DSB modulated signal. The purpose of the MZM-2 (Avanex PowerBit F-10) biased at linear
point is data signal modulation, as will be described in Chapter 4. The modulated optical signal
is first amplified by EDFA (Amonics EDFA-23-B-FA) with 13 dBm output constant power and
then, filtered out optical bandpass filter (OBPF) (Finisar Waveshaper 4000S) with 1.5 nm
bandwidth to reduce the ASE noise. The optical signal is launched into 1.4 km SSMF followed
by 1.2 m FSO channel using a pair of air-spaced doublet collimators (Thorlabs F810APC-
1550).

The induced artificial turbulence shown in Figure 3.15(b) is produced in the FSO channel,
shown in Figure 3.15(c), according to four different spatial temperature distributions (D1-D4).
Turbulence is generated by two fan heaters which introduce temperature gradients into the
FSO channel, and measured by 20 temperature sensors equidistantly situated along the FSO
link with 6 cm spacing. The distributions are expressed in terms of temperature structure
parameter, CZ, along the link. According to Figure 3.15(b), D1 introduces almost uniform
turbulence meanwhile D2 and D3 increase the thermal gradient near to the receiver and
transmitter, respectively. Finally, D4 represents a high peak turbulence in the middle of the link.
In a real scenario, D2 and D3 can be induced by thermal flow close to the building/masts of
transmitting/receiving FSO heads meanwhile D4 can be caused by increased airflow over the
street canyons, roads or air-condition outlets, as indicated in Chapter 2.

Finally, as in previous schemes, the mmW signal f,,,,.w = 2fzr is generated by the beating
of modulated sidebands at PD (Finisar BPD2020R), and amplified by an RF electrical amplifier
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(EA) (SHF Communication Technologies AG SHF-810). The RF spectrum is measured by the
RFSAs.
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Figure 3.15. (a) Experimental setup of signal transmission and (b) temperature structure distributions and (c)
photograph of the experimental FSO channel at Photonic Research Labs in Universitat Politecnica de Valencia
[100].

The averaged C? and C?Zcorresponding to D1-D4 temperature distributions in our
experiment are shown in Table 3.5. Note that the spacing between adjacent sensors is
L, =0.06 m, the atmospheric pressure F,=1024 mbar and wavelength A=1550.12 nm.
Therefore, calculated Rytov variance, i.e. g3 < 0.05 in all cases, leads to a weak turbulence
regime in this experimental setup.
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Table 3.5. Refractive index and temperature structure parameters of different temperature distributions

(Ly=1.2m).

Turbulent scenario  C2(K2m™%/3)  C2(m%/?)
D1 138.01 1-10710

D2 315.59 2.3-10710

D3 227.83 1.5-10710

D4 775.43 5.7-10710

Figure 3.16(a) and (b) show the consequence of turbulence on the optical signal
transmitted over FSO channel under different thermal distributions (D1-D4) comparing with
OB2B for 26 and 40 GHz, respectively. The induced turbulence produces optical signal
fluctuation which consequence is an optical power reduction by values up to 3 and 4 dB for the
highest impact turbulence distribution with respect to DO at 26 and 40 GHz, respectively.
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Figure 3.16. Optical spectra of CS-DSB (RBW = 0.02 nm): (a) 26 GHz and (b) 40 GHz.

The effect of turbulence along the FSO channel in terms of RF power and noise floor is
shown in Figure 3.17(a) and (b). Note that the RF spectrum shown in Figure 3.17(a) employs
trace average mode due to the signal fluctuations. The measured RF power for OB2B is -26.5
dBm, whereas -40 dBm is measured after transmission over hybrid link without induced
turbulence (D0) and the power is reduced by 12 dB when turbulence is applied in the FSO
channel. Nevertheless, no effects on the signal linewidth can be observed.
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Figure 3.17. Impact of induced turbulence: (a) electrical spectra and (b) dependence of electrical power and mmW

frequency.
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The measured RF electrical power in the frequency range of 26 - 40 GHz is depicted in
Figure 3.17(b). As expected, the RF electrical power decrease due to the overall frequency
response when the frequency increase, as OB2B and DO show with total drop of 7.7 dB. By
the high-resolution RFSA, star markers at 26 GHz are measured, where each color represents
different temperature distribution according to D1-D4 profiles. However, due to the optical
power fluctuation, the total drop is not constant under thermally induced turbulence. The
electrical power drop is about 2 dB for D2 and D4 meanwhile values over 8 dB are measured
for D1 and D3.

Finally, the phase noise measurements at 26 GHz by RFSA for different temperature
distributions are shown in Figure 3.18 where Table 3.6 summarizes phase noise results at
different offsets. The OB2B phase noise at 100 kHz is measured as -103.4 dBc/Hz, whereas it
is increased up to -95.9 dBc/Hz for DO. From Figure 3.18, the impact of D1-D4 turbulence
results is a higher phase noise level due to power decrease and noise floor increase. Among
phase noise at 100 kHz in D1-D4 turbulence profiles, D2 with a turbulence level close to the
receiver shows the lowest phase noise, whereas D1 and D3 with turbulence level uniformly
distributed and increased close to the transmitter shows the highest phase noise, respectively.
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Figure 3.18. Phase noise measurements at 26 GHz (RBW = 220 kHz).

Table 3.6. Phase noise measurements in dBc/Hz of 26 GHz generated signals at different offsets
(RBW = 220 Hz).

Frequency offset

1kHz 10kHz 100 kHz

OB2B -83.00 -87.40 -103.40
DO -8230 -86.50 -95.90
D1 -75.40 -79.90 -84.90
D2 -7440 -86.80 -92.80
D3  -65.30 -82.80 -84.30
D4 -66.20 -83.90 -86.80

Scenario

Measured results confirm that a turbulence distribution with an increased turbulence level
in the middle of the link leads higher electrical power reduction down to 10.7 dB compared with
non-turbulent scenario. The phase noise results confirm higher phase noise level due to both
power decrease and increased noise floor under different turbulent scenarios. Main results
include -39.97 dBm electrical power and -103.36 dBc/Hz phase noise for uniform turbulence
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distribution, and -50.64 dBm and -86.75 dBc/Hz electrical power and phase noise, respectively,
for increased turbulence level in the middle of FSO link.

3.7. Conclusions

This Chapter presents the analytical formulation of CS-DSB scheme based on MZM which is
employed in this Thesis. Therefore, mmW signals are generated by using a MZM at CS-DSB
bias point, as a very simple approach which does not need optical filters. After description and
formulation of the approach, the Chapter presents the main results obtained in the
experimental work. Different frequency signals in the 40 - 90 GHz range have been generated
with RF power level higher than -40 dBm and full signals characterization has been provided.
Main results include carrier suppression levels between 20 and 30 dB and phase noise level
as low as 87 dBc/Hz at 14 and 24 GHz.

Furthermore, multiple signal generation in the 15-40 GHz range and distribution over the
hybrid optical network including optical fiber and FSO link has been demonstrated. High-quality
RF signals with low phase noise are generated at the BSs, while an AWG and an optical switch
provide signal reconfiguration at the RN showing the high potential of the proposed system for
future deployment of dynamic 5G networks.

Moreover, the non-linear FWM effect in a SOA has been employed to generate higher
mmW signal frequencies. This scheme offers the possibility of generating higher mmw
frequencies while requirements in terms of electronic component bandwidth are reduced, i.e.
mmW signals in the range 42 - 90 GHz have been generated and transmitted over hybrid
fiber/FSO links by using 7 - 15 GHz RF driving signals.

Finally, the impact of thermally induced turbulence distributions in FSO has been
experimentally evaluated on mmW signal transmission. Non-uniform weak induced turbulence
has been generated in the frequency range of 24 - 40 GHz and its impact on optical spectrum,
electrical power and phase noise has been measured and studied over 1.2 m FSO channel.
Induced turbulence produces optical power fluctuations which causes RF power reduction, and
therefore, the phase noise increases. The measurement results show slightly worse optical
and electrical signal degradation when FSO channel is under peak turbulence in the middle of
the link.
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Chapter 4. DML-based data
transmission over
photonically generated
mmW signals

When one door closes, another opens; but we often look so long and so regretfully upon the

closed door that we do not see the one which has opened for us.

— Alexander Graham Bell

This Chapter presents the work done on data transmission over photonically generated mmWw
signals using the technique described in previous Chapter. More concretely, the direct
modulation of a laser is employed as the data transmission approach in optical C-RAN. A brief
description of the approach is explained followed by the theoretical analysis of signal
transmission under local and remote mmW signal generation setups for the sake of comparison
and provide main guidelines for future deployment. The Chapter includes comprehensive
theoretical and experimental results of the system frequency response, transmission
performance, non-linearities and bandwidth usability. Experimental results are conducted
towards the evaluation of the impact of DML chirp combined with the fiber dispersion in good
agreement with the theoretical study.

4.1. Directly modulated lasers

In microwave photonics systems, the optical source provides the optical carrier and the
information signal must be encoded onto the optical carrier. Intensity, frequency and phase
modulation can be employed for encoding the electrical signal before optical transmission
encoded into [111, 112]. However, intensity modulation is a common approach.

The fundamental of direct modulation is depicted in Figure 4.1(a). In this scheme, the laser
acts as the optical source and the modulation device. The laser injection current includes a
constant bias current (I;,5) and a data signal (i(t)). The data signal is superimposed on the
bias current. Hence, the optical signal is intensity modulated, where optical power varies in
accordance with the data signal and can be delivered by optical links. After signal transmission
over optical channel, the data signal is recovered using square law detection at the PD. This
approach is called IM-DD and the main benefits are its practical simplicity and low cost [113].

The optical field at the output of the DML is given by:
E(t,z =0) = /P(t)e/?®e/Wot, 4.1)
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where P(t) and ¢(t) are the output optical intensity and phase, respectively and w, is the
angular frequency of the electrical field. Once the optical signal is propagated through the
optical fiber with length L, the optical intensity is detected by means of a square-law
photodetector (see equation (2.2)) which leads to the photocurrent, i, (t), given by:

ipp(t) =R-|E(t,z =L)|? (4.2)

where R is is the photodiode responsivity. From equation (4.2), the optical power varies only
with variations in the amplitude of the electric field, i.e. information is recovered at the receiver
side by detecting the intensity of received light.

The typical power-current curve showing the relationship between driving current and
output optical power (power-current, P-1) is shown in Figure 4.1(b). The laser threshold current,
I, is the lowest excitation level at which the laser’s output is dominated by stimulated emission
rather than by spontaneous emission. Therefore, a proper bias current is required to avoid
signal clipping and to ensure linearity. Note that it has been considered a strictly linear
relationship between the current and the optical power, but the relation is non-linear in practice.
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Figure 4.1. (a) Direct modulation scheme and (b) power-current laser curve.

Modulation using DML is robust, simple, low cost and widely used. It has significant benefits
over the use of external modulation in terms of power consumption, fabrication complexity and
compactness, especially for short optical transmission distance [114]. It is a simple technique
compared with external modulation and provides lower bandwidths than external modulation,
i.e. with typical values of tens of Gbit/s due to the delay and relaxation oscillation frequency
which limit the data modulation bandwidth [115]. However, laser clipping and non-linearity
giving rise to intermodulation and HD at the receiver may need to be considered. Modulated
optical signal is susceptible to laser chirp (spectral broadening), which also experiences
degradation induced by the chromatic dispersion [116]. Therefore, DMLs are generally more
suitable for applications in low bit rate systems and interconnects [114]. Moreover, RIN in the
laser diode also causes signal degradation, which impact is added to the thermal and shot
noise at the PD side.

Chirp is an effect on instantaneous wavelength of the modulated light when the current
laser varies as result of modulation, Av(t). The interaction between phase and intensity
modulation in a laser is described with the help of the laser rate equations as [117, 116] and
leads to:

a(1l d
Av(t) = E{ma P(t) +kP(t)}, (4.3)

where P(t) is the instantaneous optical power, «a is the linewidth enhancement factor and « is
a laser-specific parameter known as the adiabatic chirp constant. In equation (4.3), first term
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is the transient chirp and is related with the variation of the emitting optical power meanwhile
second term is the adiabatic chirp (k) is associated with the instantaneous emitting optical
power. Typical values of the rate of frequency shift are 50 to 500 MHz/mA with a total shift of
1.5to 15 GHz and 1550 nm lasers show higher shifts than 1310 nm lasers [118]. Unfortunately,
chirp parameters are not often specified by vendors, but typical a values range from 2 to 6
while k takes values between 1-10'2 and 30-10'2 Hz/W [119, 116].

When the optical signal is transmited over optical fiber, the chirp interplays with chromatic
dispersion of the optical fiber and several significant effects on the performance at the received
signal. Moreover, non-linear behaviour of DML leads to HD, i.e. the output at the n" harmonic
of the modulation frequency, and IMD, namely IMD2 and IMD3, which describe the spectral
power at the sum and difference terms of two and three modulation frequencies, respectively
[118, 116, 120].

However, DMLs are potentially more suitable than externally modulated transmitters for
5G networks. Previous works have successfully demonstrated the use of DMLs [116, 121, 122,
123, 124, 125] for signal transmission, e.g. a 112 Gbit/s dual-polarization 16-QAM signal using
a 35 GHz DML [121] or 28-Gbaud PAM-4 and 56-Gbit/s non-return-to-zero (NRZ) signals
employing a 30 GHz DML at 1310 nm [122].

4.2. Analytical formulation and link frequency response for DML-based links

In C-RAN architectures, the CO usually directly transmits mmW signals through fronthaul link
using over optical fiber. This is called remote configuration, and fiber chromatic dispersion has
a significant impact on the link performance for high frequencies, as explained in Chapter 2. In
local configuration, the CO can directly transmit multiple aggregated IF modulated bands e.g.
in low speed DMLs, and the up-conversion is held at the RRH. The main advantages are the
use of low-speed opto-electronic devices and reduced impact of fiber chromatic dispersion
since IF signal would be transmitted over fiber and the photonic up-conversion would be held
before photodetection. However, the complexity and costs of RRHs are increased due to the
high-speed RF components, such as local oscillator or mixers, are required.

Local and remote architectures for photonic mmW signal generation are shown in Figure
4.2. ADML located at the BBU emits an optical carrier centered at the angular optical frequency
wg, Which is directly modulated by data in both configurations. On the one hand, in the local
configuration shown in Figure 4.2(a), the optical signal after DML is launched into the SSMF
and then, it is up-converted by the single tone signal with an angular modulation frequency
given by wy at the MZM which is biased at null point for carrier suppressed modulation (see
Chapter 3). On the other hand, in the remote configuration shown in Figure 4.2(b), the optical
signal after DML is launched into the CS-MZM to be modulated by an electrical single tone
signal at wgg, and then, the resulting optical signal is transmitted over the SSMF link.
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Figure 4.2. Schematic for (a) local and (b) remote configurations [126].
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An analytical study of the frequency response of local and remote configuration as well as
OB2B is presented in [126]. The output electric field of a laser emitting at w,, which is directly
modulated by a single tone at an angular modulation frequency of ® = 2nf, can be described
by [117]:

Eppy(t) = \/Po(l + My - COS a)t)eijM'Cos(wH'A(/’)e]'wot, 4.4)

where P, is the laser output power and my,,, and mp,, are the amplitude and phase modulation
indexes, respectively. The phase difference between amplitude and phase modulation
introduced by the laser is Ag. It is possible to obtain the laser small-signal transfer function
characterizing the chirp effect, which relates the amplitude and phase modulation terms to the
linewidth enhancement factor, a, and the adiabatic laser chirp, « (see also equation (4.3)) as
[117]:

Mew | jsp _ (1 _ Xk ) (4.5)
Mam w

In this small-signal regime, the intensity of electric field at the output of the light source can
be defined as:

Epp(®) = JPo[1 +my - e/t + m_- e Jet]et, (4.6)

where the index modulations, m, and m_, are expressed in terms of amplitude, m,,,, and
phase mp,, modulation index, as follows:

my = E(mAM + jmpye*?)
1 (4.7)
m_ = E(mAM + jmpy e IAP).

Furthermore, let us consider the response of a MZM driven by a single tone at RF, wgr =
27 frE, given by:

hyzu (t) = cos(@pc + 2mgp cos wgpt), (4.8)

where ¢, is the phase signal change caused by DC bias (¢pc = m/2 in carrier suppression)
and mgp is the modulation RF index. Considering small-signal regime, we can obtain the
following:

hazm () = cos@pe + Mgpsingpe - (e/“RFE + e~ RFL), (4.9)

Under small-signal assumption, the following expression can be calculated for OB2B
configuration from equations (4.6) and (4.9):

Epop(t) = Eppmy(t) - hpzum (). (4.10)

Moreover, the impulse response of the signal propagation in SSMF fiber, hgsy-(t), can be

expressed as [127]:
hssap (6) = e 2L (4.11)
P Jj2npL ' '

where L is the fiber length, and the dispersion parameter g, is the second derivative of the
propagation constant with respect to the angular optical frequency w,.

According to the schematic depicted in Figure 4.2(a) for the local configuration scheme,
where the modulation process is held after the transmission of the DML output field over the

dispersive element, the electric field at the input of the photodiode in this case, E,-(t), can be
obtained from the following expression:

Epc(t) = [Epp(®) & hsspyr(t)] - hagza (1. (4.12)
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Using equations (4.6), (4.9), (4.11) and (4.12), the electric field E, - (t) is obtained as:

. Ao 2 . .

E c(t) = /P,el®t {cos @pc + cos ppc /2P (my - eI+ m_ - eIt

+ Mg sin @p¢ (e/“RFE + ¢~/ @RF)

1, 5 . , (4.13)
+ Mgp sin @pc e/2PX (my, - e/ CRFY Ot . g=i(@rFON)
.1
+ g sin @pe /71 (m_ - eJoRE=t 4 . e—j(wRF—w)t)}_

However, the remote configuration shown in Figure 4.2(b) leads to a general expression

for Ex-(t) given by the convolution between the dispersive element and the electric field after
the modulation process:

Epc(t) = [Epmi(t) * hyzm (£)] @ hssup (T)- (4.14)
Concretely, the electric field for remote configuration Er.(t) can be obtained from
equations (4.6), (4.9), (4.11) by means of equation (4.14) as:
) 1 ) .
Epc(t) = [P,e/®" {COS @pc + COS Ppc el2PLe” (my-e/ +m_-e™/*)
+ Mg sin @p¢ ej%ﬁLwﬁF(ej”RFt + e~JoRFt)
+ Mer sin Ppe ej%ﬁL(wRF+w)2(m+ . ej(wRF+w)t + m_~e_j(“’RF+“’)t)

i1 _2 . .
+ Mpp Sin @p e/zPL(oRF=©) (m_ - gJlorp-a)t 4 m+~e_f(”RF‘”)t)}.

(4.15)

Table 4.1. Analytical terms of the photocurrent irp(2) at baseband and mmW band in OB2B, local and remote
configurations.

Config. ipp(£)
0OB2B RP, M4y - [coS%@pc + 2mEpsin?opc] (4.16)
RPymaylcos?epe + 2mgpsin®epc]
1
LOCAL . [\/ 1+ a%cos (E B2Lw? + atan a) (4.17)
. kB, /1 2
w +]aTsm (EﬁzLW )]

1 kP, 1
RP, [\/ 1+ a%cos (EﬂzLWZ + atan a) +javosin (Eﬁszzﬂ

REMOTE 2 (4.18)
- [mypcos?ope
+ 2myymapsin?@pccos(By LwgrQ)]
OB2B RP,mypymMipSinQpc (419)
RP, M yMEpSin®gpc
1
LOCAL . [ 1 + a2cos (Eﬁszz + atan a) (4.20)
kP (1
+ja—sin (—BZLWZ)]
ZWRF i w b 2
RP, M 4y MESIN?@pc
1
. 2 g 2
REMOTE [\/ 1+ a%cos (2 BaL(W? & 2wgpw) + amna) (4.21)

. kP, (1
+]a7 X sin E,BZL(WZ + 2wgpw)
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In all cases, the calculation of the photocurrent i, (t) in equation (4.2) leads to different
terms at baseband and mmW frequencies. For the sake of comparison, Table 4.1 shows the
terms obtained for i, (t), which are proportional to the system transfer function under OB2B,
local and remote configurations at w (baseband) and 2wz + ® (MmW band), where the latter
corresponds to the signal to be radiated by the base station.

Table 4.2. Theoretical and experimental parameters.

Parameter Value
A 1553.45 nm
P, 4 mW
DML a 15
K 14.9 GHz/mW
Mgp 0.1
Ppc /2
MZM Maym 0.15
frr 20 GHz
SSME B -22.1 ps?/km
L 25 km

The theoretical system response and the corresponding electrical power measurements at
baseband (BB) and mmW frequencies after photodetection are displayed in Figure 4.3 where
the parameters have been adjusted to those employed in the experimental setup, as detailed
in Table 4.2. A DML (Optical Zonu, OZ516) with a 3 dB bandwidth of 7.75 GHz is employed in
the experimental setup and the experimental system response is measured using the SG
(Rohde & Schwarz SMW200A) and a signal analyzer (SA) (Rohde & Schwarz FSW43).

Experimental OB2B at BB and mmW frequencies are depicted in Figure 4.3(a) and (b),
respectively. Both transfer functions are proportional to the DML frequency response and
correspond to the theoretical frequency response detailed in equations (4.16) and (4.19),
respectively.

Figure 4.3(c) and (d) show the response for local configuration where both bands, BB and
mmW, show similar frequency dependence. Theoretical calculations using equations (4.17)
and (4.20) lead to a dispersion induced power fading for a laser directly modulated signal at
frequencies given by:

W, ~ \/ M| (n=01.) (4.22)
B2L

Using a 25 km fiber link, the first null (n = 0) is at the frequency of 15.5 GHz which is out
of the laser operating bandwidth. The term related to phase contribution by means of k is
basically not significant in this RF frequency range. Note that experimental measurements at
baseband and mmW band are limited by the laser modulation bandwidth and, hence, show
strong similarities to OB2B characterization.

In the remote configuration at BB, according to equation (4.18), the first factor leads to the
same nulls obtained in equation (4.22), which are out of the measuring frequency range.
However, there are also nulls at frequencies causing the cancellation of the second factor in
equation (4.18), which are given by:

_ @n+Dm 1

w, = (n=0,1,..). (4.23)
" 2 |B2|Lwgr
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Figure 4.3. Comparison of theoretical (dashed lines) and experimental (solid lines) electrical output power at
baseband (left side) and mmW (right side) band: (a)-(b) OB2B, (c)-(d) local and (e)-(f) remote configurations,
respectively. Both local and remote configurations are obtained over 25 km SSMF link.

The first null (n = 0) is obtained at 3.7 GHz for 25 km SSMF link, as it is shown in Figure
4.3(e) both in the theoretical and experimental curves. On the contrary, the remote
configuration at mmW band (equation (4.21)) only includes the term with nulls at frequencies
given by (4.22). Therefore, no nulls can be measured due to the laser bandwidth (see Figure
4.3(f)). However, the estimation of equation (4.21) at low frequencies leads to a higher
amplitude signal under the remote scheme compared to the local configuration as a result of
the combined effect of dispersion and laser chirp, as has been previously observed [128]. Note
that a 15 dB signal gain with respect to local or OB2B configuration is measured for values up
to 8 GHz transmitted over 40 GHz while this behaviour is not observed in baseband.

4.3. Transmission measurements over locally and remotely generated mmW
signals.

4.3.1. Evaluation of links performance

In the following, we evaluate the impact of the local and remote photonic generation of 40 GHz
signal over an optical fronthaul based on a DML and CS external modulation for frequency up-
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conversion [129]. The experimental setups for local and remote mmW signal generation and
transmission approaches are displayed in Figure 4.4. In this experiment, the same DML
employed in the previous Section with 5.6 dBm optical power is modulated by a 250 MHz
bandwidth quadrature phase shift keying (QPSK) signal centered at 500 MHz, which is
generated by the data generator (DG) (Rohde & Schwarz SMW200A) with a power of 5 dBm.

In the local generation scheme shown in Figure 4.4(a), the directly modulated optical signal
is transmitted along the SSMF fiber link and, just before the electro-optic conversion, is
up-converted by using a CS-MZM. The state of polarization of the optical signal is adjusted by
a PC and then the optical signal is launched into the MZM (Sumitomo T.DEH1.5-40X-ADC-Y-
Z), which is biased at the null transmission point (V;), i.e. 8.22 V, to obtain the carrier
suppressed optical signal. The MZM is driven by a 20 GHz electrical single tone signal with 23
dBm electrical power, generated by a signal generator (Agilent 8267C). A fixed 17.5 dBm
output power EDFA (Amonics AEDFA-23-B-FA) is employed to compensate the optical losses,
and the ASE noise is afterward filtered out by an OBPF (Alnair BVF-100) with bandwidth
AXA = 1.25 nm. Finally, the opto-electronic conversion is held into the PD (Finisar XPDV3120R)
working in linear regime to generate a mmW signal at desired frequency by beating of
sidebands.

Figure 4.4. Experimental setups for: (a) local and (b) remote MWP signal generation [126].

On the other hand, Figure 4.4(b) shows the remote scheme where the directly modulated
optical signal is up-converter in the CS-MZM, driven and biased in the same conditions as in
the local scheme, and then transmitted over the SSMF link. Then, the optical signal is amplified
and filtered out by the EDFA and OBPF, respectively, and finally, the electrical signal is
recovered at the 40 GHz band by the PD.

The optical spectrum at the OBPF output is measured at P1 and P2 points for local and
remote schemes, as shown in Figure 4.4(a) and Figure 4.4(b), respectively, by an OSA
(Yokogawa AQ6370C), showing a carrier suppression larger than 26 dB (see Figure 4.5). It
can be observed that ASE noise level is 10 dB lower in the remote setup due to higher optical
power at the input of the EDFA (i.e. lower gain for fixed output power).
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Figure 4.5. Optical spectrum of optically carrier suppressed modulated signal over 25 km SSMF at P1 in setup (a)
—blue- and P2 in setup (b) —red- in Figure 4.4.

In the following, the recovered electrical spectra after photodetection for OB2B, local and
remote setups are depicted in Figure 4.6. The mmW signal with -27.6 dBm electrical power is
generated at 40 GHz, as shown by the electrical spectrum measured under OB2B setup in
Figure 4.6(a). The extinction ratio with respect to the original carrier at 20 GHz is higher than
36 dB, the insets show the detail of the data band at baseband (-75 dBm) and also at mmW
band (-82 dBm).

Measurements under local configuration for 10 and 25 km SSMF are shown in Figure 4.6(b)
and (c), respectively, and lead to similar electrical power levels than OB2B both for baseband
and mmW band, according to Figure 4.3(c) and (d) (also in good agreement with equations
(4.17) and (4.20)).

On the other hand, Figure 4.6(d) and (e) show the measured electrical spectra for 10 and
25 km SSMF remote setup. No significant differences are found in data baseband with regards
to OB2B. However, an electrical power increase of 9 and 16 dB is observed in data bands
carried by mmW signal after transmission over 10 and 25 km fiber link, respectively.

These measurements confirm the results presented in the previous Section, where the
electrical amplitude at the mmW band under remote configuration is found to be 15 dB larger
with respect to OB2B (equation (4.21)) and Figure 4.3(f)) due to the system response.
However, the remote configuration experiences high IMD products at 40 GHz band in 25 km
fiber link (see inset in Figure 4.6(e)). Note that local configuration over the same link, displayed
in Figure 4.6(d), does not show IMD signals, which can lead to dramatic penalties under certain
signal conditions in remote generation setup, i.e. large bandwidth or multiband signals.

In the following, the EVM standard metric is employed to measure the quality of recovered
signals. It contains information about both amplitude and phase errors in the signal and is
adopted by various communication standards, i.e. LTE-Advance (LTE-A) or 5G NR (see
Appendix A).

The EVM of the recovered signal after photodetection is measured by the SA, where 17.5%
threshold level has been considered for QPSK modulation (see Appendix A). Figure 4.7 shows
the comparison between local (a)-(b) and remote (c)-(d) setups transmission over 10 and 25
km of SSMF in terms of EVM performance at baseband (0.5 GHz), and also at mmW band
(40.5 GHz) versus received optical power (RoP) and received electrical power (ReP),
respectively.
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Figure 4.6. Measured electrical spectra after photodetection with different configurations: (a) OB2B, (b) and (c)
local signal generation with 10 and 25 km fiber link, respectively, and, (d) and (e) remote signal generation with 10
and 25 km fiber link, respectively. Insets show the detail of the data band at baseband and at mmW band.

In principle, the modulated data would be distorted due to the dispersion after a long-
distance transmission. However, the experimental electrical output power at baseband and
mmW band shown in Figure 4.3 exhibits that remote configuration in 25 SSMF km link leads
to higher power level than OB2B and local setups in good agreement with theoretical
predictions. As expected, local setup leads to signal transmission results over 10 and 25 km
links with similar performance for a given RoP with respect to the OB2B, shown in Figure 4.7(a),
both at baseband and at mmW band, according to the transfer functions in Figure 4.3(c)-(d).

Electrical back-to-back (EB2B) measurements are also shown for the sake of
characterizing the quality of the received electrical signal just after generation without any
optical impairment. Note that results obtained at 40.5 GHz show higher EVM due to bandwidth
limitation of the laboratory equipment, as also shown in EB2B measurements. EVM
measurements vs. ReP, shown in Figure 4.7(b), confirm the quality of the signal strictly
depends on the measured electrical power for both baseband and mmW band, and no further
penalties are present in the system as can be observed from the comparison with the EB2B
measurements.

62



Chapter 4. DML-based data transmission over photonically generated mmW signals

— @ —0OB2B: 0.5 GHz Local 10 km: 0.5 GHz —< —Local 25 km: 0.5 GHz
— I —OB2B: 40.5 GHz Local 10 km: 40.5 GHz — ¥ —Local 25 km: 40.5 GHz
60 —r . . . . . 60 T
50 - RS ] 50 - —%— EB2B: 40 GHz | |
N
x NN
40 *\\\!\ 40
;\; ‘§ NN § )
= 30 0 <1 sa0
> \* - >
w N w
200 7 Oy  175%EWM | 200 R X _1TS%EW ]
S
10 g 10
TG~
ol . . . . 0 . . .
-6 -4 -2 0 2 4 -60 -50 -40 -30 -20
Received optical power (dBm) Received electrical power (dBm)
—@ —0B2B: 0.5 GHz Remote 10 km: 0.5 GHz — 4 —Remote 25 km: 0.5 GHz
— B —OB2B: 40.5 GHz Remote 10 km: 40.5 GHz — & —Remote 25 km: 40.5 GHz
60 — . . . . . a 60 T
50 & S 7 s50© —%— EB2B: 40 GHz | |
N
I\\
40 40
3
— —_ ~
x &\ ‘\ x X
= 30 R LN = 30
> \‘ - >
[ $ w
00 0 OSsg % ITS%EVM ] 200 % _ATSBEVM ]
itv
A S .
10 L e k=% 10
=G _2
0=
0 . . . 0
6 4 2 0 2 4 -60 50 40 30 20
Received optical power (dBm) Received electrical power (dBm)

Figure 4.7. EVM comparison at baseband and mmW bands between local and remote setups for QPSK signal
(IF = 500 MHz) over 40 GHz for 10 and 25 SSMF links: (a) EVM vs RoP (local setup), (b) EVM vs ReP (local setup)
and, (c) EVM vs RoP (remote setup) and (d) EVM vs ReP (remote setup).

Figure 4.7(c) plots that EVM measurements over 10 and 25 km fiber transmission at
baseband under remote setup, which are similar to those obtained in OB2B configuration, as
expected from Figure 4.3(e) at 0.5 GHz. Note that EVM values in OB2B at 40.5 GHz are
significantly larger due to the equipment bandwidth limitations mentioned above. However, in
this band, remote setup (Figure 4.7(d)) leads to a significant signal quality improvement, i.e.
EVM reduction, according to the frequency response depicted in Figure 4.3(f) which leads to a
higher electrical power (i.e. 15 dB gain for 25 km) for fixed RoP. In our experiment, this
improvement is estimated as an EVM decrease from 48% to 18.7% and 12.2% over 10 and 25
km, respectively, with 0 dBm RoP since electrical power increases with fiber length for fixed
frequency and RoP. Moreover, Figure 4.7(d) shows that EVM depends on the ReP for
baseband and mmW band. In the mmW band, EVM measurements in OB2B show 8 dB penalty
with respect to baseband due to the bandwidth of the equipment, but no further penalties are
present and EVM keeps constant for a given electrical power level despite the fiber length.

Figure 4.8 shows the measured constellations for OB2B and 25 km SSMF for local and
remote setups with 3 dBm RoP at 40.5 GHz. Spread symbols with EVM levels above the
threshold are shown for OB2B (Figure 4.8(a)) and local (Figure 4.8(b)) configurations.
Nevertheless, according to the theoretical predictions explained above, a clearer constellation
is recovered for remote configuration (Figure 4.8(c)), which leads to a higher electrical power
with fixed RoP, where only a slight distortion is shown for the outer symbols due to the IMD.
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Figure 4.8. Constellations at 3 dBm RoP for: (a) OB2B and, (b) local and (c) remote setups over over 25 km SSMF
link.

Finally, the experimental work is completed by evaluating the system performance for
different frequencies in order to confirm the theoretical and experimental frequency system
response detailed in Table 4.1. Figure 4.9 shows EVM measurements and electrical received
power as a function of the central frequency of the 250 MHz bandwidth QPSK signal both at
baseband and at mmW band for OB2B, local and remote setups over 25 km fiber link.
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Figure 4.9. EVM and ReP for different setups vs frequency over 25 km fiber link: (a)-(b) OB2B, (c)-(d) local setup
and (e)-(f) remote setup, at baseband and millimeter wave band, respectively.

Figure 4.9(a) for OB2B shows a clear correlation between EVM and electrical power, as a
result from the DML frequency response (see Figure 4.3(a)). BB measurements are shown up
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to 8 GHz due to the 7.75 GHz bandwidth limitation on the DML. Accordingly, measurements in
the mmW band are done from 32 GHz (8 GHz below the 40 GHz band) up to 43.5 GHz due to
the RFSA bandwidth limitation. Again, the electrical power follows the predicted behavior of
the theoretical frequency response (see Figure 4.3(b)) with corresponding EVM values where
several EVM fluctuations are observed above the threshold.

Figure 4.9(c) shows the electrical power and EVM values against frequency in baseband
for local setup following the measured frequency response in Figure 4.3(c), which is similar to
the one measured in OB2B setup. However, Figure 4.9(d) shows some reduction (i.e. 2.5 dB
at 35.5 GHz) of the electrical power with respect to the OB2B although a maximum is obtained
at 7 GHz offset respect to 40 GHz, due to DML frequency response and also according to
Figure 4.3(d). Again, higher EVM values with some fluctuations due to signal processing are
obtained above the threshold.

The performance of the remote generation setup is also characterized in frequency. Figure
4.9(e) shows the electrical power decrease (i.e. EVM increase) at 3.7 GHz for remote setup,
in good agreement with the notch predicted by equation (4.23) in baseband frequency
response. However, Figure 4.9(f) shows a 13 dB increase of electrical power (i.e. reduced
EVM) with respect to OB2B along the measurement frequency range up to 35.5 GHz (4.5 GHz
below 40 GHz) in accordance to Figure 4.3(f).

4.3.2. Evaluation of non-linear distortions

In the following, we evaluate the impact of HD and IMD in data transmission over local and
remote photonically generated 40 GHz signal over an optical fronthaul based on a DML and
CS external modulation for frequency up-conversion. A comprehensive experimental
evaluation of the HD and IMD frequency response of both approaches is provided to identify
the optimal setup for concrete application scenarios in 5G/6G networks [130].

The experimental scheme employed in this Section is the same as shown in Figure 4.4,
where in this case data signals are generated by the DG scheme displayed in Figure 4.10.
Data band is generated, amplified and filtered out by the SG (Tektronix AWG7122C or Rohde
& Schwarz SMW200A), EA-1 (SHF Communication Technologies AG SHF-810) and electrical
band pass filter (EBPF) (Minicircuits 14780), respectively. Different bands can be generated
from other SGs and combined by the electrical combiner (EC) (Minicircuits ZFRSC-42) in
multiband scenarios.

SG-1 DG

— — Attenuator EBPF

- - f_—‘ data-1

— EA-1
EC
)=
A

data-2

Figure 4.10. Multiple data generator scheme.

We consider multiband signal transmission, i.e. the laser is directly modulated by k-tones
with angular modulation frequencies o, = 2mf,, which leads to the following time response
due to DML non-linear behavior [131, 132]:
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where m,(2w;) accounts for the second-order harmonic distortion and my(wy + w;)
corresponds to the second-order intermodulation products of the DML.

The electrical current obtained at the PD, i(t), is calculated by equation (2.2). Accordingly,
the electrical voltage is given by:

Vre(t) = Zg - i(t), (4.25)
where Zj, is the total impedance of the optical receiver.

After photodetection, the most significant distortion terms correspond to the HD at the
frequency 2w, and the IMD at o, + @; in the mmW band of interest (i.e. 2wgr). While the
evaluation of Vi (2wgr + w,) provides the amplitude response of the transmission system
operating in the mmW band, the evaluation of V,r at other frequency values such as
VerQRagr + 2ay) and Vip(2wgp + @, + @) allows us to obtain non-linear HD and IMD
response, respectively; and therefore, to evaluate the impact on the data transmission [130].

4.3.2.1. Experimental system frequency response

In this case, experimental evaluation of OB2B, local and remote configurations with regards to
non-linear response is presented.

Firstly, the EB2B measurement has been done for the sake of characterization of the
electrical signal ( f;) applied to the DML where signal generator and analyser are directly
connected. The EB2B measurement is included in Figure 4.11, Figure 4.12 and Figure 4.13
where evaluation of (2wy)-, (o — @;)- and (wy + o;)-type distortion terms are analysed,
respectively.
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Figure 4.11. Experimental second-order HD (2wgr - 2w,) for OB2B, local and remote configuration (left axis). EB2B
signal measurement is included as a reference (right axis).
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With regards to the evaluation of (2w )-type term, the SG is configured to generate an RF-
tone centered at f; which is introduced in the DML and the RF power is measured at the
frequency 2fgr + 2f; for OB2B, local and remote configuration. For the sake of brevity, since
lower and upper bands lead to similar results, Figure 4.11 shows the amplitude response for
different frequency values f; (x-axis) corresponding to the lower band. Firstly, we observe that
OB2B amplitude response of Figure 4.11 is directly proportional to the response of the DML.
Indeed, we can identify the typical regimes of a DML corresponding to operation frequency
close to the relaxation frequency or far from it [117]. According to [129], the amplitude response
of the DML leads to a relaxation frequency close to 6.5 GHz where the distortion is higher than
in lower frequencies. Frequencies lower than 3.5 GHz lead to signal non-linearities arising
mainly from the power-current (P-1) curve and therefore, this low-frequency region is selected
due to minimum distortion.

Additionally, Figure 4.11 shows the amplitude response under local configuration for mmw
signal generation, which resembles the DML output signal propagated along the same
dispersive fiber link. In this sense, maximum response of HD (2wgzr — 2w,) is found in a 2.5
GHz wideband centered at 6.5 GHz in OB2B configuration, similar to local configuration while
shows negligible HD at lower frequencies than 3.5 GHz. However, the evaluation of HD under
remote configuration leads to a significantly different frequency response. In this case, HD is
held all over the frequency band and therefore, significant impact is expected even at low
frequencies within the DML modulation band (-40 dBm electrical power). Note that differences
between HD in local and remote configurations arise mainly from dispersion effects since the
dependence on the laser chirp is identical. Therefore, significant impact on the transmitted
signals will be observed under remote configuration, especially when two bands are
transmitted satisfying @, = 2.

In the following, two RF tones, f; and f,, are generated with constant frequency spacing of
100 MHz while both subcarriers are tuned simultaneously and the amplitude response is
measured at the frequency 2z — (f; — f1) to obtain the IMD (2agr — (@, — @,)), as shown in
Figure 4.12. It can be observed that local configuration leads to similar results than OB2B setup
leading to the cancellation of electrical power at this IMD term IMD over the entire frequency
range while the remote configuration shows -30 dBm power at low frequencies. This IMD-term
distortion will have significant impact when two signals transmitted with @, and @, satisfy w, —
o, = oy, so the first band o, will directly notice the impact of this (@, — @,)-type IMD term.
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Figure 4.12. Experimental second-order IMD (2wge-(w: - wy)) for OB2B, local and remote configuration (left axis).
EB2B signal measurement is included as a reference (right axis).

Finally, the impact of IMD (2agr — (@, + @,)) term has been experimentally obtained by
using two RF tones tuned simultaneously at f; and f, with a constant separation of 100 MHz
and measuring the amplitude response at the frequency 2fzr — (f5 + f1) (see Figure 4.13).
Note that in this case, when two signals with @, and @, are transmitted, a third band given by
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w; = w; + @, will notice the impact of this IMD-term distortion. In this case, the amplitude
response of HD (2wgr — 2m;) and IMD (2wzr — (@, + ®1)) are very similar for all scenarios.

Although remote setup leads to similar distortion level (-30 dBm in Figure 4.13) than IMD
(20gr — (@, — @y)), the evaluation of this IMD term in the mmW band leads to slightly different
results in this case compared to previous terms. In this case, OB2B and local configuration
show significant values of distortion in the band centered at 6.5 GHz (-55dBm and -38 dBm,
respectively) due to the intrinsic characteristic of the DML employed in the experiments.
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Figure 4.13. Experimental second-order IMD (2wge(w; + w,)) for OB2B, local and remote configuration. EB2B
signal measurement is included as a reference.

4.3.2.2. Electrical spectrum measurements

In this Section, spectral measurements of recovered electrical signals after photodetection are
shown in order to identify the non-linear response of the optical fronthaul link under different
signal transmission schemes.

The first experiment consists of transmitting a single band QPSK signal centered at 39.9
GHz (fgr = 20 GHz, f; = 100 MHz) with variable bandwidth under OB2B, local and remote
configurations. Figure 4.14(a) and (b) shows the whole electrical spectra of 50 and 150 MHz
bandwidth signal, respectively, transmitted under local configuration. Insets show the detail at
baseband and mmW band where 2w -type harmonic distortions cannot be observed in the
spectrum. Figure 4.14(c) and (d) displays the spectra obtained when signals are transmitted
under remote configuration. In this case, the detail at mmW band (see right inset) shows new
frequency terms appeared as a result of system IMD, which is larger for signals with higher
bandwidth (i.e. 150 MHz). Note that the electrical power is similar than measured in local setup
for both signals at baseband whereas it is significantly different at mmW, where remote scheme
leads to higher amplitude signal compared to the local configuration as a result of the combined
effect of dispersion and laser chirp as explained in Section 4.2 [129].

In the following, a two-band 50 MHz bandwidth signal at f; =1 GHz and f, = 2 GHz is
transmitted. Figure 4.15(a) and (b) show electrical spectra obtained under local and remote
configurations, respectively. Corresponding insets show again the details of the spectra at BB
and mmW band. As expected, the local scheme leads to similar signal spectra in both bands
whereas remote scheme causes several distortion frequency tones in the mmW band.
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Figure 4.14. Electrical spectra of transmitted signals with different bandwidths for local configuration: (a) 50 MHz,
(b) 150 MHz; and remote configuration: (c) 50 MHz and (d) 150 MHz. Insets show the detail of the spectrum at
baseband (left) and mmW band (right).

Finally, a signal consisting of three bands centered at 200, 325 and 525 MHz is transmitted
over 40 GHz by using the local and remote schemes. As expected, the local configuration
shows three bands without any other frequency component due to the absence of system non-
linearities (see Figure 4.16(a)). However, the remote scheme leads at mmW bands to several
frequency terms as shown in Figure 4.16(b). Then, measurements are repeated under both
transmission schemes by switching off the lower frequency bands (Figure 4.16(c)) and (d) for
local and remote setups, respectively) while the 525 MHz band remained unaffected in both
schemes. In this case, the non-linear products created from the combination of different
frequencies disappear since only one band is transmitted. Additionally, unlike the spectra
shown in Figure 4.14(d) where HD is observed due to 150 MHz bandwidth signal centered at
f1 = 100 MHz, Figure 4.16(d) shows the spectrum of a 50 MHz bandwidth signal at 525 MHz,
and therefore, no HD can be observed due to (2w)-type terms.
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Figure 4.15. Electrical spectra of dual band transmitted signals, centered at f, =1 GHz and f, = 2 GHz: (a) local
configuration and (b) remote configuration.
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Figure 4.16. Electrical spectra measurements after photodetection of three-band signal transmission under: (a)
local scheme and (b) remote scheme. Measurements shown in (c) and (d) correspond to electrical spectra
measurement when only one band is transmitted under local and remote schemes, respectively.

However, the power levels are higher under remote configuration in the mmW band (Figure
4.16(a) and (b)) due to the system frequency response, and some non-linearities might be also
due to power level. For the sake of verifying the reasons for them, Figure 4.17(a), (b) and (c)
show OB2B, local and remote measurements under the same power level conditions. In spite
of the equal power level, the non-linearities are clearly shown under remote configuration.
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Figure 4.17. Electrical spectra of three-band transmitted signal under: (a) OB2B, (b) local and (c) remote schemes
for similar electrical power level.

4.3.2.3. Transmission results

In this Section, the quality of recovered data after signal transmission under local and remote
mmW signal generation schemes is evaluated with special focus on the impact of system non-
linearities for different signals. The measurements are done in terms of RoP and also ReP as
the integrated electrical power of the mmW band over the signal bandwidth which is provided
by the vector signal analyser.

A single band QPSK signal (f; = 100 MHz) of variable bandwidth (50-150 MHz) is
transmitted over 2fzr = 40 GHz. Figure 4.18(a) shows that remote configuration leads lower
EVM, than local and OB2B links, as expected from [129] over the whole RoP measurement
range for 50 MHz bandwidth signal. However, wider signals with 100 and 150 MHz bandwidth
lead better performances just up to a certain value of RoP, i.e. below 0 dBm in our setup (Figure
4.18(b) and (c)). In these cases, remote configuration leads to EVM values which are
independent from the RoP due to the impact of non-linear response which prevents to show
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the EVM decrease with increasing RoP. Since this effect does not occur in local configuration
(i.e. similar response to OB2B), a signal quality outperformance will be achieved under local
scheme for RoP values above certain level. Note that EVM measurements in terms of ReP
since the signal quality reflects the ReP actual value in all configurations and any deviation
from the OB2B curve reports some degradation present in the system. Remote configuration
leads to non-linearities which are responsible of the increase of EVM values with respect to
OB2B in Figure 4.18(e)-(f) for ReP values larger than -62 dBm. Concretely, EVM values have
suffered an 18% and 22.5% deterioration with -40 dBm ReP for signals bandwidth signals of
100 and 150 MHz, respectively, with regards to EB2B signal transmission. Note that Figure
4.18(a)-(c) show a 10 dB RoP range which correspond to 20 dB ReP range so the results are
equivalent in such range. Moreover, RoP curves lead to observe 15 dB difference between
local and remote configurations, which is due to the intrinsic gain obtained in the remote
configuration arisen from the combination of fiber dispersion and chirp [85].
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Figure 4.18. EVM measurements of different QPSK signal bandwidth centered at 39.9 GHz (f; = 100 MHz) vs RoP
(top) and ReP (bottom): (a) and (d) 50 MHz; (b) and (e) 100 MHz; (c) and (f) 150 MHz bandwidth.

Figure 4.19 shows the measured constellations with 3 dBm RoP. A signal quality
improvement is observed in remote setup compared to local on in 50 MHz bandwidth signal
due to the aforementioned higher system response. However, a clear impact of IMD in remote
scheme is observed compared to local one in 150 MHz bandwidth QPSK signals accordingly
to previous discussion.

@) - (b)

Figure 4.19. In-band recovered QPSK signal constellations of f; = 100 MHz with RoP = 3 dBm at 39.9 GHz under
local (top) and remote (bottom): (a) and (c) 50 MHz; (b) and (d) 150 MHz.
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In the following, a 50 MHz bandwidth dual-band (f; = 1 GHz and f, = 2 GHz) QPSK data
is transmitted to evaluate the EVM performance at f, = 2f; under OB2B, local and remote
configurations. In this case, the out of band non-linearity due to the contribution (2w, )-type HD
is studied. Figure 4.20 shows the EVM measurement vs RoP (top) and ReP (bottom) for OB2B,
local and remote configurations.

As shown in Figure 4.20(a), measurements under remote mmW signal generation scheme
lead to a high EVM constant value (38%) over the measured RoP range due to second order
HD penalty whereas local measurements of the second band are similar to OB2B.
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Figure 4.20. OB2B, local and remote scheme measurements of EVM for evaluating out of band intermodulation at
the frequency 2fg - f, vs RoP (top) and ReP (bottom). (a) and (c) corresponds to a dual-band transmission (f; =1
GHz and f, = 2 GHz); (b) and (d) are measured when f; is only transmitted.

This is confirmed in Figure 4.20(b) when one band is switched off and those high EVM
values are significantly reduced (below 10%) due to the disappearance of (2w;)-type HD
contribution. When only one band is transmitted, this band in the remote scheme outperforms

the local scheme due to the combined effect of laser chirp and fiber dispersion [129], i.e. high
electrical power, as previously mentioned.

EVM measurements vs ReP allow to identify system degradations in addition to the
frequency system response, so, as expected, OB2B and local scheme measurements are
identical whereas remote scheme shows high EVM values over the threshold (see Appendix
A) over the entire ReP measurement range due to IMD penalty, i.e. 38% EVM at -40 dBm ReP.
However, when f1 band is switched off, EVM is again reduced to 6% due to the fact that this
penalty mainly disappears, as depicted in Figure 4.20(d).

Figure 4.21(a) and (b) show the recovered signal constellations at f, over mmW band in
remote scheme when both bands and only f, are transmitted for -2.48 dBm RoP, respectively.
As can be observed, there is a strong signal distortion of the transmitted data due to second
order HD in remote scheme in the former case and therefore, signal transmission cannot be
held (Figure 4.21(a)) while the signal quality is good (Figure 4.21(b)) when HD is suppressed.
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Figure 4.21. QPSK signal constellations for the second band located at f. = 2 GHz over remote scheme when (a)
both bands and (b) only one are transmitted (-2.48 dBm RoP).

In order to evaluate the IMD term corresponding to (w, — w;) term, two RF subcarriers
centered at the frequencies f; = 1 GHz and f, = 2 GHz with a 50 MHz-bandwidth QPSK data
are employed.

Figure 4.22 shows the evaluation of the EVM performance of data carried by both
frequencies under OB2B, local and remote setups and also by the f; when only this one is
transmitted. As shown in Figure 4.22(a), measurements under remote mmW signal generation
scheme lead to high EVM constant values over the measured RoP range due to IMD penalty
whereas local measurements of the second band are similar to OB2B. Note that data carried
over f; =1 GHz shows worse quality compared to carrier with f, =2 GHz (i.e. higher EVM) as
expected from Figure 4.11 and Figure 4.12 since second order HD term affecting f, is lower
than IMD term affecting f; , respectively.

Again, EVM measurements vs ReP are done to identify system degradations, and, as
expected, OB2B and local scheme measurements are identical whereas remote scheme
shows high EVM values over the threshold over the entire ReP measurement range (52% for
f1 at -40 dBm ReP). Note that measured EVM values are different for both bands due to the
reasons explained above. However, when the second band is switched off, (w, — w;)-type IMD
does not occur, EVM of f; signal drops to 12% at -40 dBm ReP and only slight differences are
measured due to the lack of perfect power adjustment in the experimental setup.
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Figure 4.22. OB2B, local and remote scheme measurements of EVM vs RoP (top) and ReP (bottom) carried by
2fge-fy2: (@), (c) dual-band transmission (f; = 1 GHz and f; = 2 GHz); (b), (d) only f; =1 GHz is transmitted.

Figure 4.23(a) and (b) show the recovered signal constellations at f; = 1 GHz over remote
scheme when both bands and only one are transmitted for -2.48 dBm RoP, respectively. As
can be observed, there is a strong signal distortion of the transmitted data due to IMD in remote
scheme and therefore signal transmission cannot be held in the former case while the signal
quality is good when IMD due to (w, — w;)-term is cancelled.
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Figure 4.23. QPSK signal constellations of f;, = 1 GHz over remote scheme when (a) f;and f; (b) only f; is
transmitted (-2.48 dBm RoP).

Finally, a three-band signal (f; = 200 MHz, f, = 325 MHz and f; = 525 MHz) 50 MHz
bandwidth QPSK data is transmitted over 40 GHz to evaluate the impact of (w,+w;)-type IMD
term. Figure 4.24 plots the EVM performance, which is studied in terms of ReP under OB2B,
local and remote configurations of f; signal when the three bands are transmitted and when
only the third one is transmitted. In this case, Figure 4.24(a) and (c) correspond with the EVM
impact of 2w, and 2w,, HD, respectively, whereas Figure 4.24(b) corresponds to the (w,+w;, )-
type IMD term.

EVM vs ReP measurements again provide information of signal distortions independently
on the frequency system response. Firstly, the EVM values for OB2B and local scenarios are
similar for all RF carriers. Moreover, significant distortion under remote configuration is
observed when three bands are transmitted showing similar values when w; = 2w, or w; =
2w, but higher in the second scenario with w; = w; + w,.
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Figure 4.24. EVM for OB2B, local and remote configurations of data carried by 2fz-f; vs ReP when three bands are
transmitted (top) and only f; is transmitted (bottom). Frequency bands are f; = 200 MHz, f, = 325 MHz and different
f; as: (a), (d) f; = 400 MHz; (b), (e) f; = 525 MHz and (c), (f) f; = 650 MHz.

According to the results obtained for the frequency response in Figure 4.13, the distortion
level for low frequency (< 3.5 GHz) is similar for OB2B and local configuration, and therefore,
the EVM performance is very similar while measurements obtained under remote scheme
show different behaviour. The EVM is approximately constant for ReP values larger
than -50 dBm (38%) (see Figure 4.24(b)) which is higher than the EVM value of 29% obtained
in Figure 4.24(a) and (c). The distortion level difference is close to 10 dB for remote
configuration comparing the amplitude response. Therefore, it expected that the impact of
second-order IMD is higher than HD contribution.

Constellations under local and remote setup for the scenario with w; = w; + w, are shown
in Figure 4.25 to show the inability to transmit multiband signals due to IMD under remote
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configuration. Clear constellations with reduced EVM values are obtained in case of single
band transmission for both setups (see Figure 4.25 (b) and (d)). On the contrary, multiband
transmission does not lead to any significant impact under local configuration.

@ | e ® o © @

Figure 4.25. Signal constellations of f; signal under local (a, b) and remote (c, d) schemes: (a), (c) three bands
transmission and (b), (d) single band is transmitted.

4.4. Usability of an optical fronthaul operating at 40 GHz

In this Section, the bandwidth constraints of a cost effective 5G mobile fronthaul using a DML
for data modulation and a MZM-based optical double sideband with carrier suppression
scheme for remote optical mmW signal generation are numerically and experimentally
evaluated [133].

4.4.1. Simulations

The schematic of the fronthaul link employed is similar to the one depicted in Figure 4.4(b),
which corresponds to remote architecture for photonic mmW signal generation, but Figure 4.26
shows the diagram layout employed in simulations where the insets show the electrical and
optical spectra at different points of the layout. Simulations are carried out by using co-
simulation MatLab and Optisystem software.
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Figure 4.26. Diagram layout of the M-QAM DML and CS-MZM for mmW up-conversion [133]. Insets: (i) and (iv)
electrical spectra of the modulation data and after opto-electronic conversion (RBW = 10 MHz) and, (ii) and (iii)
optical spectra at the DML and MZM output (RBW = 0.001 nm)

A DFB laser emits an optical carrier which is directly modulated by an electrical M-QAM
data signal of Af bandwidth combined with an IF signal at 2 GHz. The inset (i) of Figure 4.26
shows the electrical spectra of 1 GHz bandwidth modulating signal. The signal is then launched
into an MZM, which is biased at the null transmission point and driven by a single-tone RF
signal at 20 GHz, which is the half value of the desired mmW frequency at the RRH. Inset (ii)
of Figure 4.26 shows the optical spectra of the directly modulated signal and inset (iii) displays
the modulated signal at the output of the external modulator exhibiting 13.1 dB of carrier
suppression ratio. Therefore, CS modulation helps to reduce the effect of chromatic dispersion.
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However, since the modulation scheme is strongly non-linear, and additional distortion terms
contribute to signal degradation unless moderate bandwidth and low-level amplitude are
employed to guarantee the system feasibility. Optical amplification to compensate losses and
filtering to reduce the amplified ASE noise are held before detection. The OB2B
characterization is obtained by a direct connection to the PD through a variable optical
attenuator (VOA). Inset (iv) of Figure 4.26 shows the spectrum of the recovered signal after
photodetection, where mmW signal with central frequency at 40 GHz is generated by beating
both optical sidebands at 20 GHz, and the data bands appear at 38 and 42 GHz. Afterwards,
an optical fiber link is included before the VOA to implement the penalty induced by 10 km
SSMF, which is typical fronthaul link distance. The system parameters employed in the

simulations are detailed in Table 4.3.

Table 4.3. Simulation parameters.

Parameter Value

Wavelength 1552.52 nm

Qutput power 5.45 dBm

RIN -155 dB/Hz

Bandwidth 5log, (M)V3 Af
Laser Linewidth 10 MHz

Linewidth enhancement factor 1

Null: 0 GHz/mW

Low: 4 GHz/mW

Chi
P Moderate: 10 GHz/mW
High: 15 GHz/mW
. Modulation format 4-,16-, 64-QAM
Modulation data -
Electrical power 0 dBm
. Frequency 20 GHz
RF signal -
Electrical power 18 dBm
Switching bias voltage
witching bias voltag av
Switch RF voltage
MZM W votag 4v
Inserction loss 3dB
Bias voltage 4V
Gain 4 dB
EDFA —
Noise figure 2dB
Wavelength 1552.52 nm
Bandwidth 0.64 nm
OBPF —
Band rejection 60 dB
Insertion loss 13dB
Length 10, 20 km
Fiber Attenuation 0.2 dB/km
Chromatic dispersion 16.75 ps/nm-km
Responsivity 0.6 A/W
PD Dark current 5nA
Thermal noise 50e-12 pA/Hz 2
EA Gain 35dB
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Note that althroughout this Section, the system performance in terms of EVM is evaluated
by decoding the data carried by the baseband instead the mmW band. The reasons for that
are the limitations on the equipment, i.e. digital phosphor oscilloscope (DPQO) (Tecktronix
DPO72004C) with 20 GHz bandwidth, we had at the first stages of the research. However, this
is a reasonable approach if we observe Figure 4.3(e) and (f), i.e. frequency response of remote
setup, which show similar response at BB and mmW frequency, i.e. 2 GHz in both bands. It is
worth to remind that remote configuration in the mmW band exhibits 15 dB signal gain with
respect to OB2B configuration.

4.4.1.1. Impact of bandwidth

The performance the transmission system is evaluated by measuring EVM and threshold levels
(see Appendix A) are set as those corresponding to an Orthogonal Frequency Division
Multiplexed (OFDM) signal [27]. Figure 4.27 plots the obtained EVM when OB2B is simulated
for 4-, 16- and 64-QAM signals with 1, 1.5 and 3 GHz bandwidths.

The obtained EVM for a 4-QAM signal is depicted in Figure 4.27(a). At 17.5% EVM
threshold level (Appendix A), a 0.7 dB increase is requested in the minimum RoP when the
bandwidth is extended from 1 to 1.5 GHz, whereas 2.7 dB more power is needed when the
signal bandwidth is increased up to 3 GHz. Insets (a.1), (a.2) and (a.4) of Figure 4.27(a) show
the constellation of the signal at the RoP of -4 dBm with corresponding EVM values of 4.4%,
5.1% and 9.6% corresponding to 1, 1.5 and 3 GHz bandwidth, respectively. Note that the
degradation in the OB2B measurement is significantly larger for 3 GHz bandwidth signal due
to the DML non-linear response, which causes IMD [134].

[—e—1GHz —e—1.5GHz 3 GHz|

(@) (b (c)

17.5% EVM

12.5% EVM

10 -8 6 -4 2 0 10 -8 6 -4 2 0 10 -8 -6 -4 2 0

Received optical power (dBm) Received optical power (dBm) Received optical power (dBm)

(a.1) (a.2) (a.3) (b.1) (b.2) (b.3) _(c.;l) . i(;.Z)":. i(;.S)
. 4 L L - L (X3 XX 1
e | mle | e & p RSO IDR RIS {34 R
. LRI NI NI il Laend ogaserss rabeny g v¥aboniy
P P N R R R 413 S PR S

K E * & gdeny dsw

e hlid ha i -4 i i il R 5::0:0::: “uttnﬁzl ‘m":::l

&
°
&
°
o

40 1 40 1 40 1 4 2 0 2 4-4 20 2 4420 2 4 5 0 5

Figure 4.27. Simulated OB2B EVM performance for different signal bandwidth: (a) 4-QAM, (b) 16-QAM, and (c) 64-
QAM. Insets show the obtained constellations at RoP of -4 dBm for 1, 1.5 and 3 GHz, respectively.

Figure 4.27(b) displays the simulated results with EVM for 16-QAM. As it can be seen,
lower data bandwidth leads the lowest EVM meanwhile higher data bandwidth experiences
stronger degradation. Compared to 1 GHz bandwidth, 0.6 and 2.6 dB higher optical power (i.e.
power penalty) is required for 1.5 and 3 GHz bandwidths, respectively, in order to obtain similar
performance. Constellations, obtained with -4 dBm of optical power, are shown in insets (b.1),
(b.2) and (b.3) of Figure 4.27(b), with EVM of 4.2%, 4.8% and 9.0%, respectively.

The 64-QAM EVM simulation results are shown in Figure 4.27(c). Larger bandwidths lead
to higher EVM degradation also according to the channel transfer function depicted in Figure
4.3. The optical power difference for 1.5 and 3 GHz respect to the 1 GHz signal bandwidth is
0.5 and 4 dB, respectively. However, the EVM performance keeps below 8% for optical
received power higher than —2.7 dBm. The constellations shown in insets (c.1), (c.2) and (c.3)
of Figure 4.27(c) correspond to an EVM of 4.4%, 4.9% and 9%, respectively.
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4.4.1.2. Impact of fiber dispersion

In the next, the impact of chromatic dispersion using a non-chirp DML in 4-, 16- and 64-QAM
signal with 1 GHz bandwidth is simulated and shown in Figure 4.29.

The EVM of 4-QAM signal for OB2B, 10 and 20 km SSMF links is depicted in Figure
4.28(a). The power penalties at EVM threshold (17.5%) are 0.4 and 1.4 dB for 10 and 20 km,
respectively. Clear constellation at -4 dBm RoP after 10 km transmission, which are similar to
corresponding OB2B, is shown in inset (a.1) of Figure 4.29(a). However, 20 km transmission
exhibits spread outer symbols (see inset (a.2) of Figure 4.29(a)).
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Figure 4.28. Simulated EVM performance after OB2B, 10 and 20 km SSMF link with 1 GHz signal bandwidth for
different modulations: (a) 4-QAM, (b) 16-QAM and (c) 64-QAM. Insets show constellation with 4 dBm RoP for 10
and 20 km fiber transmission.

Figure 4.28(b) depicts the simulated the same EVM performance for 16-QAM. In this case,
the power penalty at EVM threshold (12.5%) is 1.4 and 3.7 dB for 10 and 20 km, respectively.
Insets (b.1) and (b.2) of Figure 4.29(b) shown constellations using 10 and 20 km fiber. Clear
constellation can be observed when signal is transmitted over 10 km fiber, whereas large
spread symbol is observed when 20 km fiber transmission is employed.

Figure 4.28(c) shows the EVM performance for 64-QAM format, with a power penalty of
0.5 dB for 10 km SSMF at 8% EVM limit. However, 20 km power penalty cannot be measured
since the EVM does not meet the 8% EVM limit requirement in the RoP range under study. As
expected from previous results, a clear constellation of 10 km fiber transmission is observed
((c.1) of Figure 4.28(c)). However, the degradation of the EVM is significant, as shown in inset
(c.2) of Figure 4.28(c) which correspond to 64-QAM signal propagation over 20 km fiber. Non-
linear distortion is clearly observed due to the interplay between the DML non-linear response
and the fiber chromatic dispersion [134].

4.4.1.3. Impact of laser chirp

In the following, according to the previous simulation results, chirp is also considered with 1
GHz bandwidth signal transmission over 10 km SSMF link to evaluate the overall impact of the
interplay of chirp and dispersion on the quality of the received signal. Different chirp values are
employed in the simulated schemes based on commercial DMLs [116], as detailed in Figure
4.26, where o = 1 is employed for the calculations with non-zero chirp. The simulation results
of 4-, 16- and 64-QAM signal are shown in Figure 4.29.

Figure 4.29(a) shows there is no power penalty at 17.5% EVM level when a DML with low
chirp characteristic (4 GHz/mW) is modulated by the 4-QAM signal. However, moderate (10
GHz/mW) and high (15 GHz/mW) chirp values lead to penalties of 0.4 and 1 dB, respectively.
Insets (a.1), (a.2) and (a.3) of Figure 4.29(a) show the constellations of the recovered signals
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with -4 dBm of RoP, where obtained EVMs are 5.5%, 8.1% and 11.1% after 10 km fiber
transmission with low, moderate and highly chirped signals, respectively.
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Figure 4.29. Simulated EVM performance when DML is employed with null, low, moderate and high chirp and 1
GHz signal bandwidth is transmitted over 10 km SSMF: (a) 4-QAM, (b) 16-QAM and (c) 64-QAM. Insets show
constellations for low, moderate and high chirp value, at RoP of -3 dBm.

The impact of the chirp when the 16-QAM signal with 1 GHz bandwidth is transmitted along
10 km SSMF is shown in Figure 4.29(b). Similarly to the previous case, there is a power penalty
below 0.1 dB when low chirp DML is employed signal at threshold EVM level. However, the
required RoP is increased by 0.8 and 2.6 dB for moderate and high chirp parameters,
respectively. Constellations at -3 dBm RoP are shown in insets (b.1), (b.2) and (b.3) of Figure
4.29(b).

Figure 4.29(c) depicts the simulated EVM for 64-QAM signals. As expected from the
previous results, there is no difference between non- and low chirped signals at 8% limit.
However, in this case, the obtained EVM values are larger than 8% threshold limit when
moderate and high chirp lasers are applied. Constellations in insets (c.1), (c.2) and (c.3) of
Figure 4.29(c) show the significant degradation of the received signal caused by the interplay
of fiber dispersion and chirp, resulting in rotation with respect to the corresponding
constellations obtained in Figure 4.28.

4.4.2. Experimental system capability

The experimental system emulates the optical transceiver at the BBU in the CO, as depicted
in Figure 4.26, which consists of a low cost DML and an external MZM where the optical carrier
modulated by data is up-converted before signal transmission over a 10 km SSMF link, i.e.
remote configuration as explained in Section 4.2. An extended transmission setup based on a
hybrid link including 1.5 m FSO segment is also considered to test the optical wireless
performance for the sake of increasing the network flexibility [135].

In this experiment, the DFB laser emits an optical signal at 1550 nm with 5.7 dBm optical
power which is directly modulated by a M-QAM signal at IF of 2 GHz generated by the DG
(Tektronix AWG7122C). Note that the typical laser modulation response exhibits a 3 dB
bandwidth of 6.2 GHz. After adjusting the polarization state of the optical signal by a PC, the
modulated optical signal is launched into the MZM (Photline MX-LN-40), which is driven by a
20 GHz and 18 dBm signal clock generated by a SG (Agilent 8267C) and biased at null
transmission point (V;;), i.e. 1.3 V, to obtain the optical carrier suppression. An EDFA (Amonics
AEDFA-23-B-FA) with 13 dBm constant output power is employed to compensate for the
optical losses and the ASE noise is filtered out by an OBPF (Alnair BVF-100) with AA = 2 nm,
similarly to previously described experimental setups.

In the experiment, the OB2B signal is first measured, then signal is transmitted through an
optical fiber link composed of 10 km SSMF fiber and finally through a full hybrid link with 10 km
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of SSMF and 1.5 m long FSO channelwhich emulates the ODN between the BBU and the
RRH. The FSO channel consists of GRIN lenses (Thorlabs 50-1550A-APC) already described
in previous Sections. Note that the measured FSO losses are 6.5 dB and therefore another
EDFA (Amonics AEDFA-27-B-FA) with 13 dBm constant output power and OBPF
(Waveshaper 4000S) with AA = 2 nm is needed.

At the RRH side, the optical signal is launched into the PD (u2t BPDV2020R), where 40
GHz electrical signal is generated by beating the first-order sidebands at the PD. Finally,
electrical signal is amplified by an EA (SHF Communication Technologies AG SHF-810) with
29 dB gain, and analysed by a RFSA.

In the following, the EVM performance of the proposed system for a wide range of RoP
from -3 to 6 dBm is investigated. This measurement is essential in order to determine the
system dynamic range and an appropriate RoP level considering the mmW link for practical
implementation. More concretely, according to Figure 4.30, there is a 5 dB penalty due to 10
km SSMF at the working frequency, which can be demonstrated as reasonable for the base
station since the adequate RoP regime prevents from non-linear limited region of the EA. The
system performance is evaluated by using 4-,16- and 64-QAM signals with bandwidth from 50
MHz up to 1000 MHz at 40 GHz carrier frequency and 2 GHz IF.

Figure 4.30 shows the measured EVM of the recovered signals when 4-QAM format is
employed. Figure 4.30(a) shows the OB2B where, as expected, larger bandwidths lead to
higher EVM values in fiber and hybrid links (Figure 4.30(b) and (c), respectively). The insets
(a.1), (b.1) and (c.1) show very good agreement with theoretical simulations for 1 GHz
bandwidth and 3 dBm RoP. However, the reliable transmission is achieved for the 4-QAM
under 17.5% EVM threshold limit (see Appendix A). The power penalty due to 10 km fiber link
is below 0.6 dB for bandwidths 100 and 200 MHz, i.e. 0.3 and 0.6 dB, respectively, and it
increases up to 0.8 dB for 1000 MHz. The standard EVM threshold level is fulfilled with -0.3
and 1.5 dBm optical power after SSMF transmission for 500 and 1000 MHz bandwidth,
respectively. EVM measurements also show no significant penalties introduced by the hybrid
link (Figure 4.30(c)). Insets in Figure 4.30 show the constellations of received signals with
3 dBm RoP where degradation due to fiber link is observed to be almost negligible. Indeed,
insets (a.3), (b.3) and (c.3), correspond to larger bandwidth and thus show larger degradation,
however EVM values are kept below the standard EVM limit for all signals having a RoP at
least of 2 dBm.
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Figure 4.30. Measured EVM of 4-QAM for different signal bandwidths: (a) OB2B, (b) SSMF and (c) Hybrid links.

Insets (a.1), (b.1) and (c.1) show the comparison between simulation and experimental results for 1 GHz and 3

dBm RoP. Constellations for 3 dBm RoP: (a.2), (b.2) and (c.2) with 100 MHz bandwidth, and (a.3), (b.3) and (c.3)
with 500 MHz bandwidth.
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The 16-QAM signals with 50 to 500 MHz bandwidth are also transmitted in our
experimental setup and measured EVM values are shown in Figure 4.31. For OB2B, shown in
Figure 4.31(a), a RoP of -3 dBm for 50 MHz is required to satisfy the 12.5% EVM meanwhile
the optical power is increased up to 3 dBm for 500 MHz bandwidth. The penalty due to the
fiber dispersion increases with the bandwidth (Figure 4.31(b)) from 0.5 dB for 50 MHz to 1 dB
for 500 MHz. Transmission over the hybrid link do not lead to additional penalties, as shown in
Figure 4.31(b). The constellations of 100 MHz bandwidth with 6 dBm RoP (insets (a.1), (b.1)
and (c.1)) show low degradation due to fiber transmission meanwhile 500 MHz bandwidth
(insets (a.2), (b.2) and (c.2)) experience to higher degradation. However, a successful signal
transmission has been demonstrated in all cases.

Figure 4.32 shows the EVM results when 64-QAM signals with different bandwidths are
transmitted. OB2B measurements are shown in Figure 4.32(a) and the EVM is kept below 8%
when RoP is higher than -1.5, 0.5 and 2.9 dBm for 50, 100 and 200 MHz, respectively. The
power penalty due to the SSMF (Figure 4.32(b)) is 0.3, 0.6 and 1.1 dB for 50, 100 and 200
MHz, respectively. As expected from previous results, there is no additional significant penalty
due to the FSO link. Again, constellations of 50 MHz (insets (a.1), (b.1) and (c.1)) exhibit lower
degradation than the constellation of 200 MHz for all links (insets (a.2), (b.2) and (c.2)),
nevertheless the EVM lower than 8% for 64-QAM and 200 MHz bandwidth has been achieved.

According to the experimental measurements, Figure 4.33 illustrates the bit rate in terms
of the minimum RoP required to satisfy EVM below the 3GPP limits for 4-, 16- and 64-QAM,
respectively, for different data bandwidth. Note that the displayed throughput results
correspond to bandwidth from 50 to 1000 MHz for 4-QAM, 50 to 500 MHz for 16-QAM and 50
to 200 MHz for 64-QAM. As expected, 4-QAM signals support larger bandwidth than 16- and
64-QAM signals. The minimum RoP for 4-QAM providing maximal bit rate, i.e. 2 Gbit/s at 1000
MHz bandwidth, is 1.8 dBm meanwhile 4 dBm is needed for 2Gbit/s (500 MHz bandwidth) and
1.2 Gbit/s (200 MHz bandwidth) under 16- and 64-QAM modulation formats, respectively. In
other words, to achieve e.g. 2 Gbit/s throughput, it is possible to employ either 4-QAM with
1000 MHz bandwidth or 16-QAM with 500 MHz bandwidth, although 2.2 dB higher RoP is
required in the latter case.

| —®—50 MHz —8— 100 MHz 200 MHz —<— 500 MHz |

20

12.5% EVM 2.5% EVM 12.5% EVM

-4 -2 0 2 4 6 -4 -2 0 2 4 6 -4 -2 0 2 4 6

Received optical power (dBm) Received optical power (dBm) Received optical power (dBm)
(a.1) (a.2) (b.1) (b.2) (c.1) (c.2)
sane € 6 H ¥ " LA X S e e W E
“eae R s s a0 . A cER PP B EE G
LR N AR R R rE S 5w rEx x
sénE EEE TS TR I A& € F 3 TER ® % &

Figure 4.31. Measured EVM of 16-QAM for different signal bandwidths: (a) OB2B, (b) SSMF and (c) hybrid links.
Insets show the constellations when 6 dBm RoP.
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Figure 4.32. Measured EVM of 64-QAM for different signal bandwidths: (a) OB2B, (b) SSMF and (c) hybrid links.
Insets show the constellations when 6 dBm RoP.
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Figure 4.33. Data throughput obtained from bandwidth results in Figure 4.30, Figure 4.31 and Figure 4.32 vs
minimum RoP for 10 km SSMF link at EVM limit.

4.4.3. Multiband measurements

This Section proposes to fully exploit the available bandwidth of the components, in spite of
dispersion and chirp penalties, by demonstrating the system ability for multiband transmission.
Three bands with same bandwidth at 0.7, 1.0 and 1.3 GHz are transmitted using 16-QAM
format and EVM measurements are done with 100 and 200 MHz bandwidth of each band.

The setup depicted in Figure 4.26 is slightly modified and optimized for multiband data
transmission. The multiband signal is amplified by 9 dB before launched into the DML. The
baseband electrical spectrum generated for 100 and 200 MHz 16-QAM data signal is shown
as insets (i) in Figure 4.34(a) and (b), respectively. After the optical transmission and
opto-electronic conversion at PD, the generated electrical signal is also amplified by 40 dB
before the signal analyzer.
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Figure 4.34. EVM of 16-QAM multiband data signal over 10 km fiber link with: (a) 100 MHz and (b) 200 MHz
bandwidth. Insets: (i) electrical spectra of multiband signal (RBW = 100 kHz), (ii) constellations of band 2 with 3
dBm RoP.

The EVM measurements corresponding to the three bands are shown in Figure 4.34 (see
constellations of band 2 with RoP of 3 dBm in the inset (ii)). Figure 4.34 (a) shows the EVM
measurements corresponding to three bands with 100 MHz data bandwidth. EVM values are
kept below the standard EVM limit for all bands within the RoP range under measurement and
there is only a slight difference between frequency bands due to the DML 3 dB bandwidth
frequency response. EVM measurements obtained with 200 MHz 16-QAM multibands signal
are slightly higher, as shown in Figure 4.34 (b), and in any case, the EVM is below the EVM
threshold with RoP higher than -3 dBm.

4.5. Conclusions

IM-DD based on DML represents an effective solution for a low complexity system compared
to the conventional usage of external modulation. In general, compared to the use of MZM,
direct modulation offers satisfactory RF to optical conversion efficiency and linearity but has
relatively low output power and the modulation chirp is higher.

Remote and local photonic mmW signal generation schemes have been theoretically and
experimentally studied for the deployment of a 5G C-RAN fronthaul link in order to estimate
the capabilities and limitations of both approaches. Very good agreement has been shown
between theory and measurements for both setups. The dispersive effect at IF frequencies are
less significant than at RF frequencies. Indeed, the remote setup leads to higher frequency
response (i.e. 15 dB gain over 25 km fiber link) than the local setup in photonically generated
mmW band due to the combined effect of dispersion and laser chirp, whereas the behavior in
baseband is significantly different. Transmission experiments using a 250 MHz QPSK signal
have been done for the sake of characterization of the system performance under remote and
local generation setups measured at baseband and mmW band. As theoretically predicted,
experimental EVM results in the remote generation scheme show better performance than
OB2B, which is led by the higher frequency response than local setup, whereas the local setup
shows similar performance than OB2B. However, the measured electrical spectra show higher
IMD products in remote generation schemes, which could cause significant penalties for
specific scenarios. Therefore, the amplitude response of the system presented in this Chapter
provides the main guidelines for photonically assisted mmW C-RAN network design.

The impact of harmonic and intermodulation distortion on data transmission has been
experimentally studied over local and remote photonically generated mmW signals over an
optical fiber fronthaul based on a DML and CS-external modulation for frequency up-
conversion. Frequency response of the different second-order non-linear terms, i.e. (2w,),
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(w, —wy) and (w; + w,), has been measured leading to -40, -30 and -30 dBm, respectively,
for a 40 GHz signal under remote configuration while local and OB2B setups lead to negligible
IMD levels far from the relaxation frequency (< 6.5 GHz for the used DML). Measured electrical
spectra show the effect of in-band IMD, as a function of the signal bandwidth, and out-of-band
IMD in multiband signals. The EVM measurements show that transmission is not feasible under
remote scheme for optical power levels above certain threshold while local scheme resembles
OB2B transmission. Signal transmission is limited by (2w;)-type HD and higher RoP values
lead to poor signal transmission under remote compared to local setup. This effect is worse for
larger bandwidth signals. The impact of (w, — w;) type term, which is higher than (2w, )-type
term. However, the impact of (w; + w,)-type term has been measured as lower in good
agreement with the corresponding measured IMD frequency response. Finally, IMD terms
prevent the transmission of specific signals under this setup. More concretely, wideband
signals with in-band IMD or multiband signals (w;, w,, ws) satisfying w, = 2w, wy = w, —wy
or wy =w; —w, are examples that need to be transmitted over local generation mmW
approach in C-RAN.

Although the experiments employed a signal composed of two bands, the results can be
applied to OFDM signals typically employed in 5G/6G networks. Therefore, remote
configuration can be employed for OFDM waveforms provided the different subcarriers fall
apart from the HD and IMD frequency terms described above, although local configuration will
provide better performance due to the impact of non-linear distortion.

Finally, simulations and measurements have been performed in order to evaluate
separately the impact of signal bandwidth, fiber dispersion and laser chirp for the sake of
estimating the system capability in the remote configuration. The simulation of different values
of chirp and fiber lengths, as well as different signal bandwidths, show penalties of 1, 2.3 and
6 dB for 4-, 16- and 64-QAM formats between non- and high chirp, respectively. In the
experimental part, a low chirp commercial DML is employed and M-QAM signals with
bandwidths from 50 to 1000 MHz are transmitted along 10 km SSMF and 1.5 m FSO channel
with bit rates achieving from 1.2 to 2 Gbit/s occupying bandwidths from 200 to 1000 MHz
depending on particular QAM format. The measurements show that the chirp in DML has a
crucial influence on transmission characteristics, especially when higher-order modulation
formats, i.e. 64-QAM, and high bandwidth signals are employed in such a network. Moreover,
multiband signal transmission has been implemented to increase the bandwidth usability.
Therefore, DML-based fronthaul solution connecting centralized BBU and RRH operating in
hybrid fiber/FSO network has been demonstrated to satisfy full high data throughput
requirements for 5G fronhaul links in mmW frequency spectrum.
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Chapter 5. External modulation-
based data transmission over
photonically generated mmW

“Newton’s Third Law. The only way humans have ever figured out getting somewhere, is to

leave something behind.”

— TARS, Insterstellar (2014)

This Chapter presents the external modulation as a data transmission solution in photonically
generated mmW signals. In particular, the approach of two cascade MZMs is employed for
data transmission for optical communications in C-RAN. A CS-DSB scheme is experimentally
demonstrated with wireless transmission in the FR2. It is also provided an experimental
comparison between DSB and the CS-DSB configurations for mmW signal generation setups
for the sake of comparison and providing main guidelines for future deployment. Finally, the
impact of thermal turbulences in FSO channel on data transmission is experimentally evaluated
where various thermally induced turbulence profiles have been implemented to emulate real
scenarios in C-RAN.

5.1. External data modulation

The schematic of the intensity modulation approach using an external modulator is displayed
in Figure 5.1(a). It is based on MZM and the optical signal is purely intensity modulated with
no phase modulation [112]. The laser emits an optical carrier which is launched into MZM. As
explained in Chapter 2, a MZM can be biased at minimum transmission, maximum
transmission, and quadrature bias points. The particular desired operating point for data
transmission is quadrature point, i.e. V},;,; = 3V, /2, as shown in Figure 5.1(b). The quadrature
bias point corresponds to a linear region which allows transmitting broadband RF signals with
improved spurious free dynamic range (SFDR) [136]. Then, the optical carrier is modulated by
the electrical data signal.

External data modulation presents some benefits. Zero chirp using dual drive MZM
configuration can reduce the impact of fiber dispersion and extend the transmission distance
or use larger bandwidth. Indeed, high-frequency modulation and high-power laser sources can
be employed. However, the operating bias point of MZM undergoes voltage drift. Hence, care
must be taken to maintain and control the MZM bias point for a specific application. The
utilization of an extra external modulator also adds additional insertion loss, which should be
compensated by an EDFA or increasing the laser optical power. Moreover, external modulators
are relatively expensive and some desirable characteristics such as polarization
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independence, good linearity (between drive voltage and modulated output) and smaller size
are desired.
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Figure 5.1. (a) Diagram layout of external modulation and (b) MZM optical power — voltage characteristic curve.
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Intensive research is, nowadays, conducted to improve the maximum bit rate that can be
transmitted using external modulation. Recently, several works report the capability of
achieving bit rates beyond 100 Gbit/s. For example, a 100 Gbit/s/A over 100 km optical fiber
[137], 200 Gbit/s PAM-6 signals over 1 km fiber [138] or 333 Gbit/s over 20 km dispersion
compensated optical fiber link [139] have been successfully demonstrated.

5.2. Optical CS-DSB signal transmisision

In this Section, a photonically doubling RoF and radio over FSO (RoFSO) system for the mmW
5G optical fronthaul network with seamless antenna transmission at 26 GHz is experimentally
demonstrated [140]. This setup is based on two cascade MZMs, as shown in Figure 5.2, and
exploits the photonically frequency doubling technique, as explained in Chapter 3. The former
corresponds to the one included in the photonic mmW signal generation scheme where the
optical carrier is CS modulated (Chapter 3) by a single RF tone, frr = fnmw/2, While the
second one, biased at the quadrature point, provides the data modulation.

The laser diode (LD) (Yenista Optics Tunics T100S-HP) emits an optical carrier at 1550
nm with 11.3 dBm optical power. A PC is used to adjust the polarization state before MZM-1.
The MZM-1 (Sumimoto Osaka, T.DEH1.5-40PD-ADC) is biased at the null point and fed by a
12 GHz single tone signal from a SG (Agilent 8267C) to suppress the optical carrier, whereas
the MZM-2 (Avanex PowerBit F-10), biased atquadrature point for data modulation, is driven
by a 5G NR signal at 2 GHz IF. Note that the single RF carrier and IF data power levels are 23
and 1 dBm, respectively.

The optical channel consists of 10 km of SSMF and a 1.1 m long FSO channel, which is
realized by a pair of doublet collimatorsas described in previous chapters, making seamless
fiber-to-FSO and vice versa connection. Note that the FSO channel loss is 8.4 dB and the FSO
range is limited by the available space in the laboratory. After transmission over the optical
channel, an EDFA with 16 dBm constant output power is used to compensate the system loss,
and an OBPF (Alnair Labs BVF-100) is further employed to reduce the ASE noise produced
by the EDFA. Before the optical-to-electrical conversion, realized by a high frequency PD
(Finisar XPDV2320R), a VOA (Thorlabs EVOA 1550A) is used to adjust the RoP. Note the
EDFA is placed at the remote node in the laboratory setup to provide high optical output power
(i.e. 16 dBm) and therefore, provide system characterization by adding a VOA just before
detection while keeping a safe power level. i.e. below 10 dBm, along the FSO link. However,
real scenarios will place the EDFA at the CO for the sake of sharing resources.
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Figure 5.2. Experimental setup for optical mnmW generation at 26 GHz with the seamless transmission. Insets
illustrate spectra at given points [140].

After the direct detection by means of PD, the EBPF (Mini Circuits ZVBP-25875-K+) is
employed to filter out the generated mmW carrier, the second sideband and all unwanted
intermodulation products present in the electrical spectrum in order to obtain a single band
centered at 26 GHz for further processing. Note that the passband of the filter lays between
24.25 and 27.5 GHz. The signal after the EBPF is amplified by using a broadband EA (SHF
Communication Technologies AG SHF-810) and then radiated to a 1.1 m long antenna channel
by means of the pair of double ridged horn antennas (ANT) (RFSpin DRH40). Afterward, the
signal is received and evaluated in a RFSA.
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Figure 5.3. Measured optical spectra (RBW = 0.02 nm).

Figure 5.3 shows the optical spectra, captured at different parts of the setup corresponding
to the scheme shown in Figure 5.2. The difference between optical spectra at the MZM-2 and
FSO outputs stands only for the SSMF and FSO loss, whereas the difference between EDFA
and OBPF outputs shows both loss of the OBPF and an importantly reduction of the ASE noise
produced by EDFA. Note that the IF data at 2 GHz cannot be seen due to the instrument
limitation and only the optical sidebands at 12 GHz spacing with the suppressed optical carrier
can be observed.

Figure 5.4 displays the comparison of the electrical spectra received after PD with and
without the usage of the EBPF with 64-QAM 5G NR signals having a bandwidth of 200 MHz.
As it can be observed, the spectra without using the EBPF (red trace in Figure 5.4) is the
generated mmW carrier at 24 GHz, as well as the two signal bands at IF of +2 GHz appear in
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the spectrum with harmonics and many other intermodulation products, which are caused
especially by the relatively high input power in the MZM. This significantly limits the system
performance in terms of SNR and EVM and it needs to be treated for the antenna connection.
When the EBPF is employed (blue trace in Figure 5.4), the upper sideband only remains with
a small part of the newly generated mmW carrier and otherwise, the other components are
filtered out. The filtered signal is then amplified by EA and radiated through a 1.1 m long mmW
wireless channel.
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Figure 5.4. Electrical spectra w/o and w/ EBPF employed for 200 MHz bandwidth.

Finally, Figure 5.5 shows the impact of having the EBPF filter implemented after the PD
when a 5G NR signal, predefined test model TM 3.1 using 200 MHz 64-QAM corresponding a
maximal bit rate of 1.2 Gbit/s, is transmitted. The system performance is compared in terms of
EVM for OB2B consisting of the transmission system without fiber, FSO and antenna; hybrid
stands for the full system without radio channel i.e. antennas; and using the complete system
with the seamless antenna link, i.e. full system. Note that in the full system scenario, there is
not possible to even receive a sufficient signal quality without the EBPF, and thus only the
system performance with the usage of the EBPF is shown in Figure 5.5.

There is no considerable difference between the EVM performance with and without the
EBPF for OB2B whereas when hybrid is employed, i.e. 10 km of SSMF and 1.1 m long FSO
without antenna channel, there is a 2.4% better EVM for the maximal ReP with the applied
EBPF. It is also observed that the difference between the system with and without the EBPF
tends to be less significant when the received power is decreasing. The lowest observed EVM
by using the EBPF for OB2B and hybrid are 2.1 and 3.9%, respectively and the minimal
received EVM for the full system with 200 MHz bandwidth and 64-QAM modulation scheme is
4.7%. In other words, to comply 9% EVM limit (see Appendix A), the required electrical power
level for the full system is -52.6 dBm and, for the hybrid without EBPF, hybrid with EBPF, it is
-41.5 dBm and -44.6 dBm, respectively. The minimal received power for OB2B is identical in
both cases, i.e. -45 dBm.
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Figure 5.5. Measured EVM of 64-QAM and 200 MHz bandwidth at 26 GHz.

5.3. Comparison of DSB and CS-DSB schemes

In this Section we investigate the comparison of the system transmission performance in 39
GHz mmW signal generated by conventional DSB and photonically assisted CS-DSB
approaches [140].

The two setups for performance comparison of 5G NR signal transmission is illustrated
Figure 5.6(a). Both setups employ a CW laser (CoBrite DX4) at 1550.6 nm with 16 dBm of
output optical power. The Setup A represents the classic approach with DSB modulation and
direct detection. A 5G NR data signal at a particular mmW carrier is generated by a SG (Rohde
& Schwarz SMW200A). The MZM (Optilab IML-1550-50-PM) is biased at linear point, i.e.
quadrature point, and is modulated by the electrical data signal. The output optical power of
the MZM is 7 dBm.

In Setup B, the optical signal is launched into the MZM-1 (Fujitsu FTM7938EZ/201), which
is biased at its null point as described in Chapter 3. The MZM-1 is driven by a radio signal at
the half of the target carrier frequency, frr = fiumw/2, i.€. 12.5 GHz for 27 GHz and 18.5 GHz
for 39 GHz transmission, generated by a SG (Rohde & Schwarz SMF100A) since IF = 2 GHz.
The optical signal is then modulated with CS-DSB and launched into low-speed MZM-2
(Covega 10TM 081), which is biased at linear point and modulated by the 2 GHz IF data signal
from SG (Rohde & Schwarz SMW200A). The output optical power of the MZM-2 is -2 dBm.
Note that the order of the modulators is irrelevant and same results have been obtained in
experimental measurements when data and RF modulation is performed in the first and second
MZM, respectively.

In both setups, the resulting optical signal is transmited over optical channel, i.e. OB2B,
fiber and hybrid fiber/FSO links. Then, the optical signal is launched into the PD (Optilab PD
40) for direct detection. The recovered electrical signal is captured by a RFSA for performance
assessment. Due to the lower output optical power level in Setup B, EDFA is required whereas
the EDFA is only used in Setup A when the FSO link is included. Note that, in Setup B, the
beating of the optical sidebands at the PD generates the signal at the double frequency of the
original signal, i.e. 37 GHz plus an additional IF of 2 GHz.
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Figure 5.6. (a) Schematic of Setups A and B, and (b) optical channel.

The optical channel employed in Setup A and B consists of a 5 - 30 km SSMF and 4 m
FSO link (see Figure 5.6(b)). The FSO link is composed of the transmitter and the receiver with
optical doublet collimators (Thorlabs F810APC-1550), as in previous setups, for launching and
capturing the optical signal from and to the optical fiber, respectively. Note that, in the FSO link
the optical loss is 6 dB and a VOA (Oz optics DA-100-SC-1300/1550-9/125-S-40) is used to
control the input to the EDFA whose output power is set to 3 dBm.

The measured optical spectra in both setups are shown in Figure 5.7. For Setup A, the
spectrum captured in point P1, displayed in Figure 5.7(a), shows DSB optical modulation with
sidebands separated from the optical carrier by the input RF, i.e. at 27 GHz, whereas Setup B
shows the spectrum, obtained in point P2, of the suppressed carrier with two sidebands having
the frequency difference between them equal to the double of the incoming electrical signal
frequency to the modulator, i.e. 25 GHz (see Figure 5.7(b)). Note that the original carrier
frequency in Setup B is half, i.e. 12.5 GHz. Due to the absence of the optical carrier and beating
of these sidebands at PD, a new RF carrier emerges in the frequency corresponding to the
frequency difference between the sidebands, i.e. 25 GHz, as explained in previous Sections.
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Figure 5.7. Optical spectra of (a) Setup A at P1, and (b) Setup B at P2.

At first, the impact of fiber link, i.e. 5 to 30 km SSMF, in Setup A and B is investigated and
shown in Figure 5.8. Note that optical output power level is 7 dBm and no EDFA is required for
Setup A meanwhile an EDFA with 7 dBm constant output optical power behind MZM-2 is
employed in Setup B to compensate optical losses due to two cascade MZMs for sake of
comparison with Setup A.

Figure 5.8 depicts the EVM as a function of the SSMF length for 400 MHz QPSK and 200
and 400 MHz 64-QAM signals for both setups at 27 GHz. For Setup A with optical DSB
modulation format and with no filtering, the measured EVM is 9% and 18.8% for 64-QAM and
QPSK, respectively, which is larger than EVM threshold level (see Appendix A) when optical
fiber of 5, 15 and 25 km are employed, see marked measured points (circled) in Figure 5.8,
due to the chromatic dispersion. However, Setup B with the suppressed carrier displays
maximal transmission link spans of 17 and 25 km for 400 and 200 MHz 64-QAM, respectively
for the EVM limits of 9%; and 30 km for 400 MHz QPSK for the EVM Ilimit of 18.5%.
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Figure 5.8. Measurements of EVM vs SSMF length for Setup A and B, using QPSK and 64-QAM signals with
various bandwidth at 27 GHz.
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Since the RoP is the same for both Setups A and B, considering an ideal IM-DD, the RF
signal transmission, as a function of frequency will be constant. The comparison of the RF
frequency responses with optical DSB and CS-DSB schemes, for OB2B and different SSMF
lengths are shown in Figure 5.9.

The transmission of the DSB signal reveals a substantial power drop in the frequency
response due to the chromatic dispersion-induced fading (equation (2.12)), see Figure 5.9(a).
This power fading at 27 GHz occurs when fiber lengths is 5, 15 and 25 km, i.e. the EVM
measurements over the threshold level (see circled points in Figure 5.8). At the frequencies
where RF response vanishes, intensity modulation of light is fully converted to the optical phase
modulation, i.e. the optical intensity becomes constant, thus giving rise to no measurable RF
response at the PD [6].

On the other hand, for Setup B, the power transmission plots display a gradual decrease
in the magnitude with the increasing SSMF length, which follows the OB2B plot, in contrast
with Setup A, where a number of dips can be seen in the spectrum, which depends on the
SSMF lengths.
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Figure 5.9. Frequency response for various SSMF lengths in (a) Setup A and (b) Setup B.

However, DSB schemes (Setup A) can avoid the chromatic dispersion induced power
fading by using a filter to introduce optical single sideband transmission or by simultaneous
intensity and phase modulation, but at the cost of increased complexity of the system.

5.4. Impact of FSO turbulences on data transmission

In this Section, the impact of uniform and non-uniform turbulent distribution along the FSO link
on externally modulated data transmission over mmW signals which are photonically
generated, is theoretically and experimentally evaluated.

5.4.1. Impact of turbulence strength

In the following, we experimentally evaluated the strength of induced turbulence along the FSO
channel on data signal transmission [141]. For this purpose, the experimental schemes
employed in this Section are the same as shown in Figure 5.6. In this case, the chamber (see
Figure 5.6(c)) has 20 temperature sensors, spaced 20 cm apart, are placed within the chamber
along the optical propagation path meanwhile two fan heaters blowing hot air perpendicular to
the optical beam to generate a thermal gradient.

To investigate the impact of different AT levels (i.e. scintillation index, which is proportional
to Rytov variance o), on the hybrid link in a 5G fronthaul optical network, weak (T0) and strong
(T1) AT regimes are generated and defined (see Chapter 2) by the refractive index structure
parameter C? of 5.54-10*m?/3 (02 =8.78:10°) and of 1.15:10''m?/3 (g% = 1.83-1073),
respectively. Note that these values can be recalculated through o for longer transmission
spans maintaining the overall scintillation effect [142]. For example, if we consider common
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FSO distances of 100 and 500 m in urban areas, then we have the turbulence levels of TO with
CZ of 1.52:101% and 7.93:1018m"2/3, and T1 with 3.14-10* and 1.65-10"1m"%/3, respectively.

The QPSK and 64-QAM signals with the 400 MHz bandwidth at 27 GHz are transmitted to
compare the EVM performance under turbulence conditions as a function of SNR in both
setups, shown in Figure 5.10.
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Figure 5.10. EVM vs SNR under weak and strong AT for Setup A (blue) and B (red) at 27 GHz after 10 km SSMF
and 4 m FSO link with 400 MHz bandwidth for (a) QPSK and (b) 64-QAM.

Setup A shows the highest SNR, i.e. higher than 30 dB, for both modulation schemes, and
lower average EVM by 3% and 1% for QPSK and 64-QAM, respectively, compared with Setup
B. Under AT and for a given SNR, the average EVM increased by 2% and 1% for QPSK and
64-QAM, respectively. In any case, EVM values are below the EVM thresholds for both setups
and modulation formats even under the strong AT regime.
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Figure 5.11. Electrical spectra for Setup A with 400 MHz 64-QAM for TO and T1 (f. = 25 GHz).

Figure 5.11 depicts the electrical power spectra for Setup A with 400 MHz 64-QAM for TO
and T1. The in-band power variation of + 2-3 dB around the average electrical received power
value of -77 dBm for the case with T1 (orange curve) compared to TO (grey curve), which is
highly stable, i.e. flatter. The similar power variation in electrical spectrum under turbulence
conditions in FSO channel has been observed e.g. in [100].

5.4.2. Impact of non-uniform turbulent distributions

In the following, we present a theoretical and experimental study of the impact of non-uniform
turbulent distribution along the FSO link on the transmission of M-QAM signals with M = 4, 16,
and 64 in K-band (25 GHz), which are photonically generated by using an optical external
intensity modulator biased at the null transmission point [110].
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5.4.2.1. Simulations

In this Section, the performance of the system depicted in Figure 5.12 are evaluated under
different turbulence scenarios. Simulation results employing an external modulation for data
transmission approach and CS-MZM mmW signal generation are presented by using co-
simulation of Optisystem and Matlab software.

The proposed system layout of signal transmission at 25 GHz over hybrid fiber/FSO link is
displayed in Figure 5.12 [110]. The laser emits an optical carrier whose state of polarization is
adjusted by a PC. As explained in Section 5.3, the photonically up conversion (fmw = 2/fzr)
by CS-DSB is held at MZM-1 whereas the MZM-2 modulates the optical signal by the data
signal which consist of an amplified pseudo-random binary sequence (PRBS) M-QAM signal,
at the linear bias point. The optical signal is amplified by an EDFA to compensate the insertion
losses, and filtered out by an OBPF to reduce the ASE noise over a narrow optical bandwidth.
The signal is afterward transmitted over SSMF and-the FSO channel. As explained in Chapter
2, the optical signal suffers attenuation due to the atmospheric propagation effects and
geometrical loss and signal degradation caused by turbulence leading to significant
fluctuations in the transmitted optical power. Finally, it is launched into the VOA which allows
to vary the optical power just before opto-electronic conversion at PD. As explained in previous
Chapters, the recovered M-QAM signal data is carried by the microwave signal at 2 fzr angular
frequency, as a result of the beating between the two first-order sidebands.

PRBS QAM
generator Tx

EDFA OBPF

Y Vi
Figure 5.12. System layout of simulated M-QAM signal transmission at 25 GHz under thermal turbulence [110].

The performance of the system described in Figure 5.12 with the parameters detailed in
Table 5.1 are evaluated under different turbulence scenarios. Uniform turbulence are defined
according to weak (cZ<<1), moderate (cZ ~1) and strong (cZ>>1) regimes (denoted as U-
scenarios: U1, U2, U3), whereas non-uniform scenarios include up to three different segments
(denoted as N-scenarios: N1, N2, N3) with varying turbulence level along the link, as it is
detailed in Table 5.2. Note that all the N-scenarios are set to have a similar average turbulence
value as U2 uniform scenario for the sake of comparison.

Figure 5.13 displays the spatial distribution of turbulence along the FSO link, corresponding
the parameters defined in Table 5.2 for different scenarios.
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Figure 5.13. C,2 spatial distribution of proposed scenarios: (a) U1, U2 and U3, (b) N1, (c) N2 and (d) N3. Dashed
line represents the mean value in each non-uniform scenario.
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The transmission of 10 Gbit/s 4-, 16- and 64-QAM signals over combined RoF and RoFSO
is simulated under six turbulence scenarios (see U and N profiles along link as depicted in

Figure 5.13).
Table 5.1. Simulation parameters.
Parameter Value
Wavelength 1550 nm
Laser
Output power 14 dBm
MZM-1 Switching RF voltage 4V
SG Carrier frequency 12.5 GHz
Bit rate 10 Gbit/s
PRBS
Order 16
MZM-2 Switching RF voltage 4V
Modulation formats 4-,16-, 64-QAM
Output power 13 dBm
EDFA —
Noise figure 3dBm
Bandwidth 1.5m
OBPF -
Insertion loss 1dB
Length 5 km
SSMF Dispersion 17 ps/km-nm
Attenuation 0.2 dB/km
Tx aperture 2.6.cm
Tx loss 1dB
Rx aperture 5cm
FSO
Rx loss 1dB
Beam divergence 0.25 mrad
Length 500 m
VOA Insertion loss 0-10dB
o0 Responsivity 0.45 A/W
Dark current 5nA
EA-1 Gain 9.1dB
EA-2 Gain 30 dB
Table 5.2. Definition of scenarios.
Scenario Distance CZ(m=2/3) Averaged C2(m~%/3) Rytov variance
U1 500 m 1015 10715 0.0056
Uniform U2 500m 1018 1013 0.5587
U3 500m 1012 1012 5.5869
250 m 21013
N1 1013 0.5587
250 m 1015
200 m 1018
Non-uniform N2 100 m 5.10-13 1013 0.5587
200 m 1015
250 m 1015
N3 1013 0.5587
250 m 2:10°13
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Figure 5.14 shows the calculated EVM performance. 4-QAM modulation format leads to
higher EVM values than higher-order QAM formats, as shown in Figure 5.14(a). Since
degradation is directly related to the magnitude of averaged C2? parameter with minor
differences due to spatial distributions, there is only 1% EVM deterioration between scenarios
with similar averaged C?2 (U2, N1, N2 and N3 — see Figure 5.13) at 0 dBm RoP. The maximum
EVM difference between scenario U1 and U3 (low and high turbulence scenarios) at 0 dBm of
RoP is about 6%. Note that 17.5% EVM threshold (see Appendix A) for 4-QAM is satisfied
under U3 scenario with optical received power larger than 0.5 dBm.

Figure 5.14(b) shows a clear distinction of the 16-QAM results obtained for uniform
turbulence scenario U2 and non-uniform scenarios N1, N2 and N3 with 4.6% maximum EVM
deterioration between them at 0 dBm RoP. In this case, the uniform distribution U2 (moderate
turbulence strength) leads to higher degradation in comparison with similar averaged but non-
uniform turbulence N1, N2 and N3 scenarios. Likewise, to the results shown in Figure 5.14(a),
U1 and U3 are identified as the best and worst scenarios due to the weak and strong turbulence
characteristics, respectively, although with larger EVM deterioration, i.e. 6.9%.

Figure 5.14(c) shows EVM results when 64-QAM signal is transmitted in the proposed
system. The differences due to non-uniform spatial distribution of turbulence become relevant
and higher 64-QAM signal sensitivity to non-uniform turbulence profile when high turbulence
magnitude in the middle of the link is applied. In this case, N3 and N1, having increased
turbulence levels in the first and second half of the channel, respectively, lead to better results
than uniform U2 with similar average. The scenario with a turbulence magnitude peak in the
middle of the channel, N2, reaches higher values than strongest uniform distribution U3.
Nevertheless, the maximum EVM penalty between the best and worst scenarios, i.e. N3 and
N2, respectively, is only 2% at 0 dBm of RoP. Insets below the Figure 5.14 show the
constellations for low (U1) and high (U3) turbulence obtained for every modulation format when
the optical received power is 4 dBm.
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Figure 5.14. EVM vs RoP for (a) 4-QAM, (b) 16-QAM, (c) 64-QAM. Insets (i)-(iii) show constellation diagrams for U1
and U3 scenarios under RoP of 4 dBm for 4-, 16- and 64-QAM, respectively.
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5.4.2.2. Experimental results

In the experimental setup, based on the scheme shown in Figure 5.12, a 12.5 GHz SG (Rohde
& Schwarz SMF100A) is employed to drive the MZM-1 (Fujitsu FTM7938EZ/201) and a SG
(Rohde & Schwarz SMW200A) is used to generate LTE 20 MHz M-QAM signals to drive the
MZM-2 (Covega 10TM 081). An EDFA (CEFA-C-HG-SM-50-B130-FA-FA) with 13.2 dBm
constant output power is employed to compensate the optical losses. The hybrid link consists
of 5 km of SSMF and 2 m FSO long links with 4 dB of overall optical loss in the wireless
segment. Finally, a VOA allows to adjust the received power just before detection by a
photoreceiver (OptiLab PD-40). Post-amplification and further signal processing allows to
evaluate the signal quality and recover the signal constellation at 25 GHz in the RFSA.

Experimental turbulence over FSO links has been created in Czech Technical University
labs in Prague, as depicted in Figure 5.15(a), which shows the experimental turbulence
chamber. In this case, the chamber length is 2 m and is made by methacrylate walls. Two
isolated walls are used at transmitter and receiver side to avoid the metal expansion on
alignment stages which produces misalignments. Sensors are 10 cm equidistantly located for
recording the temperature gradient. By changing the position of airholes, the distribution
turbulence profile varies as shown Figure 5.15(b). Three experimental turbulence scenarios of
the FSO link D1, D2 and D3 are created in a laboratory chamber where thermal distribution is
captured by thermal sensors. The corresponding refractive index structure parameter, C2 is
calculated along the link (see distributions in Figure 5.15). While almost flat distribution is set
in case of D1 with C?=5.9-10"*m?/3 (62 = 1.3254-10°, low turbulence), D2 and D3
correspond to turbulence distributions with a turbulence peak in the middle of the link and
increased turbulence in the last part of the link. The averaged C? values are 4.2-10"1* m™?/3 and
1.8:10" m?/3 and therefore corresponding ¢f =0.0094754 and o7 = 0.0041495 for
experimental D2 and D3 scenarios, respectively. Note that lower g2 values and higher C?2
values comparing to the simulation results are obtained due to considerably shorter FSO path,
i.e. 2 mlong, in the experiment.

In the following, 4- and 64-QAM modulated signals are transmitted along the experimental
system to evaluate the impact of variable turbulence distributions on the different modulation
formats. Figure 5.16(a) shows the measured EVM versus the RoP. It can be observed that
EVM values are higher for 4-QAM, as obtained in the simulation results in the previous Section.
However, 4-QAM has significantly higher EVM limit to obtain reliable transmission. As it is
expected, both modulation formats lead to less degradation under low turbulence (D1 scenario)
and similar degradations for D2 and D3 due to the similar turbulence level magnitude. Standard
EVM limits [28], displayed as the dashed horizontal lines, for 4- and 64-QAM are satisfied
under D1 scenario with a RoP of -5 dBm and -4.33 dBm, respectively. However, the power
penalties with respect to D2 and D3 scenarios at the 17.5% EVM level for 4-QAM are 1.3 and
1.8 dBm, respectively, whereas the power penalties at the 8% EVM level for 64-QAM are 1.9
dB and 1.7 dB. Accordingly with the simulation results shown in Figure 5.14, the scenario with
increased turbulence level in the last part of the link, i.e. N3, shows larger EVM than the one
with the peak turbulence in the middle, i.e. N2, for 4-QAM whereas N2 exhibited larger EVM
than N3 for 64-QAM. On the other contrary, D2 and D3 scenarios with 0 dBm RoP lead to 3.7
and 4% EVM difference between 4- and 64-QAM formats, respectively, which is in good
agreement with 4% penalty calculated under U1 using similar Rytov coefficient in the previous
Section.

Figure 5.16(b) shows the EVM results in terms of ReP measured at 25 GHz. 4- and 64-
QAM require a minimum electrical power of -65.7 and -66.1 dBm, respectively, showing
penalties lower than 0.94 and 1.7 dB for D2 and D3 in both cases.
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Figure 5.15. Experimental turbulence chamber at Czech Technical University labs in Prague and (b) temperature
(dashed line) and C?, (solid line) for different turbulence profiles.

Figure 5.17 shows the equivalent BER levels in log scale calculated as described in [143]
(see Appendix A), also showing the corresponding BER threshold levels at 5.5-107° and 1.9 -
1073 for 4- and 64-QAM, respectively. Note that BER level decrease with increasing received

power changes such behavior at high power values, e.g. 3 — 7 dBm due to non-linear detector
response.
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Figure 5.16. Experimental EVM vs received optical (a) and electrical (b) power for 4-QAM and 64-QAM modulation
formats.
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Figure 5.18 shows the constellations of both recovered signals with corresponding EVM
values after detection with 0 dBm of RoP. As it was explained, D1 and D2 shows similar
degradation, i.e. 3.13% and 5.87% for 64-QAM and 6.86% and 8.08% for 4-QAM, respectively,
whereas D3 shows slightly worse degradation. However, the measured EVM under D3
scenario is kept below the threshold level, i.e. 6.03% and 9.17%, and the data signal can be
correctly recovered in all cases.
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Figure 5.18. Constellations at 0 dBm RoP: (a)-(c) 64-QAM and (d)-(f) 4-QAM for D1, D2 and D3 turbulence
distributions. Corresponding EVM values are displayed in the constellations.

5.5. Conclusions

Data external modulation enables higher bandwidth signal transmission than DML. Indeed, it
allows zero chirp signal and can extend the transmission distance. However, the cost is
relatively higher and additionally insertion loss and bias drift must be addressed.

Optical CS-DSB based mmW generation with the seamless antenna transmission at 26
GHz has been demonstrated using both the fiber and FSO to mimic an analog optical fronthaul.
In particular, the usage of additional filtering enables to demonstrate the seamless transmission
of 5G NR signals with reasonable SNR and the bandwidth exceeding 100 MHz. Therefore,
EVM measurements demonstrate the succesful transmission for the full system, i.e. fiber, FSO
and wireless radio link, with 200 MHz bandwidth and 64-QAM modulation scheme.
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We evaluated the performance of two setups using a conventional DSB scheme and a
photonically mmW signal generation based on CS-DSB scheme to double the input carrier
frequency. CS-DSB approach offered immunity to chromatic dispersion-induced fading for the
frequency range up to 40 GHz and a SSMF length of 30 km. We demonstrated no significant
difference in the performance at 27 and 39 GHz thus making it as an attractive solution for
higher frequency bands for 5G. Moreover, the CS-DSB scheme can be implemented with
frequency n-multiplication to further relax the bandwidth requirements. On the other hand,
although the conventional DSB approach is highly sensitive to dispersion-induced fading and
requires higher bandwidth, it offers improved EVM performance since MZM is biased at the
quadrature point instead of the null point as in CS-DSB, higher SNR, and reduced complexity.
In addition, it has been shown seamless deployment of antennas is another important issue,

which needs to be considered especially in large bandwidth links (= 200 MHz). Finally, the

highest achieved data throughput is 1.4 Gbit/s, which is sufficient for the chosen unlicensed
single band.

The impact of strength of AT in FSO has been experimentally evaluated on data
transmission over mmW signal. EVM shows that the signal degradation is higher with high
thermally induced turbulence strength. Indeed, there is a marginal difference between TO and
T1 for both DSB and CS-DSB setups. Aditionally, the analytical calculations, based on the
measured results, confirm that the EVM performance fulfils the EVM threshold of the 500 m
long outdoor FSO link under a moderate turbulence level (i.e. C2 = 1.65-10°m%/3). Finally, a
data rate of 1.4 Gbit/s is transmitted under weak and strong atmospheric turbulence along 4 m
FSO link.

Furthermore, the impact of different thermal-induced free space turbulence distributions on
the M-QAM signal transmission in photonically generated K-band carrier over hybrid optical
links has been theoretically evaluated. Simulation results of 10 Gbit/s signal with 4-, 16- and
64-QAM over 5 km of SSMF and 500 m long FSO link have been demonstrated under different
weak to strong turbulence regimes. Non-uniform turbulence distributions are shown to have
different impacts on the transmission of M-QAM modulation formats in given frequency band
with practical consequences. Moreover, transmission experiments of 20 MHz 4- and 64- QAM
signals over 5 km of SSMF and 2 m long FSO link confirm that turbulence distributions with
higher strength in the middle of the considered link have bigger impact in terms of power
penalty on 64-QAM (1.9 dB penalty) compared to 4-QAM (1.3 dB penalty). For 4-QAM, higher
EVM results have been measured for distributions with larger turbulence magnitude in the
second half of the link meanwhile higher signal degradation has been measured for high peak
in the center of the link, what is in good agreement with simulation results. In spite of different
theoretical and experimental bit rates and FSO link length, results agree on 4% EVM difference
between 4- and 64-QAM at a given RoP, i.e. 0 dBm, when compared equivalent links with
uniform weak turbulence. Therefore, the presented system needs careful attention when the
FSO link is exposed to optical turbulences with high gradients along the optical path, e.g. in
dense urban areas.
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fronthaul links

La victoire appartient au plus opiniétre.

Victory belongs to the most tenacious.

— Eugéne Adrien Roland Georges Garros

Since the literature mostly shows results on signal data transmission at mmW frequencies in
downlink (DL) direction, this Thesis aims to contribute to demonstrate the feasibility of
bidirectional MWP fronthaul links. This Chapter presents an experimental full-duplex data
transmission over photonically generated 39 GHz for 5G networks in hybrid fiber and free-
space optics DL and uplink (UL) directions. Subsequently, the data transmission between the
CO and the user is experimentally demonstrated at mmW frequencies, i.e. 60 and 25 GHz for
DL and UL, respectively, where a radio wireless link is included as the final segment of the
fronthaul link in the C-RAN. This newly-established bidirectional fiber-FSO-5G mmW/5G NR
sub-THz convergence provides a promising solution to meet the requirements for full-duplex
operation.

6.1. Full-duplex transmission of 5G NR signals in 39 GHz band

In a practical 5G scenario, transmitting and receiving at the same time with full-duplex
operation is imperative. This Section presents a full-duplex hybrid fiber/FSO link at 39 GHz for
5G mmW RAN [144] that can meet the requirement of full-duplex operation.

The experimental setup for the data signals in the DL, illustrated in Figure 6.1(a), may
include single or multiple users, generated at different IFs by using a DG-1 (Tektronix
AWG7122C). The data signal is then electrically amplified by an RF EA-1 (Wenteq ABL0300-
01-2516) up to 9 dBm. The DML (OpticalZonu OZ516) has a 3 dB bandwidth of 6 GHz and a
fixed power of 5.6 dBm at 1553.9 nm, see Figure 6.1(b). The optical spectrum at the DML
output is shown in Figure 6.1(c). The optical signal is launched into the MZM-1 (Sumitomo
T.DEH1.5-40PD-ADC) that is biased at the null transmission point (i.e. 9 V), which is employed
to generate CS-DSB signal. The MZM-1 is driven by a 19.5 GHz input clock signal with 23 dBm
electrical power, generated by a SG (Agilent 8267C). A PC is used to minimize the MZM
polarization-dependent loss. The optical signal is amplified by an EDFA-1 (Accelink MW series)
with a constant gain of 20 dB to compensate the modulation loss and boost the optical power
prior to signal transmission over the ODN via the optical isolator-1 (ISO) and the directional
optical circulator (CIRC) to prevent any signal reflection. The ODN consists of a 10 km SSMF
and 1.2 m FSO link by using the pair of air-spaced doublet collimators (Thorlabs F810APC-
1550), previously employed in other setups (see inset in Figure 6.1(a)). The FSO channel loss
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is 5.5 dB and the measured refractive index, €2, is about 2.4-10"m™/3. After the hybrid link,
the optical signal is transmitted to the BS via CIRC-2, and amplified by the EDFA-2 (Amonic,
AEDFA-23-B-FA) for ODN loss compensation followed by an OBPF-1 (Finisar WaveShaper
40008S) to reduce ASE noise. Figure 6.1(c) also displays the optical spectrum measured after
OBPF-1, where two sidebands with 39 GHz spacing are shown and optical carrier suppression
to sideband ratio is 40 dB. A VOA is then used to reduce the RoP from the maximum value of
6 dBm into the PIN PD (u2t BPDV2020R), where the beating of the two sidebands is held to
generate the desired 39 GHz signal. The recovered electrical signal is then amplified by an
mmW EA-2 (25 dB gain), and can be radiated wirelessly over the radio link via an array of
ANTs in real applications. Finally, the received signal is evaluated by a scope (Tektronix
DPO72004C).
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Figure 6.1. (a) Experimental setup of the proposed full-duplex based 5G mmW frequencies, (b) DML frequency
response, (c) optical spectra measured in DL and (d) optical spectra measured in UL [144].

For the UL direction, a DFB laser (EXFO 1QS-610) emits the optical power of 12 dBm at
1550.9 nm (see Figure 6.1(d)). After adjusting the state of polarization via a PC, the optical
signal is launched into a single-drive MZM-2 (Photline MX-LN-40) for optical modulation. The
MZM-2 is biased at linear point (i.e. 5.1 V) to generate a DSB signal. The optical signal is then
modulated by a 37 GHz 5G NR signal with 64-QAM at bit rate of 2.4 Gbit/s, which is the NR
FR3 TM 3.1, generated by a DG-2 (Rohde & Schwarz SMW200A) and amplified EA-3 (SHF
Communication Technologies AG SHF-810) with 29 dB gain. The optical signal is then
launched to the mutual DL/UL ODN via ISO-2 and CIRC-2. After ODN, the optical signal is
demultiplexed via CIRC-1 and, amplified by EDFA-3 (Amonic, AEDFA-23-B-FA) and filtered
out by OBPF-2 (AlnairLabs BVF-100), whose spectrum output featuring the DSB signal is also
shown in Figure 6.1(d). The optical signal power is adjusted by the VOA and is detected by the
PD and finally captured and assessed by a signal and RFSA (Rohde & Schwarz FSW43).
Then, DL and UL transmission performances are evaluated in terms of EVM, BER,
constellation diagrams, RoP and ReP for each QAM signal.

6.1.1. Downlink characterization

A critical point is the determination of optimal IF for OB2B system performance. Figure 6.2(a)
shows the EVM performance of a single-band signal i.e. single user (4 Gbit/'s 16-QAM) at
different IF from 1 GHz to 5 GHz. As expected, the EVM performance, in general, is degraded
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when the IF increases. The measured EVM value of about 5% is achieved for IF ranging from
1 to 3 GHz. However, for IF ranging from 3.5 to 5 GHz, there is a significant increase of EVM
performance from 8.3 to 36% since the operational bandwidth of the involved electronics
components, i.e. DG-1 and EA-1 which 3 dB bandwidth are 4.8 and 3 GHz, respectively. Note
that the EB2B measurement, where signal generator and analyser are directly connected does
not include the amplifier and satisfies the EVM limit for all IFs, i.e. 12.5% for 16-QAM [26].
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Figure 6.2. Measured EVM at different (a) IF and (b) generated mmW frequencies in OB2B DL configuration.

To examine the signal quality at different 5G mmW frequency bands, the EVM
performances after OB2B transmission for generated mmW signals ranging from 26 to 39 GHz
is shown in Figure 6.2(b). Note that the IF is set at 2.5 GHz for all cases. As expected, when
increasing the frequency, the corresponding EVM value is slightly degraded with only 0.5%
EVM penalty, which verifies the benefit of the photonic mmW signal generation approach.

6.1.1.1. Single-band transmission

As the first step, the EVM performance for the single-band signal, i.e. single user — 4 Gbit/s
16-QAM at the IF of 2.5 GHz, is measured over OB2B, fiber and hybrid links, and plotted in
Figure 6.3.

24 : ‘ - : - °
22 ¢ —»—0B28B 2

20 | —O—10 km SSMF| =
~ 18} —=— Hybrid ' ) s
X 16} =
= MBEEESASE S HE 12.5% EVM_ ] =
> 12F “
10 ¢ T
4 z

t (a g

1 (@ 1 . : . J =

-6 - -2 0 2 4 6
Received Optical Power (dBm) (b)

Figure 6.3. (a) Measured EVM versus RoP for a single user — 4 Gbit/s 16-QAM and (b) constellation diagrams for
OB2B, 10 km SSMF and hybrid configurations.

The measured EVM shown in Figure 6.3(a) displays the exponential drop with RoP for all
transmission scenarios. The EVM value for OB2B measured are 5% at 6 dBm RoP meanwhile
transmission over 10 km SSMF and hybrid links leads to 6% and 7.5%, respectively, resulting
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in the EVM penalties of 1 and 2.5%, compared to OB2B. OB2B and 10 km SSMF link show
minima RoP of -4.3 dBm and -3.3 dBm for their threshold EVM value (see Appendix A), i.e.
only 1 dB optical power penalty. When FSO channel is employed, an optical power degradation
of 0.8 dB is measured, which verifies the feasibility of FSO channel in the bidirectional ODN
for DL and UL. The constellation diagrams at RoP of 6 dBm, as shown in Figure 6.3(b), are
very clear for all three scenarios, confirm the high-quality transmission of the single-band
signal.

6.1.1.2. Multi-band transmission

In the following, the transmission of three-band signals, i.e. each band represents one user —
1 Gbit/s per user, based on the variable QAM allocations scheme over OB2B and hybrid links
is experimentally evaluated, as a proof-of-concept demonstration.
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Figure 6.4. Measured EVM versus RoP for each band after (a) OB2B and (b) hybrid transmissions. (c) — (d) are the
corresponding received RF spectra and constellation diagrams (as insets) of OB2B and hybrid transmissions,
respectively.

The multiband signal consists of 64-, 16- and 4-QAM centered to the IF of 2, 2.5 and 3
GHz, respectively, with 0.5 GHz guard band. The measured EVMs versus RoP of the multiband
signals after OB2B and hybrid transmissions are shown in Figure 6.4(a) and (b), respectively.
As can be observed, all signals satisfy the EVM requirements for both configurations. For
OB2B, the lowest EVMs for 4-, 16- and 64-QAM are 7.5%, 4.5% and 3.6%, respectively. The
measured EVMs is 13.1%, 6.7% and 5.5% for 4-, 16- and 64-QAM at RoP of 6 dBm,
respectively, when the optical signal is transmitted over hybrid link. The resultant EVM
penalties between OB2B and hybrid transmissions are 5.6%, 2.2% and 1.9% for 4-, 16- and
64-QAM, respectively. This can be attributed to the chromatic dispersion and FSO loss, which
degrade the SNR of the signal.
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Figure 6.4(c) and (d) show the corresponding received RF spectrum and constellation
diagrams, which are clear and discernible. Note that the spectrum profile is tilted, the noise
floor is increased and the received power is reduced gradually for bands at higher IFs.

Finally, the BER performance as a function of ReP is plotted in Figure 6.5. The BER curves
are calculated based on the measured EVM values for three-multiband signals in the hybrid
condition as described in [143]. As can be seen, all bands show the best BER below the forward
error correction (FEC) threshold of 3.8:10-3 (see Appendix A). The minimum ReP to transmit 4-
QAM (user 1) is about -32 dBm, while that of 16- (user 2) and 64-QAM (user 3) are about -28
dBm and -24 dBm suffering the RF power penalties of 4 dB and 8 dB, respectively, in
comparison to 4-QAM user.
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Figure 6.5. Calculated BER versus received RF power for each band after hybrid transmission.

6.1.2. Uplink characterization

For UL signal characterization, a 37 GHz 5G NR signal with 64-QAM at bit rate of 2.4 Gbit/s is
transmitted over the ODN simultaneously to DL signal transmission. Since the radio wireless
link cannot not be employed in this setup due to the unavailability of ANTSs, the input RF power
is therefore emulated by the power produced by SG, shown in Figure 6.1(a).

The measured results in the OB2B scenario are depicted in Figure 6.6, where the dynamic
range (DR) is measured as 14 dB and the lowest EVM value of 3.5% is achieved at an input
RF power of -18 dBm, which is also adopted for all transmission scenarios.

The EVM vs RoP of UL for OB2B, 10 km SSMF, and hybrid links is displayed in Figure
6.7(a). The measured EVMs for OB2B, 10 km SSMF and hybrid link are 3.5%, 3.8% and 4.1%,
respectively, at RoP of 6 dBm, which satisfies the 8% EVM threshold (see Appendix A). The
EVM penalties can be neglected since they are less than 0.6%. Compared with the required
EVM limit of 8%, the required RoP for OB2B is 1.5 dBm while for 10 km SSMF and hybrid links,
RoP values are about 1.5 dBm and 2 dBm, demonstrating almost no optical power penalties.
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Figure 6.6. Performance of the 37 GHz 5G NR 64-QAM at 2.4 Gbit/s as a function of input RF power.

105



Chapter 6. Bidirectional fronthaul links

Figure 6.7(b) shows the performance of the UL transmission in terms of BER vs ReP. Note
that ReP is directly measured at 37 GHz by RFSA. All cases show the best BERs below the
FEC threshold (see Appendix A) with almost no RF power penalties compared to the FEC limit,
3.8:1073. Therefore, the minimum ReP for 64-QAM is about -47 dBm.

Finally, the received RF spectra and constellation diagrams at RoP of 6 dBm are shown in
Figure 6.7(c) and (d) for OB2B and hybrid link, respectively. As expected from previous results,
both spectra show good SNR and constellations are stable and clear.
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Figure 6.7. 2.4 Gbit/s 64-QAM over 37 GHz UL transmission experiments: (a) Measured EVM versus the RoP and
(b) calculated BER versus received RF power after OB2B, 10 km SSMF and hybrid transmissions. (c) — (d) are the
received RF spectra and constellation diagrams for OB2B and hybrid links, respectively.

6.2. Heterogenous 60/25 GHz signal transmission

In this Section, a heterogeneous system for mmW signal transmission based on a 10 km
SSMF, 100 m FSO and 2 m radio seamless wireless links based on DML, as shown in Figure
6.8, is set up to demonstrate bidirectional signal performance using 60 GHz for DL and 25 GHz
for UL [145].

6.2.1. Experimental setup and system optimization

As depicted in Figure 6.8(a), the DL employs a DML, which is a monolithically-integrated
passive feedback laser described in [146], centered at 1551.7 nm (the optical spectrum is
shown in inset (i) of Figure 6.8(a) and driven through a bias tee (SigTek SB12D2) by an
electrical M-QAM OFDM LTE data signal carried at 1 GHz IF which is generated by a DG
(Rohde & Schwarz SMW200A). The CS-MZM is employed for the frequency up-conversion of
the DML output signal where the frequency of the electrical driving signal at the MZM (Optilab
IML-1550-50-PM) is fzr = foumw/2 = 30 GHz. The MZM output signal, whose spectrum is
shown in inset (ii) of Figure 6.8(a), is transmitted over the 10 km long SSMF Section and the
100 m FSO link (see Figure 6.8(b)), which is realized by two doublet collimators (Thorlabs
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F810APC-1550) with the total FSO insertion loss of 14 dB. Note that the FSO link is placed
indoors so that any environmental effect can be neglected. After the FSO link, the signal is
amplified in a post-amplification stage by an EDFA (Keopsys CEFA-C-HG-SM-50-B130-FA-
FA) to compensate the optical losses. A VOA allows to adjust the RoP after the EDFA. The PD
(Finisar XPDV3120) performs the opto-electrical conversion where both + f; sidebands of the
modulated signal beat each other to generate the desired f,,,,,,» = 60 GHz signal. Then, the
generated signal is amplified by a LNA EA (SAGE SBL-5037033550-VFVF-S1) and radiated
by a pyramidal horn ANT-1 (RF spin H-A90-W25) over a 2 m long wireless radio link. Finally,
the same type of the receiving antenna allows the signal reception and the further analysis is
accomplished in the RFSA (Rohde & Schwarz FSW). An electrical down-converter (Rohde &
Schwarz FS-Z90) is employed before the signal analysis due to the frequency limitation of the
available instrumentation.

ANT-2

ANT-1

o) SSMF

DML  Fs VoA PD
100m 10 km eora

Figure 6.8. Experimental setup: (a) downlink at 60 GHz and uplink at 25 GHz and (b) photograph of the coupling
from fiber to FSO. Insets show the signal spectra: (i) DML output, (ii) MZM output.

The setup for the UL link at 25 GHz, also shown in Figure 6.8, employs the same DG as in
the DL to generate a fixed 1/Q signal output which is combined with the local oscillator signal
at 25 GHz by using an RF mixer. Note that the DL and UL are not measured simultaneously.
The resulting signal is amplified by EA-1 (Wisewave AGP- 33142325-01) and transmitted by a
double ridged horn antenna (RF Spin DRH40) through the 2 m long wireless radio link. The
received signal is amplified in two identical cascaded amplifiers (EA-2 and EA-3) (MITEQ AMF-
4F-260400-40-10P) and launched into the DML, which is already described above, for electro-
to-optical conversion prior to transmission over the wired and wireless optical links. Finally, an
EDFA and a VOA are also used to compensate the losses and adjust the optical power at the
PD, which performs the opto-to-electronic conversion. The recovered data are then analysed
in the SA.

The experimental parameters of DL and UL links are fully detailed in Table 6.1 for every
component employed in the setup.

The experimental study of the optimization for each link is crucial to assure the correct
performance. The radio signal employed in DL characterization is composed of LTE TM 3.1
with the bandwidth of 20 MHz and variable electrical power, Pqata, at 1 GHz IF. Note that the
predefined test model TM 3.1, designated for the base stations” testing, employs OFDM signals
with 64-QAM modulation [147]. The obtained results from the characterization are shown in
Figure 6.9(a). OB2B exhibits a minimum EVM value for a given Pgata = 5 dBm under constant
RoP = -3 dBm. As expected, the EVM decreases with increasing electrical power at low power
values due to corresponding higher to SNR, but for Pgata above 5 dBm, the EVM starts to
increase due to the non-linear distortion introduced by the DG and the DML at higher power
levels. The same behaviour is also observed when the fiber is employed (SSMF in Figure
6.9(a)). However, it can be seen a shift of the curves due to the dispersion effects over the
DML distorted output signal. This characterisation is repeated for the scenario based on SSMF
followed by the radio sub-link and for the full-link, which corresponds to the complete scheme
in Figure 6.8, i.e. including SSMF, FSO and the radio sub-link. Nevertheless, for both scenarios
which include the antenna link, i.e. the SSMF + radio and full-link, the RoP is increased up to
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8 dBm to obtain acceptable EVM levels. Similar performance is obtained in both curves
provided the amount of losses is compensated by the addition of EDFAs and EAs in each
scenario. The minimal EVM values are higher than in OB2B scenario due to the balance
between the distortion effects and the current noise, namely shot noise. Therefore, the use of
optimal Pgata for a particular scenario is required, i.e. Pgata = -12 dBm is employed for SSMF,
SSMF + radio link, and full-link operation while 5 dBm is used for the OB2B scenario, as
described in Table 6.1.

Table 6.1. Experimental parameters.

Downlink Uplink
20 MHz 64-QAM LTE
20 MHz, 64-QAM LTE
IF 1 GHz
DG DG
5 dBm (OB2B)
P V. I 05V
“% 12 dBm (others) aata (1Q)
fre 30 GHz fre 12.5 GHz
SG SG
PLo 24 dBm PLo 18 dBm
A 1551.7 nm
Radio link Lrr 2m
DML BW 33 GHz
PomL 0dBm EA1 Geat 28.5 dB @25 GHz
EA2 Gea2 29dB @ 25 GHz
LsswmrF 10 km
SSMF EA3 GeEeas 29dB @ 25 GHz
o 0.2 dB/km BW 33 GHz
Lrso 100 m DML PomL 0 dBm
FSO
Arso 14 dB A 1551.7 nm
Lrso 100 m
EDFA Pout 10 dBm FSO
arFso 14 dB
BW 70 GHz EDFA Pout 10 dBm
PD
R 0.6 A/IW LsswvF 10 km
SSMF
EAT Gear 35dB @ 60 GHz o 0.2 dB/km
NFEea1 5dB PD BW 33 GHz
RF link  LrF 2m R 0.72
BW 60-90 GHz BW 4-40 GHz
ANT ANT
Gain 25 dBi @60 GHz Gain @25 GHz 14.2 dBi

Similar optimisation is also done for the UL direction. As described above, in this case the
LO at 25 GHz frequency is mixed with | and Q data from the DG to create the mmW signal at
the desired frequency while the radio signal for the UL is the same as for the DL optimization.
The electrical power of the LO, PLo, is varied to obtain the EVM performance characterisation
of the UL under different configurations and constant RoP of 8 dBm. Note that during the
characterization, the 1/Q signal voltage is kept the same for all configurations, i.e. 0.5 V. The
obtained curves in Figure 6.9(b) show a similar EVM behaviour for all the scenarios, which are
EB2B, radio + OB2B, radio + SSMF, and full-link. The different EVM levels at the P.o = 18 dBm
indicate the penalty introduced by the OB2B, SSMF and SSMF + FSO links with regards to the
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EB2B configuration, which is 2.9%, 5.1% and 6.4% for the radio link + OB2B, radio link + SSMF
and full-link, respectively. An EVM peak at PLo = 15 dBm is found due to the electrical RF mixer
response which is used for the UL mmW signal generation, since it is shown also in the EB2B
measurement where no optical components are involved. Regarding PLo, the lowest EVM
value is 7.3% and is obtained under the full-link configuration with P.o = 18 dBm and thus in
this work we adopted this PLo value, as detailed in Table 6.1, for further UL experiments. It is
worth to mention that similar low EVM is recorded also for P.o = 7 dBm, however we adopted
PLo = 18 dBm in order to get higher electrical power in the receiver after optical transmission.
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Figure 6.9. (a) DL Signal parameters optimization: measurement of EVM vs. Py, for OB2B and SSMF: RoP = -3
dBm; SSMF + radio and full-link: RoP = 8 dBm and (b) UL signal parameters optimization: measurement of EVM
vs P, for different configurations (RoP = 8 dBm) including the EB2B measurement.

6.2.2. Bidirectional signal transmission measurements

In the following part, the DL and UL performances are characterised by measuring the
dependence of the EVM on the RoP for a 64-QAM signal transmission in the 60 GHz band
(DL) and in the 25 GHz band (UL). Note that according to the previous results, the DL OB2B
scenario employed different Pgata compared to other DL scenarios, i.e. 5 dBm (OB2B) vs -12
dBm (others), so the comparison between them is not straightforward.

The EVM dependence on the RoP obtained for the DL and UL with a 64-QAM are depicted
in Figure 6.10. As expected, Figure 6.10(a) shows that the DL EVM decreases with the
increasing optical power while the SSMF + radio and full-links imply a power penalty at the 9%
threshold (see Appendix A) of 5 and 7 dB, respectively, with regards to the SSMF scenario
power level. This is because the SSMF + radio and full-link both contain the 2 m long radio link
at 61 GHz, which deteriorates the overall EVM performance. The results imply that for the full-
link scenario, the acceptable transmission quality requires a minimum RoP of -2.7 dBm. Note
that the additional optical loss, introduced by the VOA, is 11 dB in this case. Insets (i) and (ii)
in Figure 6.10(a) then show the 64-QAM constellations for the DL under the OB2B and full-link
scenarios, respectively.

Figure 6.10(b) then shows the EVM dependence on the RoP for UL where a penalty of 1.5
and 3 dB is observed when the SSMF and full-links are introduced, respectively, with regard
to the OB2B scenario. The required RoP, in this case, is -1 dBm for the full-link operation to
keep the EVM below 9%. Note that the maximal additional optical insertion loss is 10 dB in this
case and thus 1 dB lower compared to the DL. The difference among particular UL scenarios
is less significant, compared to the DL, because the radio link is involved in all of them due to
the UL definition. Insets (iii) and (iv) in Figure 6.10(a) depict the constellations for radio link +
OB2B and full-link scenarios in UL.
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Figure 6.10. EVM vs RoP for 64-QAM with different configuration in both links: (a) 61 GHz DL (b) 25 GHz UL.
Corresponding insets show constellations for DL: (i) OB2B (RoP = -3 dBm), (ii) full-link (RoP = 8 dBm); and for UL:
(iii) radio and OB2B (RoP = 3 dBm), (iv) full-link (RoP =9 dBm).

In the following, the EVM characterization is depicted also in terms of the ReP in the mmW
band for both DL and UL as shown in Figure 6.11. Note that the different ReP values are set
by adjusting the VOA. In the DL, a slight degradation can be seen in Figure 6.11(a) when only
the SSMF, i.e. without radio link, is included with respect to OB2B due to the propagation
effects of the distorted signal at the DML output. Note that the EVM results experience a
significant improvement in terms of ReP in those scenarios where the radio link is present due
to the electrical amplification. In the case of the UL, the radio link is present in all scenarios.
The Figure 6.11(b) shows similar UL performance results for all the scenarios compared to the
DL. According to Figure 6.11, the required ReP =-70 dBm and -57 dBm for the full DL and UL
scenarios, respectively.
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Figure 6.11. EVM vs ReP for 64-QAM signal for: (a) 61 GHz DL, (b) 25 GHz UL.

In the DL, the minimal ReP to keep the EVM below 9% is higher for the scenarios with
radio links, i.e. SSMF + radio link and full-link, which is caused by the different power budget
in scenarios with and without seamless antenna link. On the other hand, the UL results for the
RoP and ReP demonstrate similar behaviour with different EVM for a particular configuration

110



Chapter 6. Bidirectional fronthaul links

and fixed ReP. In other words, radio link + OB2B requires lower RoP and ReP value than the
radio link + SSMF and full-link scenarios in order to keep the EVM under 9%. It is because the
radio link is employed in all the UL scenarios, as already described above.

The DL characterization is done with the 64-QAM and 16-QAM modulation formats (LTE
test model TM 3.2) and the EVM dependence on the SNR is measured to provide information
about the distortions in the DL transmission system. The 16-QAM performance in Figure
6.12(a) shows very similar behaviour for all scenarios, with an estimation of the minimal
required SNR above 22 dB to achieve EVM levels below the 13.5% limit at 16-QAM. Further,
Figure 6.12(b) shows the corresponding results for the 64-QAM signal transmission, where a
maximum 2.5 dB penalty is observed in the full-link characterization with respect to the OB2B
link at the 9% EVM limit. A minimal SNR of 23.7 dB is required for the correct transmission of
the 64-QAM signal at 61 GHz for all the scenarios in the DL. Insets in Figure 6.12(a) and (b)
show the corresponding constellation diagrams of transmitted signals over the full-link with an
SNR of 28 dB. As explained above, good EVM performance in the UL requires the
maximization of the electrical power in the receiver and that leads to increased amplifiers noise
and IMD, which both affect the measured SNR magnitude. In this case, varying the optical
losses does not provide valuable information with regards to the SNR, and therefore, EVM vs.
SNR is not shown for UL.
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Figure 6.12. EVM vs SNR measured for DL with different modulation formats: (a) 16-QAM, (b) 64-QAM. Insets:
Constellations of transmitted signals over the full-link with an SNR of 28 dB.

6.3. Conclusions

In this Chapter, a hybrid full-duplex MWP scheme has been experimentally demonstrated in
mmW 5G RAN with a cost-effective and flexible deployment. Experimental results demonstrate
data transmission meanwhile DL and UL signals are simultaneously transmitted over the ODN.
More concretely, single user — 4 Gbit/s and three multi-user — 1 Gbit/s per user (3 Gbit/s in
total) at 39 GHz, and a single user — 2.4 Gbit/s at 37 GHz have been transmited over hybrid
links for DL and UL direction, respectively. Indeed, multiband signals transmission, i.e. multi-
user, shows the effectiveness of using the variable QAM allocations scheme for delivering
different multi-Gbits/s signals over the full-duplex hybrid link in DL direction, i.e. 1 Gbit/s in DL.
The achieved EVMs and BERs for all DL and UL signals are well below the required threshold
level which confirm the potential use of the proposed system to provide high-speed broadband
services in full-duplex fronthaul links.

Secondly, a LTE M-QAM signal transmission over the 60 and 25 GHz bands for the DL
and UL over an optical heterogeneous fronthaul network has been demonstrated
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experimentally. The experimental setup implements the bidirectional fronthaul link consisting
of 10 km optical fiber and 100 m FSO as real distance to circumvent obstacles, e.g. river or
lake. Moreover, it is also included a 2 m seamless radio link as a distance between the user
and BS in a femtocell, i.e. low-power, low-range cellular base stations (from 10 m to 1 km).
The measurement results of full-duplex system show the feasibility of DML usage in both DL
and UL links exhibits some benefits. For the DL, the DML is a very cost-effective solution,
which reduces cost and complexity especially because it combines the laser and modulator
into one device and even for the 60 GHz transmission. Further, it benefits from the frequency
doubling in the photonic generation approach, resulting in a significant reduction of the
equipment requirements. Additionally, the use of the high frequency bandwidth DML for the UL
also reduces complexity and potential costs because of the DML, which having smaller
footprint compared to the laser and MZM, can be produced in a large series and then become
more affordable. Therefore, the BS in the cell site can be significantly simpler in future B5G
networks deployment.
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“At my signal, unleash hell.”

— Maximus, Gladiator (2000)

7.1. Conclusions

This Thesis aims to make a step forward in enabling architectures and technologies for the
new standard, 5G, which can satisfy the ever-growing user demand. The main goals include
experimental mmW signal generation and data transmission in 5G networks. More concretely,
this Thesis has been oriented towards the implementation of the fronthaul link in the new RAN
architectures, the use of MWP technology for mmW signal generation and RoF transmission,
and also, the signal transmission employing FSO, which can be directly used in 5G optical
communications. Extensive experiments are conducted to confirm new potential schemes
employing the aforementioned enabling technologies for 5G networks.

The basic analytical formulation of CS-DSB configuration based on MZM, which has
enabled to employ a simplified and practical approach for mmW signal generation and
transmission over hybrid links, has been studied in detail. CS-DSB scheme enables to reduce
the bandwidth components while experimental results show high frequency mmW signals, i.e.
up to 90 GHz, and low phase noise, i.e. -87 dBc/Hz. CS-DSB configuration can be also
employed in potential reconfigurable signal distribution schemes which provides huge flexibility
of frequency allocation in 5G networks. Moreover, non-linear effects, e.g. FWM, can assist CS-
DSB schemes and enable huge reduction of electronic bandwidth requirements, e.g. the
electro-optic modulator. However, the optical signal transmitted over FSO channel undergoes
atmospheric turbulences which degrades the generated mmW signal, as has been evaluated
in this work. More concretely, the thermally induced turbulence profiles generate optical power
fluctuations which lead to an electrical power reduction, and therefore, an increase of the signal
phase noise.

The intensity modulation of a DML provides sufficient bit rate with reduced complexity and
cost in 5G network. In particular, theoretical analysis of remote and local photonic mmW signal
generation schemes have been presented showing very good agreement with measurement
results. More concretely, since the photonically mmW signal generation is held at CO in remote
setup, the interplay between the DML chirp and chromatic fiber dispersion leads to higher
frequency response than the local setup, although higher HD and IMD products are obtained
under remote configuration. Indeed, the impact of harmonic and intermodulation distortion on
data transmission has been experimentally studied when multiband signals are transmitted.
The experimental results of in-band and out-of-band in multiband signals shows poor signal
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transmission under remote scheme for certain frequency values and/or bandwidth, and local
generation mmW approach in C-RAN must be employed. Finally, the system capability has
been evaluated by simulations and measurements in terms of signal bandwidth, fiber length
and laser chirp. Very good agreement has been shown between simulations and measurement
results, where the DML chirp has a crucial influence on signal transmission, specially in long
fiber length and high bandwidth links.

The external modulation, which provides higher bandwidth compared with a laser directly
modulated, can be also employed for data transmission. An experimental setup based on CS-
DSB and data external modulation with seamless antenna transmission at 26 GHz has been
demonstrated, where the usage of electrical filter at mmW signal enables the seamless
wireless transmission of 5G signals, e.g. 200 MHz 64-QAM. Moreover, the CS-DSB scheme
has been compared with the DSB classical approach at mmW frequencies. The results show
that CS-DSB offers immunity to chromatic dispersion-induced fading, but DSB exhibits better
EVM performance, i.e. higher bandwidth/bit rate, since the MZM is biased at the linear point
instead of the null point in CS-DSB. Finally, data transmission over mmW signal over thermally
induced atmospheric turbulent FSO has been simulated and experimentally evaluated.
Experimental results of uniform turbulence confirms that high turbulence regime produce
higher optical signal degradation which cause poor EVM. On the other hand, simulations and
experimental results of non-uniform turbulences show good agreement showing signal
degradation produced by high peak thermal turbulence in the FSO channel.

Finally, this Thesis presents two experimental demonstrators of bidirectional DL and UL for
5G networks at mmW frequencies, which employ the techniques explained in the previous
Chapters. First, a hybrid full-duplex scheme enables single- or multi-user DL and UL signal
transmission simultaneously over hybrid link at 39 and 37 GHz, respectively, with a maximum
bit rate of 4 Gbit/s and 1 Gbit/s for DL and UL, respectively. Secondly, signal transmission at
60 and 25 GHz over a hybrid link and seamless radio link for DL and UL, respectively, has
been presented and demonstrated. In particular, the experiment employs 100 m FSO as a
practical fronthaul distance and a high frequency bandwidth DML for the UL which reduces
complexity and potential costs, and emulates the full-link by a wireless mmW signal
transmission. This scheme has been successfully demonstrated experimentally, and therefore,
confirm the simplification of the BS in the cell site for 5G and beyond network deployment while
provides high speed broadband services in full-duplex fronthaul links.

7.2. Future work

This Thesis has contributed to the development of new mmW signal transmission and
distribution schemes for hybrid fronthaul links in 5G networks. However, there are several
aspects related to this Thesis which might be further developed and therefore, they are
suggested as future work.

Some experiments have been limited by the bandwidth of the available components, e.g.
the DML bandwidth is lower than 10 GHz. Further experiments employing a DML with larger
bandwidth can be done so electrical signals can be directly modulated without external
modulation at UL. No external modulator is required and, then, the complexity and cost of the
BS can be reduced. Moreover, if such lasers are available, other MWP-based technique
employing DSB and optical filters will avoid the use of MZM in DL, as proposed in this Thesis.
It is worth to mention that such technique was employed in some of the previous work and the
obtained mmW signals presented worse quality due to carrier suppression reduction. Further
work might be done to optimise such scheme where highly linear lasers are required.

In this Thesis, second and third order distortion of local and remote schemes based on
DML have been evaluated. Since non-linear response of the DML has been mainly considered,
the analytical evaluation of the distortion can be extended to include non-linear modulator
response and also, the radio wireless link to identify is the impact in real systems.

In full-duplex scheme, mmW signals are generated and transmitted in the DL direction
employing MWP techniques. Then, the generated mmW signal at PD is radiated by the
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antenna. However, since the 5G standard enables mmW frequencies at DL and UL, high
frequency LOs may be need at BS for down conversion, which increase costs. Therefore,
remote optical LO delivery can be proposed. In this scheme, the CO can employ WDM
techniques to transmit optical signals and an optical LO. After optical transmission, the signals
are demultiplexed and a mmW signal tone is generated. Consequently, wireless UL signals
can be down converted at mmW frequencies by the generated tone and, then, directly
modulated using low speed DMLs for optical transmission to the CO which reduce the cost and
complexity of BS.

Moreover, alternative photonic mmW signal generation techniques can be introduced.
Following the fundamental approach, as explained in Chapter 2, based on the optical
heterodyning of two free-running laseres. The use of two independent lasers, e.g. DML and
DFB laser, would be a challenge since a mmW signal with high phase noise is generated. To
demonstrate an optical mmW signal generation system without RF source, i.e. two free-running
lasers, and signal data transmission, where the phase noise will not play a critical role would
be very attractive. Moreover, the local configuration can be employed to provide higher
frequency flexibility. Of course, novel schemes and further optimization will be necessary to
reduce the cost and complexity.

Finally, in this Thesis, mmW enabling technology has been proposed and studied for 5G
networks. However, spectrum key enabling technologies, e.g. THz and optical wireless
communication (OWC), including visible light communication (VLC), are also proposed for 5G
and B5G. Since a standalone enabling technology is usually developed, further studies of
coexistence between the key technologies, i.e. mmW, THz and OWC, may be promoted in
terms of schemes/architectures and performances to allow full exploitation of mobile standards
in energy efficient future generation communication networks.
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Appendix A

A.1. Complex data signal on IM-DD systems

In IM-DD technique, the input signal must be real and positive to be modulated by optical
intensity without information loss [148, 149, 150] . After optical transmission, direct detection
is held by a photodiode at the receiver. Since the optical signal is modulated by a positive and
real data signal, the data signal is recovered by detecting the intensity of received light
(explained in Section 4.1), i.e. the envelope of the optical signal (equation (4.2), without loss of
information.

Figure A.1(a) shows the schematic diagram of a signal data generator [151] when a M-
QAM or QPSK signal is used. At the transmitter, after appropriate digital signal processing
(DSP), the 1/Q data streams are generated and are modulated by an IF. The two orthogonal
modulated signals are then combined to generate a real-value modulated signal at the IF
frequency which can be intensity modulated. On the other hand, at the receiver (Figure A.1(b)),
the transmitted signal is demodulated with the IF, and 1/Q components of complex amplitude
are obtained at the baseband which are decoded by the DSP.

Signal
input

DSP
y(®

DSP

(b)

Figure A.1. (a) I/Q electrical modulator and (b) demodulator scheme.

In OFDM IM-DD, the Hermitian symmetry technique is used to obtain a real signal in the
system where the incoming symbols are restricted to inverse Fast Fourier transform (IFFT) at
which the imaginary signal is excluded [152, 153]. Figure A.2(a) shows a simplify transmitter
diagram of OFDM Hermitian symmetry technique. The complex data signal, X =
[Xo, X1, X5, ..., Xy_1 ]islaunched into the IFFT. The X signal is constrained to have Hermitian
symmetry, as defined:

Xm = Xjyo fOr 0 <m <2, (A1)

with X, and Xy /, are setto zero, i.e. X, = X/, = 0. Due to the Hermitian symmetry of the input,
the output signal of the IFFT, x, is real and can be directly employed in IM-DD systems [154] .
At the receiver, the data signal is recovered by detecting the intensity of received light, and a
reverse process back to the transmitter, shown in Figure A.2(b), is implemented.

Figure A.3(a) displays a OFDM transmitter using IF up conversion [155]. At the transmitter,
after parallel to serial mapping, the data streams are converted into analog signal by DAC. This
allows the complex baseband OFDM signal to be mixed with an IF carrier which can be
intensity modulated. The analog up conversion allows flexible placement of the signal spectrum
relative to the optical carrier and the IF frequency is independent of the DAC sample rate. At
the receiver, after detecting the intensity of received light, the data signal is recovered by an
inverse process to the transmitter, illustrated in Figure A.3(b).
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Figure A.2. Block diagram of an IM-DD system using OFDM signals. (a) Transmitter and (b) receiver.
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Figure A.3. Transmitter (a) and receiver (b) block diagram of OFDM signals in IM-DD system using up conversion.

A.2. Error vector magnitude

EVM is a common parameter to measure the quality of modulated telecommunication signals.
It expresses the difference between the expected symbol and the value of the actual received
symbol. An ideal communication system will have equal value of measured and reference
vector, which indicates its EVM parameter would be zero.

The EVM concept is illustrated in Figure A.4. A transmitted signal by an ideal transmitter
or received signal by a receiver would have all constellation points at their ideal positions.
However, the communication system will cause the actual received constellation points to
deviate from the ideal positions.

Q (quadrature)

IQ magnitude
emor Error vector
measured ,* /" /&
y /
. K /EVM[n]
‘ \\\ .. //
_V | &~ Error vedtor
< phase

A

|
|
eror |
|
|
|

1Q Teference

IQ pﬁyase I"I"l I (in-phase)
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Figure A.4. EVM diagram.
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In general, EVM is averaged over an ensemble of symbol trajectories and can be defined
numerically as [156]:

1
Ezllgzllst - Sr|2

(A2)
1 N 2
Ezk=1|5t|

)

EVM, s =

where k is the number of received symbols, s, and s, are the n'" ideal transmitted and received
symbol, respectively.

The EVM thresholds for 4G and 5G standard according to the 3GPP are shown in Table
A.1[147] and Table A.2 [28].

Table A.1. LTE EVM thresholds [147]. Table A.2. 5G EVM threshold for FR2 [28].
Modulation format EVM (%) Modulation format EVM (%)
QPSK 18.5 QPSK 17.5
16-QAM 13.5 16-QAM 12.5
64-QAM 9 64-QAM 8
256-QAM 4.5 256-QAM 3.5

A.3. Bit error rate

BER provides an estimation of digital transmission quality based on the quantity or percentage
of transmitted bits that are received incorrectly. In a digital transmission, it is the number of bits
with errors divided by the total number of bits that have been transmitted, received or
processed over a given time period, i.e.:

number of bits with errors
BER = - . (A.3)
total number of bits sent

When the signal is only corrupted by additive white Gaussian noise (AWGN) and if the
EVM is measured over large values of number of bits [143, 156], it can be rewrite as:

1
EVIMTmS = ﬁ, (A-4)

where SNR is the signal-to-noise ratio.
Finally, the BERs of M-ary QAM from the EVMs based on the relationship can be calculated

as [143, 156]:
2 1 3
— ——). - A.5
BER logzM(1 \/ﬁ) erfc /Z(M_l)SNR ) (A.5)

where M is the modulation format order and erfc(-) is the complementary error function. Note
that the above equation holds for QAM signals but not for binary phase shift keying (BPSK)
signals. The relationship between BER and EVM (equation (A.5)) is shown in Figure A.5. BER
vs EVM performance curves for M-QAM modulation format .Figure A.5 for different M-QAM
modulation format, i.e. 4, 16, 64 and 256.
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Figure A.5. BER vs EVM performance curves for M-QAM modulation format [143].

The FEC is usually characterized by the minimum SNR that allows a decoder to recover
all transmitted information without any error. However, in optical communications it typically
characterizes FEC performance by the maximum tolerable pre-FEC bit BER, called the ‘FEC
threshold’, that still allows the FEC to correct errors down to a very low value. For example, for
7% overhead hard decison-FEC with a net coding gain (NGC) of 9.19 dB at a corrected BER
of 10715, the pre-FEC BER should be lower than 3.8-10 [157, 158], which is regarded as
‘error-free’ in the context of optical transport networks.

A.4. Signal generators and analyzers

Along the Thesis, the experimental setups required to generate and analyse a variety of
signals, as described in the document. This Section presents some details of the equipment
mostly employed in the different experiments.

The AWG7122C is an arbitrary waveform generator, shown in Figure A.6(a), with up to 24
GS/s, 9.6 GHz analog bandwidth and 10 bit vertical resolution. This allows for easy generation
of very complex signals. In this Thesis, RFXpress software, included in the generator, allows
the complex signal generation, i.e. single and multiband M-QAM signals. In this case, the data
signal can be delivered through channel #1 or #2, as a real signal, explained above.

The SMW200A is a vector signal generation which covers the frequency range up to 40
GHz. It can generate signals with a maximum 2 GHz modulation bandwidth and supports the
5G NR standard. This generator enables the real data signal generation through the RF output
port and the complex data signal generation, i.e. I/Q components, through the | and Q output
ports located at the front and rear panel, respectively.

The DPO72004C oscilloscope, shown in Figure A.7(a), delivers exceptional signal
acquisition performance and analysis capability. It is equipped with four channels with 20 GHz
analog bandwidth. The RF signal is launched into the RF port, located in the front panel, and
is analyzed by the SignalVu software. This software enables to apply an adaptive equalizer to
a digitally modulated signal to compensate for linear distortions in the signal. During the
measurement process, the mode, i.e. specifies whether the equalizer is in learning mode or
analysis mode; the convergence, i.e. specifies the update rate; and the number of taps, i.e. the
number of filter coefficients are adjusted in the equalizer.
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Figure A.6. Signal generators employed in this Thesis: (a) Tektronix AWG7122C and (b) Rohde & Schwarz
SMW200A -front and rear view.

Finally, the high-performance FSW43 signal and spectrum analyzer allows to accomplish
the Thesis measurements with 5G NR standard. It covers the frequency range 2 Hz to 43.5
GHz and provides a 5 GHz analysis bandwidth. The RF signal is launched into the RF port,
located in the front panel. The 5G NR signals are analyzed by its 5G NR application and no
equalization is required. However, the data signals, i.e. M-QAM, are analyzed by the RFSA. In
this case, the RFSA equalizer has to be adjusted, i.e. mode, convergence and number of taps
in order to compensate for the transmitter, channel and receiver impairments.

(b)

Figure A.7. Signal analyzers employed in this Thesis: (a) Tektronix DPO72004CC and (b) Rohde & Schwarz
FSW43.
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