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Abstract

In the context of this doctoral thesis, thesmjn and implementation of digital signal
processing algorithms and optical circuits in 5G optical netwisiising investigated. More
specifically, thedevelopment of an erA-endtransceiversignal processing toolbox, that is
tailor made for the generatipdemodulationand treatment of multicarrier signals, that are
appropriate for converged analdiper-wireless transmission schemes is presented. The
validation of the functionality of thitbolbox, as well as the performance evaluation of CP
OFDM signals propagated over differesitical and opticalireless layouts is showcased
within the current documenthrough the presentation of smadlale laboratorgetups and
field-trials. In all cases, the bandwidth efficient Analog IFoF transmission scheme, along with
mmWave radio equipment have been employée DSPassisted deployed testbeds emulate
transportlternativesaiming to provide efficient solutioriswards efficient future mobilX-

Haul infrastructures by focusing on the integrability of iimeestigated transport link into
actualMo bi | e Net wdibekdepgbyneentsaandnmokilé equipment

Chapter 1 is an introductory chapter tlagts the groundwork for understanding the historical
trajectory and transformative milestones that have shaped the mobile communication
ecosystem. Moving forward, the pivotal roleoptical accessetwork Interfaces in the era of

5G and beyond is illustrated. The exploration deepens with a dedicated focus on Future
mobile networks' applications and use cases providing insights into the anticipated
applications and performance metrics that will define the landsfapebile networks in the
foreseeable future and pave the path towards future RAN evolution strategies. Chapter 2
investigates analog fibavireless links as a crucial element for effici®AN extensions in

5G networks. This chapter covers various aspects, including the transitiorR&ENC
architectures, optical transport for MFH, and B&Risted analog Fronthaul. Analog RoF
based mobile Fronthaul, mmWave wireless technologies, and-graohcept experimental
evaluations are also explored. Moving fordia€hapter 3 delves into modulation and signal
processing techniques, elucidating the role of these techniques in supporting analog fiber and
fiber-wireless transport transmission. It encompasses depth examination of digital
modulation schemes, OFDModulation, multicarrier candidates for 5G, and the integration

of DSP algorithms for processing €H-DM waveforms. Chapter 4 shifts the focus to analog
fiber-wireless downlink transmission of IFOF/mmWave ovefiéhd deployed legacy PON
infrastructure presenting a detailed analysis of converged PON/mmWave topology through
experimental evaluation. The dissertation culminates in Chapter 5, where a live demonstration
of an SDNreconfigurable, FPG&Aased TxRx for AnalogFoF/mmWave RAN is
showcased. This elpter provides insights into the envisioned Fronthaul architecture, RFSoC
based AlFoF transceivers, SDidowered Management & Control Plane, and the
experimental evaluation of the raahe analog Fronthaul topology. In the final chapter,
Chapter 6, the dsertation concludes by summarizing key findings and insights gained
throughout the exploration of analog fiber and fitaéreless transport in the realm of 5G
networks, while also discussing future research extensions related to the presented work.
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CHAPTER 1.
Introduction

This section lays the groundwork for understanding the historical trajectory and
transformative milestones that have shaped the mobile communication ecosystem. Moving
forward, the pivotal role dDptical Access Network Interfaces in the era of 5G and begond
illustrated Here, the nuanced details of Optical Interfaces tailored for 5€aw, shedding

light on the technological advancements that facilitate the seamless integration of optical
solutions into the evolving mobile network architectameexplored The exploration deepens

with a dedicated focus on Future Mobile Networks' Applications, Use Cases, and Key
Performance Indicators (KPIs), providing insights into the anticipated applicadiwhs
performance metrics that will define the landscape of mobile networks in the foreseeable
futureandpave the path towards future RAN evolution strategies

1.1. Evolution of mobile networks

Wireless communication made its debut around 1895 withrémsmission of Morse code
through Radiotelegraphy, utilizing electromagnetic waves. Contemporary wireless
communication employs a comparable phenomenon in transmitting and receiving signals
through electromagnetic wave transmission. The evolution of esgetransmission has
progressed over time, transitioning from radio telephones to the advent of cellular networks
in mobile communication. The field of wireless communication has experienced exponential
growth over the years

The initial phase of mobile cellular technology, known as the first generation (1G), emerged
in the 1980s with Nordic Mobile Telepho(MT), primarily catering to voice services. The
subsequent generation, 2G, introduced around the 1990s, transitioned to digital systems
exemplified by Global System for MobilgGSM) communication. 2G expanded service
offerings to include voice, Short Messaging Ser\isdS), and Multimedia Messaging
Service (MMS). Among the 2G variations was General Packet Radio Se(@ERS),
facilitating customer access to internet services.

The third generation (3G) of mobile communication systems, introduced around the 2000s,
aimed to enhance services by providing faster voice, SMS, MMS, video calling, and internet
capabilities. This period withessed exponential growth in data bandwidtthemdyhput,
resulting in improved customer servic€urrently, the fourth generation (4G) systesrstill
presentinaugurated in 2010, showcasing substantial advancements over its predecessors. A
key differentiator is 4G's superior bandwidth and datautjnput when compared to 3G and
other technologiefl.1].
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As a step forward, TE-A is an enhanced iteration of the standard 4G LWhich leverages
MIMO (Multiple Input, Multiple Output) technology to integrate numerous antennas for both
transmitting and receiving functions. Through MIMO, L-RFEachieves threefold increased
speed compared to standard 4G, as multiple signals and antenrgeerzte concurrently.
This advancement in LT translates to a heightened system limit, reduced latency in the
application server, and the ability to access triple trafficgDdbice, and Video) wirelessly
from any location globally. LTEA demonstrates speeds surpassing 42 Mbps and reaching up
to 90 Mbps.

To sum up over the past three decades, significant advancements have occurred in wireless
communication, in the transition from 1G to 4&meet the demands for high bandwidth and
extremely low latency. The advent of 5&driven by thecontinuoustighteningof mobile

n et w aaqlrentents by offeringxtremelyhigh data rate enhanced Quality of Service
(QoS), low latency, extensive coverage, high reliability, and economically feasible services
[1.2].

Categorized into three main typessefvices, 5G providg$igurel):

1 Extreme Mobile Broadband (eMBB): This employs a nostandalone architecture
to deliver highspeed internet connectivity, increased bandwidth, moderate latency,
and services such as UltraHD streaming videos, virtual reality, and augmented reality
(AR/VR).

1 Massive Machine Type Communication (eMTQ:. Released in the 13th
specification by 3GPP, eMTC offers longnge and broadband communication for
machines at a cosfffective price with minimal power consumption. It ensures a high
data rate, low power usage, and extended coverage with reduced aeuexity,
especially beneficial for Internet of Things (IoT) applications.

1 Ultra-Reliable Low Latency Communication (URLLC): Designed to provide low
latency and ultrdnigh reliability, URLLC ensures a rich Quality of Service (QoS) that
traditional mobile network architecture cannot achieve. It is tailored fottineal
interactions on demand, including applications such as eeswygery, vehicko-
vehicle (V2V) communication, Industry 4.0, smart grids, and intelligent transport
systems.
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Figure 1. Key 5G advacements.

The next paragraphs focus the evolutiorof the optical RAN infrastructures, as well the
available opticalnterfaces andechnologies that can support the migratiofutare mobile
networking. Moreover, indicative applications amnde case thatdrive the need for
transformation of current deployments aeng elaborated on.

1.2. Optical access network interfadasthe5G and beyondra

Examining thetargetedno b i | e net wo r lodlided anithespaevicaue paragnaphs
particularly focusing on latency, bandwidth, and reliability, imposes stringent requirements
on the architectures and specifications of the radio access network (RABN)1.4]. The

RAN equipment has adopted innovative designs to address these challenges. To alleviate the
demands on these specifications, diverse functional splits of the RAN machine have been
established1.5], [1.6]. Additionally, novel network segments, namely fronthaul, midhaul,

and backhaul, are now definedXdHaul links connecting the radio equipment to the core
network

The 3GPP 5GRAN architecture outlines the structure of 5G radio base stations (gNBs),
comprising three primary functional modules: entral Unit (CU), theDistributed Unit

(DU), and theRadio Unit (RU). The deployment of these modules can vary based on the
intended network topology, the specific services, and their constraints, as well as the
configuration and location of antenna sites. Two contrasting architectures, Distributed RAN
(D-RAN) andCentralized RAN (EGRAN), are proposed to accommodate thesetians.
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DRAN represents the most traditional and widely adopted configuration, wherein the
functions of the CU, DU, and RU remain at the antenna site. A straightforward backhaul link
connects this configuration to the 5G core network (5GC). On the other h&aN©ffers

the potential to reduce the footprint of antenna sites by centralizing and pooling the CU and
possibly the DU at a remote location (central office or main office). The adoption of local C
RAN fronthaul is often driven by considerations such asitjie cost or complexity of hosting

fully updated RAN equipment at the antenna site (due to factors like limited space, energy
constraints, or complicated facility access). However, depending on the selected functional
split[1.6], transport networks will feature various interfaces designed to carry different traffic
types, such as Common Public Radio Interface (CPRI), Open Base Station Architecture
Initiative (OBSAI), Open Radio Equipment Interface (ORR@dio over Ethernet (RoE), or
Ethernetbased eCPRI, along with Op&AN 7.2, each with its specific transport
requirements.

In any of theX-Haul segments, it is anticipated that the throughput will range from 10 Gbits/s
to 100 Gbits/s. This expectation arises due to the quantization of mobile signal samples in the
time/frequency domain, the application of aggregation rates in various RANwezntipand

the choice between high or low layer split implementat[@r&]. Taking the example of the

RU, the CPRI/eCPRI throughput is contingent on the radio settings, including factors like
frequency range, bandwidth, number of frequency carriers, and MIMO configurations. CPRI
traffic encompasses synchronization features ar@ior RAN fronthaul, and the latest option,
"CPRI10," has been defined with a line bit rate of 24.3 Gbits/omparison to CPRI
interfaces, eCPRI employs an Ethernet protocol for data fronthaul with interfaces at
10G/25G/40G/100G bagé.7]. This Ethernet encapsulation enables a reduction in the data
rate requirements for fronthaul through flexible functional decomposition while keeping the
complexity of the RU in check. For instance, with a high layer split, a majority of
functionalities rside in the DU, simplifying and reducing the footprint on the tower or within
the building of antenna sites.

The broad spectrum of constraints associated with varielguXinterfaces is not the sole
factor driving operators to extend their optical networks beyond simplechiggcity pipes.

Within the optical domain, different service classes can already be implemented using legacy
equipment to cater to diverse requiets such as bit rates, latency/packet jitter, and service
availabilities across various 5G verticals. However, the introduction of network abstraction
through Software Defined Networking (SDN) ha the potential to be a gambanger,
facilitating slicing and fixed access network shari&@N could significantly streamline
equipment configuration automation by providing verdgnostic solutions from the outset.
Over time, softwardased network abstraction and orchestration could enable practical
implementations for scenarios involving ritdnancy and muHoperator use cases. This
approach aligns with the ongoing trend of virtualization in the mobile domain, supporting
intelligent and cooperativiexed-mobile convergencdJltimately, an intelligent and generic
hardwarebased optical node could address the stringent latency requirements of diverse 5G
services. This could be achieved by hosting, for example, virtualized RAN functionalities,
content platforms, or multiaccessge computingl.8],[1.9].
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Furthermore, it is essential to address congestion in optical aggregation equipment to ensure
the appropriate quality of service for proprietary flowslicatively,In France in 2020, over

88% of Orange's antenna sites were linked thrdaght-to-Point (PtP) optical fiber for fiber

to the antenna (FTTA) connections between a central office (CO) and the antenna site. The
remaining sites utilized microwave wireless links. With the deployment of 5G's new mobile
technology, there is an increased demémdfiber resources, prompting discussions on
utilizing fibers deployed for fiber to the home (FTTH)LO].

1.2.10ptical interfaces for 5Gblau

PtP networks which are theprominent interconnecting method between CU/DU/RU
equipmentare exclusive links that connect the terminations of two networks and serve as the
primary optical connectivity in mobile networks. These networks depend on optical
transceivers integrated into the host RAN equipntgetiveen the DUs and RUs, the majority

of fronthaul links are localized, typically situated at the antenna site. Consequently, DUs and
RUs are furnished with transceivers featuring limited fiber reach (2 or 10 km) to accommodate
this standard FTTA implemeation. In the near future, these ftbaul links are expected to
support capacities up to CPRI10 (25G) or eCPRI, depending on the RU technologies and
radio configurations deployed. This adaptation is essential to address the significant
bandwidth expansion required by 5G to realize its fateptial. However, it's worth noting

that no CPRI interface has been defined beyond 25 Gbit/s to date, and transceivers operating
within the outdoor industrial temperatureTgmp) range-4 0 AC t o 85AC) ar e
the antenna site.

PtP interfaces are currently experiencing deployment across numerous network segments,
with a substantial and expanding presence in the DATACOM sector, constituting over 40%
of the optical component volume in 20R011]. The forecast indicates significant growth in

25G interfaces, particularly for fronthaul applications (CPRI or eCPRI). These interfaces are
expected to emerge as the predominant market for fronthaul optical interfaces in the upcoming
years.

In line with the prevailing trend and the overall expansion in bandwidth and bit rates, the
IEEE and ITUT are introducing new standards for sinfjteer transceivers operating above

10 Gbit/s. There are ongoing efforts for standard convergence aimegasimg harmonized
physical layer parameters. Specifications for 25 Gbits/s have been outlined, with these
technologies relying on the same wavelength pair assigned for both upstream and downstream
transmissions (1270 Twoprimarymapicallb@dged classes h&vé iieenn m) .
defined to meet the requirements for B&@1aul: BR20 or Class S (@5 dB) for a reach of

20 km, and BR40C or Class BLGOi 23 dB) for a reach of 40 km. For transceivers operating
at speeds up to 25 Gbit/s, the rreturnto-zero (NRZ) modulation format has been selected.
Conversely, the foulevel pulse amplitude modulation format (PAM4) has been chosen for
50 Gbits/s by both IEEE and I'FO. The adoption of PAM4 modulation facilitates the use of
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lower bandwidth optical components, allowing the reuse of 25G electrical interfaces and
optics.

C-RAN architecture employed-BoF techniques within théronthaul network to eliminate
much of the electronic processing in the RRHs, including tasks like MIMO processing and
up-conversion. Subsequently, the 5G RAN adopted the functional split concept, redistributing
certain electronic functions such as modolatio the RRH to alleviate the bandwidth
requirements imposed on the fidark fronthaul. The employeBronthaul standard is eCPRI.

The evolution of the RAN has been largely influenced by its battbwiequirements,
particularly in the context of massiIMO and mmWave communications-RoF, with its
considerably lower bandwidth requirements and reduced power consumption compared to D
RoF basedrronthauls, presents itself as a promising RAN solutidfithin the A-RoF
framework, there is no need for analoedigital conversion (ADC) and digitab-analog
conversion (DAC). In the ARoF's CU, data bits undergo modulation and undergo MIMO
processing, followed by uponversion. The resulting signal iethconverted from electronic

to optical (E/O)[1.12]. A more comprehensive explanation of this alternative transport
scheme, which forms the foundation of the Fronthaul architecture envisioned in the present
thesis, will be provided in the subsequent chapters.

Affordable optical components such as directly modulated lasers (DMLs) and PIN receivers
enable reaching distances of up to 10 km without the need for digital signal processing or
amplification. However, for extended reach requirements, external modlasézd (EMLS)

and/or avalanche photodiode (APD) receivers become necessary, albeit with additional costs.
EMLs, known for lower chirp compared to DMLs, contribute to reducing transmission
penalties caused by chromatic dispersion in the fiber. The devatbpim®PD receivers has
resulted in enhanced achievable bandwidth, typically reaching up to 17 GHz, and superior
sensitivities compared to PINs, thereby providing greater optical budgets for longer fiber
distances.

Having gained a comprehensive understanding of PtP transceiver technologies and the
market, there exists a multitude of optical solutions to cater to the requirements of 5G RAN
optical transport. In scenarios where operators face high costs associatedniwty or
deploying new fibers, alternative optical transport solutions become viable ogtiomeg

to explore RAN optical transport solutions that optimize fiber shatiregutilization of WDM

and TDM interfacess of vital significance.

Over the past few decades, Wavelength Division Multiplexing (WDM) has undergone
development for access networks but has not achieved widespread adoption in the mass
market[1.11]. This limited popularity can be attributed to the cost of colorless modules, which
have not been competitive with alternative fisharing solutions like Passive Optical
Networks (PONSs). Additionally, upgrading the technology to high bit rates (>10sG)dsad
challenges.In recent times, there has been a development of tunable optics capable of
delivering 25 Gbits/s in the-8and, specifically designed for 5GHaul and, more notably,

for fronthaul applications. The demand for such technology has risen with the deployment of
the fifth generation of mobile networks, emphasizing the need to optimize and share optical
fiber resources while maintaining PtP logicahnectivity with N-to-N terminationsWDM

is currently in use in metro and core networks, employing passive optical components to

33



achieve multiplexing. In this setup, N wavelength channels are transmitted in a shared "trunk"
fiber by inserting a Multiplexer (MUX) with N fiber inputs to a single fiber output.
Subsequently, demultiplexers (DMUXs) restore the N channels, each ovaratseutput.

On the other handiDM-PONSs are extensively deployed in the FTTH and FTTE markets.
Commercially available PON solutions now offer bit rates compatible with the transport
requirements of 5G traffifl.13]. Figure 8 illustrates a potential implementation of TDM
PON for backhaul. By sharing the optical fiber with passive optical splitters and deploying a
single OLT port for typically 64 ONUs, TDNPONs are also weluited to handle the
increasing cell densitanticipated with the deployment of 5G small cgll44]. XGS-PON,

which provides 10 Gbit/s symmetrical line rates, has been proposed as a significant candidate
for 5G backhaull.15]and fronthau]1.16]. However, it's worth noting that XGBONs share

a maximum of8.5 Gbit/s Ethernet actual throughput capacity. The OLT PON port can be
accommodated in standard OLT shelves or in any RAN transport equipment, thanks to the
development of Smart Fiber Passive Component (SFPC) OLTs. The creation of these
intelligent transeivers has been facilitated by recent advancements in virtualization,
miniaturization, and Softwas@efined Networking (SDNJ1.17].

A 4

13. CdzidzNB Y20AftS ySGég2N1aQ FLILX AO

Towards moving from the existing (evend@) networkspecific definition and provisioning

of applications/services to the 5G envisioned applicadioven, flexible, dynamic network

services instantiation, the technical activities of 5G are interrelated with the activities focusing

on the analysi of stakeholders and their service requirements. The existingegsly),
underdevelopment, planned, or even predicted 5G services/applications are versatile in terms

of functionality, resource and performance requirements as observed from the large numb

of technical and market reports by application developers, vendmnsultation services,
standardi sation organisations and various s

To this end, in order to address 5G applications in a coherent manneziab€sl activities

are converging to mapping applications to specific major verticals ([19], [20]), and more

specifically to:
A Automotive, especially focusing on services provided in high mobility
scenarios, 10T applications/services etc., such as Automated driving, Road safety and
traffic efficiency services, Digitalization of transport and logistics, Intelligent
navigation, Ifiormation society on the road, and Nomadic nodes;

A eHealth, especially focusing on remotely provided health services with high
latency and reliability requirements, such as Assets and interventions management in
hospitals, Robotics (remote surgery, cloud service robotics for assisted living),
Remote mororing of health or wellness data, and Smarter medication;
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A Energy, especially focusing on lddased energy monitoring, management,
and network control scenarios, such as Grid access, Grid backhaul, and Grid
backbone;

A Media and Entertainment, especially focusing on next generation
applications/services provisioning such as UHD media, Cooperative media
production, highly interactive services, ©Oie live event experience
(Augmented/Virtual Reality video content), Immersive and integrated media etc., as
well as,

A Factories of the future, referring to Industry 4.0 setups and
applications/services such as THeritical and Non timeeritical process optimization
inside factory, Remote maintenance and control, Seamless/im&aenterprise
communication, allowinghe monitoring of assets distributed in larger areas, and
Connected goods.

It becomes obvious that the two categorisations of 5G services based on (1) performance and
(2) wverticalsd requirements, respectivel vy,
be considered in any 5G system specification, development and deptqymeesses

Moreover, he current section aims &mldressome main and indicativeG UseCases (UC)

for which the 5G and beyondrientedRAN transformatiorshall provide suitable network
solutions capable of efficiently supporting the telecom demands of all potential stakeholders
(subscribers/individuals, fans, tenants/verticals, infrastructure owners, etc.) under (ultra) high
traffic demands e.g., when spféezcrowded events (e.g., football match, concert) are taking
place in a specific and usually limited geographical area, while meeting the strict performance
QoS requirements (bitrates, latency, reliability, etc.) of the 5G services that are concurrently
utilized. Advancing in this direction, the fiber and fibeireless transport segments based on
A-RoF can present appealing solutions for the practical deployment of Fronthaul, specifically
tailored to the scrutinized use cases, as will be detailed in the subssectgms. To this

end, three (3) use cases will iscussed(a) dense area UC, (b) ukdense area UC and (c)
hotspot area UC, along with representative usage scenarios.

1 Dense areaswhich could be served via PON optical access netwdtksugh
identifying PONoverlaid and compatible 5G network deployment as the closest to
realization Adapting to the rapidly emerging trends for 25Gb/s and 4x25Gb/s PON
access[1.18], 25Gb/s transceiver and interface technologiesld support such
implementations

1 Ultra-dense areasan be deployed in environments like main city squares, sightseeing
sites etc.via dedicated Local FiwWi €RAN infrastructuresHere the higkcapacity
traffic provision carrely on SDM optical technologies as the intermediate step prior
the transition to WDM, in order to enable the rapid adoption of the simplified and
mature SDM solutions by equipment vendors and by {amdies willing to install
their own smalkcell netwak, like municipalities, universities, etc. This approaei
also rely orthe modular, flexible and broadband characteristics of MIMO antennas,
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targeting Gbps scalewireless data ratethrough the usage aévolving 5G key
technology enablers

1 For Hot-Spot areasprivate FiWi GRAN infrastructures owned by thughrties are
probably the business model to be followed, as for example in stadiums, airports,
museums, shopping malls efo supportsuch densified traffic demanthe ultie-
dense deployments need togee step furtheland scale to higher capacity setups by
adding wavelengthspenefiting from the potential of ARoF scheme tobe
implemented via lowcost, energyefficient, high analog bandwidth transceiuerits,
the investigation and iplementation of which is main focus of tberrent thesis

The rest of tls documents organized as follows:

Chapter 2 investigates analog filveireless links as arucial element for efficient Radio
Access Network (RAN) extensions in 5G networks. This chapter covers various aspects,
including the transition to Centralized RAN -@AN) architectures, optical transport for
Mobile Fronthaul (MFH), and Digital Signal Rressor (DSRassisted analog Fronthaul.
Analog RoFbased mobile Fronthaul, mmWave wireless technologies, and-giracohcept
experimental evaluations are also explored. Moving forward, Chapter 3 delves into
modulation and signal processing techniquesci@aiing the role of these techniques in
supporting analog fiber and fibeiireless transport transmission. It encompasses-depgth
examination of digital modulation schemes, OFDM modulation, roaltiier candidates for

5G, and the integration of DSIRyarithms for processing GBFDM waveforms. Chapter 4
shifts the focus to analog fibarireless downlink transmission of IFoF/mmWave over in
field deployed legacy PON infrastructure, presenting a detailed analysis of converged
PON/mmWave topology throughxgerimental evaluation. The dissertation culminates in
Chapter 5, where a live demonstration of an SBbtbnfigurable, FPGAased TxRx for
AnaloglFoF/mmWave RAN is showcased. This chapter provides insights into the envisioned
Fronthaul architecture, RFSdiased AlFoF transceivers, SDidowered Management &
Control Plane, and the experimental evaluation of thetiraal analog Fronthaul topology. In

the final chapter, Chapter 6, the dissertation concludes by summarizing key findings and
insights gained thrgghout the exploration of analog fiber and filmgreless transport in the
realm of 5G networkswhile also discussing futureesearchextensionsrelated tothe
presented work
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CHAPTER 2.

Analog Fiber-Wirelesslinks in support of efficient
RAN extensions in 5G networks

The 5GPPP vision towards the next generation of communication networks and services that
will provide ubiquitous supefast connectivity and seamless service delivery in all
circumstances requires a very higdpacity mobile infrastructure, with ubiquitous
capabilities for both lagnhile fixed and mobile access. The envisioned network shall be based
on general purpose, (field) programmable kpginformance hardware that will dynamically
offer a range of resoues for transport, routing, storage and executivhile the network
entities will be computing elements gathering programmable resources, interfaces and
functions based on virtualization technologies.

The 5G KPIs are highly ambitious and generally sum up to the following:

1 Providing 1000 times higher wireless area capacity and more varied service
capabilities compared to Fourth Generation (4G).

1 Saving up to 90% of energy per service provided. The main focus will be in mobile
communication networks where the dominating energy consumption comes from the
Radio Access Network (RAN).

1 Facilitating very dense deployments of wireless communication links to connect over
7 trillion wireless devices serving over 7 billion people.

The very strict capacity and latencye qui r ement s i mposed by 5G6s
essentially enforcing the introduction of the millimeter wave (mmWave) spectrum in the
access part of the network. Placing, however, mmWave access cells in very close proximity

to the eneuser is expectedo severely impact deployment costs, since it demands the
antennasd6 densification by sever al orders o
major fronthaul (FH) problems:

o0 The Next Generation Fronthaul Interface (NGFI) deployments cannot rely exclusively
on fiber connections reaching every mmWave Service Access Point (SAP) in urban
areas, since this would require expensive brfield fiber deployment.

o The mmWave access antennas must become very simple in terms of functionality,
hardware and energy efficiency to maintain feasible investment and operational costs.

o Fronthauling multiGbps mmWave data links makes digitized Common Public Radio
Interface (CPRkpbased communications infeasible; vyielding intolerable FH
requirements as mmWave mMIMO (massive Multipiput Multiple-Output) is
entering the field.
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Incentivized to optimallyaddress the above issues, the investigation of an analog
optical/wireless fronthaul/backhaul (FH/BH) solution that targets to meet the ambitious 5G
requirements, has been the pillar of this phD thesis. The targeted solution is based on a low
Physical Layer (PHY) split (splPHY), placing most of the hardware on the centralized unit,
while at the same time employing Digital Signal Processing (DSP) assisted /ARalag
over-Fiber (A-RoF) transmission thatlows for highorder advaced modulation formats that

can support ultrigh bandwidth data transfer. Native Etherpatket transport over the
proposed FH/BH is a crucial parameter towards holistic arestium administration of the
optical/wireless/time resources.

Theabovearchitecture has been extengyvavestigated within th&uropearH2020project
5G-PHOS|2.1]. 5G-PHOS ainedto architect and evaluate 5G broadband wireless networks
for dense, ultralense and HeBpot area use cases drawing from recent results in the area of
optical technologies towards producing and exploiting a powphodonic integrated circuit
technology toolkit. It airedto streamline advances in mefidirmat and multbitrate optical
communications, in InP transceiver, in Triplex optical beamformers and in integrated optical
add/drop multiplexers iarder to migrate from CPRiased towards integrated Fibafireless
(FiWi) packetized ERAN fronthaul supporting massive mmWave MIMOmMmMunications.

It pursuesd a) a set of SDMNbrogrammable units, called FlexBox armdexBoxPro,
compatible with the emerging 25Gb/s PONess networks and can deliver FiWi traffic
ranging between 2800Gb/s, b) a set of three different 64x64 MIMO Remote Radio Head
configurations exploitinganalog optical beamforming and producing 25Gb/s,100Gb/s and
400Gb/s wireless datates, c) an integrated FiWi packetized fronthaul for supporting
Medium-Transparent Dynamic Bandwidth Allocation mechanisms @aperative radio
optical beamforming, d) a converged FiWi SDN control plane for optimally orchestrating
both the optical and theireless resources

The envisioned architectuexploits integrated optical technologies towards enhancing Fiwi
convergence to realize cesffective and energgfficient 5G network solutionfor high
density use cases. More specifically it benefits from existing scientific results in the area of
photonics in order to architect 5G networks for dense, -diérese and hotspot areas
incorporating Photonic Integrated Circuits (PICs) in optical mam®/signal generation, and
DSPassisted optical transmission, in view of a seamlagsroperable, Radio Access
Technology (RATJagnostic and Software Defined Networking (SBiMdgrammable FiWi

5G network. The innovation potential of FH/BH implementation approach can be summarized
in the following bullets:

1 Advancing 5G system, functional, logical and physical architecture€One of the
most valuable innovations introduced by the envisiomethitecture relies on the
design and evaluation of a RAAgnostic POMNbverlaid integrated FiWi fronthaul.
The proposed architecture promotes the network sharing paradigm by combining
wavelength/frequency/time/space domains and supporting Over The Top (OTT) and
Mobile Virtual Network Operator (MVNO) services.

1 Involving technology enablers for 5G RAN Platforms (HW & SW)
o novel PICs for 5G RANSs, and
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0 advanced antenna systems employing MIMO arrangements at mmWave
frequencies.

1 Advancing 5G integrated FH/BH transport network systemsby defining and
implementing intelligent and eoperative integrated FiWi fronthaul.

Targetingto support the describearchitectural approach for future mobile networke
presentedesearch work focuses orthe concept of Digital Signal Processing (D$B3isted
optical transmission capable to support analog mobile fronthauling (MFH). This RoF concept
aims to alleviate the bandwidth limitations of the 5G MFH through the use of analog optics,
which can carry ative wireless data signals via installed fibegbis ambitious analog
conceptwithin the 5G landscapés introduced,emphasizingthe structural changes and
challenges that analog MFH attempts to additagke next paragraphs, the architectural shift
towards Centralized Radio Access NetworkR&N) topologies, which put the traditional
digital MFH transport on the question, is thoroughly discussed. Theeb&Bled Analog
architecture supporting the MFHs ithen presented, focusing on the digital functions
undertaken from a powerful centralized DSP engine. Preliminary experiments that provide a
proof-of-concept validation of this &ROF concept are also discussed.

2.1. Mobile Network Expansion and Cellitred Topologies

2.1.1 The transition towards-RAN architectures

The exponential growth of the number of ferstls to meet the demands of mobile traffic

is one of the prominent features of 5G architectures that are still under investigation. To
support low latency, high capacity, cesdtectiveness and low energy cangption, the entire
endto-end network should be overhauléd.4G mobile networksmany Mobile Network
Operators (MNOs) operate using a Distributed Radio Access NetweRA(D), in which

the 4G radio at the macro site tower consists of a collocated BaksEbé (BBU) at the base

of the towen[2.2]. The main advantage of-RAN is the efficient use of backhaul bandwidth
which can be achieved through various vesitablished technologies (Ethernet, Passive
Optical Network (PON), etc[R.3]. However, dense 5G cellular topologies apply significant
pressure on the static nature 6flRBN where BBUs are assigned statically to a number of
cells.The spatial and temporal volatility of mobile traffiakes thetatic BRAN topologies
suboptimal and new flexible topologies are needed to obtain energy and cost savings for the
MNOs[2.4].

Following this rational, the idea of centralization has beemwvented in the era of 5G
networks, since it presents significant offerings compared to traditiofA topologies

[2.5]. The GRAN approach favors the separation of radio elements of the base station (called
Remote Radio Heads, RRH) and the elements processing the base band signal (called BBUS),
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which are centralized in a single location or even virtualized into the cloud. This approach,
which has become a hot research topic in both academia and in@.6}rpbenefits from

simpler radio equipment at the network edge, easier to operate and cheaper to maintain, while
the main RAN intelligence (BBUS) is centralized in the operatmtrolled premises. The
centralization is further enhanced with cloud computjgt], providing elasticity, and
virtualization with possibility for multitenancy among MNOs. Several main 5G use cases,
such as Virtual Reality (VR) applications, which require the-tiez¢ processing of massive
amount of data, can push much of the procedsorg a local server to the clodd.7]. This
practically means that the computational resources can be pooled and dynamically allocated
to a virtual BS, which brings cesffective hardware and software desi@m8]. Figure 2
providesa practical implementation of the above architecture showing a-setlatiased €

RAN approach proposed from Fujitsu in a dense urban environjd&jt Beyond the
softwarecentric solutions, the-®AN approach needs also a paradigm shift on the hardware
side to meet the challenges for the centralized baseband processing that serves a large number
of RRHs. At the heart of this change, powerful Field Paognable Gate Array (FPGA)
boards can offer the capability to implement kigiroughput 5G transceivers for the data
plane while they can also realize the Software Defined Network (SDN) functions described
above for the softwareentric architecturg2.9]. It should be noted that since theRAN

remains the dominant deployed architecture of the antenna sites, research efforts should be
considered that target a smooth transition towards 5G RAN ecosystem, supporting the
coexistence of ERAN and future GRAN topologieq2.10].
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Figure 2. CG-RAN architecture that has been proposed from Fujitsu for mobile scenarios within dense urban environment
[2.2].

43



2.1.2 Optical transport for MFH

The fronthaul mobile traffic transport between the BBUs and RRHs seems to be a significant
challenge for 5G topologies, since it needs to address several issues related to the convergence
of optical channels with complex radio interfaces. In tHeRAN archtecture designed for the
Long-Term EvolutionAdvanced (LTEA) mobile network, the fronthaul interface is based

on Common Public Radio Interface (CPRI). This DigitiaF (D-RoF) interface which

relies on a link transmitting {phase and Quadrature (IQatd of the baseband signal
components, suffers from low bandwidth efficiency since it uses the available bandwidth to
send IQ data samples, decreasing thereby the effective data rate of the tfarisijoht this
context, several solutions have been proposed to overcome this bandwidth wall, which mainly
focus on compressed CPRI techniques with minimal impact on the optics and fiber network.
The emerging need for fronthaul compression has been addrest®s ¢arrent LTEA
fronthaul links, through a large set of CPRI compression algorifparh2]. Compressed CPRI

links in a highspeed Puls@dmplitude-Modulation4 (PAM-4) are activelyinvestigated,
offering a 2x rewards on bandwidth efficiency of théRDF approacii2.13].

The CPRI compression techniques offer remarkable bandwidth gains without any structural
shift on the current @RAN architectures. However, the cost of increased complexity at the
BBU side needs to be considered, while bandwidth limitations still come digital
electronics and their interfaces at the BBU $#1&4]. To overcome this challenge, Physical
(PHY) functional split has been proposed as a possible solution for the MFH by shifting some
DSP operations from BBUs to RRHs. This functional split between BBU and RRH relaxes
the BBU digital overloading and lowerse fronthaul bandwidth requirements on the optical
link. However, it faces great challenges when advanced coordination functionalities are
required for a large number of RRHs while the latency budget is also affected through extra
processing burdej2.15], [2.16]. An alternative DRoF concept can be implemented through
Open Base Station Architecture Initiation (OBSAI) which is also implemented through a
packetbased interface [16]. Since the mapping methods of CPRI are more efficient than
OBSAI [2.17], most globalvendors and MNOs have chosen CPRI for deployeRIAGI
topologies.

A-RoF revolutionizes the MFH landscape by fully releasing the bandwidth capabilities of
mmWave bands, requiring only simple functions to exploit the offered bandwidth of the
fronthaul part. Moreover, Analog MFH implementations for 5G services can harrpnica
co-exist over the installed fiber infrastructure supporting PON topologies of fixed wireline
serviceg2.18],[2.19]. Thesaunique benefits come at a cost of increased hardware complexity
at the BBU since it hosts the entire set of DSP functions. In addition, the optical distribution
of radio signals over Intermediate Frequency/Radio Frequency (IF/RF) carriers is susceptible
to a number of generation and transmission impairments, which in turn add noise and
distortion due to channeabnlinearitied2.20].

The ARoF approach described in the currtmgsisaims to address the above challenges

through the use of powerful DSP engines implemented athijrespeed FPGA boards. The

proposed DSRssisted AROF solution, proposes a structural shift in the current MFH
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deployments since it aims to combine the implementation ofSEd functions for ultra
broadband radio signals (covering the entire unlicense®453Hz band) with the electro
optic conversion and transmission through installed fiber infrastructure.

2.1.3 DSPassistedanalogHonthaul

Several studies explore the advantageous approach of DSP assiRel fonthaul
approach. In the technique presentefRi21], a number of IQ data channels, each of them
corresponding to a single CPRI stream, are multiplexed and transmitted through the fronthaul
link in an Intermediate FrequenoyerFiber (IFOF) scheme. Such implementations combine
commodity optical transceiveanodules, carrying low bandwidth components (~10 GHz),
with high-speedDigital to Analog Converters (DACs) and Analog to Digital Converters
(ADCs) [2.22]. Build upon this concept, an-RoF architecture with DSP functionalities is
presented ifrigure3.
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Figure 3. DSRenabled AnalogRoF concept.

The core of the proposed BBU architecture is a centralized DSP engine, which is responsible
for implementing the physical layer functionalities for the fronthaul link. The set of these
functions covers all the necessary coding/decoding, modulation and MidM@ssing of the
wireless channel signals. These radio signals are generated byehigiming DACs, first
transmitted through the installed fiber and eventually over the air interface at the mmWave
frequency band. Such anRRoF/mmWave Fronthaul apprdacealizes actual centralized
RAN, since the complete set of baseband operations are digitally performed in the BBU,
removing thereby any processing stage from the RRHSs. A first advantage of this approach is
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the advanced implementation of int=ll coordination. As the baseband processing for the
radio signals to/from different RRHs is done at the same engine, tighter coordination of
neighboring antennas becomes more feasible. As an example of advancezklinter
cooperation, it is possible that two (or more than two) radiowave signals are jointly received
and processed in the BBU pool so thatatied network MIMO can be achieved. Moreover,

it ensures scalability since many RRHs can be placed when the tgagamands are
increased in a plugndplay manner. Besides, advanced isgell coordination enables better
management of interference between adjacent cells, a critical point for 5@arisa cellular
networks[2.23]. Finally, the centralization of DSP engine in the BBU pool can also offer
significant energy and cost savings using coordination schemes amon@ 24jnwhile the
hardware resources at the RRH side are practically minimized.

2.2. A-RoFbasedmobile Fronthayl using acentralized DSP
engine

Looking into more detail on the core blocks of the centralized DSP engine, thigabties
closer to the RRH is the Modulation and Channel Mapping block. In this stage, the digital
sequences are mapped into the appropriate waveforms that will be transmitted over the
Fiber/Wireless link. Digital modulation techniques support the gdoaraf any Single
Carrier (SC) or MultiCarrier (MC) scheme (e.g. Orthogonal FrequeDoyision
Multiplexing (OFDM)}like waveforms), thus allowing for compatibility with the current LTE
standards, future upgrade to 5G candidate waveforms (eg. Unilzdteakd MultiCarrier
(UFMC), Filter Bank MultiCarrier (FBMC), General Frequen®jvision Multiplexing
(GFDM) [30]) as well as more forwafldoking approaches thanks to the arbitrary waveform
generation capabilities of the engine. A higher bandwidth efiftgiés achieved compared to
D-RoF approaches of CPRI and Physical Layer Split (PLS) where the bandwidth is utilized
for serial transmission of digitized 1Q waveforms. In thdRdF scheme low Intermediate
Frequencies (~5 GHz) are employed to carry the nabeldl radio signals, resulting in
bandwidths which are accommodated by typicaltmst transceivers.

Moreover, the use of Digital StDarrier Multiplexing (SCM) techniques can also be adopted

to further increase the bandwidth efficiency. For the SCM generation, digital upconversion
schemes are employed to obtain the appropriate IF frequenciesRoF Aransmission,
eliminating the need of external analog mixers and local oscillators. An additional advantage
of employing SCM schemes, we fully utilize the bandwidth offered by thRoRA
components.

As t hef riele®P RRH units are not capabl e of basc
DSP engine serves on a tfiald dimension. For the downlink direction, digital aistortion

based on the fiber/wireless channel response is performed. Chammatiestmethods based

on training sequences determine the magnitude and phase response of the FiWi link. Thus,
the response of electrical and optical components such as DACs, RF drivers, modulators,
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filters and photoreceivers of the optical part and RF mixers, up/dmnmwerters of the
antenna subsystem is reversed using linear equalizers implemented with Finite Impulse
Response (FIR) filtex Figure4 illustrates a channel response extracted by a real experimental
testbed with both optical and RF frontends. In the uplink, equalization stages are enhancing
the demodulation and detection of the received radio signals after Wireless/Fiber
transmission.
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Figure 4. FIR equalizer is implemented by the Frequency Response ofRb& Ank.

Since the ARoF based MFH scheme appears to be significantly more effaempared to
D-RoF approaches, accommodation of multiople
case where two or more RRHs serve the same small cell or coverage area, the DSP engine
can be employed to perform equalization utilizing the spatial channel chistizteand
antenna diversity, thus realizing a DSP MIMO system. Such MIMO processing capabilities
along with robust coding schemes offer significant reduction in operational margins in terms
of required Signato-Noise-andInterferenceRatio (SNIR) and reeived power levelR.25].

The implementation of the above rich digital portfolio within the centralized BBU will be
undertaken by powerful FPGA boards. The use of these powerful FPGAs is to accelerate the
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critical functions of the baseband chain and sustain the necessary throughput to meet the
bitrate and latency requirements within 5G. Since the FPGA boards becomes the essential
part of the envisaged digital engines, the design, implementation and validationtoheeal
testbeds hakecomea significant point of interest for the 5G hardware research community
[2.26], [2.27]. Through the literature, several works have been conducted setting key
specifications for FPGA implementation and proposing efficraptementations to meet the

5G network goal$2.28], [2.29].

2.3. AnalogRoFbasedOptical Transort links

Radio over fiber represents an analog optical connection employed for transmitting
information through optical fiber. It accomplishes this by sending modulated RF signals
between a central station and a base station. This modulation careileeudirectly with

the radio signal or at an intermediate frequency. RoF systems are favored primarily due to
their minimal signal loss, exceptionally broad bandwidth, and robustness. Additionally, radio
over fiber can harness millimeter waves to funtés a higkspeed wireless network, either
locally or within a personal area. Within buildings, RoF systems are increasingly employed
to enhance cellular coverage. RoF serves to reduce the costs of radio systems by streamlining
remote antenna sites andiféating the efficient sharing of costly radio equipment situated

at central stations. The radio signals distributed by RoF systems span a wide frequency range,
typically within the GHz) region, depending on the specific applications

In contemporary times, the expansion of wireless communication data capacity has been
dramatic, driven by the diverse demands of system users. This expansion has evolved from
handling basic voices and simple messages to accommodating multimedia ansefwioes

with advanced capabilities. Radio over Fiber (RoF) systems offer a promising solution to
address numerous pressing needs within telecommunication networks. These systems have
the potential to deliver the required bandwidth for efficiently trartsmgitbroadband data to
endusers. Additionally, RoF systems offer advantages such as low attenuation loss and
immunity to radio frequency interferen¢2.30], [2.32]. In a RoF system, the majority of
signal processing tasks, including coding, multiplexing, RF generation, and modulation, are
centralized within the Central Office (CO). This centralized processing approach contributes
to costeffectiveness for Base Staitis (BS). Consequently, RoF technology is poised to play

a pivotal role in the upcoming generation of mobile communication sy$8e83.

RoF technology is employed in various fields, including optical signal processing, as well as
applications such as broadband wireless access networks, electronic warfare, imaging,
spectroscopy, and radio astronomy. In these scenarios, an optical fibkzad to transmit

a radio signal, usually in the millimeterave band, using laser sources and elemptical
devicegq2.34]. In a nutshellRoF is a crucial innovation that seamlessly merges wireless and
fiber optic networks. It plays a vital role in providing wireless broadband connectivity across
various applications, including lastile solutions, expanding existing radio coverage and
capady, and facilitating backhaul solutiofi8.35].
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2.3.1 Concept and Architecture of RoF

RadicoverFiber technology leverages optical fiber connections to transmit modulated RF
signals from the Base Station (BS) to the Remote Antenna Unit (RAU). In the context of
narrowband communication systems, tasks such as frequencpnuersion, carrier
modulation, and multiplexing of the RF signal are traditionally handled at the BS before being
transmitted to the antenna. However, RoF introduces the capability to centralize these RF
signal processing functions at a single shared location known asdterd. Subsequently,

it employs optical fiber for distribution, benefiting from its minimal signal loss characteristics,
which include 0.3 dB/km for 1550 nm wavelengths and 0.5 dB/km for 1310 nm wavelengths,
to transmit the RF signals to the RA[2s36].

Through this approach, RAUs undergo substantial simplification since they are tasked
primarily with optoelectronic conversion and amplification functions. The consolidation of

RF signal processing functions allows for shared equipment usage, dynamic resource
allocation, and a streamlined system operation and maintenance process. These advantages
can lead to significant cost savings in both the installation and ongoing operation of the
sydem, particularly in the case of wid®verage broadband wireless communication
systems, where a dense network of Base Stations (BS) or Remote Access Points (RAPS) is
essential, as previously mentioned.

Typically, RoF transmission systems can be categorized into two primary groups based on
the frequency range of the radio signal they are designed to transport

1 RFoverFiber (Radio Frequency over Fiber)
1 IF-overFiber (Intermediate Frequency over Fiber)

In the RFoverfiber architecture, a higirequency RF (radio frequency) signal, typically
exceeding 10 GHz, is superimposed onto a lightwave signal prior to its transmission through
the optical link. Consequently, wireless signals are directly distribopdidally to base
stations at these high frequencies. At the base stations, they are subsequently converted from
optical to electrical signals, amplified, and then transmitted via an antenna. This approach
eliminates the need for frequency up and dowrnvemion atthe individual base stations,
simplifying the implementation and resulting in a eeffective solutior]2.37].

In the IFoverfiber architecture, an intermediate frequency (IF) radio signal with a lower
frequency, typically below 10 GHz, is employed to modulate light before it is carried over the
optical link. Consequently, prior to being transmitted through thetla signal needs to
undergo ugconversion to reach the RF (radio frequency) range at the base Reé8RIn

The architectural layout of a bidirectionalRRoFbasedtransport network, enabling the
interconnection of CUs/BBUs to the remotely located RRUS, is depicteidumne5.

49



(0p))

/ SYiN}Xt hYO 528yt AY] wSY2GS 1 yiSy

hk9
| 2y BSNEA2Z2Y | 2y OSNEAZY

LLIE A Y]

WC e hk9 ) (y(( > 9kh ’

| 2y 35 NH A 2 | 2y oSN NEASWC

|
3

Figure 5. The Radio over Fiber System Architectiz&0]

The primary benefits of RoF technology cansbenmarizeds follows

1 Low attenuation

It is widely recognized that signals transmitted via optical fiber experience significantly
lower attenuation compared to other transmission media, especially when contrasted with
wireless mediums. Employing optical fiber enables signals to traverse greater distances,
thereby reducing the requirement for signal repeaters.

1 Low complexity

RoF technology incorporates the concept of a remote station (RS), which comprises solely
of an opticalto-electrical (O/E) converter (with an optional frequency up or down
converter), amplifiers, and an anterjf@a89]. This approach allows for the relocation of
resource management and signal generation components from the base station to a
centralized site, facilitating shared usage among multiple remote stations and resulting in
a streamlined architectural design.

Y Lower cost

A more straightforward configuration for the remote base station translates to reduced
infrastructure expenses, decreased power consumption by devices, and simplified
maintenance, all of which collectively contribute to lowering the overall installatidn an
upkeep costs. Additional costivings can also be achieved through the adoption of
budgetfriendly graded index polymer optical fibg.39].

1 Future-proof

Fiber optics are engineered to accommodate gigabits per second speeds, ensuring their
capacity to support the speeds anticipated in future network generations for an extended
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period. Additionally, RoF technology is both protocol andratie agnostic, making it
adaptable to utilize existing as well as forthcoming technologies

1 Easy Installation and Maintenance

"In RoF systems, the headend hosts sophisticated and costly equipment, simplifying the
Remote Antenna Units (RAUs). The modulation and switching equipment is centralized
at the headend and is shared among multiple RAUs. This configuration results in more
compact and lighter RAUs, ultimately reducing the costs associated with system
installation andnaintenanc¢2.40].

1 Multi -Operator and Multi -Service Operation

RoF provides operational flexibility for the system. Depending on the microwave
generation method employed, the RoF distribution system can be designed to maintain
signatformat neutrality. For example, utilizing the Intensity Modulation and Direct
Detecton (IM-DD) technique can be configured to function as a linear system, thus
achieving transparendg.40].

1 Large Bandwidth

Optical fibers provide a vast bandwidth, with three primary transmission windows
exhibiting minimal attenuation: 850 nm, 1310 nm, and 1550 nm wavelengths. In a single
mode optical fiber (SMF), the cumulative bandwidth across these three windows exceeds
50 THz. The extensive optical bandwidth of optical fibers offers numerous advantages
beyond their capacity for efficiently transmitting microwave signals. This substantial
optical bandwidth empowers higipeed signal processing, which could be challenging or
even unfeasible to achieve using electronic systems

1 Immunity to Radio Frequency Interference

The resistance to Electromagnetic Interference (EMI) isexreptionally appealing
characteristic of optical fiber communication, particularly in the context of microwave
transmission. This advantage stems from the fact that signals are conveyed as light within
the fiber. Due to this EMI immunity, fiber cables &ne preferred choice, even for short
connections operating in the millimeter wave spectrum

1 Reduced Power Consumption

The use of uncomplicated Radio Stations results in lower power consumption. The bulk
of complex equipment is situated at the central station. In certain scenarios, the antenna
sites can operate in an inactive mode. For instance, in some 5 GHRA&iltierystems

with pico-cells (small radio cells), the Base Stations can be set to an inactdef2.41].
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Incorporating analog RoF schemes into the optical transport infrastructure of mobile
networks offers significant advantages, but it also presents certain challenges. RoF, due to its
analog modulation and light detection nature, is fundamentally an analog transmission
system. Consequently, signal impairments like noise and distortion, which aral @nu
analog communication systems, also play a significant role indystemg2.42]. These
impairments tend to constrain the Noise Figure (NF) and Dynamic Range (DR) of RoF links.
DR holds particular importance in mobile (cellular) communication systems like GSM, as the
power received at the Base Station (BS) from Mobile Units (MUs) can vatglyiFor
example, the RF power received from an MU in close proximity to the BS can be much higher
than the RF power received from an MU several kilometers away within the same cell. Analog
optical fiber links introduce noise from various sources, inolgdihe laser's Relative
Intensity Noise (RIN), the laser's phase noise, the photodiode's shot noise, the amplifier's
thermal noise, and the fiber's dispersion. In Single Mode Fiber (Dsed RoF systems,
chromatic dispersion may limit fiber link lengthad result in phase a®rrelation, leading

to increased RF carrier phaseise [2.35]. Multi-Mode Fiberbased RoF systems face
limitations due to modal dispersion, severely constraining available link bandwidth and
distance. It's important to note that while the RoF transmission system itself is analog, the
distributed radio system need not belag; it can be digital and employ comprehensive
multi-level signal modulation formats like QAM or Orthogonal Frequency Division
Multiplexing (OFDM).

2.3.2 Transmission techniques for RoF technology

Various optical methods are available for generating and transmitting radio signals through
fiber. This section provides a brief overview of some of these techniques.

91 Direct modulation technique

In this approach, the RF signal is directly imposed on the light source's intensity, and then
direct detection is employed with a photodetector (PD) to retrieve the RF signal. This
method, known as Intensity Modulation Direct Detection (IMDD), is the sstphnd

most costeffective means of optically distributing RF signals. Prior to transmission, the
RF signal requires appropriate pr®dulation. After traveling through the fiber and
undergoing direct detection by a PD, the resulting photocurrent adgusgieoduces the

RF signal that was originally applied at the head [@M4i3]. At the remote antenna site,

the PD and bangass amplifier work together to convert the received optical signal back
into an RF signal for transmission via the anterigure6, Figure7).

This method offers several key advantages: simplicity, robustness, agdfeosteness.

Additionally, when low dispersion fiber is paired with an external modulator, the system

can achieve linearity. The transmitter configuration is exceptionally ktfargvard and

budgetfriendly, though its performance is notably constrained by laser modulation

related issues. Commercially available RoF systems employing direct microwave
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intensity modulation of a laser diode are suitable for limited RF frequencies, typically up
to approximately 2 GHz. These systems are employed in wireless services such as Global
System for Mobile Communication (GSM) and Universal Mobile Telecommunications
System (UMTS). However, the primary drawback of this technique lies in its inability to
operate at higher microwave frequencies due to the restricted modulation bandwidth of
the laser diode and the effects of fiber dispersion, which lead to fading d¥vthe
modulation sidebands. Addressing such Higlguency microwave frequencies
necessitates advanced, whigh-frequency optical analog transmitters and receivers,
along with meticulous fiber dispersion compensation technigué4], [2.45].

RF signal

RF signal

Bias

Figure 7. Externalmodulatorbased direct intensity modulation method.

1 External modulation technique
To address the limitations associated with direct modulation, employing external
modulation presents a clear and effective solution. Among various approaches, optical
external modulation stands out as a strong choice for generating optical mitwasr
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signals with excellent spectral purity. External modulation is particularly advantageous at
high radio frequencies (typically above 10 GHz). A basic implementation involves a
continuous wave (CW) laser followed by an external modulator. This modulator
introduces modulation to the laser light, typically at an intermediate frequency (IF) or a
millimeter-wave tond2.45]. Operating the laser in CW mode helps mitigate the excessive
chirping of pulses duringxternal modulation. In this approach, hgeed external
modulators like MacihZehnder modulators (MZM), electroabsorption modulators
(EAM), or phase modulators (PM) are employed. The output from these modulators is
subsequently optically filtered

The wo methods for generating millimeterave signalwill be briefly outlined. In the
intensity modulatiofbased approachthe system implementation is significantly
simplified as it eliminates the need for a tunable optical filter. In this system, an MZM is
incorporated and biased at the maximum transmission point of its transfer function to
effectively suppress the oduder optical sidebands. To remove the optical carrier, a
fixed-wavelength notch filter is applied. The result is a stable;dbase nise millimeter

wave signal with a frequency four times that of the RF drive si@nb]. It's important

to bias the MZM at either the minimum or maximum point of its transfer function to
suppress the odarder or everorder optical sidebands. Bias drift at the wrong point could
compromise system robustness, necessitating sophisticated control circuits to minimize
bias drift

The secondnethodutilizes an optical phase modulator (PM), which offers the advantage
of not requiring a DC bias, effectively eliminating bias drift issues. This constitutes a key
benefit of employing optical PMs, making them a preferable choice. Consequently, in the
intersity modulation approach, it is recommended to replace the MZM with an optical
PM [2.46]. However, the drawback of the aforementioap@roacHies in the necessity

of employing an ultranarrowband optical filter, which can lead to reduced system
stability and increased costs. While external modulators are straightforward, they come
with certain disadvantages, notably significant insertion Id&metheless, external
modulators can accommodate bandwidths of up to 40 GHz and bit rates exceeding 10
Gbps, rendering them highly suitable for ledigtance optical communication networks.

It's worth noting that the external modulation method is not without its challenges,
including distortion caused by the inherent nonlinearity of the modulators, high power
consumption, and increased complexity. Consequently, this modulation system tends to
be more costly compared to direct modula{@#45], [2.46].

1 Heterodyne modulation technique

This technique involves the simultaneous transmission of two or more optical signals,
which are then mixed or heterodyned in the receiver. Among the resulting heterodyning
products, one or more yield the desired RF signal. The process begins with mgdulatin
the optical intensity from a laser diode (LD) using an external modulator. This modulator
is biased at the inflection point of its modulation characteristic and driven by a sinusoidal
signal operating at half the microwave frequency. Consequently, tbalator's output

produces a twaone optical signal with a tone spacing equal to the microwave frequency.
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Heterodyning leads to the creation of the desired amptituattulated microwave signal.

In some instances, multiple LDs may be used, enabling the realization of a multi
wavelength RoF system. A tunable Wavelength Division Multiplexing (WDM) filter can
be eanployed to select the desired wavelength radio channel at the antenjads€ije

Given that phase noise can pose significant challenges in millimvates transmission,
meticulous attention must be paid to minimize phase noise introduced by the heterodyning
signals. This approach effectively mitigates the impact of chromatic dispensd offers
frequency flexibility, accommodating frequencies ranging from a few megahertz up to the
terahertz regioif2.45], [2.46].

1 Optical frequency/phaselocked loops

This method is employed to mitigate sensitivity to phase noise, specifically by tracking
smaltscale phase perturbations. However, it does not suppressssalallfrequency
variations caused by phase noise. The fundamental configuration of Optical Esequen
LockedLoops/Optical Phase Lockdddops (OFLL/OPLL). It comprises a freenning

master laser, a Positive Intrinsic Negative (PIN) photodiode, a slave laser, a frequency or
phase detector, an amplifier, a loop filter, and a microwave reference oscilla®
combined outputs of the master and slave lasers are divided into two parts: one is utilized
within the OPLL/OFLL at the head end, while the other part is transmitted to the Remote
Antenna Unit (RAU). To generate a microwave signal, the optical Isgrthe head end

is heterodyned using a photodetector (PD). The resulting signal is then compared with the
reference signal. In the case of OFLL, a frequency error signal (or a phase error signal in
the case of OPLL) is fed back to the slave |§2et6]. Consequently, the slave laser is
compelled to track the master laser at a frequency offset corresponding to the frequency
of the microwave reference oscillatdrhe primary advantage of this technique is its
capability to generate highuality RF signals characterized by narrow linewidths and
excellent temperatusieacking capabilities. Additionally, OPLLs exhibit a wide locking
range[2.47]. Conversely, OFLL techniques offer the advantage of being feasible with
standard and reasonably priced Distributed Feedback (DFB) [as&8} [2.47].

9 Dual-mode lasers

The primary limitation of optical heterodynidzased techniques lies in their sensitivity

to phase noise in the two heterodyning signals, as well as their dependence on the
polarization state difference between the two heterodyning carriers. One method to
achieve correlation of optical modes involves eliminating the phase shift in the Distributed
Feedback (DFB) laser, preventing oscillation at the Bragg frequency. This leads to the
creation of a device known as the daadde laser (DML), which emits two mes, one

on each side of the Bragg freque2y48]. By adjusting the grating strength coefficient,

the desired mode separation can be achieved. The key advantage of this approach is its
avoidance of complex feedback circuitry. However, due to its limited locking range, this
method has constraints regaglitunability[2.47], [2.48].
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2.3.3 Performance degradation factors ifFR®F transmission

As RoF systemgely on thetransmssion ofanalog signals through optical fibers, their
performance is often constrained by several impairments, including optical fiber chromatic
dispersion, phase noise, and nonlineaf®yl9]. The major types ofmpairments in RoF

systems are summarized in the following paragraphs:

1 Fiber Chromatic Dispersion

One significant challenge in RoF systems, particularly when operating in higher RF bands
like the mmwave range, is the influence of fiber chromatic dispergds0]. Chromatic
dispersion in optical fibers refers to the phenomenon wherein the phase velocity of light
varies with its frequency. Consequently, different frequency components within the
lightwave signal experience varying velocities as they propagate thtbadiber. This
chromatic dispersion often results in fading effects witRoF systemsWhen an RF

signal is modulated onto an optical carrier for transmission through an optical fiber, as
depicted inFigure8, two sidebands emerge on either side of the optical carrier, with their
separation matching the RF signal frequency. As thisrfiRBulated optical signal travels
through the optical fiber, chromatic dispersion causes different phase delays for these two
sidebands. Consequently, when thfeotodetectofPD) performs squaraw detection,

the generated RF signal is influenced by the distinct phase delays introduced by fiber
dispersion.To address this limitation, the OSSB (Optical Single Sideband) and OCS
(Optical Carrier Suppression) schemes have been proposed and extensively studied
[2.51], [2.52]. In the OSSB scheme, only one RF sideband, along with the optical carrier,
is preserved, substantially reducing the impact of fiber chromatic dispersion. Conversely,
in the OCS scheme, the optical carrier is suppressed following optical modulation, and
two RF sidebands with an RF frequeridsed spacing are employed. The interaction
between these two RF sidebands generates the RF signal upon detection by the PD,
making this scheme more tolerant to fiber chromatic dispersion
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Figure 8. RoF system RF signal modulation schee49].

56



1 Nonlinearity

Another significant constraint in RoF systems is nonlinearity, encompassing both optical
fiber nonlinearity and nonlinearity associated with optical modulg@d&3], [2.54],

[2.55]. The nonlinear behavior of optical modulators results in-miedulation distortion

(IMD) and typically imposes limits on the system's dynamic rai2ge3], [2.54]. In
multiband RoF systems, it can also lead to subcarrier intermodulation ardegatadent

cross modulatiorj2.55]. The optical fiber, used for signal transmission, also exhibits
nonlinear characteristics, introducing nonlinear impairments to the RoF signal after fiber
transmission. These impairments include-pélhise modulation and fowave mixing

To address nonlinear impairments in RoF systems, various linearization techniques have
been extensively explorgd.49]. One wellstudied linearization approach is feedforward
[2.56], [2.57], which, for instance, achieved up to a 10 dB improvement in-fspair
dynamic range (SFDR) across a wide bandwidth from 7 GHz to 18 GHz, as reported in
Referencg2.57]. However, the feedforward scheme often entails high complexity and
requires precise calibration. To tackle these challenges, alternative optical linearization
techniques have been proposed, such as the dual parallel modulation scheme, which
reduced IMD byup to 38 dB[2.58]. Other techniques include the mixgdlarization
scheme[2.59], [2.60], the dual electr@absorption modulators scheme (e.g., achieving
IMD suppression by over 16 dB and SFDR improvement by over 8 dB as reported in
Referencg[2.61], the gain modulation scheme, which reduced IMD by over 7 dB and
improved the dynamic range by about 11 [@82], and the cascaded modulator and
semiconductor optical amplifier (SOA) schei2e63]. Additionally, the predistortion
technique has been proposed and demonstfatéd], enabling the compensation of
predictable nonlinearities. This approach achieved a 6 dB improvement in IMD along with
a 14 dB peak enhancement in dynamic range. These techniques effectively mitigate
nonlinear effects in RoF systems, allowing for increasediulation depth of the RF
signal and, consequently, an improved system dynamic range.

In addition to the challenges posed by fiber chromatic dispersion and the nonlinearity
resulting from optical fibers and optical modulators, RoF systems are also affected by various
other impairments. These include amplified spontaneous emission (ASE) steisming

from optical amplifiers (e.g., EDFA), phase noise due to the laser source's limited linewidth
[2.65], and the inherent squal@v detection characteristics of optitalelectrical
conversion by the photodetector (P[2)55]. These impairments place constraints on the
performance of RoF systems, and these limitations become more pronounced as the RF carrier
frequency increases, such as in the case ofwvaxe frequencies.

To mitigate the effects of these impairments in RoF systems, digital signal processing (DSP)
techniques have garnered significant attention and have led to substantial improvements in
system performancg2.66]. One notable advantage of employing DSP for impairment
compensation lies in its adaptability and flexibility, which can be adjusted as needed. A
plethora of DSP algorithms have been proposed and investigated for RoF systems, addressing

various impairmentsincluding laser phase noise, the limited dynamic range resulting from
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optical modulator nonlinearity2.54], [2.67], and fiber chromatic dispersioj2.66]. In
addition to the application of DSP at the receiver side for signal processirAggmsshission,
research has also explored the transmitter side using the digital predistortion principle, where
the signal is preompensated prior to transmission.

2.4, mmWave wirelestechnolodgesin mobileRAN

One of themost notable distinctions of 5G from its predecessors in cellular systems lies in
the recognition that the traditional s6liGHz spectrum falls short in meeting the demands of
emerging applications. A solution emerged in the form of the millimeter wavé\(ava)
spectrum. Initially deemed unsuitable for mobile operations due to unfavorable propagation
characteristics, advancements in device and antenna technologies have now rendered them
feasible for commercial wireless applicatidq2s68]. Consequently, the 5G standards gave

rise to the advent of commercial mmWave communication.

Looking ahead, it becomes apparent that we are gradually transitioning towards applications
such as virtual and augmented realiytiD video conferencing, 3D gaming, and the
integration of wireless technology into brammachine interfaces. These applications will
impose even more stringent constraints on throughput, reliability, and latency requirements.
Following the successful implementation of mmWave communication, researchers naturally
turned their attention to previously unexplored radio frequency PRRJis, particularly the

THz band situated above the mmWave spectrum. Thebaasiwidth of THz waves makes
them suitable for numerous applications demanding-bltga data rates. By combining the
capabilities of sul6 GHz, mmWave, and THz bands, we can unlock the true potential of
many emerging applications. Additionally, the snvedivelength of THz waves makes them
applicable for micro and narstale communicatiorHistorically, THz bands were limited to
imaging and sensing due to the lack of feasible and efficient devices operating at these
frequencies. However, recent advancemaniiHz devices suggest that THz communication

is poised to play a pivotal role in the forthcoming generations of communication standards
[2.69].

Prior to the 4G cellular standard, commercial (cellular) communication was confined to

traditional bands up to 6 GHz, now known as-8ubHz cellular bands. However, within the

6-300 GHz range, there are numerous bands with substantial bandwidths thexnwienged

for diverse norcellular purposes, including satellite communications, radio astronomy,

remote sensing, and radars, among others. Recent advancements in antenna technology have

made it feasible to extend the use of this spectrum to mobile comationi The frequency

band ranging from 30 to 300 GHz, with wavelengths between 1 and 10 mm, is termed the

mmWave band. It provides hundreds of times more bandwidth compared to 6 =s$dd

bands. Although mmWave communication systems face challenges asuchigher

penetration and blockage losses, researchers have demonstrated that these effects can be

beneficial in mitigating interference in modern cellular systems characterized by dense
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deployment of small cells. This naturally leads to more aggressive frequency reuse and
enhanced data security due to the higher directionality requirements at mmWave frequencies
[2.70]. Frequencies in the mmWave range, approximately from 24 GHz to about 100 GHz,
are already being explored as part of the 5G standard. Looking ahead to 6G and beyond
systems, researchers are also delving into th& @.THz band, collectively referred to the

THz band. The lower end of this spectrum is particularly of interest for communication
applications.

The expanded bandwidth available in the mmWave spectrum facilitates the viability ef multi
gigabit wireless communication, paving the way for numerous innovaji®]. For
example, mmWave frequencies can support wireless backhaul connections between outdoor
base stations (BSs), reducing the costs associated with land acquisition, installation, and
maintenance of fiber optic cables, particularly in utteanse network§UDNSs). Moreover,

this capability enables the transformation of current wired data centers into entirely wireless
ones, with data servers communicating via mmWave frequencies through highly directed
pencitbeams. Another potential application lies inmation vehicleto-vehicle (V2V)
communication in higtmobility scenarios, including bullet trains and airplanes. In these
scenarios, mmWave communication systems, coupled witt6 SBblz systems, have the
potential to offer improved data rats71].

Additionally, the THz spectrum comprises bands with available bandwidths of several tens of
gigahertz, supporting data rates in the terabits per second (Tbps) range. THz communication
benefits from the integration of thousands of-subimeter antennas @hexperiences lower
interference due to higher transmission frequencies. Consequently, it can support bandwidth
intensive and lowatency applications like virtual reality gaming and ulfB video
conferencing. The maturation of THz communications is ebgae to benefit various
applications, including nanmachine communication, eship communications, the Internet

of Nano Things[2.72], and intrabody communication of narmachines. It can also be
integrated with biecompatible and eneregfficient bionanemachines communicating using
chemical signals (molecules), a form of communication known as molecular communication
[2.73].

2.4.1 mmWavebased FibeWireless Bridges fomobile transport
deployments

As explained in the previosections, ARoFtechnology is anticipated to offer higher spectral
efficiency, inherent in analog transmission systems, along with low power consumption and
latency[2.74], [2.75]. Given thatonly opticatto-electrical (O/E) conversion is necessary, the
complexity of the Distribution Unit (DU) can be substantially reduced, allowing for remote
control of transmitted wireless signals. This becomes especially crucial in scenarios requiring
the deloyment of a large number of antenna unitéoreover, ARoF systems have
demonstrated compatibility with Powever-Fiber (PoF) technology, enabling electric power
supply through optical fibel.76]. However, the notinearity of the optical link and fiber

59



chromatic dispersion impose limitations on both the affordable transmission length and the
desired performanc.77]. Despite the evident advantages of both analog and digital RoF
technologies, their deployment faces challenges due to operational inflexibility, limited
resilience, and cost considerations. These challenges are particularly pronounced in areas
where optial links are susceptible to outages from fiber cuts or lack existing fiber
infrastructure.

A-RoFbased FWi systens operating in the mmWavgpectrum regiomffers a promising
solution for robust and adaptable communication systems. This technology leverages large
bandwidth mmWave links to establish flexible, eeffective, and energgfficient broadband
wireless access networks. It also serves as a fibekupa enhancing network resiliency
[2.74]). Depending on the frequency range of the radio signal being transpoifRaf; Based

Fi-Wi systems can be implemented using two main architectures: {Qv&Hiber (RFoF)

and (ii) intermediate frequenawerfiber (IFoF).

In the RFoFbased FWi architecture, optical heterodyning and photonieccopversion
techniques are employed, directly-cgnverting lower frequency or baseband RF signals to
the mmWave band. However, this approach has lower spectral efficiency, and a local
oscillator (LO) is still necessary at the remote antenna unit (RAU) for the-domwersion
process in fulduplex and relay systems. On the other hand, the-besEd FWi
architecture involves sending a lowfeequency LO signal (e.g., <40 GHz) tetRAU in a
separate optical channel for mmWave up/down conversion. This enables the use of lower
bandwidth optical and RF devicgs78]. This approach simplifies both the mmWave Tx. and
Rx. antennas, making it more appealing for-fluplex systems and fibevirelessfiber links,

known as a seamless-Wii bridge. This design keeps the RAU configuration as simple as
possibleFigure9illustrates potential application scenarios of thR&F based FiWi system,
including disasteaffected areas, dense communication afasributed Antenna Systems
(DAS), and mobile fronthaul networks.
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Figure 9. Fiber-mmWavebased topologies for beyo#s application scenarioand network segments

Numerous research endeavours have explored and showcased the capabilites dfaked
Fi-Wi systems in higitapacity wireless transmission systems and mobile fronthaul/backhaul
systemg2.79]. These initiatives primarily adopt RFoF configurations. Notably, the RFoF
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configuration benefits from the latest advancements in digital signal processingl{&xsi)
optical communication technologies, enabling the generation and transmission of higher
order modulation formats using RoF technologies. Utilizing an R¥asfed FWi system,
multi-gigabitpersecond wireless transmission has been demonstrated in-bhad) W

band, and Eband. Other research endeavors have proposed the usRaf Aased FWVi
configurations as an efficient approach for mobile fronthaul and backysteims, addressing

the requirements of 5G networks.

Although mmWave and THz bands have a huge potentigh&r usage in communication,
there are significant challenges1 their commercial deployments. In particular,
communicationin these bands suffer fronpoor propagation characteristichigher
penetration, blockage and scattering lossbsyter coverage range, and a need for strong
directionality intransmission. These challenges have obstructed the inclosSiomWave
and THz bands in standards and commed=aloyments until now. With the advancements
in modernantenna and device technologies, it is now becoming fedsilise these bands
for communicationsThe challenges regarding adoption mmWave communications in
RAN deployments as well the potential gainsdiseussed in the following paragraphs.

2.4.2 Main Challenges

In spite of the theoretical possibilities of achieving exceptionally high data rates, several
critical technical obstacles hinder the utilization of mmWave in mobile networks. These
challenges encompass significant path loss, elevated penetration losgsedc power
consumption, blockages caused by shadowing, hardware impairments, and more. Subsequent
to this statement, we will provide a concise overview of these issues.

M Pathloss

In the transmission through free space, the received signal power (beyond the Kirchhoff
area) can be calculated using the Friis transmission forfa88]. The wavelength of
mmWave signals is considerably shorter than that of conventional microwave
communication signals, which operate at carrier frequencies below 6 GHz. As a result,
the pathloss of mmWave signals is significantly higher than that of microsignals,
assuming all other conditions, including antenna gains, remain constant. Although the
pathloss for mmWave is generally elevated, it remains practical to establish
communication over distances typical in urban mobile networks, ranging from a few
hundred meterf2.80]to even a few kilometef2.81]. The use of directive antennas has
demonstrated the feasibility of communication ranges up to 10 km under favorable
conditions[2.82]. However, in less pristine air conditions, factors such as rain attenuation
and atmospheric/molecular absorption contribute to increased pathloss, thereby limiting
the communication rang2.82], [2.83]. The impact of these factors varies with the carrier
frequency
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i Penetration loss

The discussion on pathloss assumes-dfsight (LoS) communications, but the
challenge of high penetration loss becomes more pronounced-imear-sight (NL0S)
scenarios. In indoor settings, although the penetration losses for clear glass andsdry wal
are relatively low for 28 GHz signals (similar to microwave bands), the losses escalate
significantly for materials like brick and tinted glass (approximately 28 dB and 40 dB,
respectively), which is notably higher than at microwave b§h@&g]. These penetration

losses tend to increase at higher frequencies. Consequently, achieving coverage indoors
with mmWave nodes deployed outdoors, and vice versa, poses difficulties due to the
substantial penetration loss

1 Hardware impairments and design challenges

Practical transceiver hardware faces impairments sudthaseNoise (PN), nodinear
Power Amplifiers (PAs), 1/Q imbalance, and restricted ADC resolufi®i85]. These
factors place limitations on channel capag¢R®y86], especially when aiming for high
spectral efficiency. Conversely, research has demonstratef®.87] that MIMO
communication links are less susceptible to the impact of hardware impairments
compared to singlantenna links.

In mmWave communication systems, mixers play a crucial role in sigradnyersion

at the transmitter and dowtonversion at the receiver. Local oscillators are employed to
generate carrier signals operating at the desired carrier frequency. Howeverimthia
inherent random deviation of the output signal frequency around the carrier, achieving
exact synchronization between the oscillators at the transmitter and receiver becomes
impractical. This mismatch can be characterized as phase PN, as thedyeqtieet
introduces a random phase difference for the time domain samples. The sensitivity to PN
is heightened in mmWave communication systems compared to conventional ones,
primarily due to the elevated carrier frequency.

Another significant hardware challenge in mmWave technology involvetimear PAs,

as providing linear amplification to signals with very wide bandwidth proves to be a
complex task. In practical terms, each amplifier exhibits-lirear behavior, includig

the clipping of input signals with large amplitudes and differential amplification of various
frequencies. The widely employed model for describing sucHinear characteristics is

the modified Rapp mod¢§2.88].

Finallly, the elevated and broader frequency bands characteristic of mmWave
communication systems introduce numerous technical challenges in the design of circuit
components and antennaBhese challenges span frodevicelevel intricacies to
architectural considerationwhile particular emphasis @it onthe formidable obstacles
posed by phase noise and IQ imbalance in realizing mmWave RF digcg8fip
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2.4.3 Motivation for employing mmWauénks

After enumerating the primary challenges, it is essential to keep in mind the principal
motivations for employing mmWave communications.

1 Extensive and uninterrupted available bandwidth

In comparison to microwave communications, one significant advantage of mmWave
communications is the availability of extensive bandwidth. However, it's important to note
that a wider bandwidth doesn't always translate to higher rates in thdimitisd region

[2.89]. Currently, the global available bandwidth for mobile networks (2G, 3G, 4G, and
LTE-Advanced spectrum) is less than 780 MHz, with each major wireless provider having
approximately 200 MHz of spectruf@.80]. This limited bandwidth is insufficient for
delivering Gbps rates to multiple devices, as it would require substantidlepiee
spectral efficiency.

In contrast, mmWave bands offer substantial bandwidth for future mobile networks. As
depicted in Figure 4, the potentially available bandwidth in mmWave bands can exceed
150 GHZz[2.90], even after excludingnfavourablédands like the water vapor absorption
band (164200 GHz). With 150 GHz of spectrum, a low spectral efficiency of 1 b/s/Hz is
adequate to achieve a rate of 150 Gbps. This low spectral efficiency simplifies
implementation and makes the unused frequencysbaigtily attractive. For instance, in
October 2003, the FCC announced that the781GHz, 8186 GHz, and 905 GHz
frequency bands (collectively referred to as tHeald) would be available for ulttagh

speed data communication, including pdmpoint WLAN, mobile backhaul, and
broadband Internet access. Théd&hd provides a total bandwidth of 12.9 GHz-9&0
GHz). More recently, in July 2016, the FCC allocated large bandwidths in mmWave bands
for cuttingedge wireless communications, specifically @8de71 GHz unlicensed bands
(along with the previous 5684 GHz) and the 27-88.35 and 340 GHz licensed bands
[2.89].

1 Short wavelength and narrow beamwidth

In contrast to signals in the s8bGHz bands, mmWave signhals possess a considerably
shorter wavelength, enabling the integration of a large number of antennas into a compact
array[2.80]. This characteristic significantly broadens the potential applications for large
scale antenna communications in future mobile networks. Simultaneously, the presence
of numerous antenna elements results in a narrow beamj®i@tt]. The advantageous
aspect of this property lies in heightened security against eavesdropping and jamming, as
well as increased resilience againstuser interference. This implies that the spectrum
can be efficiently reused in space, allowing for the a@pent of numerous interfering
pointto-point MIMO systems (or multiuser MIMO systems) within a limited spatial
region.
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1 Massive MIMO implementation potential

A challenge associated with massive MIMO systems is the expense and intricacy of
hardware required to effectively harness a large number of antennas in the mmWave
region. Depending on the current mmWave products offered by vendors, the number of
antenna e@ments at the gNB (gNodeB) can range from 128 to over 1,000.

In the mmWave context, it is crucial to have support for beameping to accurately
estimate or identify the direction of interest. However, this process introduces additional
overhead in terms of Channel State Information (CSI) acquisition, which irsresih

the number of antennas. This is due to the fact that as the number of antennas grows, the
beams become narrower, necessitating the support for more beams.

The beamforming gain in the mmWave spectrum is notably higher when compared to
sub6GHz. This is attributed to the ability to pack a greater number of antenna elements
into the same form factor, resulting in a more focused and sharper beam. Additibeally, t

sharper beam contributes to enhanced spatial separation between users, consequently
boosting the performance of MMIMO [2.92].

2.5. Proofof-concept experimenal evaluation of
Fiber/mmWave transport layout

In this section,preliminary experimers that provide a proedf-concept validationand
performance evaluatiof the discussedanalog fiber/mmWave transpodoncept are
presentedMore specifically,a DSP assisted -A-oF concept tcefficiently accommodate
multiple broadband radio signals using commercial-tloéf shelf electronic/photonic
componentss introduced Within this frame, a centralized BBU which serves a number of
RRHSs, provides a complete set of digital functionalities allowing for the optical transport of
the radio waveforms through the installed fiber infrastructure and their transmission through
the air using mmWave carriers. In this centralized approach, the appropriate data signal
waveforms are generated in the D&Hanced BBU and seamlessly transported through the
fiber/wireless link. This centralized approach concentrates the entire digital processing of the
link on the BBU side while the served RRHSs are responsible only to handle the vast spectral
slices with theirmmWave radio hardware. These experimental studies have revealed the
impact of optical transport channel impairments (fiber loss, chromatic dispersion,
nonlinearities due to electaptic conversion) on complaxodulatedF carriers generated

from the BBU.Different types of 1Q signals in terms of symbol rate, number of radio bands,
modulation type and radio carrier frequencies, have been employed to quantifyRibie A
performance using Error Vector Magnitude (EVM) measurements at the receiver side. The
Fi-Wi transmission experiments was evaluated on both DownLink (DL) and UpLink (UL)
operation and the additional distortion due tdbadhd RF electronics considering the effects

of a realistic 60 GHz indoor wireless environment. The DL/UL operation was dentedstra

for Single Carrier (SC) radio bands, carrying diffe®@RQAM signals.
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2.5.1 AnaloglFoF link parameters investigation

Figure10 depicts the experimental setup employed for the evaluation of the IFOF scenarios.
An Arbitrary Waveform Generator (AWG) was used to provide the data signals for both
single (Ch1) and multi(Ch1 to Ch6) band scenarios at modulation rates up to 1.25 Gbd. The
programmable data source allowed the necessaisidExDSP operations describa the
previous section. Pulse shaping (using Root Raised Cosine (RRC) shaping filters with roll
offfactorU = 0. 2) adistdrtiod of lpeé opt@electrpnic eomponents were performed
to the following experiments. To this end, channel estimation (using pilot tones) has been
performed, prior the actual data transmission, where an amplitude and phae sponse

was estimated on the frequency domain. Through the AWG, thdigiceted data signals
were digitally upconverted to the selected Asingle-drive MZM was used to generate the
IFoF signal carrying the radio bands with the intensity modulator biased at the quadrature
poi nt (v 1 2). A Co n4asenamdting at M43 & nm(oC+1) dBm F B
provided the optical carrier to the IFtfansmitter.

Digital Oscilloscope

AWG =

@) Power m

BtB: No SMF monitor
Fiber link:
7km and 25km

10 GHz
Photo-receiver

Power Monitor Levels
-2.9 dBm (BtB)

-4.3 dBm (7 km)
-10.5 dBm (25 km)

Figure 10. Experimental Setup of the Analog RoF link.

Two fiber links of Standard SMF (SSMF) (7 km & 25 km) were used to investigate the role
of fiber length on the optical transmission. The optical powtreofFoF signal was measured

by means of an optical power meter set prior to atthafshelf 10 GHz linear photoeceiver
comprised of a photodiode (0.7 A/W responsivity) and ahovge amplifier with 20 dB gain.

The SingleBand experiments were carried out by using an IF frequency of 5 GHz. The IFoF
transmission at 5 GHz was selected in order to meet the specifications of the mmWave
Upconverter at the radio part. Such selection easily accommodates the entiredtrandw
(~7GHz) within the targeted unlicensed radio band and provides resilience against the power
fading due to CD for fiber lengths up to 25 k293].

Experimental studies on-RoF MFH link were performed focusing on the symbol rate and
the modulation order of the IF signal. The goal of this study was to fully characterize the
effect of fiber channel for various radio signal characteristics. Besidesaggug from the

DSP capabilities for generating any complex modulation scheme at the transmitter side, the
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feasibility of increased spectrum utilization was also demonstrated. Generating different types
of complexwaveforms carrying symbols rates of 1 Gbd, EVM values below the limits set by
3GPP specification were achievi@dd4] (with a minimum EVM margin of 5% for 6©AM

signals) for each format investigated, without any additional equalization stage at the receiver
side. The successful IFoF transmission of a 128 QAM modulated IF carrier ovekna 25
optical link corresponds ta spectral efficiency 5.83 b/s/Hz for theRoF link. EVM
measurements for set of-8AM and M-PSK schemes are presentedTable 1 and the
respective constellation diagrams after detection and demodulation are also skoyunan

11. Moreover, the reported results indicate that an identical EVM penalty of less than 2.7%
was introduced by the fiber part for all the modulation types. This result implies that the IFoF
transmission can be resilient to fiber channel impairments suppomtiog complex
modulation types without any significant quality distortion.

Tablel. EVM measurement®r different modulation formats atGBaud

IF: 5GHz EVM rms (%)
: EVM Req.
el Back-to-back 25km (%) [2.94]
format
QPSK 1.68 4.37 17.5
8-PSK 1.78 4.52 N/A
16-QAM 2.16 4.62 12.5
64-QAM 2.19 4.84 8
128QAM 2.29 4.90 N/A
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Figure 11 Constellation diagrams of the received signals at different modulation schemes after transmission over 25 km
SME

Table2 summarizes the measured EVM values for different symbol rates. It can be observed
that for symbol rate variations between 500 Mbd to 1.25 Gbd, the EVM is slightly increasing
from 2.66% to 5.50%, after 25 km transmission. Through this result a good agteeme
between the theory and experiment is appeared since the fiber CD introduces severe distortion
for wideband signalR.93]. Nevertheless, the measured EVM values are well below the EVM
threshold for a QPSK modulated signal as specified by 3GPP. The respective constellation
diagrams of the received signals at 25 km length are also depidtggunme 12 This result

reveals a strong scalability potential of further increase the transmission rate of a single IF
modulated band.

Table2. EVM measurements for different symbol rates for a QBigKal

IF: 5GHz / QPSK. EVM rms (%) EVM Req.
Symbol Rate Back-to-back (%) [2.94]
500 MBd 1.45 2.66
750 MBd 1.64 3.24
17.5
1 GBd 1.70 4.37
1.25 GBd 1.74 5.50
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Figure 12. Constellation diagrams of theceived signals for different baud rates after transmission over 25 km SMF.

The next evaluation step involves the increase of the overall bandwidth utilization for the
proposed ARoOF concept by introducing a digitally generated SCM signal to extend the
operating bandwidth of the single carrier approach which was discussed inetheup
section.

Exploiting once more the DSP capabilities on generation of complex waveforms, four
different subcarriers have beéigitally synthesized, before feeding a single DAC channel in
order to generate the desired multiband radio signal. The-Basuds were assigned at 0.625
GHz, 1.875 GHz, 3.125 GHz and 4.375 GHz center frequencies (around 2.5 GHz) and each
of them was modated at 1 Gbd symbol rate, puiseh aped wi th a root r ai
= 0.2), utilizing thereby a total 5 GHz bandwidtigure13(a) stows that in the case of back
to-back measurement, all sblands have almost the same performance and the modulation
type does not affect the measured EVM values. After transmission over the 25 km fiber link,
the effect of dispersiemduced power fading ievident, since the higher frequency
components suffer from severe distortion compared to lower ones. The use of a higher order
modulation format slightly increases the EVM value. With EVM values below 9%, all QPSK,
16 QAM and 64QAM schemes achieve accegtperformance in all the allocated spectrum
bandg2.94]. With a 64 QAM scheme an overall capacity of 24 Gb/s is achieved

To further extend the above SCM approach, a 6 band SCM signal was generated by exploiting
the high bandwidth DAC provided by the AWG. A total bandwidth of 7.2 GHz with a center

IF carrier at 3.6 GHz was achieved. In this case, thecsalr r i e r s dences wetee r f r
selected to be 0.6 GHz, 1.8 GHz, 3 GHz, 4.2 GHz, 5.4 GHz and 6.6 GHz while each of them
was modulated with a QPSK at 1 Gbd. The performance was evaluated after 7 km and 25 km
of fiber transmission and this set of measurements is depicteel jrhotis ofFigure13(b). As

in the case of 4 bands, the first 3 subcarriers exhibit similar performance, while the bands
located at higher frequencies result in higher EVM values. Such performance degradation for
the 2 higher frequency bands can be explained, considering thdaRFop Subcarrier
Multiplexing scheme as described[th95] and taking into account the severe distortion due

to nonlinear Intermodulation effect®.96]. The impact of dispersion is evident after 25 km
transmission but not in the case of 7 km as it was originally expected. Higher frequency
carriers would be needed to observe the effect of dispersion in a shorter fiber link, e this
7km.
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Comparing the EVM performance between the single band and multiple band IFoF
transmission, it is evident that the signal distortion is increased for increased number of radio
bands as it is expected. Moving towards whidad, multi carrier approaches, taralog
photonic links suffer from cross modulation distortion (XMD) which introduces severe
distortion in the modulated iband of each sign§2.96].
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Figure 13. EVM measurements for each godind of the SCM #RoF link (a) 4bands, Constellation diagrams for-62AM
after 25km, (b) 4ands, Constellatiodiagrams for QPSK after 25km.
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Combining the proposed-RoF IM/DD optical fronthaul topology with commerciatband
radio hardware (operated at-64 GHz unlicensed band), indoor wireless measurements
using directional antenna elements were performed.

Figurel4illustrates the experimental setups employed for both UL/DL scenarios. For the DL
operation Figurel4(a)) the signal after the transmission through thRR@¥F link was received

by a photoreceiver (Avalance Photodiode (APD) Transimpedance Amplifier (TIA)). This IF
modulated output is fed into a mmWave upconverter connected to a V band directional
antenna (Trartenna). The Yoand converter had a nominal noise figure of 8 dB at maximum
gain. Standard pyramidal gainhorAVa nd ant ennas of 23 dBi gain
employed. The signal received by an identical antenna located in a 5 m horizontal distance
from the Txantenna. The antennas, together with theamgl downconversion units, were
mounted on wooden tripods and kept fixed at a height of 1.4 m above the floor. We evaluated
the FiberWireless (FWi) link on the receiver side by capturing the modediadiata on a real

time oscilloscope. Since none of the antennas perform equalization or any baseband
processing, the response of the mmWave components (e.g. local oscillators, mixers, filters,
waveguides) was evaluated using the DSP platform at the Rxnante

For the UL operationRigure 14(b)), the IF modulated signal feeds directly fheantenna
frontend, while the Rsantenna is used as the driving signal for the MZM of tHeok link.

The now reversed Wireless/Fiber link (along with the passive and active electronic
components) is evaluated at the output of thRdk link where the phoreceiver provides

the input to the Digital Oscilloscope for offline processing.

70



(a) Downlink
Real Time Scope

E —
AWG 000 ©

Wireless Tx  Wireless Rx

Up-

converter
5 / 60 GHz Wireless path: 5m 60/ 5 GHz

(b) Uplink

Real Time Scope

AWG

Wireless TX ~ Wireless Rx

Up- P "
avor [N ol < oo R0
EONVERter converter

Wireless path: 5m
5 / 60 GHz P 60/ 5 GHz

Figure 14. Experimental Setup of the Analog RoF/mmWauve link. (a) Downlink direction, (b) Uplink direction.

In both cases, after the digitization of the received signals, digital-domversion from the

IF frequency to baseband was performed. There, matched filtering, resampling and proper
timing synchronizatiomvereapplied in order to extract a singgdample per symbol sequence.

For the equalization stage, séatic 5tap Radius Directed Constant Modulus Algorithm

(CMA) algorithm was employed for ofine equalization of both fading effects stemming

from both fiberair transmission and to remove the frequenegponse from mmWave
components. Finally, earrier phaserecovery stage compensated for the phase noise due to

| ocal oscillatorsd mismatches. cBuntng wast i c al
employed for estimating and measuring the transmission quality.

In this experiment Singi€arrier QPSK and 16 QAM at 1 Gbd symbol rate were employed
as modulated radio signals. A reaisedcosine pulse shaping filter with 20% excess
bandwidthresulted ina total 1.2 GHz to be transmitted through the fiber/wireless link. In
Figure1l5we present an EVM bar diagram for both uplink and downlink operation using the
above modulation types. Two different test cases were investigated by introducing the long
fiber part of 25 km. The reported results reveal that the combined fiber/wirele$23ikm

fiber and 5 m aHtransmission) achieve accepted performance in terms of EVM as specified
by the 3GPP specification. A fair direct comparison between the UL/DL cases should not,
however, be considered from the above results since both caseswesteated by keeping
constant the setup parameters (Eleojpc modulator, RF amplifiers, optical and RF power
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levels). Under realistic conditions, both cases would be implemented by using dedicated opto
electronic parts for each case (UL/DL) being properly configured at optimum points.

FiWi Single Band Transmission
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Figure 15. (a) EVM bardiagram measurements forRoF/mmWave transmission in uplink and downlink directions (b)
Constellation diagrams for QPSK and-Q&AM after Rxside DSP.

Concluding, aDSPassisted ARoFV-band topology wasexperimentally validated and
reported if2.97] and in[2.98], offering the generation and transmission of broadband radio
signals capable of supporting the targeted specifications f@r&Gsingle Carrier and Digital
Subcarrier multiplexed signals with high order modulation format®@K and MQAM)

have been examined for increasing the overall capacity of the fronthaul link, exhibiting robust
performance for fiber distances up to 25 km. The optical transport of multiband radio signal
carrying up to 24 Gb/s (using 64 QAM signals) was experimgrdaimonstrated showing
EVM values below 9%.

Radio devices operating at-hand connected to the-RoF link and an evaluation of the
complete fiber/wireless channel has been performed for both UL/DL cases. Demodulation
and detection of the radio signals has been achieved utilizing standard DSPtemtireaf
fiber/wireless transmission without any processing units at the antenna subsystems. Single
carrier schemes at 1 Gbhd using QPSK and 16 QAM formats were detected and demodulating
utilizing receiverside DSP. The fibewireless transmission of 4 Ghigas successfully
demonstrated for both UL/DL cases using 16 QAM schemes exhibiting EVM below the 14%
requirements for systems operating at the region of the mmWave regime.
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CHAPTER 3.

Modulation and signal processing techniques in
support of Analog Fiber/Fiber-Wireless transport
transmission

The following paragraphdelve into the realm ohodulation andignal processingechniques
crucial for supporting Analog Fiber/Fib&vireless transport transmission. Within this
chapter, a comprehensive explorationn@dulationtechniques irmobile communication
systemsis provided Here, a nuanced understandingdgjital modulation schemes and
OFDM modulation unfolds, unraveling the fundamental principles that underpin effective
signal modulation in mobile communication conteXisen the focus shifts tonulti-carrier
candidates for 5G and beyondnobile communication, delving into the array of candidates
that hold promise for the evolving landscape of mobile communication sy$fkEmeover a
detailed examination of trgescription of DSRIgorithms'implementation for thprocessing

of CP-OFDM waveformss provided,shedding light on the sophisticated algorithms integral

to the effective processing of €PFDM waveforms in the context ahalogfiber andfiber-
wireless transport transmission. This chapter serves as a pivotal juncture in the dissertation,
offering a profound understanding of the modulation and signal processing intricacies
essential for advancing analog transport within fiber and -floexless frameworksand
concludes with thereport of initial experimental testing and results, thatidate the
functionality and potential of the implemented DSP platform

3.1. Modulation techniques in mobile communication systems

To support current mobile communications, there are rvain types ofcommunication
techniques: singlearrier modulations and multicarrier modulations. Sirggleier
modulation systems use a single signal frequency to transmit data symbols, while multicarrier
modulation systems divide the frequency channel into numetdacasiers. The highate

data stream is then split into multiple loate streams, which are transmitted in parallel on
the subcarriers.

Single-carrier modulation techniques have been widely used in many wireless communication
systems, including conventional 1G, 2G, 3G, and the uplink ofiéi@ioymentsCompared

to multicarrier modulation, singlearrier modulations have several advantages. &iratl,

they have very low peato-average power ratio (PAPR), which is beneficial for the stability

of systems and the adoption of lmwst devices in the design of wireless communication
systemsMoreover singlecarrier modulation systems are less sensitive to frequency shift and
phase noise, making it easier for time and frequency synchronizations in wireless
communication systems, especially for pdimpoint communication systems. Therefore,
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singlecarrier modulations are still employed in 4G standards, such #&D#a, which is

the key technique of the uplink in the letegm evolution (LTE) standar&GFDMA uses
N-point discrete Fourier transform (DFT) andpdint (N < M) inverse discrete Fourier
transform (IDFT) modules at the transmitter, resulting in low PAPR of the transmitted signal.
Additionally, the insertion of cyclic prefix (CP) allows for aimel equalization in the
frequency domain, so that simple sintgd@ equalizers can be empéd for channel
equalizatior{3.1].

However, when compared to multicarrier modulations, stogleier modulations exhibit less
effectiveness in dealing with multipath fading channels, leading to reduced spectral
efficiency. As technology progresses, wireless communication systems aregvoivards
greater broadband capabilities. For instance, the current LTE operates within a 20 MHz
broadbandegion while 5G and beyonavireless communication systems occ@®) MHz

or even mor¢3.2]. The expansion of bandwidths in singkrrier modulation systems causes
symbol intervals to decrease, thereby increasing their vulnerability to the effects of multipath
fading channelsThis susceptibility exposes singtarrier modulation systems to irter
symbol interference (ISI), which can only be addressed through the utilization of intricate
multitap equalizers. Consequently, this introduces higher complexity and cost to the system.

Multicarrier modulation systems are gaining increasing interest because of their capability to
overcome the challenges posed by multipath fading channels. Among these systems, OFDM
stands as the most renowned and established multicarrier modulation $steugh the
concept of OFDM was initially introduced in 1966, its commercial implementation was
delayed until the 1980s due to hardware limitations. Subsequently, OFDM found extensive
applicationsacross various communication systems, including digital audio broadcasting
[3.2], digital video broadcastingg.4], asymmetric digital subscriber line, and wireless local
area network systeni8.5],[3.6]. Currently, OFDM stands as the key technique for downlink
transmission in the LTE standdi7],[3.8].

Multicarrier modulation techniques divide the entire frequency range into multiple subcarriers
and transmit a highate data stream by distributing it among these subcarriers as several low
rate data streams in parallel. This parallel transmission in cauigr modulation systems
leads to longer symbol intervals compared to shoglegier modulation systems. As a
consequence, multicarrier modulation systems exhibit improved resilience against the inter
symbol interference (ISI) effect when compared talsiecarrier modulation systems. For
example, in OFDM systems, a simple sintdp frequencydomain equalizer can be
employed with the assistance of a cyclic prefix, resulting in aefésttive receiver design.
However, multicarrier modulation systems face various technical challghggsvhichwill

be detailly discussed in the following paragraphscantbe summarized as follows:

1 High PAPR:

The issue of high Pedk-Average Power Ratio (PAPR) poses a challenge for all
multicarrier modulation systems, impacting both the implementation of transmitters and
the overall performance of the system. In multicarrier modulation, the signal consists of
multiple independent subcarrier signals. When these subcarriers exhibit similar phases,
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the signal, with its similar initial phase, modulates each subcarrier signal, resulting in a
high peak power level at specific instances. However, power amplifiers have a limited
linear range, which introduces nonlinear distortion when amplifying signigtshigh

power levels. This distortion significantly degrades the overall system performance. Due
to this limitation, multicarrier modulations are employed only in the downlink of LTE,
while singlecarrier modulations are used for the uplink. This decisiomade to mitigate

the detrimental effects of high PAPR on system performance and ensure optimal signal
transmission.

1 Time and frequency synchronizations:

Time and frequency synchronization play a crucial role in wireless communication.
Multicarrier modulation signals have longer intervals compared to stegiesr signals,

which makes them less susceptible to time synchronization errors when compared to
single-carrier modulations. However, due to the division of the frequency band into
multiple subcarriers in multicarrier modulation systems, each subcarrier occupies a
narrow frequency range that is susceptible to frequency deviations. As a result,
multicariier modulation systems are more sensitive to frequency synchronization errors
when compared to singl=rrier modulations. In the case of OFDM systems, even small
frequency shifts can lead to significant frequency synchronization errors and cause
intercarrer interference (ICI), which severely degrades the system's performance.

1 Channel estimation and detection:

Wireless channel conditions have a significant impact on the performance of wireless
communication systems, making channel estimation and equalization crucial aspects.
Channel estimation techniques can be categorized into two main types: blind and non
blind channel estimations. Blind channel estimations do not rely on training sequences
and offer the potential for achieving high spectral efficiency. However, they often suffer
from drawbacks such as limited estimation accuracy, high computational com#exiity,
restricted flexibility. As a result, blind channel estimations are not suitable fetimesal
systems that require accurate and efficient estimation. On the other haraljndon
channel estimations employ training sequences to achieve improvedtiestiatzuracy

and flexibility. These techniques can be utilized in tgak systems. However, the
utilization of training sequences consumes valuable-tireguency resources and leads

to a reduction in spectral efficiency. Therefore, it is crucial faeless communication
systems to achieve better performance while minimizing the use of training sequences.
This entails finding a balance between accurate estimation and efficient utilization of
system resources.

17 MIMO:

The integration of MIMO (Multiple Input Multiple Output) with multicarrier modulations
has garnered recognition as a crucial technimitgally in 4G standards due to its
remarkable capability to enhance channel capacity. As a result, the combination of MIMO
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and multicarrier modulations is widely anticipated to hold substantial potential in the field
of wireless communications.

Despite the implementation challenges it presents, multicarrier modulations are regarded as a
pivotal technology for future wireless communication systems. In the realm of 4G standards,
OFDM has already been adopted as the downlink technique. Howevesstieeof high
spectral sidelobes is becoming increasingly problematic as spectrum resources grow scarce.
Spectrum sensing in cognitive radio systems also poses significant chall&tngesOFDM

is considered a potential candidate for multicasi@sed cgnitive radio systems due to its
utilization of the fast Fourier transform (FFT) for spectral analysis and
modulation/demodulation, it has limitations in this particular context. For instance, mitigating
mutual interference between primary and secondary users requires sacrificing transmission
bandwidth. Furthermore, the FFT operation fails to meet the dynamge requirements for
detecting spectrum holesTherefore, exploring alternative methods for multicarrier
processing is necessary to overcome the limitations associated with the FFT operation in
OFDM. This exploration is essential for advancing the field #nding innovative solutions

to enhance the effectiveness of multicarrier modulations in cognitive radio systetins.
following subsectionghegeneration methods and parametdrisoth singleand multt band
modulationformatswill be discussed

3.1.1DigitalModulationschemes

In both single and muktarrier modulation techniquesan essential step ithe digital
encoding of théit-based information to complesymbols.The primary objective of modern
modulation techniques is to maximize the utilization of the available spectrum by
accommodating a significant amount of data within a limited bandwidth. This objective,
commonly referred to aspectral efficiency, quantifies the speed at which data can be
transmitted within a given bandwidttCommon digital modulation techniques include
amplitudeshift keying (ASK), frequencghift keying (FSK), phasshift keying (PSK), and
Quadrature Amplitude Modulation (QAM)The above methods rely on thuse of the
Amplitude, Frequency odnd Phase characteristics of a sinusoidal for data transmission

Thecurrentsection will focus mostly o®AM, whichis thedigital modulation technique that
combines phase arainplitude controlQuadrature amplitude modulation (QAM) involves

the utilization of two digital baseband signals that are mutually independent. These signals
are then used to modulate two carrier signals that possess identical frequency and are mutually
orthogonal. The resting modulated signals, being orthogonal within the same bandwidth,
enable the attainment of parallel transmission of digigmals in both phase and quadrature
[3.10]. The general expression of the QAM signal is:

Y o O Q6 & YAIT OO —
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In this formula, A, is the amplitude of the baseband sigigdt,- nTs) is the waveform of a
single baseband signalndthe width is E.

Constellation diagrams serve as visual representations of the qualdistorton of a digital

signal. In reaworld scenarios, it can be challenging to distinguish and pinpoint individual
modulation errors within these diagrams. Hence, it is advisable to assess the measured
constellation diagrams utilizing mathematical atatistical techniques to ensure accurate
evaluation Figure16 showssome indicative examples of QAM constellation diagrams
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Figure 16. Indicative constellation diagrams fdf16/32/64/256Q9AM modulation formats.

The key parameterfor the evaluation of QAM modulated transmission, based on the
retrieved consti&tion diagrams are: (apeakto-averagepowerr at i o 2, (b) mi
Euclidean distance between constellationsind and mi ni mumminpThase of
minimum Euclidean distance, denoted ag,depresents the smallest distance between points

on the QAM signal constellation. This paramejaantifies the QAM signal's resistance to
Gaussian noise, where a largemdndicates better protection against such noise. Therefore,

dmin directly influences the performance against-@dussian white noisd.he minimum

phase shi fdn,represemsdhe snhllest ghasd difference between signal points on

the standard QAM constellation. This parameter indicates the QAM signal's ability to resist
anttphase jitter and its sensitimnimpligsgteatercl| ock
resstance and stronger athase jitter capability.

Finally, for a QAM signal to exhibit satisfactory performance, its constellation diagram must
fulfill three requirements:
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1 The signal should have a small paakaverage ratio, ensuring a smootbavelope
for the modulated signal. This characteristic enhances the signal's resistance to
nonlinear distortion.

1 The minimum Euclidean distance between signal points should be maximized to
achieve optimal performance against additive white Gaussian noise.

1 The minimum phase offset between constellation points should be maximized to
improve the signal's ability to counteract phase jitter. This includes mitigating effects
of clock jitter and antchannel phase jitter, thereby enhancing timing recovery
performance.

In summary, a higiperforming QAM signal should possess a low peaiverage ratio, a
large minimum Euclidean distance between points, and a substantial minimum phase offset
between constellation points.

3.1.2 OFDM Modulation

With the establishmenbf moderncommunication system§FDM modulation, which has

been around for several decades, has transitioned from being theoretical concepts in textbooks
and research labs to practical applications. These techniques are now extensively utilized in
data delivery systems across various platforms, including phone lines, digital radio and
television, and wireless networking systers.the current section, OFDM modulation
technique will bgresenteds aspecial case of FDM multiplexing.

Frequency division multiplexing (FDM) enhances the concept of single carrier modulation by
dividing a single channehto multiple subcarriersThe available data rate for transmission in

the channel is allocated among these subcarriers. The distribution of data across the
subcarriers does not have to be uniform, nor do the data streams need to originate from the
same source. This approach offeeveral advantages, such as the ability to employ dedicated
modulation and demodulation techniques tailoredorsic types of data. It also facilitates

the simultaneous transmission of diverse data sets that may require different modulation
schemes for optimal deliverin FDM systems, it is common tosarta guard band between
modulated subcarriers to ensure that the spectrum of one subcarrier does not interfere with
another. While this guard band helps maintain signal integrity, it results in a reduced effective
information rate compared to a single carsggstem employing similar modulati¢® 11].

If the aforementioned FDM system had the capability to utilize a set of orthogonal subcarriers,
it could have achieved a higher level of spectral efficiency. In this scenario, the need for guard
bands, which are essential in enabling individual demodulaifosubcarriers in a typical

FDM system, would no longer be necessary. By employing orthogonal subcarriers, their
spectra could overlap, resulting in an increased spectral efficiency. As long as orthogonality
is preserved, it remains possible to recober gignals of individual subcarriers, even when
their spectra overlap.
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When the dot product of two deterministic signals is zero, it indicates that these signals are
orthogonal to each other. Orthogonality can also be understood in the context of stochastic
processes. If two random processes are uncorrelated, they are ahsd#nogonal.
Considering the random nature of signals in a communication system, this probabilistic
understanding of orthogonality provides an intuitive grasp of its implications in OFDM. In
this article, we will explore how OFDM is practically implenteth using th®iscrete Fourier
Transform (DFT). As per signals and systems theory, the sinusoids of the DFT form an
orthogonal basis set, allowing a signal in the DFT vector space to be represented as a linear
combination of these orthogonal sinusoids. The DFT can be viewed as cayriiatinput

signal with each of the basis sinusoidal functions. When an input signal carries energy at a
particular frequency, the correlation with the corresponding basis sinusoid exhibits a peak. At
the OFDM transmitter,his transform is employed to map the input signal onto a set of
orthogonal subcarriers, which are the orthogonal basis functions derived from the DFT.
Similarly, the transform is used at the OFDM receiver to process the received subcarriers, and
the signad from these subcarriers are combined to estimate the source signal from the
transmitter. The orthogonal and uncorrelated nature of the subcarriers plays a crucial role in
OFDM, vyielding powerful outcomes. Due to the uncorrelated nature of the DFT basis
functions, the correlation performed for a specific subcarrier only captures energy from that
corresponding subcarrier. Energy from other subcarriers, being uncorrelated, does not
contribute. This segregation of signal energy allows the spectra of OFDMriseitsc#o
overlap without causing interference.

Figure 17. Yoectral representation of the orthogonal subcarrier multiplexing in an OFDM signal.

Figure 17 illustrates a simplifiedspectral representation othe orthogonal subcarrier
multiplexing in an OFDM signal Although such systems have been constructed, their
practicality diminishes rapidly as the number of subcarriers increases. Each subcarrier carries
one bit of information (N bits in total) based on its presence or absence in the output spectrum.
The fregencies of the subcarriers are carefully chosen to create an orthogonal set of signals,
and these frequencies are known to the receiver. It is important to note that the output is
updated at regular intervals T, which defines the symbabghend serves as the temporal
boundary for maintaining orthogonality. In the frequency domain, the side lobes of the
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resulting sinusoidal functions produce overlapping spectra. However, the individual peaks of
the subbands align perfectly with the zero crossings of the othebanlds. This overlap of
spectral energy does not hinder the system's ability to recover the original signal. At the
receiver, the incoming signal is multiplied (i.e., correlated) with the known set of sinusoids to
regenerate the original set of transmitbéd. The digital implementation of an OFDM system
enhances these fundamental principled, fanther advancements can be made.

The concept behind analog implementation of OFDM can be extended to the digital realm
through the utilization of the DFT and its inverse, the inv&®iserete Fourier Transform
(IDFT). Thesemathematical operations are widely employed to convert data between the
time-domain and frequenegomain. In the context of OFDM, these transforms are
particularly relevant as they enable data mapping onto orthogonal subcarriers. For instance,
IDFT is empbyed to convert frequenayomain data into timeéomain data. To carry out this
operation, the IDFT correlates the frequedoynain input data with its orthogonal basis
functions, which are sinusoids at specific frequencies. This correlation processseam s
mapping the input data onto the sinusoidal basis functions.

In practical implementations, OFDM systems utilize a combinatiéiasif Fourier Transform

(FFT) and inverseFast Fourier Transform (IFFT) blocks, which are mathematically
equivalent to the DFT and IDFT, respectively, but more efficient for implementation. In an
OFDM system, the source symbols (e.g., QPSK or QAM symbols that would be present in a
single carrier sstem) are treated as if they are in the frequency domain at the transmitter.
These symbols serve as inputs to an IFFT block, which brings treé sigpmthe time domain.

The IFFT block processes N symbols at a time, where N represents the number of subcarriers
in the system. Each of these N input symbols has a symbol period of T seconds. It is important
to note that the basis functions for an IF&E N orthogonal sinusoids, with each sinusoid
having a different frequency. The lowest frequency corresponds to DC. Each input symbol
acts as a complex weight for the corresponding sinusoidal basis function. As the input
symbols are complex, their valudstermine both the amplitude and phase of the sinusoid for
the respective subcarrier. The output of the IFFT is the summation of all N sinusoids,
providing a straightforward means to modulate data onto N orthogonal subcarriers. The block
of N output sampke from the IFFT constitutes a single OFDM symbol. The length of the
OFDM symbol is NT, where T refers to the IFFT input symbol period mentioned earlier.

After undergoing additional processing, the tidmmain signal resulting from the IFFT is
transmitted through the channel. At the receiver, an FFT block is employed to process the
received signal and convert it back into the frequency domain. Ideallyf-theutput should
represent the original symbols that were initially sent to the IFFT at the transmitter. When
these FFT output samples are plotted on the complex plane, they form a constellation, such
as a 16QAM constellation. However, the tirdomain sinal does not possess a constellation
representation. When plotted on the complex plane, thedomain signal appears as a
scatter plot without a defined pattern. Consequently, any receiver processing that relies on the
concept of a constellation, suck symbol slicing, must take place in the frequency domain.

In most wireless systems, a significant issue arises from the presence of a multipath channel.
In such an environment, the transmitted signal reflects off multiple objects, leading to the
reception of several delayed versions of the signal at the recEinemultipath effect causes
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distortion in the received signal. Similar problems can also occur in wired systems due to
reflections caused by impedance mismatches in the transmission line.

The presence of a multipath channel poses two challenges for an OFDM system. The first
challenge is intersymbol interference, which occurs when the received OFDM symbol is
distorted by the previously transmitted symbol. This interference is akin to imieofy
interference observed in singtarrier systems. However, in singlarrier systems, the
interference typically results from multiple previous symbols, whereas in OFDM systems, the
interference is predominantly caused by the preceding symbol aloisedigtnction arises

due to the longer symbol period in OFDM systems compared to the time span of the channel.
The second challenge, specific to multicarrier systems like OFDM, is referred to as
intrasymbol Interference. This interference arises from the interaction among subcarriers
within a given OFDM symbol.

1 Intersymbol interference:

Let's consider the scenario where the time span of the chanretasrples in length. In
contrast to a single carrier system with a data rate of R symbols per second, an OFDM
system employs N subcarriers, each operating at a data rate of R/N symbols per second.
This reduction in data rate by a factor of N causes the OB{#bol period to increase

by a factor of N. By appropriately selecting the value of N, the length of the OFDM symbol
becomes greater than the time span of the channel. Consequenffigdhef éntersymbol
interference manifests as distortion in the firsshmples of the received OFDM symbol.
Given that only the initial few samples of the symbol experience distortion, one can
consider incorporating a guard interval to mitigate the impact of intersymbol interference.
This guard interval can be a segment of all zero samples transmitted preceding each
OFDM symbol. Since it does not contain any useful information, the guard intarva

be discarded at the receiver. If the length of the guard interval is appropriately chosen to
be longer than the time span of the channel, the integrity of the OFDM symbol itself will
remain intact. Thus, by eliminating the guard interval, the effe€tsntersymbol
interference can be effectively mitigated.

1 Intrasymbol interference:

Practical systems do not utilize a guard interval as it does not effectively prevent
intrasymbol interference, which is the type of interference where an OFDM symbol
interferes with itself. Instead, the solution to mitigating intrasymbol interferencevas/ol

a discretdime property. In continuodsme, a convolution in the time domain
corresponds to a multiplication in the frequency domain. However, in didoretethis
property holds true only if the signals are of infinite length or if at least otee glignals

is periodic within the range of convolution. Having an infitéegth OFDM symbol is
impractical, but it is possible to make the OFDM symbol exhibit a periodic ndtare.
achieve this periodicity, the guard interval is replaced with a cyclic prefix, which is a
replica of the last samples of the OFDM symbol. The length of the cyclic prefix,
denoted as#, is chosen to be greater than the length of the charnndlhk cyclic prefix
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Is redundant information and is discarded at the receiver. Similar to the guard interval,
removing the cyclic prefix eliminates the effects of intersymbol interference. Furthermore,
due to the specific construction of the cyclic prefix, the cyclieediended OFDM
symbol appears periodic when convolved with the channel. An important consequence of
this approach is that the effect of the channel on the OFDM symbol becomes
multiplicative rather than convolutive.

3.2. Multi-carrier candidatesfor 5G and beyondmobile
communication

OFDM format, which ha been extensively discussed in the previous sections, is the most
prominent multicarriermodulation casand has been adopted in the deployed LTE mobile
networks,while different flavors of thismodulation techmjue have been adopted or are
considered fo5G and beyond deploymenss.typical example ishe OFDMA (Orthogonal
FrequencyDivision Multiple Access)technologywhichis used in the air interface stage of
5G New Radio (5G NR), allonvg mobile connectivity Specifically, OFDMA is a variant of
OFDM designed to accommodate multiple users simultaneously. It efficiently allocates
resources in both the temand frequency domains, enabling support for numerous users,
including those with diverse usage patterns and data demands. In contrast, traditional OFDM
can only allocate resources sequentially, limiting its rudér capabilitiesAs a step forward
aseries of alternativdoeyondOFDM multicarrier waveform$iave emerged during the past
years, serving as radio interfaces in the 5G and beyond'eeamost prominent of these
OFDM-like candidates have been considengthin the presentedork anda comparative
study was performegrior tothe identification of the waveform that was adopted for further
experimental studiesThis study was based dne etraction of systemlevel specifications

from different use cases and network scenarios targeted in taadb@eyond erd he most
remarkable kernative multicarrier approaches, which attempt to overcomeGEPM
limitations, are using bangass or pulsshaping modulation filterand are the following:
Filter Bank MultiCarrier (FBMC), Universal Filtered MulCarrier (UFMC) and
Generalized Frequency Division Multiplexing (GFDM)

The main difference between the FBMC and the@HDM is the filtering operation applied

for each sukcarrier. The spectrum profile of a single subcarrier each one of these to
formats isshown inFigure18. Such operation significantly reduces the power of the- side
lobes while the tolerance to ICI and AiSlimproved. The PAPR is still high, but it appears
less effective on the sidebes. Moreover, the use of filters eliminates the need for cyclic
prefix. The weak points of FBM@rethe complexity of the required filters (number of taps

~ 4*FFT size), which scales up the implementation complexity and the latency budget.
Furthermore, the rampp and down of the filters reduces the bandwidth efficiency, since
filtered subcarriers canot be located as closely as in the case of0EFB®M subcarriers.
FBMC uses OffsetQAM formats, which makes it sensitive to frequency synchronization
errors and makes handling of MIMO difficult, as the synchronization of multiple users can be
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damaged both by frequency shifts and by failures in the synchronization of the | and Q
components of the ®etQAM symbols. Finally, FBMC is not recommended for
transmission of small packets, which require short transmission time inténvedstrasto

this, the ramps at the edges of the filters are long, increasing also the latency of the
systenfi3.12], [3.13].

OFDM Modulation FBMC Modulation

Power
(dB)

10
Subcarriers —

Figure 18. PSD of a single carrier in standard OFDM and FBMC modulation formats

UFMC seems to be a strong candidate as a multicarrier waveform im@&mentations.

The main difference between FBMC and UFMC is that, for the latter, the filtering is applied
on a group of suoarriers asshown inFigurel9, which depicta UFMC modulation example
with of 10 subbands, each including 20 subcarrigks a result, it fairly suppresses the side
lobes, without achieving the performance of FBMC, though. The+gmgnd down of non
rectangular windowing in time imposes zgradding between successive symbols, which is
much shorter than the cyclic prefiX @P-OFDM. The structure of the UFMC waveform
presents similarities with the structure of -OFDM with practically the same
implementation complexity. UFMC waveform is conducive to small packets and is
recommended for applications where MIMO transmisssorequired. Nevertheless, UFMC

is not as robust as @BFDM against ISI and is prone to synchronization failures which may
lead to ICI, since the subcarriers may not be perfectly synchronized. THelsdeof UFMC

are also suppressed but without achieuing low power of the sidmbes of the FBMC
waveform[3.12][3.14].
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Figure 19. PSD of UFMC format consisting of 10 sbhhnds with 2Gubcarriers each.

The last posOFDM waveform that has been investigated in the literature is GFDM, which
can be considered as a blemkented filtered multcarrier waveform. The transmission block
consists of a set of symbols in time which corresponds to a respectifessitcarriers. A
pulseshaping filter is applied to each subcarrier while the subcarriers do not have to be
orthogonal, hence the name of the wavefofime PSD of an indicative GFDM modulation
example ispresented irFigure 20. A cyclic prefix is added between subsequent blocks.
GFDM reduces the power of the sildbes, just like FBMC and UFMC. The GFDM
implementation complexity is very low, and the waveform is quite robust to synchronization
failures and can be used to achieveM@ transmission with relatively low complexity.
GFDM has flexible design and is appropriate for small packet transmission. Big block
transmission is not recommended though, since the whole block has to be received and in turn
demodulated. Although GFDM isobust to ISI and ICI distortion, the namthogonal
condition within its structure makes this waveform vulnerable to transmission impairments

and the ramjup and down of the filter.13],[3.15].

Spectrum of
Left channel GFDM Right channel
gains gains
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Figure 20. PSD ofa GFDM modulation example.
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In the table below, the strong and weak points of the discussed multicarrier waveforms are
comparatively represented. The network profile correspondingicative 5Grelateduse
casescenarioghatare related to the density of the user equipment devicesdhatirrently
access the same RR also included so as to investigate the possible matafirige
different waveformsfor each case.

Table3. PostOFDM candidate waveforms comparison

Waveforms

(higher number indicates better Scenario/Use Case
performance)

Features

ISI tolerance o Hxx Hx ** v v v

ICI tolerance o el * * v v
OoB . sidelobes . rk % *%

suppression

PAPR -> OqB side . - x x

lobes power increase

frequency

synchronization error, ~ ** * * bl v v
tolerance

CP/ZP (spectra . . x -

efficiency decrease)

M I M O *%* * *%k%x *%*%x V V V

implemeptation . * % ok v
complexity

flexibility and

possibility of small  ** * v

packets transmission

The selection of proper multiarrier waveform/waveforms, corresponding to the demands of
the targeteduse case is important for achieving high performance. Thus, the correlation
between the pros and cons of the forenamed waveforms and the needs of the operation
scenariosshouldbe considered. Although a more detailed description of the different use
case parameters would belpfulin this direction, we can come to a few general assumptions,
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based on the information provided, till now. The most fundamental operation of all three use
cases is Multiplenput Multiple-Output (MIMO) transmission. The increase of the density of
antennas and users, though, scales up the system requirements. ltrattienge and the
hotspot area, channel impairments can be much more challenging to handle, leading to an
aggravation of ICI. The support of multiple users can be efficiently achieved by adjustment
of the transmitted packets to the individual conditiomesulting to the assumption that
flexibility and possibility of small packets transmission are crucial for the-déirse and
hotspot use cases. Especially for the hotspot area, the synchronization of the data received
from multiple points will be a chahge and contingent frequency synchronization failures
will have to be avoided:inally, it shouldbe taken into consideration thatdaseswith heavy
demands, like a hotspot area, the complexity of the signal generation should stress the
employed analog transceivess little as possible.

Along with the candidate peQFDM waveforms proposed for 5G cellular systems, an
approach to the features of such a multicarrier waveform is attempted. The duration of the
transmitted symbols is a crucial parameter for the system performance in wingksss |
Symbols with very smaltiurationcan be easily affected by multipath propagation, resulting

in ISI. ISI can be alleviated by the choice of symbols, a few times longer than the delay spread
(trms) of the channdl3.16]. The symbol duration, finally determines the number of sub
carriers per band, as shown in (1), where Tsymbol refers to the symbol duration and dfc is the
spacing between subsequent-salriers.

y . )

On the other hand, the use of spectrally narrow subcarriers, anthtigu® FDM symbols,
can lead to phase noise relatedremuency mismatches between the radio mixing units for
up-/down-conversion of the wirelessly propagated signal, which in high freiggeniecluded

the mmWaves can cause strong CFO to the received signalseartely impair the
transmission performance

In the block diagrams belowigure 21), indicative structures of a @®FDM and UFMC
transmitter and receiver are presented.
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Filtering

Transmitter Side
mpuf To DAC
Data . Serial to QAM Parallel Cyclic
— Coding —* parallel " mapper — IFFT = to serial extension
Receiver Side Filtering
From
QAM Serial t R Aoe
«—— FFT < >enato Equalizer emove Synchron. +——
demapper parallel prefix

Parallel to . Output CP-OFDM blocks
serial Decoding Data UFMC blocks

Figure 21. Block diagrams of a G®FDM and UFMC transmitter and receiver.

3.3. Description of theDSPF f 32 NA § KY & Q fdr Yhe
processing o€ROFDM wavefors

Among the various muktarrier waveforms proposed for 5G implementatibias have been
discussed in the previous paragraphe focudor the DSPa | g o r impldmergafiorhas
been pubnthe CROFDM format The selection of this format whased orits compatibility
with LTE, low implementation complexity and suitability for miiéind transmissiomrhe
implemented transrtier and receiver side block chains ah@wnin

Figure 22 and correspondto a completeprocessing functicalitiesd portfolio supporting
singleband CPOFDM signals generation and retrievaln analysis of the main DSP
functions is provided in thimllowing paragraphs.

Transmitter Side

Input To
DATA DAC
— QAM S/P IFFT P/S . CP. >
mapping insertion
Receiver Side

From
imi ADC
p/s FET s/p Cp |, CFO | Timing _ADC

removal sync sync

Output . :
Channel | QAM DAIA Modulation/Demodulation blocks

. . Equalization — N e Synchronization blocks
estimation demapping )
Post- compensation blocks

Figure 22. Block diagrams of implemented transmitter and receiver DSP chain.
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1 CP-OFDM generation and demodulation

The DSP blocks represented with red colouFigure 22, areused for the generation and
demodulation of th€P-OFDM signals. Specifically, the operations of these blocks are the
modulation of the QAM symbols, their mapping to orthogonal-carpiersand the CP
insertioriremovalat the transmitter side and the corresponding operations at the receiver side.
The above processing steps can be supported by standard algorithms, thus thetepiical

the definition of the signal generation and demodulation DSP blocks is the selection of the
waveform dimensions and more specifically the FFT length, the size of the QAM
constellatiorandthe CP length. The criteria leading to the défom of the FFT size, the CP
length and the MQAM modulation formatare discussed belgwhere a methodology of
defining the CROFDM parameters will be followedTable 1 summarizes the targeted
specifications foCP-OFDM waveforms.

The delay spread of the 5G femtocells is the first parameter to be determined. Some
experiments that have been carried out at outdoor, urban environment, at close range
(corresponding to femtocells radius), using directional antennas, imply that in dase-of
of-Sight (LOS) propagation the delay spread is less 20 ns. IFLR&(NLOS) propagation

or adverse channel conditions the delay spread can at most be 50ns [33], [34]. In case of CP
OFDM, to minimize the effect of channel impairments, it is recommeéridat the length of

the cyclic extension be approxi mately Tcp=4
4,8, 16 d3.17.3Radditicnpthe size of the QAM constellation deployed, plays a
major role for achieving high values of capacity. The main criterion that determines the
possibility of detecting and demodulating high order QAM form@RB3K,16-QAM or 64

QAM), is the SNR of the received signal.

Table4. | mpl emented waveformsd specificati
Band-size 200MHzAO0MHz
FFT length 256
Cp-length 32
M-QAM format Up t0 16:QAM

To facilitate the DSP engine development-GPDM signals were generated in MATLAB
and evaluated undearious scenarios. These initials studies focusati@wmalidation of these
initial generation/demodulation r an s c e i v e r @oper furctromalityy a&snwellsthe
assessment of thempact to signal qualityin simulation environmenFigure23 shows the
generatedP-OFDM waveform Figure23(a) depicts the spectrum of the digitally generated
signal, while the constellations exhibitedAigure23(b), correspond to an indicative carrier
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of the receivesside 16QAM modulated signal at the output of the FFT block. Through
MATLAB, Additive White Gaussian Noise (AWGN) was inserted to the sigmavaluate

the BERperformanceof the received signal versus SNR degradation, hence the possibility
for data recovery after the application of a FEC algorithigure23(b) depicts the effect of

the inserted AWGN to the points of the received constellations, for 40dB, 30dB, 20dB and
15dB SNR values. As expected, the SNR reduction results to deterioration of the constellation
quality. An important parameter that had todsfined was the minimum SNR value that
would allow successful signal demodulation. For this purpose, the EVM of the receiver side
constellations were measured, resulting to the EMNR curve, depicted iffigure 23(d).
According to this curve, for successful-Q&AM transmission, the EVM limit of 11.5%, set

by 3GPP standards corresponds to SNR values of less than 15dB, for the §fORDM
waveform.

Finally, the calculated EVM values can be utilized for an estimation of the received BER,
leading to the BER curve depicted kiigure 23(d). For comparison purposes, the same
measurements were also performed fof-@FDM signal with the same specifications as the
CP-OFDM signal as this waveforncan also be supported by tA&P toolboxhat has been
implementedThe only difference between these two ruairier waveforms is that for the
generation of-OFDM signals, the applicatiasf a lowpass filtering stage, after thesertion

of CP is requiredThere are two main filter categories met in the literature, thdrsoitated

sinc filters, includingHannandRRC window, and the equiripple filters based on the Reme
exchange algorithrf8.18]. Taking into account that equiripple filtered signals are prone to
ISI and the extended use of rrc filters, the latter was the filter of choice in 5GPhos. Since a
RRCfilter is applied to the signal in the transmitter side, a symmRRICfilter must also be
applied to the receiver side as well before the CP remBwalthe current study an 28p
RRCfilter was appliedAs it can beseen inFigure23(c), the insertion of the ®FDM filter
enhances signal robustness. Taking into account the charactarigtiesfOFDM signals

and the distortion generated by the RoF and the wireless link, proper selection of algorithms
for signal predistortion, synchronization and equalization can be performed.
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Figure 23. Spectrum oCP-OFDM waveform(b) respective constellation diagrams for 40dB, 30dB, 20dB and
15dB SNR value¢c) BER curves for©OFDM and CROFDM, and(d) EVM-SNR curve fo€EP-OFDM
signd.

9 Timing and frequency synchronization

A major drawback of mukcarrier waveforms transmission is their susceptibility to
synchronization errors, both in time and frequency domain. Timing synchronization failures
refer to imperfect detection of the initial sample of an OFDM symbol, leadiagpiying the

FFT algorithm to a time window slightly shifted, hence including few samples of the previous
or the next OFDM symbol while missing few samples of the symbol to be processed.
Frequency synchronization failures, correspond to frequency shitsahirriers caused by
misalignment between the RF frequencies of the local oscillators, described by the term
carrier frequency offsets (CFO), or by errors in the sampling frequencies of the transmitter
and receiver converters, called sampling frequenitsets (SFO). In all cases described
above, both ISI and ICI are introduced to the signal, resulting to severe, accumulating, signal
degradation, making it difficult for the next in chain DSP blocks to process the signal
effectively.
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The first processing step after signedception is the time domain FFT window
synchronization (see Fig. 1). The operating principle of this block relies on identifying in the
received signal an expected time domain sequence or some form of repetition. For this
purpose, both a preamble and a Cyclic Rr@EP) are used. The preamble is utilized by the
DSP algorithms dealing with synchronization issues and channel estimation and consists of
one or more well known to the receiver symbols. These symbolsaasriitted before a
sequence of a specific number of data symbols and again before the next data sequence of the
same length. Thus, ADC sampling errors may affect only few data symbols, instead of
accumulating during the signal transmission and distorhegsignal even more over time.
Moreover, preamble retransmission provides information about signal characteristics, such as
frequency offsets which are useful for frequency synchronization. The selected preamble for
the current work consists of 2 symbolgjich can also beised for CFO compensation, as
described below. These two symbols are retransmitted before every 8 data symbols, forming
a frame of 10 symbols, similar to other wireless standards, such as LTE and 802.11

To achieve timing synchronization, the first stepigsack the preamble in the received signal.
This is done through a correlation algorithm being executed at the receivekvkidh,
compaesthe known preamble with successive windows of the received samples of length
equal to the preamble. The points, at which the correlation function becomes maximum,
correspond to the beginning of a 10 OFBlmMbols length frame, including the preamble.

To experimentally test the performance of this algorithm, an AW&s wsed to generate
multi-carrier frames while a Redime Scope served as a receivéigure 24(a) shows a
graphical representation of the obtained results for the correlation function. The fact that the
distance between two maximization points is equal to the length of an GfabDMconfirms

the algorithmbés proper operation.

The algorithm described above correctly indicates the beginning of the OFDM frames,
enabling a coarse calculation of the first sample position of each OFDM symbol. Nonetheless,
a slight misalignment of the FFT window can occur for few OFDM symbols whemgthod

is applied, leading to undesired I Cl. As su(¢
symbolis usually appliedThe latter is based on the repetition of the CP, correlating sample
sequences of length equal to the CP length and distance equal to the FFT length minus the CP
length. The maximization of the correlation function indicates the detection of the initial
sample of the OFDMsymbol CP, and by extension the FFT wind&igure24(b) depicts the
CP-based synchronization algorithm experimental results. The correlation function peaks
appear at a distance equal to the OFBWhbols length, as originally expecteslidating the
algorithmés functionality.
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Figure 24. Preamblebased timing algorithm and (b) GBased synchronization algorithm experimental
results.

Following timing synchronization, the correction of frequency shifts is the next step towards
OFDM signal synchronization. As previously mentioned, CFO result to severe signal
degradation and demand algorithntieatment. Frequency offsets caused by theaml
downconvesion frequency misalignmentnay lead to a frequency shift of the signal
spectrum and as such, to a misalignment of the receiver FFT taps with the received signal
subcarriers. In addition, the orthogonality between the-cariers is lost and ICI occurs.

This frequency shift is constant avall the subcarriers and increases linearly in the time
domain. Thus, most methods aiming at CE@npensatiorare being applied in the time
domain. A widespead technique, which will also be usedhe currenDSP chain, is based

on the calculation of the phase difference between two successively transmitted identical
symbols, namely the Preamble symbols. An autocorrelation function is utilized for the
measurement of the phase offset between every transméiteples of the first preamble
symbol and the corresponding sample of the second preamble symbol. An average of the
measured frequency shifts is calculated and applied to the received samples of thiggespec
OFDM frame. The corrective frequency offset is inserted to the signal, by means of a phase
rotation, linearly increasing over time.

For the evaluation of the previously described algorithm, the digitally modulated and up
converted multicarriesvaveformwas extracted before digited-analog conversion by the
AWG and digitally dowrconverted and demodulated with the use of MATLAB. For the
downconversion process, varying IF values, slightly shifted from thecompersion
frequency, were used, leading@&0. Figure25 depictsthe signal under the impact of CFO,

with and without the correction algorithm application, for a 5MHz and 10MHz frequency
offset. It can be clearly seen in the figure that the use of the proposed algorithm has
significantly improved the received signaisadjty.
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5MHz LO offset 10MHz LO offset

Figure 25. CFO effect and algorithmic correction for a 5SMHz and a 10MHz offset.

1 Tx pre-compensation and Rx equalization

Any transmission meatan be considered a combination of two effects: the deterministic
response imposed by the channel and the random changes introduced by the noise. To
reconstruct thgropagatedsignal, the receiver must be capable of reverting the channel
response and ideally minimizing the impacts of channel noise. This procedure, known as
equalization, is an essential stiggvardssignalrecovery In this section, a set of methods

aiming to the reconstruction @&P-OFDM modulatedsignak are beingdiscussedThese

methods benefit frotheOF DM f or mat 6 s st r uct u paallelizatdn mor e
of the datanto a set of lower bitate channelsvhich are affectedy a quasilat frequency
respons¢3.19].

To achieve correct demodulation of the received signal, an estimation of the inverted channel
response has to be calculated and applied to the signal, minimizing the impact of the channel
noi se and frequency sel ect i violeyansmigsiorlink er m i
which mayinclude the length of thBSMF fiber, theradiounits but also any electro/optical
conversion andamplification stages, in the case of Fibéfireless transmissionThe

previously mentioned processes can be implemented aitliee receiver side, through the

means of arqualization filter, or at the transmitter side, deploying adtortion filter.

A significant advantage of multarrier waveforms is their robustness to chromatic dispersion
and wireless link multipath effects. Moreover, thanks to the cyclic prefix insertion to the
transmittedCP-OFDM symbols, the timelomain signal presents periodicity which allows for

a much simpler channel estimation in frequency domain. Thus, the receiver side equalization
can be performed by a singiap filter. In RF systems, an estimate of the channel isepul
response is usually extracted by the transmissignlatf subcarriers. The pilot subarriers

can be wholeCP-OFDM symbols like the preamble symbols, part of few symbols of the
frame, or specific subarriers of everyCP-OFDM symbol. The latter method of pilot
mapping vas adoptedfor the presenteimplementation.In general, he number of pilots
required depends on the transfer function of the wireless channel and the frequency of fast
fading To properly define the equalization requirements ofdbeelopedDSP chain an
experimental investigatiorrelying on converged AFoF/mmWave transmission was
performed, which resulted on the use of 21 pilot subcarexeesly distributed among00

data carriers.
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As far as thehannel estimation algorithm is concerned, two widespread schemes commonly
applied in RF systems are discussed below.

A Zero Forcing (ZF) method

This scheme attempts to minimize intexer interference by comparing the received pilot
values with those ideally expected and estimates the channel impulse response for all the
transmitted swearriers by means of interpolation. The computation complexitthis
algorithm is low, resultingn its application in many operating systems, like LTE. However,

by focusing on minimizing the interference, the received power at the user suffers, thus
leading to an SNR decrease.

A Minimum Mean Square Error (MMSE) method

This method offers a balance between increasing SNR on the receiver and reducing
interference. This approach is the most complex in terms of signal processing power
requirements. It introduces a regularization term to the optimization that allows fanadal
point to be found between the noise covariance antghsmittedoower. The regularization

term arises from an initial modeling of the wireless link, which is in most cases inevitable.
The lack of this knowledge is the main reagamwhich its implementation is more complex

than this of a ZF estimatoBometimesit is also referred tan literature as regularized zero
forcing.

3.4. Integration andexperimental evaluation of developed DSP
toolbox

In this sectiona set of initialexperimental resultscaptured aftefiber and converged-
IFOF/V-band air transmissigrare presentedrhese experimental studiesmed to evaluate
the DSP assisted-B-oF concept for efficient accommodation lwfth single andmultiple
radio signals, using commercial dgffe shelf electronic/photonic componer@mploying the
CP-OFDM modulation formatPrior to thedescriptionof theexperimental layoutthat were
deployed foranalog fiber and FiWi transmission performance evaluati@key components
of theselayouts,used for electr@ptical conversion and viceersa, as well the radio boards
and antenna unitthat served théF-to-RF conversion andvirelesspropagation will be
described.

3.4.1 IM/DD electro-optic units for A-IFoF links

In the deployedanalogtestbedshighly linearoptoelectronic units were used to realize an
IM/DD communication strategyn more detail, the use of an Electabsorption Modulated
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Laser (EML}based analog IFoF transmitter was selected as a cost effective, integrated
solution that has been extensively proposed for the emerging densified 5G network topologies
[3.20], as also discussed in previous secti@espite the benefits afsingEMLS, in terms of
cost/power efficiency, there are still some challenges relatedhteir electreabsorption
performancewhichtypically degrades under high incoming optical power, due to saturation
effects induced by slosweepout time of photogenerated carriers.

Here, using a standard Phosphebased material process as detailef8i@1], a linear high

power EML wasemployed,featuring a 500m-long DFB laser and a 18fMh-long EAM
monolithically integrated on InP substrages shown ifrigure26. The EML was assembled,

and wire bonded on a Temperature Controlled (TEC) Printed Circuit Board (PCB) for testing
at chipcharacterization probe station& detailed characterization of this prototype EML
unit, developed by IV labs, has been reported i8.22], includingthe measuredutput
power, powervoltage (PV) curve and frequency respond#e emission wavelength of the
EML was 1557.3nm with an output power of 5.8 dBm, when operated at 200C and 100mA
current injection, while featuring a Side Mode Suppression Ratio of 50 dB. The obtained P
V curve for increasing voltage values reveals aalineesponse with more than 10 dB
Extinction Ratio (ER) between th&V and-2V region, while the S21 frequency response of
the EML when biased at arourti5V reveals a 3dB bandwidth of 17 dB.

Figure 26. Microscope image of tHabricated EML on a PCB, probed with a GSG tip and-ms@dles

At the receiver sidea commercial ofthe-shelf photereceiver was used to detect the analog
optical signals, providing thereby the radio waveforms to the mixer statfesraididboards
that were used for the establishment of wireless connectiMtyre specifically,a 10GHz
photoreceiver comprising an Avalance Photodiode (APD) ahchiasimpedance Amplifier
(TIA) was used for optoelectrical conversion of the receivd&d¥ signals.

3.4.2 mmWave radio equipmentfor converged FiWitransmission

For the wireless propagation of thecomplex upconverted waveforms set of mmWave

IF-to-RF up-/down-convertes, connected to Yand directional antenmaodules were used

A block diagram of th&-bandmixing boardss shown inFigure27. In order to generate the

V-band carriers, numerical controlled oscillators provided a lower frequency carrier which
was then gquadrupled within the convertero6s

103



mixing the input IF with the carrier, a twstage amplification stage (Driver and Power
Amplifier) was used prior feeding the antenna element. On the other side, at the down
converter, a lownoise amplifier after the antenna was providing the input tonilker. The

mixer output was the IF doweonverted signal. On each side, the LO, the mixer and the RF
amplifiers were integrated on a single Tx/Rx board. As a result, two identical boards were
used to establish the link. The IF to RF gain of the boardsdafigm 20 dB to 38 dB and

both converters had a nominal noise figure of 8 dB at maximum Baially, sandard

pyramidal gainhornMW and antennas of 23 dBi gaifor and 1
OTA propagation The antennas, together with the- gmd downconversion units, were

mounted on wooden tripods and kept fixed at a height of 1.4 m above the floor.
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Figure 27. Block diagram of the mmWave-wimd downconverter circuit.

3.4.3 Experimental performance of sngle-/multi-band analog
Fi/FiWi transmission

Thefirst evaluation step of thimvestigatedSPenabledanalog FiFiWi topologyinvolves

the transmission of multicarrier waveformgenerated, and demodulated by standard

commercially availabléools To thisextent we usedanAWG to generate G®FDM signals

for both single and 4band transmission scenaridse signal modulation was performed by

the control software of the employed AWG device, which was a Keysight M83d8sérator

with 30GHz analog bandwidth and sampling rate of up to 64G3&QAM modulation
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scheme was appligd the subcarriers multiplexed with a 1024p FFT. Each band occupied
a bandwidth of 400MHz, while being transmitted at a rate of 500MSa/s after the insertion of
zero subcarriers at the edges of the waveformb&sebando-IF up-conversionthe IF value
enployed for singleband transmission was 5 GHz, while for the mbénd transmission, the
IF values were set at 2.87 GHz, 3.29 GHz, 3.71 GHz and 4.13 Bidzdata carriers were
833 out of 1024 and no pilot carriers werged at thissxperimentalstudy sincechannel
estimation and equalization algorithmsrenotused The CP added to the signal hddragth

of 0.0625 times the OFDMymbol length corresponding t®4 samples 2 symbols were
repetitively transmitted, one of which was a preamble. At the receiverasikKizysightDSO

X 93304Q with 33GHz analogandwidth and up to 80GSa/s sampling ratas used for
signal detection. Bmodulation of the receivedlaveform was performed via th&®@TO
embedded data analysis software (VSA software). The DSP functions aghpbadh the
software were the minimum, including demodulation asgnchronization. The signal
synchronization waperformed with the aid ahe CP.

Figure28 depicts the setip deployed for the evaluation of the OFDM transmission over the
Fi-Wi link. The analog waveforngenerated by the employed AWG device wasttethe
monolithically integrated high pow&ML module,which wasresponsibldor electical-to-
optical conversionAfter only few meters o8SMF fiber transmission, the optical signal was
fed to the 10GHz photoreceiver. Finallghe IF modulated signal at theutput of the
photodetector was wirelessly propagateBinatby means of the-bandradio units described

in the previous paragraphs.

10GHz 10GHz 60G Tx 60G Rx
bandwidth bandwidth Antenna Antenna

SMF - '
EML = Photoreceiver —- Resa;;:;: °

Figure 28. Experimental setip of the Analog FVi link for CROFDM transmission.

AWG

Figure29depictsthe RF spectrum, constellation diagram aheEVM valuepersub-carrier,

of the electrical backo-back signalFor these measurements the AWG device was directly
connected to the RTO. The mdaviM value of all data subcarrien$the captured G®FDM
signalwas 1.9%
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Figure 29. RF spectrum, constellation diagram and EVM measurements per carrier of the electrical signal at
the output of the AWG.

Figure30showsthe results after mere optical transmissiorthis initial experimental phase,
the possibility ofoptically transmitting the OFDM waveforraven without advanced signal
processingtools is indicated achieving decent signal quality. Moreover, mhbhnd
transmissiorseverely distortthe signal, lich presented a mean EVM value of 4.38% in the
case of singldand transmission. This value is significantly decreased, compared to the EVM
values of 4band transmission, agown inTable5. Thisobservation verifies the theoritically
expected high owbf-band spectrum leakage of the-OFDM waveform, being one of the
reasons why the insertion of a puldeping filterwould be necessarin a bandwidth
aggregation scenarithat rally onmultiple transmission band# contrastto the opticaly
transmitted waveformshé data captured after Fiwansmissiorcould not bedlemodulated,
without the use of an equalization stage.
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Table5. Mean EVM measurements for all transmitted bands.

Mean EVM rms (%)

14.2

14.7
17
14.1

AW IN|PF

The next step of thegwoof-of-conceptFiWi experimendl activitieswasthe replacemenof

the AWG device with a readtime processingngine which combined withite employed

EML modulation unit, served a analog IFoF transmitter. The experimental evaluation

this analog transmitter in both fiber and Fitinsmission casesgas the first step towards

the deploymentstudy and demonstration of re¢ahe analog links operating along deployed

o p e r anfrastrustuis, as presented in following sections.

The core element of the analog IFoF transmitter was a Xilinx Zynq Ultrascale+ RFSoC device

on ZCU111development boar®.23], which was used to implement the transmitter side DSP

in real time. The RFSoC device offers an embedded hardware platform for the deployment of
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the FiWi transmitter, significantly alleviating performance and development costs. FPGA
circuit design relied heavily on pipelining techniques at multiple levels:l¢éask pipelining

was employed between successive functions in the DSP chain while,RT lolevel, deep
pipelining techniques were applied to increase the operating frequency of the micro
operations in each processing block/function. Additionally, to increase the throughput of each
block, the arithmetic operations were parallelized whikdweating its mathematical formulas.

At higherlevel, a flexible interface was developed to be attached both to the Ethernet core of
the FPGA and the embedded CPUse employed RFSoC devitedepictedn Figure31.

RFSoC
FPGA

s ZCU111
8 board

.......

" extension

Figure 31. Pictures of the RFSoC platform.

Figure32 showsthe experimental setutpat wasused to evaluate tH&Wi link, consisting of

three main blocks: the analog IFoF transmitter, the fiber/wireless downlink transmission
segment and the evaluation stage. The transmitted signdl$#&DM modulated signals,
generated using a fixed 2%5&p inverse Frequency Fourier Transform (iFFT) algorithm. The
FPGA clock was real time adjusted at 256MHz or 500MHz, corresponding to the transmission
of 204 MHz or 394 MHz useful bandwidth, after zgranlding (52 out of 256 subarriers).

The above band sizes were selected having in mind the 3GPRa&tkav(NR) specifications
[3.24]. Since the FFT size was kept fixed, minimizing the use of the FPGA resources-the sub
carrier spacing was adapted to the clock frequency, resulting to 1MHz spacing for the 204
MHz Band and 2.1MHz for the 398 MHz band. The modulation format of theamuibrs

was realime adjusted to QPSK or QAM16. A cyclic prefix of 64 samples length was inserted
to the signal before the Digital to Analog Converter (DAT)e RFSo@ ®AC (sampling

rate up to 4Gsa/s) generated analog IF sigatadscentral frequency of 750 MHz through a
digital up-conversiorstage Theoutput of the RFSoC, was measured to haveltage swing
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of 390mVpp and was further up-converted at3.5GHz IF, via an analogfrequency up
conversion stage, composed of an aativeer and a local oscillator.

ANALOG IFoF TRANSMITI'ER
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Figure 32. Fi-Wi transmission experimental setup.

The output of the active mixer was then connected to the RF port of a bias tee responsible to
drive the Electro Absorption Modulator (EAM) segment of EML. The driving voltage for the
EAM section of the chip was set at 560mVpp, whereas the reverse bagevol).63V was

used to ensure linear operation. The laser segmetfiedML was injected with 110mA
current while operated at 23.6A C, providini
of 1560.42nm. Theptical output was then transmitted ovdiber spool of Standard Single

Mode Fiber (SSMF. The IFoF signal 0f3.5 dBm was detected by an-tifie-shelf 14 GHz

linear photoreceiver after its propagation owprto25-Km SSMF spod. The photoreceiver

output was connected to thetit-mmWave upconverter radio board operating aGéx and

the V-band directional transmitteside antenna module (Jantenna) discussed in the
previous paragraph¥heidentical Receiveside antenna module (Fantenna) located in a 3

m horizontal distance was used to receive the mmWave radio waveforms and the mmWave
to-IF downconverter was connected to a Real Time Oscilloscope. At the receiver side, off
line DSP was guied to the signal, including demoadtibn of the received OFDM symbols,

as well as a Zerborcing (ZF) equalization algorithm. For the channel estimation, 21 pilot
sub-carriers multiplexed with the data subcarriers were also transmitted

Figure 33 depictsthe EVM performance of the transmitted OFEidsed IFoF signals after

the 7km, 25km fiber link as well a set of obtained constellation diagrams after the post
processing chain. Taking into account that the Error Vector Magnitude (EVM) measured at
the eledtical Tx output was 3% for the QPSBFDM format and 3.9% for the QAM16
OFDM signals, the short reach optical part of the setup, including the EML, the 7km SSMF
andthe 14GHz photoreceiverdegrades the 204MHz signal performance by 3.8% (for the
QPSK-OFDM) and 3.7% (for the QAMX®FDM) and the 398MHz signal EVM by 4.3%

(for the QPSKOFDM) and 4.5% (for the QAMX®FDM), indicating the absence of strong
limiting effects related to the activelectreoptic modules response or to the fiber
transmission. By extaling the fiber spool link from-Km to 25km fiber link, the obtained
EVM penalty was slightly increased by less than 2.5%. This added EVM penalty mainly
originated from the lower received optical power linked with the fiber loss, since the
dispersioninduced power fading can be neglected for this low IF carrier frequ&n2y].

109



(a)EVM for 204 MHz BW fiber transmission (b) 204 MHz BW constellation diagrams ~ (d)EVM for 398 MHz BW fiber transmission
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Figure 33. (a) EVM values for 204 MHz BW after 7km and 25 km fiber transmission, (b) Constellation
diagrams for 204 MHz BW after 7km and 25 km fiber transmission, , (c) Constellation diagrams for 398 MHz
BW after 7km and 25 km fiber transmission and (d) EVM valu&®®MHz BW after 7km and 25 km fiber
transmission.

The second part of the present experimental study focused on the performance evaluation of
a DL scenario by exploiting the deployed fiirelesstopology. Figure 34 illustratesan

EVM bar diagram of the QPSRFDM and QAM160FDM modulated radio for both 204
MHz and 398 MHz bands after 25km fiber transmission and OTA transmission over 3m
horizontal distance using-Wand radio equipment. The introduction of the activbavid
radiopart and of the link, caused an increase of the EVM performance of our link by less than
1.1% for the 204 MHz band, whilst the EVM performance was degraded by less than 2.5%
for the wider version of radio bands at 398 MHz band. The above EVM penaltiesialg
associated with the IF/mmWave radio boards that included Power Amplifiers (PAs) and
complex frequency translation stad8s26]. It should be also mentioned that higher order
QAM OFDM waveforms occupying wider bandwidths suffer from severe distortion reflected
into their higher EVM values, while the presence of nonlinear distortion was also evident in
all 16:QAM constellation diagams. Nevertheless, the transmission in all caseswzagssful
according to the 3GPP specifications for systems that employ radio transmission at
frequencies >28 GHB.24].
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CHAPTER 4.

Analog fiber-wireless downlink transmission of
IFoF/mmWave over infield deployed legacy PON
infrastructure

In order to respond to the numerous, continuously emerging cap#eitgive applications
andmobile broadband servicgs.1], MNOs are constantly focusing on the adoption of next
generation mobile network technologies and infrastructure expansions as means to increase
network capacity. These network upgrades, however, will not be enough to meet the rising
capacity demand, withuh the adaptation of fronthaul alternatives, that can surpass the widely
discussed capacity and scalability challenges of (Common Public Radio Interface) CPRI
based deployment§4.2]. To make this transition towards new fronthaul interfaces
economically viable for the infrastructure owners, the concurrent and evepecative
operation of heterogenous technologies and transport layouts, within the quite mature,
standard Radio Accedsetwork (RAN) environment should be pursued and validated in real
field-experiments.

4.1 FiberWireless ARRoF/mmWave ks overlaid in a legacy PON
infrastructure

As presentedin the previous sectionsCentralized Radio Access Network -E&AN)
topologies are currently considered the most promising nfeadgnsification of the access
points and the mobilaetworkwith reduced deployment costs, by introducing a pooling of
enhanced baseband processors at a centralized location cafpableing multiple radio
stations at the end points wistatistical multiplexing of hardware resources. Following the
above rationale, the passive optical network (PON) currepfpears to be an appealing
optical candidate transport solutidienefitting from wide deployment and inherent support
of pointto-multi-point (PtMP) network topologies with efficiense of fiber insdllations.
Consequently, working towards achieving RAN densification with 5G traffic overlaid on
PON networksposes the requiremeta overcome the bandwidtiungry nature of the PtP
CPRI standard, as it would induce excessive costs for mobile network opgta8brs

In general, he development ofnalogfronthauling schemeallows for more spectrally
efficient and coseffective transportation of mmWave radiiaks with immense 5G wireless
traffic, bearing also promisr developing a unified and truly converged optical network
capable of transporting both legacy traffic, coming, e.qg., fined broadband services, fiber
to-thehome (FTTH), or 4GCPR}based traffic, as well as traffic stemming from emerging
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5G optical transport streams, towards true fixed matolevergence (FMC) with deployed
mmWave radidinks. Towards implementing the above FMC vision, tmain approaches
that have beertaken into considerationpased onvariable functional splits, e.g., being
promoted and standardizég the enhanced CPRI (eCPRI) protoauk the followingThe
first approach is associated with 7.x layer splits and Ethéasetdronthauling solutions that
introduce some form of packetizedffic to reduce the capacitgquirements. Collaborating
with the first one, the second approach includes alternativéayer transport schemes, such
astheanalog radio over fibgfA-RoF) solution that is being presented in tharent thesis

The reuse of the legacy PON infrastructure in support of 5G fronthauling architectures has
been extensively investigated. Fronthaul via 25G WBO®N, which is an integration of
WDM and TDM-PON, is the most prominent solution to address the increased hardwar
requirements of 5G networks, due to its compatibility to the eCPRI protocol in terms of
interfacing, rates and latency, as well as its simple operation and large scalability regarding
future deployments[4.4]. For the DRoOF transmission, the PON infrastructure can
accommodate both the data transmission and the processing functions required. In such a
topology, however, the units that are responsible for the prioritization and time multiplexing
of both the PON ahthe 5G traffic can significantly increase the latency of the 5G streams,
in case the PON traffic rises. In such a scenario, an exclusivBlgfbbased topology may

fail to accommodate 5G services demanding ddivalatency.

A-IFoF is a promising candidate for the implementation oflency 5G networks, enabling
centralized processing, hence the removal of processing functions from the{iliezless

(and viceversa) transition nodes, being the PON terminals in theestl#MC topology. To
benefit from the advantages of bothlIPoF and DRoF implementations, their coexistence
over the PON infrastructure has been discussed and experimentally demonstfaigd in
TWDM-PON is a compliant topology with this hybrid RoF scheme, as it can benefit from the
allocation of the unused ITU channels to the AFoF waveforms, expanding also the
exploited bandwidth.

Focusing on the analog part of such a hylRalF transmission over PON, a DL/UL solution

was investigated, which exploits the | egac)
requiring support from its processing nodes. In this coexistence solutienexisting
Mux/Demux devices enable the establishment of point to point WDM pairs of channels
connecting the MSA nodes with the remote sifdis A-IFoFbased investigated solution,

requires only analegrocessing at the remote site (optical detectiod Hnto-V-band

conversion for the DL, \bandto-IF conversion and optical modulation for the UL), relaxing

it from any digital processing.

The following paragraphs focus on tlikeemonstration of seamless analdgber-Wireless

(FiWi) transportlink, employing AlFoF signals over an FMC topology deploymaefit
Telecom I taliads (Tl M6 diyectlPdcdmhectedetg a engnWaven f r a s
wireless link, recirculatingraffic between Ethernatompliant analog IEransmit interfaces

of an FPGA at the network nodésshouldbe mentioned thahe downlink (DL)operation

of the presented FMC topology was experimentaddlynonstrated.
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4.1.1 PtP and PtMP Fiber-Wireless Distribution Architectures over
PON Infrastructures

The increasing demand for higpeed services to residenti@istomers motivated the
introduction of fiberto-the-cab (FFTC) or FTTH architecture over PONs in the access
segment4.6], where the significant costs of excavatianstallation, and supply of new
infrastructures impose thmaximum reuse of existing investmefds/]. In urbanareas, the
passive fiber optic infrastructure for residen#3ITH can provide the enabling platform to
overlap anoptical wavelengtiifferentiated layer on current traffic systenis. PON
standards, this coexistence is facilitated byappropriate wavelength plan for each system
as specified byTU Telecommunications Standardization Sector @T)JRecommendations
[4.8]. Mobile fronthaul or miehaul are possibleeneficiaries of this new layer availability
[4.9]. Moreover,resources for these new connectivity segments are to be fotrahly in

the optical but also in the wireless domain according si t es® pl acement
constraints, servicgenetration, and bandwidth requirements.

Site approvals for locations in dense urban environmentgedtieg increasingly difficult,
and requirements for a varietyiostallation options, enabling fast and invisible deployments
and sharing existing infrastructure, are continuously incredsisigall cell deployments and
5G hotspots can explaixisting assets where power already exists, such as public liginting
information kioskg4.10], it is not necessary for a fibeonnection to be available everywhere
for their fronthauling. Inthis direction, a practical solution has recently been presémted
[4.11], where an analog converged filveireless scheme igroposed in order to create a
spectrally efficient PtMP networkapable of wirelessly interconnecting a large number of
accesgoints, without the need for expansive fiber deployment, velideving compatibility
with eCPRI traffic and/or matutethernetbased lowcost equipment.

As such, mmWave technologies have recently been introcagcethaul for outdoor urban
small cellg[4.12], enablingow-latency connectivity over hundreds of meters. Smalicell

layer coverage can be provided iR and/or PtMRrchitecture from a centralized rooftop
towards mmWaveaccess points whose antennas have configurable stearablshaped
beams to minimize energy consumption, limterference, and focus capacity to where it is
needed. Theooftop is fed through an optical link, provided by a dedicétse or using a
shared PON infrastructure, forming a PtKiller-wireless architecture able to provide either
fronthaul,mid-haul, or backhaul functionalities in the analog domiaking advantage of A
RoF6s i nherent | owefficierey white engintainimglconspatibilitytwithatHe
e CP R Icentsal unit/digital unit/radio unit architectur¢4.11]. To better exploit
configurability as a function of coverage, capaciyd cooperation while minimizing at the
same time latencyn transport and in protocol mapping, an overall integratdtion is
advisable, with the same data format on the wiredestion and on the wired optical one.
Furthermore, aPtMP architecture allows for cooperative sharing of capmtadenditure
(CAPEX) investment.

The native OFDM radio signals suited for o¥lee-air (OTA) mmW\ve propagation in the 60
GHz band, properlylown-converted to an IF below 10 GHz, can be transpaaed the
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optical section as an-A-oF signal[4.13]. The use ofin IFoF transport layer based on 10
GHz electreoptic (EO) bandwidth units has been selected allowing for higher spectral
efficiency compared to the optoelectronics needed for geneeatthdetecting ARoF signals

at mmWave frequencieBespite being a proprietary signal, this architecture allowBttdiP
transparent transport from a CRAN distributed unia tpool of mobile sites, implementing
an endto-end fronthaulmid-haul, or backhaul according to the functional split chdwsetine
mobile stack [4.14], while enabling GRAN-inherent CoMP capabilities, already
demonstrated in ARoF wired [4.15] and fiberwireless transmission§4.16], offering
multiple inputi multiple output (MIMO) processing directly on thedio signa[4.11].

Finally, and perhaps mostly important for the future, promdatie@pproach afisaggregated
nodes with softwarevirtual network functions (VNF) and commercial idfie-shelf
components, FiWi and fibao-the-cabinet/homegFTTx) services can be provisioned and
operated on a commomulti-service access (MSAjode hardware, with specified and
dedicated transceivers carrying the optice¢lectrical (andiice versa) functionalitiefgl. 17].
Besides the optical transceivéing proposed FPGA implementation for the Ethetag¢FoF
conversion can also be integrated with the switclding computing resources devoted to
optical line termination(OLT) line cards[4.18], thereby maximizing the gains of shared
infrastructure at the MSA node.

4.1.2 Deployed PON Infrastructure

Through this work, the IFoFAband transport layer obur proposed architecture is
experimentally demonstratellv er T1 M6 s P O Ninfraseugtlire as esltbwnfin b e r
Figure 35 (a). For the needs of this field demonstration, the padddes infrastructure is a

WDM layer overlapped over the-field FTTH architecture of TIM in Turin, while the FiWi
equipment has been deployed within theBI&OS H202@roject[4.19]. Considering the 5G

net wo r Wasedcy réswictions, up to 20 km IFoF transmission over the deployed
infrastructure can be supportgd20].

The optical legacy PON infrastructure in TIM is part of deployedoptical access network,
carrying FTTC and FTTHervices to business and residential ugeggire35(b)). Two levels

of optical splitters are included in the optical distributitwork (ODN), usually two 1:8
power dividers, that allow fax maximum number of 64 users for each OLT port of the PON
tree.

The first level of splitting is deployed in a cabinet inshreet(Figure35(b)), while the second
one is provisioned usualigside buildings. Two different splitters are deployed incthiginet:

a 1:4 and a 1:8 splitt€Figure35(d)). The optical connectiohas an insertion loss of around
10 dB for a 1:4 splitteand 13 dB for a 1:8 splitter. These values include splitter fites,
loss, and points of flexibility loss under the sidewalk ampatch panels inside buildings.
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Figure 35. (a) FiWi architecture over legacy PON. (b) Schematic view of tfielthoptical infrastructure. (c) Street
cabinet installation in Turin. (d) Splitters located irsalzunit of the cabinet rack.

In the network exchange, residential traffic is running bidirectionally over a single fiber by
means of l1@jigabitcapable symmetric passive optical network (XGSPON) (10G
symmetrical) interfaces in commercial mid@rvice access equipment using wavelength
allocation inFigure 36(a) for discriminatinguplink (UL) and downlink (DL) (1270 nm for

the downstream wavelength, 1578 nm for the upstream wavelentjthjhe optical
distribution panel in the main networkxchange, a coexistence filter (CEx) allows for
wavelengthoverlapping of different layers of PON systems. As showRigure 36(b), the

CEx has less than 1 dB of insertion loss/portrande than 60 dB of rejection of other bands.
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Using a 100 GHz grid over the upstream Né&seneration PON 2 (NGPONZ2) transmission
window, as specified in ITI G.989.2[4.8], more than 10 bidirectional channels can be
allocated in the 153@.544 nm window (196.1 to 194.2 THz, 20 carriers, 10 ULs and 10 DLS).
The exploitation of the NGPONZ2 band for this kind of application is promoted by the fact that
NGPONZ2 time and wavelendtdivision multiplexing (TDWDM) systems have not been
massively deployed yet, and their introduction is time after time being postponed due to the
relative high cost of the solution; thpcoming bandwidth request for dense WDM (DWDM)
fronthaul could likewise benefit from the huge market ebadd DWDM transceivers. A
further 10 channels are availalmethe same band by using the downstream window around

1596 1603 nm, but this option has not been considered invibrik; it is viewed as a potential
future expansion band.

By considering a launch optical power value of +10 dis® NGPON2 optic44.8] and a
sensitivity around13 dBm,an overall span budget of 23 dB can be exploited, including
transmission penalties (due to dispersiorhand and oubf-band crosstalk) and WDM layer
insertion losses as shownTable6. The link budget can be allocated between splibtEses

(D) and fiber attenuation (F) in the ODN, plus the interconnectbsplices and panels (E).
Both plain and angledonnectors are deployed in the patch panels of the ODN. The WDM
layer accounts for around 3 dB, leaving a further 2 dB margin for extra losses or for coping
with low-performance transmitters and/or detectors.
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Table6. WDM layer inselibn losses

Component [dBm] ‘ [dB]
TX power 10
AT WDM MUX and DEMUX loss
BT CEx loss
Ci transmission penalties

D i 1:8splitter loss

ET connectors, splices (N x 0.5 dB)
F1 fiber attenuatiorf10km)

WDM layerlIL (A - B)

Overall sparbudget (G F) 18
Margin 2

WlW hhlOINIELDN

Rx power -13

To complete the overall description of the legacy infrastructuteGbE (Gb Ethernet) basket

of services is provided toustomers, including higpriority video, best effort Internetand
Voice over Internet Protocol (VolP). Packet loss, throughpuat latency have been
continuously measured during teeperiment by means of a data quality analyzer feeding test
traffic bidirectionally both into the MSA node and in a sele@erduser 16gigabitcapable
symmetric (XGS) ONT

Finally, for the establishment of bidirectional DL/UL linkger the proposed converged FiWi
link, the received traffic ahe rooftop site can be mapped to analog IF signals for wireless
fiber transmission. For the wireless UL stream transmissr@guencydivision duplexing
(FDD) can be adopted. FDD hdmen widely used in deployed mobile networks and
combinedwith massiveMIMO, and beamforming techniques have bekscussed as a
promising method of maximizing throughput 86 New Radio (NR}4.21]. After wireless
reception and Rfto-IF downconversion, the upstream can be optically moduladted
wavelengths exclusively dedicated to the UL operation, minimitiadgnterference with the
DL and propagated over tRON infrastructure. In both transmission directions, thérafic
propagates over individual IF data streams, uncorrefatie legacy traffic, until their WDM
multiplexing throughmultiplexer (MUX)/demultiplexer (DEMUX) devices, whicre used

to establish point to point pairs of channels connedtiegISA nodes with the remote sites
and vice versa.
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4.2 ExperimentaEvaluatiorof a converged PON/mmWave topology

In this section, the experimental results on the performevaation of the proposed FMC
architecture are presentetio this extent, the deployed TIM optical access infrastructure
described irthe previous paragraplmgs used as the optical layer wheredhalog IFoF/\V

band transport scheme was integrated. Thegdast provides the implementation details of
the experimentalsetup for both optical and mmWave counterparts. The performance
evaluation studies are subsequently discussed isettend parof this section.

4.2.1 Experimental Setup
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Figure 37. Experimental setupofAFo F/ mmWave | i nk, including the TIM6s optic

Figure 37 shows the experimental setup of the proposelFdkx architecture. The core
element of the AFoF transmitter waa Xilinx Zynq Ultrascale+ RFSoC device on a ZCU111
developmenboard[4.18]. The employed RFSoC board comprigesFPGA chip, which can
include any custom very higépeedintegrated circuits (VHSIC) hardware description
languaggVHDL) function for DSP together with the integrated digita analog converter
(DAC)/analogto-digital converter (ADCunits and thus enables not only the generation but
also thedetection and digital processing of a signal, which is crdoralhe operation of a
full-duplex link. In this work, the FPGAnit implemented the rediime transmitter side DSP,
while itsDACs (sampling rate up to 4Gsa/s) generated analog IF sagreatentral frequeey

of 750 MHz through a digital uponversionstage. More specifically, the employed RFSoC
platformincludes eight DAC and eight ADC units. Two out of the e@ytstilable DACs were
used for the processing of the baseb@f@) data stream and the generation of the low IF
signal. Thevoltage swing at the output of the RFSoC was 390 mVpparfatog frequency
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up-conversion stage, composed of an actwixer and a local oscillator, was used to
upconvert the RFSoQutput signal at 3.5 GHz. The use of the external amalggr provides

to the proposed scheme an additional degféexibility by enabling the generation of higher
IFsandthus ur passes | imitations set by the DACsO

4GSals). As such, the presented electrical transmitter ceasilg adjusted to the operation
requirements of different radimoards. At the same time, the exploitation of external analog

mi xers optimizes the use of the bpeonRBihof@ll DACs 6
four streams that can be generdigdhe RFSoC to higher IF values, supporting a bandwidth

efficient subcarrier multiplexing (SCM) scheij@e22]. Theemployed mixer could operate at
a frequency range fror80 MHz to 7 GHz, with C1 dB conversion gain, resulting 58
mVpp signal at its output.

For the electreptic conversion of the analog IF signalssiagle drive 15 GHz Madh
Zehnder modulator (MZM) wagsed, modulating a 1542.14 nm (194.4 THz) continuous
wave (CW) signal provided by a tunable laser source witB.5 dBm optical power. The
MZM driving voltage had tde 5.6 Vpp to minimize the signal degradation related to the
electreoptic conversion, and thus an RF lowise amplifierwith 40 KHz to 38 GHz
operation bandwidth and 22 dB gauwas used to amplify the output of the active mixdre T
optical power of the AIFoOF signal was a crucial parameter for thensmission over the
legacy infrastructure. Therefore, in ordero parti ally compensate f
insertion loss 08.6 dB, an optical amplification stage composed oEdmum-DopedFiber
Amplifier (EDFA) and &/ariableOptical Attenuator(VOA) was employed, providing a total
gain of+4 dB.

The AlIFoF signal was fed to the optical legacy infrastructhreugh the CEXx filter (and a
WDM MUX in case ofmulticarrier operation) and transmitted over the field depldyest

link. At the same time, the XGS legacy traffic was runrtimgugh the link in parallel with
the signal generated by tbptical A-IFoF transmitter. The overall signal (legacy @ntFoF)

was accessed through one of the ports of thield installed PON passive splitter and
directed back to the lab. second port from the same splitter was connected to an optical
spectrum analyzer (OSA) for monitoring purposes. Todplethe AIFoF signal from the
legacy traffic, aVDM DEMUX was employed to the setup, and thé~aF wavelength was
demultiplexed. The same device was also used to insedpstneam carrier, emulating
bidirectional transmission. Ftine generation of the upstream carridbistributedFeedback
(DFB) laser source witihd4 dBm optical power was usedgenerate a 1542.94 nm CW (194.3
THz), at a distance 0100 GHz from the downstream, that is, corresponding tditsie
neighbor channel using the ITU100GHz grid. Thansertion of an upstream tone to the link
can provide insight orpossible interference between UL and DL streams occupying
neighboring ITUT channels. Given that the DL IF sigres a narrow bandwidth, up to 400
MHz, the effect of th&JL direction on the DL signal depends on the transmdateatal power

in each direction. Thus, the upstream caetbelated via a CW tone to enable the acquisition
of realisticEVM measurements for the DL signal. For the detection ofRbE signal, a 10
GHz linear photoreceiver composed of amalanche photodiode (APD) and a low noise
transimpedancamplifier (TIA) with 20 dB gain was used. The received opfaler was

123



14 dBm, implying a transmission power budgétround 22 dB, including both thegacy
field infrastructureand the filters for th&/DM A-IFoF layer.

For the wireless transmission, the IF signal at the outptiteophotoreceiver, which had a

voltage swing of 140 mVppyas fed to the IFo-V-band upconverter, centered at 60 GHz.

The employed g onver si on boar do sbetweén liandp5SuGHz and u | d
corresponded to an RF outpanging from 58 to 63 GHz. The output of the 60 Ghixer

was led to a duadmplification stage consisting ofdaiver and a power amplifier and then to

the directional hornlx-antenna element, featuring 10 beamwidth aBddBi gain. An

identical Rx antenna was located at a 2 m horizahséance from the Tx antenna, forming

the 60 GHz wirelesbnk. Both frequency conversion modules had a nominal rigsee of

8 dB at maximum gain. The received RF signal aagplified through a low noise amplifier

and downconvertetb 3.5 GHz IF by the Rside \+bandto-IF downconverterThe two

antenna elements, as well as the up/downconvecsiouits, were located at a height of 0.5

m from the groundAn external signal generator,gwiding a 10 MHz tone with10 dBm

power , was used as a r etereal phaséoekedfloops (PbLe)t h t h e
These PLL circuits aréntegrated into the Hio-V-band boards and are required fbe
operation of the boar ds e refereneeltoneofa the-tb-RFat or s,
conversion and vice versihe 3.5 GHz IF output of the downconverter, which hadleage

swing of 300 mVpp to 400 mVpp, was connectech realtime scope (sampling rate 100

GSa/s, analog -8B bandwidth~33 GHz) sampled at 12.5 GSa/s and storedoftime
demodulation and performance evaluation.

Data transmission was supported the DSP algorithmsexecuted in real time at the
transmitter 6s &G A fixbdbi strebm was-dty quadratsire amplitude
modulated (QAM) and mapped tbe iFFT algorithm for the generation of tH@FDM
symbols.At this development stage of theplementedA-IFoF transceiver hie transmission
of a fixed known bit strearwas exploited to determine the pilot allocation frequencyter
receiverside channel estimation. The modulation forrohthe subcarriers was retine
adjusted to 4QAM or 16QAMThe RFSoC clock was also raahe adjsted at 256 MHz or
500 MHz, corresponding to the transmission of 204 MH2%F MHz of useful bandwidth,
after zero padding (52 out 866 subcarriers). Since the FBike was kept fixed, minimizing
as such the use of the FPG@ésources, the subcarrier spacing was adapted to the clock
frequencyresulting in 1 MHz spacing for the 204 MHz band ar@b MHz for the 398 MHz
band.

To implement the DSP functions in an RFSoC, a parametric and pipelined archivessure
implementedvith VHDL andXilinx Vivado 2018.2. The iFFT component was implemented
as a fully pipelined Radi2 engine and perform®2&6-point transform. The QAM modulator
was designeas a flexible readnly memory (ROMbased componentyhere prestored
pairs of normalized I/Q values reside atah be configured at runtime to switch between
modulationformats. The DSP pipeline relies on minimal buffering haddshakig between
components to guarantee continufias/ without relying on a multrate approach (we use a
singleclock domain). As a result, the total cost of Tx in teafSPGA resources, specifically
lookup tables (LUTS), flipflopgFFs), random access memory (RAM) blocks (RAMBsi]
DSP blocks, was 2007 LUTs, 3459 FFs, 30 DSPs,1anBAMB18 (iFFT consumes 1339
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LUTs, 2117 FFs, 30 DSPand 8 RAMB18; QAM consumes 258 LUTs, 382 FFs, d4nd
RAMB18; whereas 410 LUTs, 960 FFs, and 5 RAMB18uilezed for buffering and control
operations). Finally, regardirthe latency performance of the réiahe Tx implementean
the deployed RFSoC platform, 4.63 on average waseasured for a bit of information to
pass through the entifiex pipeline until conversion to analog (0.08 for QAM modulation,
2.45us for iIFFT, 2.14us for buffering and othezontrol operations, sucls gilots and zeros
insertion). The Thbaseband processing latency added to the 1 km transmassipthe PON
delay (5us) and the 2 m wireless propagataelay (less than 0.0ds), corresponding to a
latency budget d®.68us, neglecting the Rgide offline DSP.

At the receiver sideghe offline DSPtoolbox that was presented in Chaptewas applied to

the digitizedsample sequence at the output of the scope to rethevgaseband data signal.
More specifcally, the sampling rate of the basebammplex signal was decreased so as to
equal the OFDM symbaiate through a resampling algorithm. Through eapedtiming
synchronization algorithrf#.23], the first sample of eadime-domain OFDM symbol was
tracked. Afterwards, the apas removed and an FFT algorithm was used to demodhtate
OFDM symbols. Finally, a leasguares (LS) equalizer wapplied to the frequeneyomain
signal[4.24]. For the channedstimation, 21 subcarriers were used as pilot subcarriers. The
performance of the received signal was evaluated thrthgHEVM measurement of the
QAM-modulated receivesubcarriers.

4.2.2 Results and Discussion

The first step of the performance evaluation of thH-@F transmission was to evaluate the
performance of the electriclf transmitter Figure 38 depicts the EVM performance of the
OFDM/4QAM 204 MHz signal at the output of the RFSaCthe output of the upconverter,
and finally at the output dhe RFdriver. The initial signal generated by the RFSoC &ad
EVM of 2.7%, while the insertion of the mixer to the sahguced an EVM increase by 1.8%
as a result of the additiveise coming from the active components of theaipversiorunit.
The RF amplifier further increased the EVM by 2.3%expected, due to the susceptibility
of OFDM waveforms tdhe nonlinear distortion effects of the highwer amplifier(HPA)
[4.25]. Finally, at the output of the electrical transmittehh e s i g n-@HDM 204 MigzA M
EVM was found to b&.8%, a value that was considered as the reference eleEfvilvafor
both modulation formats and bandwidths.
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Figure 38. EVM measurements and constellation diagrams of the received 204MHz-@BBM signal at the output of
the RFSoC board, the analog upconverter and the RF driver.

The second part of the experimental study focused opdtiermance evaluation of the A

| FoF transmission over the TI MO0 sto-bagk{btbx a | | e
results was captured for all possible data signal combinations generated by the RFSoC, after
replacing the fiber PON with a VOA inserting the same amount of optical loss, so as to keep

a fixed optical input power value to the photoreceit#gure39 depicts the EVM values and

a set of indicative constellation diagrams corresponding to the signals captured after optical
transmission. It is obvious that the contribution of the optical transceiver components to the
signal degradation is less than 0.6% NEVor all modulation formats and bandwidths,
indicating the absence of strong limiting effects related to the active etegtro i ¢ modul e
response. The insertion of the legacy infrastructure to the setup introduced an extra EVM
penalty of less than 0.5%6ompared to the optical btb results, thus indicating that there is
negligible interference between thelPoF signal and the legacy traffic. Finally, the
transmission of the upstream tone at a neighbor channel of thd Igiidl to the optical

channel cawing the AlFoF signal, caused a further EVM increase by 1% per average, as a
result of the interference between the two neighboring channels. In all cases however, the A
IFoF transmission was successful, according to the 3GPP specifications for sysems t
employ radio transmission at frequencies >28 GH26].
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Figure 39. (a) 204 MHz 4QAM/16QANDFDM and (b) 398 MHz 4QAM/16QAKFDM EVM measurements for the A
IFoF transmission over the optical legacy infrastructure and (c) Constellation diagrams corresponding to the 398 MHz
4QAM-OFDM and 16QAMOFDM received signals.

Figure 40 represents the EVM values and constellation diagrams that correspond to the
retrieved signals after a combined FiWi transmission. For this part of the experimental study,

the whole setup depicted Figure37was expl oi t ed. ] S such, t he
transmitted through the legacy optical infrastructure, coexisting with the legacy traffic and

the upstream and after optical detection, it was transmitted through the 60GHz wireless link.

For this scenaridhe constellation diagrams Bigure40, and especially the 16 QAMFDM
diagramg4.20], show evidence of nonlinear distortion of the signal caused by the multiple
amplification stages used in the link. Nonetheless, the EVM performance of both modulation
formats at both 204MHz and 398MHz bandwidth, meet the 3GPP requirements (17.5% for
QPSKand 12.5% for 16QAM), indicating successful FiWi transmission.
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Figure 40. (a) 204 MHz and 398 MHz 4QAM/16QADFDM EVM measurements after transmission through the optical
legacy infrastructure/\band wireless link and constellation diagrams of the (b) 204 MHz and (c) 398 MHz signals.

The last part of the study focused on the potential of increasing the total capacity of the

deployed infrastructure by utilizing more than one of the availableTTgdid channels for
transmitting multiple AIFoF optical streams over the PON. To evalulie $cenario, the

performance of the FiWi transmission over different optical channels of the 100GHz ITU grid
was examined, coexisting with an upstream tone transmitted firmly at 1542.94 nm. More
specifically, the tunable CW source feeding the MZM wasdye testing case to one of the

channels from 194.4 to 193.9 THz, which was then modulated to a 16QRDBM 400MHz
signal, corresponding to the maximum possible bandwidth of 1.4GHz, after removing the
pilot subcarriersFigure 41 illustrates the EVM values and constellation diagrams of the

received signals. The figure clearly shows that the EVM variations between the different
channels do not exceed 1.8%, implying similar performance over all tested wavelengths
combinations. Thempact of the interference caused by the upstream tone is negligible in the

1542.14 nm to 1544.53 nm region, where small varia@ost on the received EVM values.

The interference effect is most notable in the case of simultaneous transmission of
downstream and the upstream both in the same ITU channel. As the distance between the two
streams increases, the performance of the IFoF sigpabves as expected. It should also be

noted at this point that the 1545.32 nm to 1546.12nm region is beyond th&omadrrange

the WDM filter inserted after the legacy field infrastructure, thus leading to low power
reception of the transmitted-WroF signal and as a result, a small EVM increase.mam
scope of this test was to evaluate the performance near the upper wavelength border of the

CEX

and t o

i nvest.i

gat e i f
MUX/DEMUX). Results demonstrated that at least two more channels in adittbe 10

penalties

already planned can be successfully transmitted withgiblgipenalties.
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Figure41 (a) EVM measurements after PON/OTA transmission, after tuning the optical transmission carrier to different
ITU-T channels, (b) Matching of the transmission wavelengths to the corresponding 100GHz Grid channels and (c) the
corresponding constellation diagms.

Finally, since, the setup includes field transmission, it should be mentioned that the loss
budget is time dependent and cary by up to 2dB. This variation can be evident to the
results in form of small EVM variations, related to the performance of the photoreceiver or
the wireless transmission components, which are fed with a different value of optical/RF
power.
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CHAPTER 5.

Live Demonstration of an SDNreconfigurable,
FPGA-based TxRx for AnalogIFoF/mmWave RAN,
I n MNOOGOs i nfrastructure

As discussed in therevious sections,wling recent years, the spotlight has been on the
benefits of incorporating alternative transport systems |#o& into upcoming RANSs. This

is in spite of the notable hurdles that must be surmounted for these solutions to be
implemented successfulfnd offer deployable solutions

The efficiency of the scheme in densified deployments, stemming from the removal of
Digital-to-Analog Conversion (DAC) and Analdg-Digital Conversion (ADC) units from

the Radio Units (RUs), the advanced bandwidth availability, and the possibility for the
convergence of multiple optical and radio technologies have been highlighted and
demonstrated through preof-concept experiments in both laboratories and field ttald,

[5.2], [5.3]. Still, its actual adoption in the standardized mobile networks is a major challenge
and the implementation of proper interfaces that will allow for gradual integration in the
access and edge domain infrastructures remains an open issue.

The integration of ARoF interfaces with standard equipment, deliveringwneald services,

has been pursued in the past years by research groups working on these baaffigwth
fronthaul interfacefb.3], [5.4], [5.5]. A first step for ARoF systems to further penetrate into
the market is the use of deploymemntented ARoF baseband processors that are based on
stateof-the-art processor platforms, as well their interfacing with optoelectronics. In this
direction, muliple A-IFoF fronthaul implementation ideas have been presdbtéf [5.7].
Indicatively, an ARoF fronthaul implementation, which is based on the development of a
reattime A-IFoF signal processor, has been recently reportd8.8 employing an Intel
Arria 10 SoC development board that provides Cyclic Prefix {@f)ogonal Frequency
Division Multiplexing (OFDM) signals for external Baseband (BB)ntermediate
Frequency (IF) wgonversion through an analagxing unit, while in[5.4], an FPGAbased
transmission system showcases the transmission of 10GbE Ethernet frames over an A
IFoF/mmWave link, using the Wand for Ovetthe-Air (OTA) transmission.

The next step towards the figtale integration of analog links in packet core infrastructure
deployments, is the development of analog TxRx units being equipped with management and
control functionalities for exposing these transceivers to the contrioésiration layers of
the network, alongside the baseband processing ones for the physical infrastructure layer. By
following this deployment path for the-RoF transceivers, the Application Data transmission
(physical and virtual) plane, and the managemeaontrol plane can be delivered in a unified,
seamless and interoperable manner. Towards this goateBBiNed RAN layouts have been
discussed and experimentally presented, without involving though, physical layer testbeds
[5.8],[5.9],[5.10]. Very recently, the demonstration of trial, rtiate Ethernet services and
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Ultra High Definition (UHD) video was presented over an analog FiWi[tnk1], paving
the way for integrating the RoF deployments in mobile network infrastructures.

In the following paragraphswhich describe the final demonstratof the European project
5GPHOS the first demonstration ofhe integration of a custom, SBi€configurable, real

time A-IFoF TxRx interface, over a real network infrastructure located in Aikeatescribed.
TheimplementedSDN controller offeredactive adjustment of the capacity provided by the
TxRx for converged AFoF/mmWave RAN transport, based on constant traffic monitoring
and automatic adaptation to Ihheautshelhbstheed app
physical layer of analog transport infrastructure, EVM measurements of 7.3% for-QPSK
OFDM, converged FiWi transmission were achieved. The uninterrupted operation of the E2E
deployment, was validated at application layer through the performancatemalof various
services such as ARF/ applications running on top of the infrastructure, as well as by
throughput measurements, using traffic monitoring tools, showcasing pealataper user

up to 474Mbps. The reactive capacity optimization and network parameter reconfiguration
capabilites provided by the SDN management and control layer of the presented solution
were also successfully demonstratddwever, more details regarding the implementation of
the analog TxRX, as well its integration in tnebile core infrastructurare provide in the
following sections.

5.1 The envisioned Fronthaul Architecture relying on analog TxRXx
interfaces

The proposed SDidompatible AIFOF TxRx implementation comprised a Network
Controller (NC), an FPG#ased Digital Signal Processing (DSP) engine, as well Arialog
Digital (A/D) and electreoptic (e/o) interfaces that provide analog fiber connectivity tde/a

the radio unit. The developed TxRx, was used in the experimental evaluation and
demonstration of a convergedIPoF/wireless layout, which was integrated as an alternative
deployment option in the transport network segment of actual mobile netwagtrofiture,
located in Athengigure42 depicts the architectural view of this deployment, where mobile
network transport connections of type Ethernet can be provisioned over both legacy transport
technologies and A-oF links; the latter serving in cases where kigpacity transport
network inks are required, e.g. for the deployment of RAN nodes in crowdespboplaces,

or as PtP wireless extensions in places where fiber deployment is not feasible. The seamless
operation of the application, network management and data layer of the piesente
implementation, is a key factor for the adaptability eRAF transceivers to the legacy core
infrastructure.
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Figure 42. Schematic of the envisioned Fronthaul Architecture relying on the adoption of analog TxRx interfaces, for
broadband FiWi connectivity.

5.1.1 RFSodased AlFoF transceiver

The conversion of the Ethernet packets into complex native radio waveforms andrgiae

relied on the development of a reémhe network adaptor, serving as a processing node that
handled the Ethernet packets carrying-teaé mobile services traffic.fe full stack of DSP
functions targeted efficient fiber/OTA transport through OFDM wavefoithe platform

that was used for the development of this network adaptotheasngle integrated Xilinx

Zynq Ultrascale+ Radio Frequency System on Chip (RFSa@)cansisted of a 10G/25G
Ethernet core, an FPGA board, and DAC/ADC. The reconfigurability properties of the FPGA
processor offer great flexibility regarding the waveforms that can be generated and handled,
as well compatibility with amyype SFPbased trHic. As such the employed baseband
processor can be any time adapted to the requirements of the specific network segment and
support varying signal formats, from complexegverted OFDM waveforms tgtandard
CPRFIcompatible binary OOK traffic. The indoual functionalitiesof the network adapter
depicted also ifrigure43 are the following:

1 Ethernet en/decapsulation:

The employed RFSoC has increased capabilities in terms of Gigabit Ethernet connectivity, as
its Gigabit Transceivers can support up to 25G Ethernet with the (Media Access Control)
MAC and Physical Coding Sublayer (PCS) implemented on the FPGA fabric.thbmét

core performed data link layer functionalities to map the incoming Ethernet traffic to the DSP
engine, as well to recover Ethernet frames from the demodulated waveforms. These
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functionalities include basic error handling, flow control for access to the physical layer, and
frame encapsulation into 802.1Q frames that enable Virtual Local area network (VLAN)
taggingi the supporting mechanism of the management plane. Through ievgksion of

the corresponding functionalities, the RFSoC platform also offers compatibility with a variety
of standard protocols, including different options of the eCPRI interface.

1 Baseband processing

The signal processing functions of the implementd&a@¥ transceiver were executed within

the FPGA fabric of the RFSoC platform. Multiple lane processing of up to 4 independent data
streams were applied fdow-latency implementation. Two independent and identical
transmitter/receiver side DSP block chains were developed within the RFSoC for the
establishment of fulluplex connectivity. At the transmitter side, the incomingstrikam

was initially mapped tQPSK symbols, while the OFDM signals were generated using a fixed
256tap inverse Frequency Fourier Transform (iFFT) algorithm., which combined to the
200MHz analog bandwidth at the DACsO0 output
compared to the@PP specifications, approximating the value of 1MHz. The FPGA clock
was 256MHz, corresponding to transmission of 204 MHz useful bandwidth, after zero
padding (52 out of 256 stdarriers). A CP of 64 samples length was inserted to the signal
before its Digial-to-Analog (D/A) conversion. It has to be mentioned that the parameters that
were selected for the OFDM modulation are not based on the 3GPP specifications. Instead,
signal robustness against distortive factors, such as ISI and phase noise, asressiuttoe
utilization scaling of the employed FPGA platform were the main criteria for the
determination of the OFDM parameters.

More specifically, based on the latest 3GPP specifications for extended symbol bandwidth
values of up to 400MH}5.12], the corresponding FFT size extends to 4096 taps, hence the
subcarrier spacing can be as narrow as 98KHz for the specific parameters. In general, the
3GPP standards support subcarrier spacings in the range of 15KHz to 480KHz. The CP is in
most cases caltated as a fraction of the FFT length. This fraction varies from 1/4 to 1/16,
while longest CP ensures robustness to[BS13]. It should be noted that the mentioned
specifications target to meet the requirements of the access component in 5G mobile
networks. More specifically, they are tailored for the connection between user equipment and
radio units. These specifications habeen designed considering transmission scenarios
involving wireless frequencies of up to 28G$z14].

The AIFoF transceiver introduced aims to offer an alternative transport solution for
connecting BBUs with their corresponding RUs, over arblged fiber and converged fiber
Wireless paths. Aiming to benefit from the high bandwidth efficiency charaaterif A-

IFoF scheme, the convergence of analog optical interfaces anefrdéigiency radio
solutions, including mmWaves, sz, and even THz, presents an opportunity to achieve
extremely high capacities.

One of the main challenges towards adopting such high bandwidth technologies in analog
transport |l ayouts is their high susceptibild]
[5.15]. The effect of phase noise gets even worse in Ofabkd transmission systems when
narrow subcarrier spacing values are adoffi€l6]. In the custom analog transceiver that is
being presented in the current work, the embraced®&b6FT size, combined to the 200MHz
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analog bandwidth at the DACsO0 outputs corre

to the 3GPP specifications, approximating the value of 1LMHz. As such, one of the criteria for
the FFT size and subcarrier space selection was robustness to phasatrtbessame time,
for the selection of the size of the FFT transformation the resource utilization scaling of the
employed Xilinx IP core, especially the DSP and RB\Mockswas taken into consideration

Furthermore, considering that employing an FPGA as a baseband processor allows for
reconfigurability but may not achieve optimal performance, an extended CP of 64vwasnts
utilized. This extended CP, which corresponds to a quarter of the FFT length, was chosen to
ensure resilience against ISI and concurrently facilitate timing synchronization of the received
OFDM symbols based on the CP, even in-lBNR reception cases.

At the receiver side, the timing synchronization of the signal was achieved through-an auto
correlation function targeting to the identification of the CP, which indicates the start of the
OFDM signals. After the CRelimination, a 25ap FFT function was used for the
demodulation of the OFDM symbols. Following, a Z&mrcing (ZF) algorithm was
implemented for the channel estimation and equalization of the received data. For this
purpose, 21 pilot subarriers multipexed with the data subcarriers werealsnsmitted. For

the purposes of the current work, standard-¢mmplexity processing algorithms were
employed, to upgrade to higherder modulation formats as if5.17], would require
advancedynchronization techniques and FEC coding.

1 RF data converter functions

The RFSoC device is equipped with 8 DACs and equal number of ADCs supporting sampling
rates up to 4Gbps. Moreover, each converter has its own dedicated digital datapath
implementing DSP blocks, such as interpolation, decimation filters and digital mixers to up
/down-convert from/to baseband. The programmability of the Analog Mixed Signal (AMS)
blocks offers the ability to process real or complex signals and supportiamdtioperation.

1 Electro-optic interfaces

Highly linear optoelectronic units were used to realize an IM/DD communication strategy for
the optical segment. In more detail, the use of an Elatisorption Modulated Laser (EML)

based analog IFoF transmitter was selected as a cost effective, integrated solution that has
been extensively proposed for the emerging densified 5G network topol&giss.
Commercial offtheshelf photoreceivers were used to detect the analog optical signals,
providing thereby the radio waveforms to the mixer stages of mmWave boards. As such,
specific power consumption details of each stage of the transceiver are presdiatele 7.
Apparently, the conversion of the digital streams to analog signals andevgzeis the most

power consuming process.
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Figure 43. A-IFoF transceiver developed on staikthe-art Xilinx RFSoC board, interconnected with 10GHz elecjptic
units.

The evaluation of the presentedIPoF transceiver design was initially permed through
latency and poweconsumption measurement$aple 7). The execution time for the
accomplishment of the transmitteide processing functions for each stream was measured
to be 5Susec, and the execution time for the recaivi precessing was found to be usec.
Given that the wireless signal propagatioelag is negligible, compared to the fiber
transmission delay (5us/km for Standard Single Mode Fiber (SSMF)), the fiber transmission
length is the main contributing factor to the total delay budget of the experiments. As a result,
even for Ultra Reliable ad LowLatency Communication (URLLC) applications with up to
100usec latency requirements for one way transmissiory @glé], optical propagation
distances up to 18 km can be fugted by our presented solution. Furthermore, the power
consumption of the technology solutions involved #FAF-based transport implementations

is a key feature. As such, specific power consumptetails of each stage of the transceiver
are presented imable7. Apparently, the conversion of the digital streams to analog signals
and viceversa is the most power consuming process of the RFSoC, whilst the RF
amplifications connected to the eleetptic components also contribute a fair share in the
power consumjn.

Table7. Power consumption per TxRx unit

‘ Unit Power Consumption
(Watt)
FPGA fabric 2.3
CPUs (used for signal performance 57
RESoC monitoring)
RFSoC clocks 12
DAC/ADC units 3.3
Electrooptic Optical modulation 2.07 (Driver) + 0.2 (EML)
modules Photoreceiver 1.5
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5.1.2 SDNpowered Management & Control Plane

The control plane of the developed TxRx unit, relies on a commercially available NC card
[5.19], which was integrated into the setup via three different interfaces, the internet gateway
(used for signaling with the open daylight controller), thetive Optical Cable AOC)
connection with the MNO components, and the AOC connection with the baseband
processoros ports. The selected NC card f e:
essence to the selected experimental setup: a)imutt-Operating Systent]S) support (to

allow for easy installation in the master and slave flexbox nodes and b) haabeaterated
OpenVirtual Switch ©OVS) implementation for very low latency execution of the OVSDB
signaling commands and c) support for opti(aFP28) ethernet ports. The proprietary
framework supported by the NC allowed to offload the datapath by programming the NC
embedded switch and avoiding the need to pass every packet through the processor cores. The
control plain remains the same as wogkinith standard OVS. Two individual NC cards

were employed, to host management and control layer operations, both at the BBU and the
remote radio sites, thus enabling fdilplex connectivity.

For the implementation of management and control plane functionalities, the OVS L2
virtualization software was installed in a master and slave, degk#oje pcs (using ubuntu

20.04 Server Lts) to allow for the generation of virtual L2 ports that willdeel to manage

the configuration of the uplink and downlink data flows of both the master and slave node.
The physical (actual) ports of the nodes for the implementation of 802.1Q encapsulation and
the control of the VLAN tagging mechanism, which was thetimod used for the routing of

the | egacy equipmentodés traffic over either
platform. Essentially, the activation of a second data lane enabled the duplication of the traffic
rate that could be supported by the agalaRx.

The configuration of the OVS system was based on primitives such as the generation of a
virtual switch for a virtual interface as well as management of queues and rules for the
Downlink (DL) and Uplink (UL) directionThe original network input/output port is bridged

in the OVS system using a virtual interface. There it is split into 2 different directions for the
uplink and downlink traffic (different VLAN tags). Both flows are then connected to an actual
port, i.e. theoptical interfaces of the setup. Toptical interfaces that are linked towards the
physical |l ayer, act as a Atrunko for bot h
deployments of virtual and physical network layers, an L2 data bridge was established
between the two virtual network intecks, to support the proprietary 3GB&sed L2/L3
protocols. This enabled E2E internet/TCP connectivity of all the showcased services and
applications.

In order to provide remote, clodzhsed management of automatic VLAN configuration, the
OVS at both BBU and remote radio sites was operated under external remote management
mode, connecting each OVS to an external OpenDaylight controller, hosted inlertezra
the-internet infrastructure. The employed server used the OpenFlow protocol to exchange
management and measurement messages with underlying OVS nodes using the OVS
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Database Server (OVSDB8B) extension. In particular, the solution relies on two core-open
flow message types: i) Measurements of the
t o the dfioswitohtreadsltlagred messages anthe operlpw Me s s a
rules of the virtual interfaces, Mat&ules for the manipulation of incoming traffic
(downlink) and Actioarules for outgoing traffic (uplink), respectively mapped in

i Co n t-to-ewlitdh eMiodify-St at e messageso. TleactOagsean Day | |
abstraction on top of the opélow layer (as well as the underlying sottbund protocol)

and exposes a machirgendly REST API mechanism (RESTConf) which allows for a
programmatic manipulation of said parameters (read/write) via diedetence of their
respective YANG model identifiers. For the purposes of this experimental setup, a preset
mapping table between VLAN tags and functionalities adldfor different experimental
scenarios to be tested. An example of such mapping that wdsnuas VLAN tag 9 od0

switching the downlink mode to single or dual lane. The same effect was also applied in the
uplink virtual interface, using the VLAN tags 0 and 1. To be noted that, while for the sake of
these demonstration activities, a preset (ftaded) mapping tablwas used, a dynamic
mapping table methodology has also been evaluated. After this connectivity had been
established, the OpenDaylight controller exposed all the underlying component information

via the RESTConf module, which providedREST Application Programming Interface

(API) that can be used for connection by external client software.

The Network, Planning and Orchestration (NPO) tool was the final component of the setup
which used a Hypertext Transfer Protocol client to the RESTconf interface of OpenDaylight
controller to provide a separate management and analytics plane for manual
inspection/control, as well as a sandbox for developing closed management loops that
employed analytics to perform management actions. The API provided full L2/L3 metric
visibility of the underlying link to the NPO software, which was designed so as tolsdkrs

and applications access to the full operational context of the analog link. The developed setup
could thus support intelligent algorithms and functionalities from commodity Ethernet
infrastructure to be operated also on traffic stemming frelRgk/mmWave interfaces to (a)
signaling traffic overhead analysis, (b) traffic profiling of the various applications hosted and
(c) configuration and performance of the dynamic capacifaggregation. As a monitoring
solution, the NPO tool is applying the besactices with respect to the processing overhead

of the actual data plane of the experimental setup. By utilizing the measurement values
provided by RESTConf from the OpenDaylight Northbound interface, the NPO tool creates
a odigital t w virtuél netwbrk ietexfachs thatfcantbé accessed by client
applications to acquire the latest measurement values. The visualization software (based on
opensource typescript/javascript frameworks running on web browsers) as well as the
intelligence algothms (stanehlone java applications) are producing signaling load isolated

to the NPO backend. Using this approach, horizontal scaling of these clients is not producing
additional overhead propagated to the actual data plane nodes. For the enforcehent of t
management actions (i.e. the activation-adgvation of the additional bandwidgroviding

| ane, direct i nv&otatieon moktthe i Mochriise d . Th
however, provide hardware accelerated SDN support (including the maicipubd the
openflow parameters) which produced undetectable delays (due to the actual OS processing
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delay of the network traffic itself) and also no packet loss during the configueatiomn. A

final note on the Adigital twino approach i
interfaces is directly related to the oOref
measurement frequency, we increase the sampling rate uatngdielay on the identification

of various actiortriggering states (i.e. states with throughput higher than thegbeeted

threshold). This can increase the errte &t decisiormaking algorithms especially for traffic

bursts that span over amounts of time that are smaller than the sampling interval period.

5.2. Experimental evaluation of theealtime analog Fronthaul
topology and live demonstrator deployment

In the following paragraphs the experimental evaluation okethesioned realime analog
TxRx-basedtopology will bereported including the performance of preliminary testing
involving different converged fibewireless transport scenarios the preparationand
execution of the largecale demonstrator and finally the discussion obtiwuired results.

5.2.1Experimental investigation BPGAased AFoF/mmWave transceiver
integration in mobile infrastructure

In thissection the successful integration thfe reattime analog transceiver over an existing
mobile infrastructureis presentedThree alternative optical/wireless converged network
topologies were investigated and successfully demonstrated: (a) Fiwi, (b) Widless
(WiFi) and (c) FibeitWirelessFiber (FiWiFi).
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Figure44. Experimental setup of (i) Fiwi, (i) WiFi and (iii) FiIWiFi downlink segments of the Fe@abled EP@o-Small
cell interconnection.

Figure 44 shows the experimental sgp that was employedThe existing mobile
infrastructure of Gr eec e 6 YMND)a (CQRVEOTE) Was b i | e
exploited, which among others included an Evolved Packet Core (EPC) and a Small Cell.
Figure 45 depictsthe fiber interconnection of theor e equi pment (locat e
premise} and the access nodes (located at NTWByecifically, a pair of fibers stemming

from COSMOTEpr emi ses is terminated at the NTUAS®G
which is located inside the NTUA campus. The length of each fiber was measured to be 22.65
Km and 17.5 Km, respectively. This link has also been characterized via OTDR
measurements whichndicated that the optical losses at 1550 nm were about 12.5 dB.
Additionally, there is an extra fibewrs | ink
Communication Research Laboratory (PCRL) premises. Thisdatrgus link consists of

six pairs of fiber. Each fiber length has been measured to be approximately 3 km with optical
losses below 1 dB. This dark fiber deployment can be used to provideatimity (also via

switches at both sides) between the COSMOTE and the NTUA lab.
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Figure 45. COSMOTENTUA premisesnterconnectiori optical layer connectivity

Between these two network unitsg FPGAbased analog TxRx urgimulatedooth Ethernet

and signal processing functions of a Baseband Unit (BBlhis experimental testinghase,

the SDN capabilities of the TxRx were naiilized. More specificallyat this stagethe
Ethernet cor@erformed data link layer functionalities to map the incoming Ethernet traffic

to the DSP engine, as well as, to recover Ethernet frames from the demodulated waveforms.
These functionalities include basic error handling, flow control for access to thieghhys
layer, frames encapsulation and Vittuacal Area Network (LAN) taginggThe RF S0 Cd s
FPGA engine generateahd posfprocessed the OFDM waveforms that were propagated over
the analog testbedt. has to be mentioned thiie RFSoC implemented two independent and
identical transmitter/receiver side DSP block chains and provided two pairs of DACs/ADCs,
for the establishment of futluplex connectivity. However, due to the lack of lab equipment,

the investigated experimentalyouts implemented only one signal direction (defined by A
and B pointsn Figure44), while in the other direction the IF signals were propagated over
an electrical SMA cable.

The signals genereted in the RFSoC platform propagated in the fiber by exploiting highly
linear Intensity Modulation/Direct Detection (IM/DD) opébectronic units in three different
opticalwireless network layouts. The FiWi and its symmetrical WiFi layiatended to
emulate a bidirectionali¥ed Wireless Access (#A) scenario, while the extended FiWiFi
layout served as a wireless bridge, interconnecting terminals of two spatially separated fiber
transport segment$.4], [5.20]. In the FiWi layout Figure 44 (a)), the DAC output was
amplified via a controllable gain amplifier and then used to drive the Electro Absorption
Modulator (EAM) segment of an EML. The optical signal was transmitted over a 25 km fiber
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