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Palavras-chave Unidade de testes do ORCIP, Rádio-sobre-Fibra, 5G, Frontend de Rádio
Frequência.

Resumo A chegada do 5G traz um conjunto de desafios para os engenheiros de
telecomunicações resolverem. Esta nova geração de comunicações móveis
traz mais velocidade, maior largura de banda, menor latência e uma qualidade
de serviço superior, quando comparado com o 4G/LTE. Nesta dissertação
será abordada a actualização da rede de acesso da infraestrutura ORCIP
através do uso de transmissão analógica de rádio-sobre-fibra (RoF). Para isso
será feito um estudo e uma caracterização de uma ligação óptica à base de
um TOSA e um ROSA para substituir a estrutura atualmente implementada
baseada em transceivers SFPs de baixo custo. Será também projetada uma
unidade de rádio remota que contém um frontend de rádio frequência aliado
à ligação óptica analógica previamente desenvolvida. Este frontend de rádio
frequência é projetado para operar na banda N78 de 5G FR1, em Portugal.
A performance do frontend desenvolvido será analisada em conjunto com a
ligação óptica usando um sinal de 5G real.





Keywords ORCIP Testbed, Radio-over-Fibre, 5G, Radio-Frequency Frontend.

Abstract The arrival of 5G brings telecommunications engineers a set of challenges
to solve. This new generation of mobile communications brings faster
speeds, higher bandwidth, lower latency and superior quality of service when
compared with 4G/LTE. This dissertation studies the update of the ORCIP
testbed using analogue radio-over-fibre (RoF) transmission. For that, a
study and characterisation of an optical link using a TOSA and a ROSA are
made to replace the current structure based on low-cost SFP transceivers. A
remote radio unit is developed containing a radio frequency frontend and the
developed analogue optical link. This radio frequency frontend is designed
for the N78 band of 5G FR1 in Portugal. The performance of the developed
frontend is analysed in conjunction with the optical link using an actual 5G
signal.
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FR Frequency Range

GPIO General Purpose Input Output

GSM Global System for Mobile Communications

IF Intermediate Frequency

IFoF Intermediate Frequency over Fibre

IIoT Industrial IoT

InGaAs Indium-Gallium-Arsenide

IoT Internet of Things

Laser Light Amplification by Stimulated Emission of Radiation

LED Light Emitting Diode

LNA Low-Noise Amplifier

LO Local Oscillator

LTE Long Term Evolution

M-APSK M-ary Amplitude and Phase Shift Keying

M-PSK M-ary Phase Shift Keying

x MSc. Dissertation - Filipe Renca



LIST OF ABBREVIATIONS

M-QAM M-ary Quadrature Amplitude Modulation

MIMO Multiple-Input Multiple-Output

MLM MultiLongitudinal Mode

MMF MultiMode Fibre

mMTC Massive Machine Type Communication

MPD Monitor PhotoDiode

MQTT Message Queuing Telemetry Transport

MZI Mach-Zehnder Interferometer

NF Noise Figure

O/E Optical to Electrical

OFDM Orthogonal Frequency-Division Multiplexing

OOK On-Off Keying

ORCIP Optical Radio Convergence Infrastructure for Communi-

cations and Power delivering

OSA Optical Spectrum Analyser

PA Power Amplifier

PAM4 Pulse Amplitude Modulation 4-Level

PD PhotoDiode

PIN P-type Intrinsic N-type

QAM Quadrature Amplitude Modulation

RAN Radio Access Network

RF Radio Frequency

RFI Radio Frequency Interference

RFoF Radio Frequency over Fibre

RMS Root Mean Square

RoF Radio over Fibre

ROSA Receiver Optical Sub-Assembly

RRH Remote Radio Head

RRU Remote Radio Unit

RSSI Received Signal Strength Indicator

SFP Small Form-factor Pluggable

MSc. Dissertation - Filipe Renca xi



LIST OF ABBREVIATIONS

SLM Single Longitudinal Mode

SMF Single-Mode Fibre

SNR Signal-to-Noise Ratio

TIA TransImpedance Amplifier

TOSA Transmitter Optical Sub-Assembly

URLLC Ultra-Reliable and Low-Latency Communication

V2X Vehicle-to-Everything

VCSEL Vertical Cavity Surface-Emitting Laser

VGA Variable-Gain Amplifier

VNA Vector Network Analyser

VSA Vector Signal Analyser

VSG Vector Signal Generator

WDM Wavelength Division Multiplexing

xii MSc. Dissertation - Filipe Renca



Chapter 1

Introduction

The Fifth Generation (5G) of mobile communications are all the rage now, especially

with the ongoing auction of 5G spectrum for mobile operators, but what can be expected

from this emerging technology? The 3rd Generation Partnership Project (3GPP) association

developed this new standard to overcome the restrictions found in the Forth Generation (4G)

networks due to the increasing stress on the current telecommunications infrastructure. Also,

according to the annual report from Cisco Systems[1, 2], we will be approaching nearly 30

billion networked devices in 2023, up from the existing 18 billion in 2017, which is more than

three times the global population. Furthermore, with advancements in mobile technology,

more data is generated by said devices. As per Ericsson’s mobility report[3], global network

traffic is foreseen to reach 226 exabytes per month in 2026 from around 51 exabytes at the

end of 2020, representing a growth factor of approximately 28% in 6 years. With more and

more devices being Internet of Things (IoT) devices, although these require small amounts of

bandwidth, in 2021 alone the number of IoT connections is expected to increase by almost 80

percent[4].

1.1 Motivation

As mentioned above, the mobile communications market is growing exponentially, and

the infrastructures are being saturated by the increase of IoT devices and wearables alike.

A solution must be implemented to resolve the dilemma we currently face. Current mobile

broadband services like 3G and 4G/LTE are based in a Distributed Radio Access Network

(D-RAN) architecture, whose main blocks are the Remote Radio Head (RRH), the BaseBand

Unit (BBU) and the fronthaul/backhaul links. This architecture will be explored in more

detail in Chapter 2.

To solve these problems, the Optical Radio Convergence Infrastructure for Communications

and Power delivering (ORCIP) testbed is being developed in the Instituto de Telecomunições

of Aveiro[5]. Since new mobile fronthaul networks are based on a Cloud and Centralised Radio

1



CHAPTER 1. INTRODUCTION

Access Network (C-RAN) architecture, the ORCIP strives to provide a generic platform for

their development. Figure 1.1 represents the generic architecture of the ORCIP testbed. This

testbed comprises a set of RRHs deployed all over the University of Aveiro and are connected

via an Analogue Radio over Fibre (A-RoF) link to a central laboratory located inside the

Instituto de Telecomunicações. Inside it contains all the baseband processing power related to

the BBU and connection to the core network. Also, the central processing management of the

outdoor testbed infrastructure, including Radio Frequency (RF) frontends and optical fibre

transceivers, are provided by this laboratory. This hybrid approach, in-lab and on-campus,

guarantees a more realistic network performance assessment in real-world scenarios.

Figure 1.1: ORCIP infrastructure

For the ORCIP infrastructure, an A-RoF link was developed using a modified off-the-shelf

Small Form-factor Pluggable (SFP) transceiver. The work developed in this thesis aims to

improve on the work previously done[6, 7].

(a) (b)
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(c)

(d)

Figure 1.2: Current optical link equipment used in the ORCIP infrastructure: a) CWDM transceiver
b) open CWDM transceiver c) transformation executed in the laser part and d) trans-
formation executed in the photodiode part.

As shown in Figure 1.2, the work previously developed[6, 7] consisted of modifying off-the-

shelf SFPs to allow for analogue transmission. To do that, the transceiver was open, displayed

in Figure 1.2b, and the Digital Signal Processor (DSP) portion of the SFP was disabled by

shunting the input and the output together, as seen in Figure 1.2c and Figure 1.2d.

To improve their work, I will use a Transmitter Optical Sub-Assembly (TOSA) module

and a Receiver Optical Sub-Assembly (ROSA) module separately to avoid crosstalk. This

approach allows for a higher degree of freedom as almost every parameter in the optical link

can be controlled. I will also develop an RF frontend suitable to work in the 5G FR1 band. To

complete, I will proceed to the validation of the designed C-RAN system for 5G applications.

1.2 Objectives

The main goals for this thesis are the following:

� Characterise the optical link performance in terms of available bandwidth, RF signal

power driving the Laser, optical receiver power and link distance with a 5G signal.
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� Characterise the RF frontend performance in terms of frequency band and available

bandwidth with a 5G signal.

� Development of a C-RAN 5G testbed

� Integrate the work developed in the ORCIP infrastructure.

1.3 Document Outline

The remaining of this document is organised as follows:

� Chapter 2: Here, state of the art regarding current mobile network architectures is

presented. Also, the evolution of mobile networking infrastructure is analysed, and its

future iterations are discussed.

� Chapter 3: In this chapter, a brief overview of the fundamental concepts used throughout

the development of this dissertation is made. Such as discussing the Radio over Fibre

technology, the types of fibres, optical transmitters, optical receivers, modulation technics

and the RF frontend structure.

� Chapter 4: In this chapter, the designed C-RAN system is presented alongside the

associated components. The component choices are explained and characterised through

S-parameters and noise figure measurements.

� Chapter 5: In this chapter the designed C-RAN system is validated for 5G deployment.

Each individual subsystem is evaluated and validated for 5G deployment

� Chapter 6: This final chapter presents the conclusions of the work developed in this

master’s thesis and the possible future work to be executed based on this thesis.
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Chapter 2

State of the Art

This chapter will briefly overview the current state of telecommunication networks and

show the technologies being developed for the upcoming generations of mobile communications.

I will also present the current bottlenecks that restrict further evolution on mobile networks

and how the development of the 5G technology will improve the current telecommunications

infrastructure.

2.1 The Evolution of Mobile Networks Architecture

As mentioned in Chapter 1, the current infrastructure of mobile networks is massively

overloaded by the mass amount of mobile data being generated by network-connected devices.

The latest report from Ericsson, June 2021, shows a glimpse into the future. Massive IoT

technologies are on the rise and are forecast to make up 46% of all cellular IoT connections.

Not only that but, by the end of 2021, there will be around 580 million 5G subscriptions, with

the subscription uptake being faster than it was with 4G[4].

Traditional
1G & 2G

Backhaul

Coax
Cables

Baseband
Unit

Radio
Head

+

[2-5 m]

Amplifiers

(a)

Distributed
3G & 4G

Remote
Radio
Heads

Backhaul

Fibre
Fronthaul

Baseband
Unit

[10-100 m]

(b)

Centralized
4.5G & 5G

Backhaul

Fibre
Fronthaul

Virtual
Baseband

Cloud
[10-40 Km]

(c)

Figure 2.1: The iterations of mobile networks architecture(adapted from [8]).
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2.1.1 Current Generation RAN

Figure 2.1 shows the evolution of mobile networks, from the first generation to this next

generation. As shown in Figure 2.1a, the infrastructure of the first two generations of mobile

networks was composed of coaxial cabling between the BBU/Radio Head and the amplifiers

feeding the antennas.

This architecture changed when the Third Generation (3G) appeared, as shown in Fig-

ure 2.1b. This is when the D-RAN was introduced. With this new approach, a short fibre

fronthaul is introduced between the BBU and a RRH, and since this hardware was still capable

4G used the same architecture as 3G.

For D-RAN, the RRHs and BBUs are directly connected via Common Public Radio

Interface (CPRI). This means that for every RRH, there will be one BBU connected to

process its data. Although it has a relatively simple architecture, D-RAN is presented with

several issues. Most base stations are deployed to meet peak capacity in short periods of time.

However, this system is not flexible. Since the system is designed for peak capacity, there are

times where resources will undoubtedly be underutilised and times where the exact opposite

will occur. Another problem related to this infrastructure is the use of the CPRI standard.

The CPRI standard was updated in revision 7.0 to include option 10 for the next-generation

mobile networks due to the massive bandwidth requirements. However, a more viable option

is to use the enhanced version of this protocol, the Enhanced Common Public Radio Interface

(eCPRI). Another problem is the space management in the base stations and the capacity

needed in each one.

For those reasons, this architecture must change in the upcoming networks to accommodate

the increased traffic and bandwidth requirements while providing system flexibility.

Speed Requirements

Figure 2.2: Mobile networks evolution, from 1G to 4G(retrieved from [9]).

Figure 2.2 depicts the speed evolution of mobile data since the first generation. This speed
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evolution demonstrates what has been mentioned before about the increasing stress put on

the network infrastructure. The data requirements have been increasing at an astounding rate.

More than a Gbps is available to the end-user for this next generation, hence the need for an

architectural change.

2.2 Next Generation RAN

In this next generation, 5G, Figure 2.1c shows an entirely different kind of architecture,

the C-RAN. In a C-RAN architecture, the BBU is separated from the RRH as its no longer

located at the cell site. The BBU is now located in a Central Office (CO) alongside other

BBUs. The advantage of using a centralised BBU is that the mobile service provider can

better manage the employed computational resources in their network. This approach allows

for the required flexibility mentioned earlier. Also, it allows the system to be maintained

easier as the BBUs are now located in an easily accessible CO. The flexibility of this new

architecture is achieved by moving to the eCPRI standard[10]. This new standard introduced

in 2017 improves the CPRI standard by reducing latency and jitter for high-priority traffic.

By splitting up the baseband functions of the BBU, less equipment will be needed in the RRH,

therefore, improving the efficiency of 5G fronthaul networks.

A necessary change from 4G D-RAN is in the antenna itself. With the introduction of

massive Multiple-Input Multiple-Output (MIMO) in 5G C-RAN systems, the RRH and the

antenna are combined, forming the Active Antenna Unit (AAU). With this AAU module, the

signal loss caused by the transmission of multiple antennas is reduced. This module supports

beamforming which can ”steer” the beam produced by the antenna to maximise the received

signal by the end-user.

In a C-RAN system, an RoF deployment is more important than ever. As mentioned

earlier, the RRH and the BBU are separated, sometimes in the order of kilometres. Therefore,

using an RoF deployment is imperative since it will be more effective than other means of RF

transmission. Chapter 3 will enter in more detail on how these systems work.

2.2.1 5G Improvements to current mobile networks

Besides the architectural change needed for 5G, this new technology brings some improve-

ments to the end-user. Some of these benefits are:

� Lower latency

� Enhanced capacity

� Higher data-rates

� Availability and coverage
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� Higher bandwidth

Aside from the improvements tailored to the end-user, the architectural changes are what

matter in this dissertation. The most significant change in 5G is the new frequency bands

in the mmwave spectrum. These are located in the Frequency Range (FR) band 2. Another

meaningful change is the available bandwidth, which is increased from the current 100 MHz

to 400 MHz when using the FR2 band. In the FR1 band, the available bandwidth is still the

same as 4G, 100 MHz.

Data

High Bitrate
Signal M-QAM

M-QAM

M-QAM

M-QAM

OFDM
ModulationS/P

Figure 2.3: Basic concept of OFDM modulation scheme used in 5G deployments(adapted from [6]).

The advent of 5G brings 256QAM and higher M-QAM orders to small-cells, shown in

Figure 2.3, is the modulator used to generate these signals. The increase of M-QAM modulation

orders brings a substantial increase in spectral efficiency. As mentioned in Chapter 1, from the

report of Ericsson[4], the number of connected devices is increasing exponentially. Therefore

an increase in spectral efficiency is more than welcome.

Figure 2.4: The future of 5G(retrieved from [11]).
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Figure 2.4 shows the three main 5G releases by the 3GPP association in a document released

by Qualcomm in 2019[11]. In release 15, nicknamed as 5G phase 1, the Enhanced Mobile

BroadBand (eMBB) services serve as the initial focus, with the sub-6GHz implementation

of massive MIMO as equally important. Release 15 also implements Massive Machine Type

Communication (mMTC) and Ultra-Reliable and Low-Latency Communication (URLLC). The

integration of Long Term Evolution (LTE) services in this next generation RAN as well as a

scalable OFDM based air interface are essential in release 15. The complete implementation

of release 15 was scheduled for the end of the third quarter of 2019.

For release 16, 5G phase 2, the focus shifts slightly towards using 5G New Radio (5G NR)

in unlicensed spectrum in higher frequency bands and 5G in massive IoT communications.

Also, the expansion of the use cases to 5G Vehicle-to-Everything (V2X) communications and

Enhanced Ultra-Reliable and Low-Latency Communication (eURLLC) in Industrial IoT (IIoT)

deployments. Release 16 also implements the continuation of the other release 15 related

projects. This release was scheduled to be fully implemented by the end of the second quarter

in June 2020.

Release 17, also known as 5G phase 3, brings improved enhancements of the previous

releases. The most notable ones are the implementation of edge computing in 5G deployments

and the use of a higher frequency spectrum above 52.6GHz. Other implementations mostly

boil down to enhancements of previously implemented technologies. Release 17 was scheduled

to be complete in 2021, but in March, the COVID-19 pandemic pushed key approval dates to

September and December of 2021, and additional delays are now being discussed[12]. The full

implementation of this release was delayed to the third quarter of 2022.

Although Figure 2.4 does not show it, the 3GPP association is already working to continue

these releases. At the beginning of the third quarter of this year, approval meetings for release

18 have begun. In Figure 2.5 below is an updated roadmap by Ericsson showing the future

releases of 5G up to an early Sixth Generation (6G) implementation.

Figure 2.5: 3GPP’s 5G evolution tentative time plan(retrieved from [13]).
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Chapter 3

Fundamental Concepts

The purpose of this chapter is to present a brief overview of the fundamental concepts used

throughout the development of this dissertation, such as the Radio over Fibre technology, the

types of fibres, optical transmitters, optical receivers, modulation technics and the structure

of an RF frontend.

3.1 Radio over Fibre Technology

Radio over Fibre (RoF) is a technology used to transmit an RF signal using light inside a

fibre optical cable. Depending on the transmitted RF signal, it can be categorised as Radio

Frequency over Fibre or Intermediate Frequency over Fibre if the link is Analogue Radio over

Fibre or Digital Radio over Fibre.

Research on RoF technology started in the early 1990s to provide wireless communications

in subway stations[14]. This technology shined during the 2000s Sydney Olympics, where

more than 500 radio cells were quickly set up to accommodate the more than 500,000 calls

that happened just on the opening day[15], proving the dependability and versatility of RoF

on the Global System for Mobile Communications (GSM) infrastructure. As of April 2012,

AT&T had 3000 RoF systems deployed in the USA in places like stadiums, shopping malls

and inside buildings[16].

Some of the advantages of using this technology are the invulnerability against ElectroMag-

netic Interference (EMI) and Radio Frequency Interference (RFI) due to the use of optical

fibre cable to transport the signal. Also, the ability to travel more extensive distances with

fewer losses than traditional means of RF transmission, again due to the use of the optical

fibre medium. Nonetheless, as I will discuss more extensively below, no technology is perfect

and has its defects.
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3.1.1 Analogue Radio over Fibre

Figure 3.1 represents a simple implementation of an A-RoF link. Figure 3.1a depicts

the most common implementation of A-RoF, the Radio Frequency over Fibre (RFoF). On

the CO, a baseband RF signal is modulated in an optical carrier and transmitted on the

optical fibre. On the Remote Radio Unit (RRU), this signal is received and converted to the

electrical domain and then sent to the antenna. This implementation of A-RoF is relatively

straightforward and does not require many specific components, making it cost-effective.

Figure 3.1b details a different kind of A-RoF implementation, the Intermediate Frequency

over Fibre (IFoF), in which the main difference is the transmitted signal. On the CO, an

Intermediate Frequency (IF) signal modulates the optical carrier instead of the baseband signal

and is then transmitted through the optical fibre. On the RRU, the signal is converted to the

electrical domain and then upconverted to a baseband signal ready to be sent to the antenna.

This implementation allows for a lower frequency to be transmitted and then upconverted to

baseband in the RRU, making it ideal for deployment in mmwave systems.

Optical Fibre
Link

RF In

RF Out

RRU

CO

(a)

Optical Fibre
Link

IF In

IF Out

RRU

L.O.

CO
(b)

Figure 3.1: Analogue Radio over Fibre basic implementation(retrieved from [17]): a) RF over Fibre
and b) IF over Fibre

The most significant advantage of this RoF system implementation is its simplicity. The

RRU only needs to convert the received optical signal to the electrical domain and send it to

the antenna. This makes system deployments quick and cheap since a single CO can distribute

the same signal to several RRUs. Another advantage of this system is the fact that they

are agnostic to the input signal. They convert an electrical signal to the optical domain and

vice-versa, meaning that only the CO needs to be upgraded when the time comes to update

the infrastructures.
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However, like any technology, this RoF system implementation is not flawless. With this

being an analogue system that carries an RF signal, it will depend highly on the Signal-to-Noise

Ratio (SNR). The higher the SNR value, the higher quality this link will be. Also, suppose a

system like the one depicted in Figure 3.1b is to be implemented. In that case, additional

components are needed to upconvert the RF signal adding another layer of possible failure

points compared with Figure 3.1a.

3.1.2 Digital Radio over Fibre

Figure 3.2 displays an implementation of a Digital Radio over Fibre (D-RoF) link. Here,

the modulating signal is purely digital, primarily using an On-Off Keying (OOK) modulation.

Research is being done using Pulse Amplitude Modulation 4-Level (PAM4) and Orthogonal

Frequency-Division Multiplexing (OFDM) modulation schemes[18].

The RF signal is digitised on the CO using an Analogue-Digital Converter (ADC), which

modulates the optical carrier and then transmitted through the optical fibre. Once it reaches the

RRU, the signal is converted to the electrical domain. It then goes through a Digital-Analogue

Converter (DAC), extracting the RF signal and sending it to the antenna.

Optical Fibre
Link

RF In

RF Out

RRU

CO

ADC

DAC ADC

DAC

Figure 3.2: Digital Radio over Fibre basic implementation(retrieved from [17]).

When comparing this system to an A-RoF implementation, the most apparent advantage

is the independence of the SNR to quantify the quality of the radio link. Since the transmitted

digital signal has parity checks and error-correcting algorithms like Forward Error Correction

(FEC)[19], the signal is much less likely to be distorted compared to an analogue link.

As for disadvantages, the most obvious one is the increased complexity compared with

the system mentioned above. This increase in complexity will also increase the overall system

cost. The RRU is much more costly than an A-RoF implementation, possibly reducing the

quantity of RRUs the broadband provider can deploy. Also, the ADCs and DACs in the CO

need to be upgraded when updating the transmission system to accommodate the upcoming

technologies. Furthermore, every RRU needs its ADCs and DACs upgraded in the D-RoF

implementation, making it more expensive and time-consuming for the system providers.

Making a comparison between A-RoF and D-RoF, for an implementation with multiple

wideband radio channels,the A-RoF technology is the prefered option as is much cheaper than

its digital counterpart[20].

MSc. Dissertation - Filipe Renca 13



CHAPTER 3. FUNDAMENTAL CONCEPTS

3.2 Optical Fibres

In the mid-1960s, when experiments regarding optical fibre communication were in their

infancy, it was proven that data could be encoded in light signals to transmit information.

However, the use of optical fibres only really took on in the early-1970s with the invention of

low-loss fibres and the consequent grouping of wavelengths, as shown in Figure 3.3. Around

this time, the fibres that were in use were of the MultiMode Fibre (MMF) kind and only in

the mid-1980s the Single-Mode Fibre (SMF) started to be used[21].

As seen in Figure 3.3, there are several wavelength windows, and the most commonly used

ones are the 1310 nm and the 1550 nm. On the 1310 nm window, the chromatic dispersion of

the fibre is the lowest, making it ideal for long-haul transmission. However, since the amplifiers

used for this wavelength range are not as good as the ones in the 1550 nm window, this region

is becoming less used[22]. On the 1550 nm window, the fibre losses are the lowest, and the use

of a Dispersion Shifted Fiber (DSF) can shift any dispersion that occurs to another region.

Since the amplifiers used in this region are better than those mentioned earlier, this window is

widely used in current optical fibre communications[21]. With advancements in manufacturing

processes, the peak at 1400 nm has been reduced.

Attenuation
(dB/Km)

2

1

1.1     1.2          1.3         1.4          1.5          1.6

Low dispersion
window at 1310nm

Low attenuation
window at 1550nm

Wavelength (µm)

Figure 3.3: Fibre attenuation chart(retrieved from [23]).

3.2.1 MultiMode Fibre

A MMF is mainly used in short-distance optical fibre communications since it has a

reasonably large core size of around 50 to 85 µm[21], and due to its larger core incurs more

significant losses. Since this type of fibre supports the transport of several light modes, given

its larger core size, it will carry a higher data rate than a SMF. Also, this kind of fibre has

a sizeable intermodal dispersion, making it impossible to achieve high data rates of several
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Gbit/s over a span longer than 500 m.

Core

Cladding

(a)

Core

Cladding

Mode 2

Mode 1

(b)

Figure 3.4: a) MultiMode Fibre cross section and b) Two modes travelling inside a MultiMode
Fibre(retrieved from [21]).

3.2.2 Single-Mode Fibre

A SMF is mainly used in long-distance optical fibre communications since it has a smaller

core size than a MMF of around 8 to 10 µm[21]. Considering it has a smaller core size, it will

not allow any other light mode but the fundamental mode because it is approximately the

same size as the transmitted wavelength. Again due to its smaller core size, this fibre will

have lower losses when compared with a MMF. Also, since it only carries the fundamental

light mode, it does not have intermodal dispersion like a MMF.

Core

Cladding

(a)

Core

Cladding

(b)

Figure 3.5: a) Single-Mode Fibre cross section and b) Single mode travelling inside a Single-Mode
Fibre.

3.2.3 Linear and Nonlinear Effects

Although optical fibres have many advantages, they also bring new challenges to over-

come[24]. The biggest challenge that can be immediately spotted is through the analysis of

Figure 3.3. Fibre attenuation is the first of a set of linear effects that must be overcome, along

with these:

� Chromatic Dispersion

� Polarisation Mode Dispersion
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� Intermodal Dispersion (only existent in MMF)
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Figure 3.6: Chromatic Dispersion effect on fibre length

Besides the presented linear effects, optical fibres also suffer from nonlinear effects[24, 25]

presented below:

� Self-Phase Modulation

� Cross-Phase Modulation

� Four-Wave Mixing

� Stimulated Raman Scattering

� Stimulated Brillouin Scattering

3.3 Types of Optical Transmitters

An optical transmitter is necessary to send an optical signal, and there is more than one

available to choose from depending on the requirements of our system. The most common

ones are the Light Emitting Diode (LED), the Light Amplification by Stimulated Emission of

Radiation (Laser) and the Vertical Cavity Surface-Emitting Laser (VCSEL). However, this

last one will not be discussed here. The difference between these transmitters is their cost,

beam pattern, output power, available bandwidth and achievable data rates. Figure 3.7 shows

a comparison between the two common types of transmitters in terms of spectral power.

3.3.1 Light Emitting Diode

The LED technology has a broad spectrum of around 25 to 100 nm, as shown in Figure 3.7a.

Since LEDs are a cheap technology that has been around for longer, they are commonly used
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~25-100 nm
LED

(a)

<0.5 nm
Laser

(b)

Figure 3.7: Power spectrum comparison(retrieved from [26]): a) LED and b) Laser.

in short-distance deployments with MMFs[27]. As LEDs have a broad spectral output, it

causes them to suffer chromatic dispersion in the optical fibre, hence their limitations in both

speed and available bandwidth.

p

n

Fibre
Coupling
Area

Figure 3.8: Simplified LED structure.

As shown in Figure 3.8, the led structure is composed of a simple two-part structure, a

p-doped layer in conjunction with an n-doped layer with a small cavity for the optical fibre

coupling.

3.3.2 Light Amplification by Stimulated Emission of Radiation

The Laser technology has a narrower spectrum up to 5 nm, as shown in Figure 3.7b, and

is mainly used in long-distance, high speed and high bandwidth optical fibre communications.

There are two varieties inside the Laser technology, the MultiLongitudinal Mode (MLM) Laser

and the Single Longitudinal Mode (SLM) Laser[28]. For optical fibre communications, the

only ones used are the Fabry-Pérot (FP), which is a MLM type and a Distributed FeedBack

(DFB) which is a SLM type, although more kinds exist[29].
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MultiLongitudinal Mode Laser

The Fabry-Pérot Laser is one type of MLM Lasers used in communications networks.

In Fabry-Pérot Lasers, the optical feedback is achieved by the cleaved faces of the diode

structure, which causes the stimulated emission to occur[30]. This results in FP Lasers being

the edge-emitting Lasers kind, unlike the VCSEL variety. The stimulated emission is produced

at the longitudinal modes, hence why it is called MultiLongitudinal Mode Laser. The cavity

that it contains can be tweaked by tuning its length. Figure 3.9 shows that an FP Laser laser

has two mirrors separated by an amplifying medium with an inverted population, making a

FP cavity[29, 30].

P[mW]

Emitted spectrum λ[nm]

End Mirror
ACTIVE REGION

CURRENT

P

N

~3-5 nm

Figure 3.9: Simplified FP Laser structure(retrieved from [29]).

Single Longitudinal Mode Laser

For long-haul A-RoF systems, the Distributed FeedBack Laser is mainly used due to

its modified cavity that includes a Fibre Bragg Grating (FBG), reducing the spectral width

compared to an FP Laser. These Lasers have the narrowest spectrum possible to allow for a

much denser Wavelength Division Multiplexing (WDM) with more channels in a single fibre.

These are the perfect choice for Dense Wavelength Division Multiplexing (DWDM) systems[26].

Like the FP Laser, the stimulated emission is produced at the longitudinal modes, but due

to an FBG that filters other spectrum content it is called Single Longitudinal Mode Laser.

Furthermore, just like the FP Laser, the cavity that it contains can be tweaked by tuning

its length. Figure 3.10 shows that an DFB laser has two mirrors separated by an amplifying

medium with an inverted population with an FBG, making a DFB cavity[29].

3.4 Types of Optical Receivers

The optical receiver is the element responsible for the Optical to Electrical (O/E) conversion

and is the last fundamental element in the RoF system. There are two types of optical receivers

the P-type Intrinsic N-type (PIN) PhotoDiode and the Avalanche PhotoDiode (APD)[22].

The most important characteristics of these devices are their sensitivity, defined by the mean
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Figure 3.10: Simplified DFB Laser structure(retrieved from [29]).

optical power at the receiver, and their responsivity, defined by the ratio of received optical

power and the output current. The distinguishing factors between the PIN and the APD are

their sensitivity, responsivity, available bandwidth and price.

3.4.1 P-type Intrinsic N-type PhotoDiode

The PIN PD is a simple device that has widespread use in optical communications. As its

name implies, it has a three-part structure, as shown in Figure 3.11. It has a p-doped layer

and an n-doped layer with an intrinsic material in between them[27].

i

p

n

Figure 3.11: Simplified PIN structure.

As previously mentioned, an important parameter is the responsivity, which is shown in

Equation 3.4.1[31] for the PIN PD.

<PIN =
Ip
P0

=
η · q
h · f

=
η · q · λ

h · c
(3.4.1)

The responsivity is, the ratio between received optical power(P0) and the output current(Ip).

However, it can be calculated in other ways depending on the known information, as shown in

Equation 3.4.1. The η is the average number of electrons per photon, q is the electron charge,

h is Planck’s constant, f is the frequency of the received signal, c is the speed of light, and λ is

the wavelength of the received signal.
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The PIN PhotoDiode is a relatively cheap device that has good sensitivity, can have

a responsivity up to 0.5 A/W and reach up to 30 GHz of RF bandwidth when composed

of Indium-Gallium-Arsenide (InGaAs)[32]. With adequate miniaturisation and component

integration, its been proven that a PIN PD can reach up to 110 GHz in bandwidth[33].

3.4.2 Avalanche PhotoDiode

The APD is a more complex device[27], but unlike the previously described PhotoDiode

structure, it can achieve considerably better sensitivity, around 0.9 A/W, due to an internal

gain mechanism. This improvement in sensitivity comes from an avalanche layer, as shown in

Figure 3.12, which provides a gain factor in the received signal.

i

n+

p+

Avalanche
Layerp

Figure 3.12: Simplified APD structure.

Like the PIN PhotoDiode, the responsivity is an essential factor for the APD. As shown in

Equation 3.4.2, the responsivity is calculated by multiplying the avalanche gain factor by the

responsivity of a PIN PhotoDiode.

<APD = <PIN ·G (3.4.2)

As previously mentioned, the internal structure allows the APD to have a high degree of

sensitivity, which is essential in high bandwidth applications. Nevertheless, though it presents

significant advantages, it also has a set of disadvantages. The first one is that unlike the

PIN PD, a relatively cheap device, the APD is an expensive device due to its more complex

internal structure. Another is the higher bias voltage needed compared to a PIN PD and the

higher noise associated with the avalanche layer.

3.5 Optical Modulation Technics

In order to transmit a RF signal, light needs to be modulated, and for that exist two kinds

of optical modulators: direct modulation and external modulation. Each approach has its

benefits and drawbacks. Both methods can be used to modulate the amplitude or the phase
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of the optical carrier, called intensity and coherent modulation respectively[32]. Due to the

simplicity of amplitude modulation, this is the most used one, hence why I will be detailing it

in both direct and external modulation methods.

3.5.1 Direct Intensity Modulation

Direct intensity modulation allows for easier deployment of a RoF system since this is a

straightforward process and does not require specialised elements other than the PhotoDiode,

shown in Figure 3.13a, making it a cost-effective solution compared to more expensive systems.

The current that drives the Laser varies according to the modulating RF signal at the input of

the bias tee. According to Figure 3.13b, there are three zones where a Laser diode operates.

Bias
Tee

Laser
DiodeBias Current

RFin

Fibre
Link

RFoutPhotodetector

(a)

Saturation
(nonlinearity)

Spontaneous
Emission (nonlinearity)

Treshold

Bias Current

Modulating
Signal (RF)

Bias Current

Linear
Region Light Output

Optical
Output

(b)

Figure 3.13: a) System implementation using Direct Intensity Modulation and b) Laser transfer
function using Direct Intensity Modulation(retrieved from [32]).

When biasing the Laser diode, some caution needs to be exerted for an analogue modulation

to ensure the bias current stays in the linear region. If the biasing current goes into the

saturation region, the output optical signal will suffer nonlinearities, gain compression and

harmonic distortion[32]. Furthermore, when the input RF signal dips below the threshold

value of the laser, the output optical signal will suffer from clipping artefacts like the ones in

Figure 3.14[32, 34].
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Figure 3.14: Clipping artefact when using Direct Intensity Modulation(retrieved from [32]).

This modulation has a fair share of other problems besides the attention needed in biasing

the Laser diode. It suffers from a high RF loss due to the Electrical to Optical (E/O) conversion

being inefficient. The mismatch between the Laser diode and the RF transmission line used

for the modulating signal is the leading cause for these losses. This is due to the typical

RF transmission line having a 50 Ω impedance while the forward-biased laser has a lower

impedance of around 2-3 Ω[32]. Therefore an impedance matching network needs to be used to

drive the Laser diode. Also, the inclination of the Laser’s PI curve[35], shown in Figure 3.13b,

defines the Alternated Current (AC) modulation gain.

Direct Intensity Modulation causes an unwanted wavelength chirp, which, when operating

at high speed, causes an excessive chromatic dispersion[36]. Thus, when going to a higher

frequency range, like mmwave, it is recommended that a different modulation be used, like

the External Intensity Modulation explained next, or downconverting to an IF first.

3.5.2 External Intensity Modulation

In order to overcome some of the difficulties imposed by the Direct Intensity Modulation,

the External Intensity Modulation uses a Laser in Continuous Wave (CW) mode as an input

to an External Optical Modulator (EOM), as displayed in Figure 3.15a. In optical communica-

tions, the ElectroAbsorption Modulator (EAM) and the Mach-Zehnder Interferometer (MZI)

modulators are used, with the MZI being the most common one[37], since the EAM suffers

from a bit of wavelength chirp.
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Figure 3.15: a) System implementation using External Intensity Modulation(retrieved from [32]) and
b) Laser transfer function using External Intensity Modulation(retrieved from [38]).

The MZI modulator is a versatile device that can be used in high-speed modulation and

advanced modulation formats[39]. Since the MZI is the most used EOM, I will be detailing it

as a high-speed modulator.

RFin+DC

CW Light Input

1x2
Splitter

2x1
Combiner

Intensity-Modulated Light

Phase Modulator

Figure 3.16: Mach–Zehnder interferometer basic configuration(retrieved from [37]).

The MZI modulator comprises a 3 dB splitter, a 3 dB combiner and two interferometer

arms, as illustrated in Figure 3.16. Although it is a very complex device, the basic working

principle is quite simple. A CW Laser source is split in two, and modulating one of the

interferometer arms using an RF signal induces a phase shift. When both arms are recombined,

the phase difference between the two is converted to amplitude modulation.

Since the MZI modulator is fed with a CW Laser, it mitigates one of the issues found in the

Direct Intensity Modulation approach, the Lasers instability issues and signal clipping. Also,
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in comparison with the direct modulation method, the MZI does not suffer from wavelength

chirp and can reach over 100 GHz in available bandwidth[37]. It can also handle high amounts

of RF power while providing lower conversion losses than the Direct Modulation approach.

Although this complex modulation technique presents several advantages compared to the

direct modulation approach, it is not perfect. Since the MZI is a nonlinear device, it needs

to be biased at its quadrature point[40], shown in Figure 3.15b, or it can generate unwanted

harmonics. Also, this robust mechanical device is an expensive one, meaning that it cannot

be deployed in every single RoF installation, being reserved for high bandwidth or sensitive

applications.

3.6 Radio Frequency Frontend

The RF frontend used in current mobile wireless systems is an essential part located in the

RRU. In the next generation mobile systems, the RF frontend has an increased complexity as

the antennas are ready for beamforming, which adds a complexity layer[41].

3.6.1 Functional Diagram

Figure 3.17 below is the functional diagram of a transceiver system based on a basic

superheterodyne system.

LNA VGA

PA VGA IF Filter RF Filter

Upconverter

IF FilterRF Filter

Downconverter

LO

LNA

LNA

Tx
Rx

ADC

DAC

Antenna

DSP

I/Q
Demodulator

I/Q
Modulator

Figure 3.17: Super Heterodyne based transceiver(adapted from [41]).

The transmission chain of the transceiver begins with the DSP unit generating a signal

at the I/Q modulator, which in turn is converted to an analogue signal in the ADC module.

After the conversion, the RF signal goes through a Low-Noise Amplifier (LNA), providing

a moderate gain and low Noise Figure (NF), minimising the SNR as the produced signal

does not have a high power level. After that, a filter is applied to remove unwanted spectral

components that might have been previously amplified.
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Next, a mixer up-converts the RF signal coming from the filter to an IF using the reference

of a Local Oscillator (LO). In a mixer, the essential characteristics are typically the isolation

between ports and the suppression of spurious mixing products. Also, the LO should provide

a stable frequency reference and low phase noise and enough power to drive the mixer.

In the next stage, an additional filter is used to ensure no mixing products will be amplified

in the following stage. After filtering, a Variable-Gain Amplifier (VGA) is used to amplify

according to the distance from the transmitter to the receiver, followed by a Power Amplifier

(PA) that boosts the signal that feeds the last component on the transmitting chain.

Apart from the antenna that radiates the RF signal, the last device common to both

transmitter and receiver is the circulator or duplexer. This device can provide the antenna

with two ports, allowing the transmission and reception with a single antenna. A circulator is a

device with a simple working principle that the signal only flows one way. A duplexer performs

frequency multiplexing, allowing different frequency channels to share a common port, in this

case, the antenna port. For both devices presented, high isolation between the transmission

and reception ports must be ensured. Also, the insertion loss between the antenna/transmitter

port and reception/antenna port should be as low as possible to reduce power losses.

The reception chain (upper part of the presented figure) is the opposite of the transmission.

Firstly the received goes through an LNA. It provides a reasonable amount of gain with low

NF. This is followed by a VGA and subsequently an RF filter to remove unwanted spectral

components.

The mixer downconverts the RF carrier to the baseband signal, and it is followed by a

filter and LNA before entering the ADC to be demodulated in the DSP unit.

3.6.2 Noise Figure

An important metric when analysing an RF system is its NF. Noise Figure is a measurement

of signal degradation being fundamental when designing an RF system.

NF = 10log10

(
Si ·Ni

So/No

)
(3.6.3)

To make a NF measurement, Equation 3.6.3 is used to calculate the NF of isolated elements.

Si is the input signal, Ni is the input noise, So is the output signal, and No is the output noise.

With these elements, the NF can be calculated, but when considering a chain of elements, the

calculations are made in a different matter.

NF system = NF 1 +
NF 2 − 1

G1
+
NF 3 − 1

G1 ·G2
.... (3.6.4)

Equation 3.6.4 is used to calculate the NF of a chain of RF elements as demonstrated in

Figure 3.18. NFx is NF for a ’x’ stage with Gx being the gain for the said stage. Since the

first element is the most impactfull in the NF is the reason why an LNA is generally used as
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LNA Attenuator Filter

Antenna

Figure 3.18: Example of an RF system.

the first element in the chain. Knowing these elements, the NF can be calculated,
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Chapter 4

System Implementation

In this chapter, the implemented system architecture for the RoF link is described in full

detail. It begins with a comprehensive description of the optical link path used for analogue

transmission. Then an electrical characterisation is performed and presented in the form of

S-parameters followed by the impact the fibre link length has on the system performance. The

RF frontend is presented afterwards, which includes a detailed description of the components

chosen to operate within the N78 5G FR1 band, ranging from 3300 to 3800 MHz here in

Portugal. The electrical performance of the RF path is presented through S-parameters and

noise figure measurements.

l = 5Km

l = 5Km

RF Frontend

C
ir

cu
la

to
r

SD
R Fronthaul

Network

Inside LaboratoryOutside Deployment

Figure 4.1: C-RAN system implementation(Adapted from [6])

4.1 Optical Fibre Link Characterisation

Beginning with the chosen components for the optical link in this RoF deployment, a TOSA

module and a ROSA from the same manufacturer, YouOpto, was chosen. The MLP203P2

Laser Driver from ThorLabs was chosen to drive the laser from the TOSA module. The

implemented optical link connection is shown below Figure 4.2.
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Figure 4.2: Optical Link connection

4.1.1 Transmitter Optical Sub-Assembly

The TOSA module incorporates a Laser diode and a Monitor PhotoDiode (MPD) to allow

the Laser driver to maintain constant power to the diode. The Laser diode is of the Directly

Modulated Laser (DML) variety, modulated using Direct Intensity Modulation as explained in

Chapter 3. Figure 4.3a and Figure 4.3b are the PCB developed for the tosa module and the

accompanying schematic.

(a)

10 nF

TOSA Module 100 nF

MPD LD

1 µH

56 nH

56 nH
100 pF

340 Ω

0 Ω 0 Ω

RF InPDC

VCC

10 pF

100 pF

10 nF

100 nF

(b)

Figure 4.3: a) PCB designed for the TOSA module and b) TOSA module board schematic.

To assess the DC characteristics of the TOSA module, its output is connected to an Optical

Spectrum Analyser (OSA), the Advantest Q8384 being powered using an external Laser driver,

the Melles Griot 06DLD203. Using the external Laser driver in this configuration, represented

in Figure 4.4, allows regulating the Laser diode current, measuring the Laser’s forward voltage

and reading the MPD current. With the OSA, the variation in wavelength is measured as well

as the output optical power.

With all the DC measurements completed, presented in Figure 4.11, it can be concluded

that the TOSA module has a very linear behaviour.

S-Parameter characterisation

With all of the basic DC tests concluded, it is time to test the TOSA module in the

frequency domain. For the frequency characterisation of the TOSA module, the setup is
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Figure 4.4: TOSA module DC testing setup diagram
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Figure 4.5: TOSA module DC parameters: a) Laser diode current vs forward voltage b) Laser diode
current vs MPD current c) Laser diode current vs optical power and d) Laser diode
current vs wavelength.

composed of a Vector Network Analyser (VNA), the Anritsu VectorStar MS4640B, that

produces an RF signal sweep exciting the Laser thus converting the RF signal to the optical

domain. The optical signal travels on a SMF patch cord less than one meter long to reach a
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photodetector, and since the fibre’s length is low enough, its impact on the measurement can

be ignored for now. The PD on the end of the fibre converts the received optical power to RF

power.

To make the described measurement, a calibrated testbed from Anritsu, the Anritsu

MN4765B, is used to measure the E/O response of a high-performance Laser from Pilot-

Photonics. In turn this measurement is loaded in to the VNA and used to measure the O/E

response of a high-performance PhotoDiode, the HP Lightwave Converter 11982A. With

these calibration steps executed, the HP PD, which has 15 GHz of bandwidth and an optical

bandwidth ranging from 1200 to 1600 nm, is used to measure the frequency response in the

E/O conversion of the TOSA module.

Before proceeding any further, a modification to the TOSA board has to be made. The

original TOSA board was designed with a single-ended input, but after a series of tests in

the VNA, it was clear there was something wrong with the results. Figure 4.6 shows the

adaptation of a ROSA board to use a TOSA instead. This way, a pair of external bias-tee

must be used. From this point onwards, the results presented are in this configuration.

Figure 4.6: TOSA modification

The photodetector characterisation is loaded to the VNAs integrated tool to measure O/E

or E/O conversion of devices. After an electrical calibration and photodetector de-embedding,

the measurement plane is as shown in Figure 4.7. After the setup is assembled and configured,

it is time to run some tests, whose results can be seen in Figure 4.8.

The E/O conversion gain depicted in Figure 4.8a shows that the TOSA module provides a

nearly flat frequency response until approximately 20 GHz, where it starts to drop to -65 dB.

This conversion gain parameter proves the inefficiency in E/O conversion that was discussed

in Chapter 3 for this DML. Another factor that contributes to the poor E/O conversion is the

very high input return loss, averaging around -10 dB as shown in Figure 4.8b. The measured

parameters should be ignored from 20 GHz onwards. Although the HP 11982A only has a

bandwidth of 15 GHz, it has been measured to have an acceptable frequency response until 20

GHz.
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Figure 4.7: TOSA characterisation setup
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Figure 4.8: TOSA E/O parameters: a) E/O conversion gain and b) E/O conversion input return
loss.
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4.1.2 Laser Driver

The Laser diode in the TOSA module presented previously has been used with an external

driver from Melles-Griot. However, in the final implementation, a smaller laser driver from

Thorlabs is used, the MLD203P2. For the Laser diode current control, the MLD203P2 Laser

Driver uses a negative feedback network to control the power provided to the Laser diode.

This type of controller makes the driver a bit more complex but allows higher precision in

power provided to the diode.

TP

(a) (b)

Figure 4.9: Laser Driver: a) MLP203P2 circuit and b) Laser driver PCB

The power control circuitry in the driver uses a negative feedback network that relies on

the MPD current to accurately control the current provided to the Laser diode and maintain

constant power. In order to get the driver to work correctly, the calculation of the compensation

resistor is needed:

RComp =
2.5V

IMPD Max
(4.1.1)

The maximum MPD current(IMPD Max) measured was around 200 µA with a current of 70

mA at the Laser diode. The compensation resistor was calculated with IMPD Max = 250 µA to

allow for a margin of error in the MPD current, resulting in RComp = 10 KΩ.

To set the output power, the desired MPD current need to be calculated by relating the

maximum MPD current with the setpoint potentiometer:

PSet : IMPD =
IMPD Max

R1+R2
· R2, IMPD =

250µA

10KΩ
· R2

(4.1.2)

R1 R2

The setpoint can be quickly confirmed by connecting a voltmeter to the test point on the

PCB and confirming the set current for the Laser diode, with a 1mV to 1mA relation. The

last parameter to be calculated is the current limiting resistor for the Laser diode:

RLD LIM =
UC −ULD

ILD Max
(4.1.3)
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With UC being the compliance voltage of the driver module, which for this module is 3V,

ULD is the forward voltage of the Laser diode at the maximum allowed current, and ILD Max is

the maximum allowed current. For a maximum allowed current of 70mA and a forward voltage

of 2.555V, the calculated value for the limiting resistor RLD LIM is approximately 6.36Ω.

4.1.3 Receiver Optical Sub-Assembly

To complete the optical link a photodetector is needed, for that, the ROSA module

incorporates a PD of the PIN type and a TransImpedance Amplifier (TIA) followed by an

Automatic Gain Control (AGC) amplifier and a differential output driver. It also has a

Received Signal Strength Indicator (RSSI), which allows the measurement of the received

current at the PD.

Pin Description
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Figure 4.10: ROSA module detailed: a) ROSA pinout diagram b) ROSA testing setup c) ROSA
PCB and d) ROSA embedded circuitry.

For the characterisation of this module, its input was connected to the TOSA module

in the previously tested conditions for DC measurements. The required measurements were

made using a precision Keysight multimeter. In order to calculate the PD current, first, the

RSSI current needs to be obtained and then multiplied by 4, consequently obtaining the PD

current. Next, the responsivity value is obtained from the datasheet(0.7 A/W) to allow the

conversion between optical current and optical power. For that, the following expression is
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applied, and the received power in Watts is obtained:

0.7A←→ 1W (4.1.4)

optical current←→ received power (4.1.5)

In Figure 4.11 down below, the MLP203P2 Laser driver was used to power the TOSA

module, and the ROSA module was tested using an ampmeter to measure the RSSI current

and therefore the optical current.
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Figure 4.11: ROSA module DC parameters: a) Laser diode current vs photodiode current b) Laser
diode current vs received optical power c) photodiode current vs optical power (mW)
and d) photodiode current vs optical power (dBm).

S-Parameter characterisation

After the DC measurements, the setup of Figure 4.12 was assembled to make the frequency

response measurements.
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Figure 4.12: ROSA characterisation setup

Like in the TOSA module, for the ROSA modules frequency response characterisation, the

TOSA characterisation file was loaded into the VNA and after an electrical calibration and

Laser de-embedding the measurement plane is shown in Figure 4.12 and the photodetector

measurement is performed.

The analysis of the PhotoDiode O/E conversion gain, shown in Figure 4.13a, reveals

an average -1.5 dB gain at the receptor. This power gain, or lack thereof, comes from an

integrated amplifier that is usually employed after the PD as shown in Figure 4.10d. It can also

be seen a constant but slowly variating gain decreasing trend, like the Laser’s gain response.

Figure 4.13b shows a return loss of around -10 dB in the measured frequency range, indicating

a good output impedance matching for 50 Ω. Since the expected gain was around 20 - 40

dB, it can be concluded there is some problem in the TIA portion of the ROSA module.

Furthermore, three modules were tested with the same behaviour or worse. For the EVM

validation in the next chapter, a benchtop PhotoDiode, the HP 11982A, will be used.

4.1.4 Optical Fibre

A frequency analysis was also made to assess the fibre length’s performance impact in the

designed optical link. Figure 4.14 depicts the setup used:

As referred earlier in Chapter 3, the chromatic dispersion causes a power fading over the

fibre that is accelerated by the chirp effect. The TOSA module in conjunction with the ROSA

module was used to evaluate both chirp and chromatic dispersion effects on the fibre.

The power loss over 4 Km of fibre, shown in Figure 4.15, is almost constant up to 20 GHz of

RF frequency. Above that frequency, the power fading becomes noticeable. When comparing
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Figure 4.13: ROSA O/E parameters: a) O/E conversion gain and b) O/E conversion output return
loss.

with Figure 3.6, the power fading affects lower frequencies a lot earlier, imposing a more

significant influence of the chirp effect over the chromatic dispersion. Nonetheless, from the

analysis of the figure, the power loss from 100 MHz up to 10 GHz is practically constant around

-20 dB, slowly going down with the rise of the frequency, making the dispersion negligible in

the context of the present work. The fibre attenuation is approximately 0.4 dB/Km for the

spool used, whereas the connectors can have up to 3 dB of power loss. Let us consider 0.75

dB loss for each connector and 0.1 dB loss per splice in the fibre. Since four adapters were

used in the connection, that makes a total of 8 connectors and an additional two fibre splices

in the spool. With these elements, the estimated fibre losses are around 7.8 dB for a 4 Km

span. Since the fibre spool used has around 7.8 dB of losses, the power loss value observed in

Figure 4.15 is mainly related to poor calibration and the fact that the 1310 nm region has
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Figure 4.14: Fibre characterisation setup
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Figure 4.15: Optical Fibre O/O conversion gain

higher attenuation values, as mentioned in Chapter 3.

4.2 Radio Frequency Frontend Characterisation

Figure 4.16 shows the defined architecture for the RF frontend and the components used.

For the analysis and characterisation of this frontend, each component is individually processed.

After each component is characterised, both parts of the frontend, the downlink path and the

uplink path, are characterised in detail. The laser needs a steady input power which is being

defined as 0 dBm. The power received from the antenna needs to be considered to properly

adjust the amplification on the uplink path, using a controller board previously developed for
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the ORCIP infrastructure[6].
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Figure 4.16: Radio Link

4.2.1 Low Noise Amplifier

The Low-Noise Amplifier (LNA) is the ADL5523 that can operate up to 4 GHz, providing

a NF of 1 dB. It already incorporates DC blocking capacitors, an active bias and only requires

a few external components for tweaking the amplifier to the desired frequency. The functional

block diagram and designed board are shown in Figure 4.17a and Figure 4.17b, respectively.

(a) (b)

Figure 4.17: LNA specifications: a) Functional block and b) Designed PCB.

S-Parameter characterisation

To make sure the designed board has a good frequency response, the S-parameters are

measured. If needed, the passive components are adjusted in the transmission lines to ensure

the amplifier works as intended.
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Figure 4.18: LNA S-parameters: a) Transmission Gain(S21) and b) Input Return Loss(S11) and
Output Return Loss(S22).

The S-parameters measurements are shown in Figure 4.18. The LNA gain is approximately

11 dB at 3.5 GHz, as shown in Figure 4.18a. The input and output return losses are below -5

dB, represented in Figure 4.18b, showing a reasonable port impedance matching.

The results shown in Figure 4.18 are the best results acquired after adjusting the passive

components in the transmission line of the developed PCB(Figure 4.17b)

Noise Figure characterisation

For the Noise Figure characterisation, a signal and spectrum analyser from Rohde &

Schwarz, the FSW8, is used in combination with a known noise source, the NC346A from

NoiseCom, to acquire the necessary measurements. The same equipment and measuring
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methodology are applied for the other measurements.

Figure 4.19: LNA Noise Figure

The NF measurement is shown in Figure 4.19. The NF varies between 1.4 dB and 2.2

dB, only being slightly worse when compared to the results shown in the LNA datasheet.

The NF results are only shown in the frequency range of interest. This originates from the

substantial amount of time needed to calibrate the Noise Figure meter, which guarantees a

low uncertainty measurement. For the remaining NF results, this approach will also be used.

4.2.2 Variable Gain Amplifier

The Variable-Gain Amplifier (VGA) is the ADL5243, operating up to 4 GHz. It integrates

two amplifiers and a Digital Step Attenuator (DSA), as illustrated in Figure 4.20a. Amplifier 1

(AMP1) is an internally matched broadband amplifier with 20 dB of gain. Amplifier 2 (AMP2)

can deliver 1/4 W and require some external matching components. The DSA is 6-bit with

31.5 dB of gain control and 0.5 dB steps. The attenuation of the DSA can be controlled using

a serial or parallel interface. The designed board is presented in Figure 4.20b.

The internal blocks of the VGA can be connected in any given order, though the man-

ufacturer of the amplifier favours an operation in the following order: AMP1-DSA-AMP2

as shown in Figure 4.20c. This is due to AMP1 and DSA being broadband and internally

matched. Therefore only AC coupling capacitors are required between them.

S-Parameter characterisation

To ensure the designed board has a good frequency response, the S-parameters are measured.

If needed, the passive components are adjusted in the transmission lines to ensure the amplifier

works as intended. In the case of the VGA, two sets of parameters must be acquired, one

when the VGA is in its maximum attenuation mode and the other when it is in the minimum

attenuation mode.
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(a) (b)

(c)

Figure 4.20: VGA specifications: a) Functional block, b) Designed PCB and c) Recommended
implementation by the manufacturer.
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The S-parameters of the VGAs in maximum attenuation mode is represented in Figure 4.21.

The transmission gain and the input/output return losses can be seen in Figure 4.21a and
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Figure 4.21: VGA with maximum attenuation S-parameters: a) Transmission Gain(S21) and b)
Input Return Loss(S11) and Output Return Loss(S22).
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Figure 4.21b, respectively. From the figure analysis, the gain of the VGA reaches 30 dB for

2.6 GHz as desired. Also, it is shown that the input and output return loss are both below -15

dB for 2.5 GHz up to 2.7 GHz, indicating a good port impedance match.

The S-parameters of the VGAs in minimum attenuation mode is represented in Figure 4.22.

The transmission gain and the input/output return losses can be seen in Figure 4.22a and

Figure 4.22b, respectively. The figure analysis shows that the transmission gain of the VGA

reaches 31 dB for 3.7 GHz, not being far from the desired 3.5 GHz. Also, it is shown that

the input return loss is mostly below -10 dB from 3 to 3.55 GHz, indicating a good input

impedance match, but from that point onwards, it reaches a peak of +5 dB, suggesting a

substantial mismatch at that point. The slightly high output return loss that reaches almost
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Figure 4.22: VGA with minimum attenuation S-parameters: a) Transmission Gain(S21) and b)
Input Return Loss(S11) and Output Return Loss(S22).

0dB indicates a poor output impedance match.

The primary justification for the results above is due to the fact of AMP1 being a broadband

amplifier and first in the chain, as it controls the input return loss of the VGA. As well, the

output return loss caused by AMP2 controls the whole VGA output impedance matching.

Just like in the LNA case, the results shown in Figure 4.21 and Figure 4.22 are the

best results acquired after adjusting the passive components in the transmission line of the

developed PCB(Figure 4.20b)

Noise Figure characterisation

For the noise figure characterisation, the previously described setup is used to make the

necessary measurements.

(a)
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(b)

Figure 4.23: VGA Noise Figure: a) Maximum attenuation and b) Minimum attenuation.

Figure 4.23 shows the NF values. For the maximum attenuation case represented in

Figure 4.23a, the measured NF values are in the range of 3.3 to 3.6 dB. Moreover, in the

minimum attenuation case represented in Figure 4.23b, the measured NF values are in the

range of 3.3 to 3.6 dB.

The high NF values observed in the maximum attenuation case(Figure 4.23a) originate

from the VGA behaving as an attenuator of around 30 dB.

4.2.3 Signal Coupler and Power Meter

A PCB was developed to include a signal coupler and a power meter, reducing the overall

complexity and losses. The chosen power meter is the ADL5904 from Analog Devices, an

envelope detector capable of operating from DC up to 6 GHz. It provides Root Mean Square

(RMS) power measurement and envelope threshold detection function within a 45 dB range,

-30 dBm up to 15 dBm of RF input power. Figure 4.24a shows the envelope detector functional

diagram.

The signal coupler chosen is the RBDC-20-63+ from MiniCircuits. It provides a 20 dB

coupling between the input port and the coupled port for frequencies from DC up to 6 GHz.

It typically has a low insertion loss of around 1.1 dB, and all the ports have broadband 50 Ω

impedance matching. Therefore, on the implemented board, in Figure 4.24b, the only concern

was to use transmission lines with a characteristic impedance of 50 Ω.

S-Parameter characterisation

To guarantee the signal was not being heavily attenuated in the signal coupler, its S-

parameters were measured to ensure its functioning well according to the manufacturer’s

specifications. This is a three-port device. Some care must be taken into consideration when
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(a) (b)

Figure 4.24: Signal coupler and power meter: a) ADL5904 Functional block and b) Designed PCB.

executing the measurements.
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Figure 4.25 shows the S-parameters measured of the signal coupler to ensure that both

impedance matching and correct coupling was achieved. Figure 4.25a shows the transmission

coefficients between the signal coupler ports. It is possible to see that the power loss between

the input and the output port is approximately 1 dB and between the input and the coupled

port is around -20 dB, as detailed by the manufacturer in its datasheet. In Figure 4.25b, the

impedance matching at each port is achieved, with all the return loss coefficients being below

-18 dB.

4.2.4 Circulator

The circulator is the SKYFR-001452 from Skyworks. It has a bandwidth of 200 MHz and

a frequency range of 3400 to 3600 MHz. Furthermore, it has a low insertion loss of 0.3 dB

maximum and a minimum of 20 dB of isolation between all ports. It also provides a minimum

of 20 dB of return loss as stated by the manufacturer. The device has its ports internally
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Figure 4.25: Signal coupler S-parameters: a) Transmission coefficient between the Input/Output(S21)
and Input/Coupled(S31) ports and b) Return Loss coefficient at the Input(S11), Out-
put(S22) and Coupled(S33) ports.

matched to 50 Ω in the frequency of operation. Similarly to the signal coupler and power

meter board, the one in Figure 4.26b was also carefully designed to use 50 Ω transmission

lines. Figure 4.26a shows the diagram of the chosen circulator.

CW

1 2

3

Skyworks
SKYFR-001452

(a) (b)

Figure 4.26: Circulator: a) Block diagram and b) Designed PCB.

S-Parameter characterisation

To confirm the manufacturer’s claims about the circulator’s performance, the device’s

S-parameters were measured, considering that, like the signal coupler, this is also a three-port

device.

The circulator S-parameter measurements are shown in Figure 4.27. It can be seen from

Figure 4.27a that the transmission coefficient between ports is almost equal for each case being

around -1 dB. This attenuates the signal in an equal manner for every port. In Figure 4.27b,
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Figure 4.27: Circulator S-parameters: a) Transmission coefficient between the Input/Output(S21) and
Input/Coupled(S31) ports and b) Return Loss coefficient at the Input(S11), Output(S22)
and Coupled(S33) ports.

the return loss is around -20 dB for all the circulator ports, as mentioned by the manufacturer,

meaning a good impedance matching. As seen in both figures, there is a frequency shift of

around 100 MHz. This could indicate some manufacturing defect as every other parameter is

within the given specifications.

4.2.5 Antenna

The antenna, shown in Figure 4.28 below, is the OC35506P-FNF from Laird-Connectivity.

It is an omnidirectional antenna with a bandwidth of 150 MHz ranging from 3.55 to 3.7 GHz.

It has a gain of 6 dBi and an impedance of 50 Ω at the resonant frequency.
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Figure 4.28: Antenna

S-Parameter characterisation

Just like the other elements, the antenna was also measured for the S-parameters. In this

case, only the return loss can be measured with the usual routine since the antenna is a single

port device. With the assistance of an anechoic chamber, the gain can be measured.

The antenna presents a good impedance adaptation, with a return loss below -10 dB

from 3.3 GHz to 3.8 GHz, as shown in Figure 4.29a. It also presents a peak at around 3.7

GHz of -28 dB and a flat spot of -15 dB from 3.4 GHz to 3.6 GHz. For the measurement of

the antenna gain, the process is a bit different. This parameter is measured in an anechoic

chamber through the substitution method. A reference antenna is measured first and the

characterisation saved, then the antenna to test is measured and compared to the reference.

Since the reference antenna had a transmission coefficient of -44.96 dB with a linear reference

gain of 11.5 and the measured antenna had a transmission coefficient of -52.12 dB, presented

in Figure 4.29b, at a frequency of 3.5 GHz. The difference between these two values gives

us the linear gain of the antenna that, once converted, works out a gain of 5.2 dBi, which is

pretty good compared to the manufacturer specification.

4.2.6 Downlink Path

As seen in Figure 4.30, the RF frontend’s downlink path comprises a LNA, a VGA, a

signal coupler board with an embedded power meter and the circulator.

S-Parameter characterisation

The S-parameters are measured to determine how the previously characterised components

behave when linked together.

The S-parameters of the downlink path in maximum attenuation mode is represented

in Figure 4.31. The transmission gain and the input/output return losses can be seen in

Figure 4.31a and Figure 4.31b, respectively. The figure analysis shows that the transmission

gain of the downlink path reaches a broad peak of around 2.5 dB at 3.55 GHz. Also, it is
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Figure 4.29: Antenna Parameters: a) Input Return Loss(S11) and b) Measured Omidirectional Gain.
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Figure 4.30: RF Downlink path

shown that the input return loss is mostly below -10 dB from 3 to 3.35 GHz, indicating a

good input impedance match. However, from that point onwards, it almost reaches 0 dB

at 4 GHz, suggesting a substantial impedance mismatch. The high output return loss that
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Figure 4.31: Downlink with maximum attenuation S-parameters: a) Transmission Gain(S21) and b)
Input Return Loss(S11) and Output Return Loss(S22).

reaches almost 0 dB in the desired frequency range indicates a poor output impedance match,

reaching a peak of -23.5 dB at 3.6 GHz.

The S-parameters of the downlink path in minimum attenuation mode is represented

in Figure 4.32. The transmission gain and the input/output return losses can be seen in

Figure 4.32a and Figure 4.32b, respectively. The figure analysis shows that the transmission

gain of the downlink path reaches a peak of 36 dB at 3.6 GHz, not being far from the desired

3.5 GHz. Also, it is shown that the input return loss is mostly below -5 dB from 3 to 3.6

GHz, indicating a fair input impedance match, but it spikes up to almost 0 dB, suggesting a

substantial mismatch from that point onwards. The output return loss is similar to that of

the maximum attenuation mode.
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Figure 4.32: Downlink with minimum attenuation S-parameters: a) Transmission Gain(S21) and b)
Input Return Loss(S11) and Output Return Loss(S22).

Noise Figure characterisation

For the noise figure characterisation, the same procedure that was described earlier was

followed.

Figure 4.33 shows the measured NF values. For the maximum attenuation case represented

in Figure 4.33a, the measured NF values are around 11 dB till 3.4 GHz, climbing 15 dB at

3.6 GHz and 18 dB at 4 GHz. Moreover, in the minimum attenuation case represented in

Figure 4.33b, the measured NF values are approximately 2 dB in the measured frequency

range.

The high NF values observed in the maximum attenuation case(Figure 4.33a) originate

mainly from the VGA behaving as an attenuator with a small contribution from the circulator.
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(a)

(b)

Figure 4.33: Downlink Noise Figure: a) Maximum attenuation and b) Minimum attenuation.

4.2.7 Uplink Path

As seen in Figure 4.34, the RF frontend’s uplink path comprises a circulator, a LNA, a

chain of 3 VGAs and a signal coupler board with an embedded power meter.
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Figure 4.34: RF Uplink path
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S-Parameter characterisation

Like in the frontend downlink path, the S-parameters are measured to determine how the

characterised components behave when chained together.
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Figure 4.35: Uplink with maximum attenuation S-parameters: a) Transmission Gain(S21) and b)
Input Return Loss(S11) and Output Return Loss(S22).

The S-parameters of the uplink path in maximum attenuation mode is represented in

Figure 4.35. The transmission gain and the input/output return losses can be seen in

Figure 4.35a and Figure 4.35b, respectively. The figure analysis shows that the transmission

gain of the uplink path reaches a wide peak of around -8 dB for 3.6 GHz. Also, it is shown

that the input return loss hits a peak of around -12 dB at 3.5 GHz, indicating a good input

impedance match at the desired frequency. The output return loss reaches a peak of -10 dB
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Figure 4.36: Uplink with minimum attenuation S-parameters: a) Transmission Gain(S21) and b)
Input Return Loss(S11) and Output Return Loss(S22).

at 3.6 GHz, displaying a good impedance match for that frequency.

The S-parameters of the uplink path in minimum attenuation mode is represented in

Figure 4.36. The transmission gain and the input/output return losses can be seen in

Figure 4.36a and Figure 4.36b, respectively. The figure analysis shows that the transmission

gain of the uplink path reaches a relatively narrow peak of 92 dB at 3.65 GHz. Also, it

is shown that the input return loss is almost 0 dB from 3.65 GHz onwards, suggesting an

impedance mismatch and the possibility of oscillating around this frequency. The output

return loss follows a similar trend as the input return loss, with the best value of around -10

dB at 3.6 GHz.

As seen in these figures, in particular Figure 4.36, the measurements are a bit noisy. This
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is due to the low output power needed for this measurement. It also has a 40 dB attenuator

de-embedded in the calibration. Otherwise the RF input port on the VNA could be overloaded,

as it only accepts a maximum of +30 dBm RF input power.

Noise Figure characterisation

Again, for the noise figure characterisation, the procedure described earlier was followed.

(a)

(b)

Figure 4.37: Uplink Noise Figure: a) Maximum attenuation and b) Minimum attenuation.

Figure 4.37 shows the measured NF values. For the maximum attenuation case represented

in Figure 4.37a, the measured NF values have an average of 30 dB going from 22 dB at 3

GHz, climbing to 35 dB at 4 GHz. Moreover, in the minimum attenuation case represented in

Figure 4.37b, the measured NF values have an average of 2.5 dB in the measured frequency

range with some spikes that reach 5 dB.
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The high NF values observed in the maximum attenuation case(Figure 4.37a) originate

mainly from the chain of VGA behaving as an attenuator with a small contribution from

the circulator. The spikes observed in the NF measurement come from the 40 dB attenuator

that had to be de-embedded at the time of calibration, making the overall measurement a bit

noisier.

4.3 Frontend Control and Monitoring

In order to control the RF frontend, a micro-controller was needed to actuate on the VGAs

attenuator and read the voltage signals from the power detectors. Also, it should be capable

of communicating with an external network allowing remote control operation and monitoring.

For that, the micro-controller chosen was the Fipy from Pycom since it was implemented in

the ORCIP infrastructure. An advantage compared to some micro-controller options is that

it can be programmed using a higher-level language, MicroPython, where well-documented

functions are already developed.

In Figure 4.38a, it is shown the Fipy connected to an extension board for better access

to the micro-controller programming and General Purpose Input Output (GPIO) pins, and

Figure 4.38b, shows the Fipy’s functional board diagram.

(a)

Fipy
Expansion Board

C
ir

cu
la

to
r

Clock
RF Frontend

Data

Sel 0

Sel 1

Sel 2

Sel 3

VRMS Uplink

VRMS Downlink

(b)

Figure 4.38: RF frontend controller: a) Implemented PCB and b) Functional diagram.

To use this board in a standalone mode, a simple python program was developed so that I

could more quickly control the VGAs attenuation without having to connect to the Message

Queuing Telemetry Transport (MQTT) server.
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Chapter 5

5G System Validation

In this chapter, the optical link components are tested to their limits to assess their

capabilities, to validate them for 5G deployment. Here the EVM measurements are carried

out. Also, the C-RAN system as a whole is tested to make sure the design is adequate to work

in the 5G FR1 band of 3300 to 3800 MHz here in Portugal.

5.1 EVM Characterisation Procedure

Before going into full detail about the characterisation procedure, let us review the concept

about Error Vector Magnitude (EVM). EVM is the most commonly used metric to measure

modulation quality in current digital communications. It measures the deviation of the actual

constellation points from their ideal locations in the constellation diagram. It is expressed in

RMS percentage or dB.
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Figure 5.1: EVM diagram(retrieved from [6]).
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Current wireless signal standards use multi-level and multi-phase modulation formats

like M-ary Quadrature Amplitude Modulation (M-QAM) and M-ary Phase Shift Keying (M-

PSK) or even a combination of both formats like M-ary Amplitude and Phase Shift Keying

(M-APSK). In order to assess their quality, the EVM metric is commonly employed, which

considers all the potential phase and amplitude distortions as well as noise, providing a single

measurement figure for determining the quality of the employed system.

EVM(dB) = 10 · log10

(
Perror

Preference

)
(5.1.1)

EVM(%) =

√
Perror

Preference
· 100% (5.1.2)

Both Equation 5.1.1 and Equation 5.1.2 show how to calculate the EVM of a constellation.

Since the 3GPP defines EVM percentages, Equation 5.1.2 is the most used one since it produces

an EVM percentage.

The EVM characterisation is made to ensure the designed system is working correctly for

deployment in 5G RoF installations. According to the 3GPP association, a radio system needs

to have an EVM below a certain threshold, in percentage, to make sure the system is reliable,

as shown in Table 5.1 below:

Modulation Format EVM Limit (%)

QPSK 17.5%

16QAM 12.5%

64QAM 8.0%

256QAM 3.5%

Table 5.1: EVM limits imposed by the 3GPP association

5.1.1 Measurement Setup

After the optimisation and single tone characterisation of the RF frontend, we can proceed

to the RF frontend testing with a real 5G signal with the maximum bandwidth allowed of 100

MHz in the FR1 band. This test evaluates the RF frontend capability of transmitting a signal

within the 3GPP EVM requirements.

The optical link will also be characterised but with an FR2 5G signal. This signal will be

based on several 400 MHz subcarriers to determine if the developed optical link is suitable for

5G FR2 mmwave deployments using an IFoF implementation.

Figure 5.2a shows the setup used to make the characterisation of the optical link path

with a 5G signal. Figure 5.2b shows the setup used to make the characterisation of the

downlink/uplink path of the RF frontend with a 5G signal. After both characterisations are

made, the complete C-RAN system is evaluated as well using the procedure of Figure 5.2c.
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Figure 5.2: Experimental setup used to characterise: a) The complete optical link b) The complete
RF link and c) The complete C-RAN system.
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5.2 EVM Measurement Results

Here all the measurements taken are presented and discussed. In the end, a small review

is made about the obtained results, presenting solutions to possible problems that arise.

The baseband samples, I and Q, are generated with an Arbitrary Waveform Generator

(AWG), the M8190A from Keysight, and sent to an I/Q modulator and mixer, a Vector Signal

Generator (VSG) from Keysight, the E8267D PSG. After the up-conversion to 3.5 GHz(central

frequency of the RF frontend) the signal is applied to the TOSA module.

At the output of the HP 11982A PhotoDiode, a Vector Signal Analyser (VSA), the

NB9041B from Keysight, down-converts the signal and demodulates it, so the EVM and

channel power can be examined.

Although this methodology describes the optical link testing, the rest of the measurements

follow the same procedure.

5.2.1 Optical Link

The optical link, comprised of a standalone E/O and O/E conversion stages, was tested

with a 5G NR signal modulated in two different ways to assess its limits and ascertain if it

is usable in mmwave FR2 5G deployments. The first signal generated was a 64QAM FR2

signal with five subcarriers of 400 MHz each, making 2 GHz of total bandwidth shown below

in Figure 5.3a. The second test signal was a 256QAM FR2 signal with five subcarriers of 400

MHz each, with 2 GHz of total bandwidth as seen in Figure 5.3b.

(a)
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(b)

Figure 5.3: Best EVM measurement of the optical link: a) 64QAM and b) 256QAM.
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Figure 5.4: EVM comparison of the optical link

The EVM measured in the optical link path is presented in Figure 5.3. The EVM measured

shows that for the range of RF power tested the EVM remains below the 8% required

for the 64QAM modulation(Figure 5.3a shows the best case) and 3.5% for the 256QAM

modulation(Figure 5.3b shows the best case). Figure 5.4 compares the EVM against the RF

input power with a gap of around 1% difference in the modulations. This can be explained by

imprecision in the measurement, as the fibre coupling is very sensitive and slight movement

can alter the obtained results. It can be seen that with an input power higher than 5 dBm

starts to saturate the Laser, resulting in a fast increasing EVM. For an input power lower of

approximately -1 dBm, the EVM starts to be reach the limit set for the 256QAM modulation

by the 3GPP association. The main focus is to keep the optimal signal input power at the
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Laser, around 0 to 5 dBm, for the best EVM performance.

5.2.2 Downlink Path of RF Frontend

The downlink path of the RF frontend was tested with a 5G NR signal modulated in

two different ways to assess the link’s performance. The first signal generated was a 64QAM

FR1 signal with five subcarriers of 20 MHz each, making 100 MHz of total bandwidth with a

central frequency of 3.5 GHz. The second test was performed in the same conditions as the

previous one but with a 256QAM modulation. The RF frontend was not tested with 400 MHz

subcarriers like the optical link. This frontend was designed to operate the FR1 band of 5G

that limits the maximum subcarrier bandwidth to 100 MHz.

(a)

(b)

Figure 5.5: Best EVM measurement of the downlink path: a) 64QAM and b) 256QAM.
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Figure 5.6: EVM comparison of the downlink path

The EVM measured in the downlink path of the RF frontend is presented in Figure 5.5.

The EVM measured shows that for the range of RF power tested the EVM remains below the

8% required for the 64QAM modulation(Figure 5.5a shows the best case) but for the 3.5%

required for the 256QAM modulation is only from -35 to -29 dBm(Figure 5.5b shows the best

case). In Figure 5.6 there is a comparison of how the EVM evolves against RF input power.

5.2.3 Uplink Path of RF Frontend

Like the downlink path, the uplink path was tested with a 5G NR signal modulated in

two different ways. The first signal generated was a 64QAM FR1 signal with five subcarriers

of 20 MHz each, making 100 MHz of total bandwidth and a central frequency of 3.5 GHz and

the second one a 256QAM with the exact specifications.

(a)
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(b)

Figure 5.7: Best EVM measurement of the uplink path: a) 64QAM and b) 256QAM.
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Figure 5.8: EVM comparison of the uplink path

The EVM measured in the uplink path of the RF frontend is presented in Figure 5.7. The

EVM measured shows that for the RF power tested, it mostly remains below the 8% required

for the 64QAM modulation(Figure 5.7a shows the best case). In the 256QAM modulation,

the imposed 3.5% required is never attained, though close at 3.8% with -55 dBm RF input

power(Figure 5.7b shows the best case). In Figure 5.8, there is a comparison of how the EVM

evolves against RF input power.

On an important note, while the RF uplink testing was being executed, oscillatory behaviour

was observed when the attenuation was changed. It was also observed that huge spurs around

3.7 GHz are most likely wasting power and increasing the overall noise floor, reducing the

signal’s SNR.
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5.2.4 C-RAN System Downlink

The RF downlink path of the C-RAN system, comprised of the RF frontend followed by

the optical link, was tested with a 5G NR signal modulated in two different ways to assess the

link’s performance. The first signal generated was a 64QAM FR1 signal with five subcarriers

of 20 MHz each, making 100 MHz of total bandwidth and a central frequency of 3.5 GHz. The

second test signal was a 256QAM FR1 signal with five subcarriers of 20 MHz each and 100

MHz total bandwidth at the same frequency.

(a)

(b)

Figure 5.9: Best EVM measurement of the downlink C-RAN system: a) 64QAM and b) 256QAM.
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Figure 5.10: EVM comparison of the downlink C-RAN system

The EVM measured in the downlink path of the C-RAN system is presented in Fig-

ure 5.9. The figure shows that in the range of RF power tested, the EVM for the 64QAM

modulation(Figure 5.9a shows the best case measured) remains below the set treshold from

around -27 to -10 dBm. While not being the same for the 256QAM modulation, as the

3.5% required is never attained, with 4.8% at -55 dBm RF input power being the best value

acquired(Figure 5.9b shows the best case). Figure 5.10 shows the evolution of EVM against

RF input power.

5.2.5 C-RAN System Uplink

Like in the RF downlink of the C-RAN system, the same methodology was employed to

test the RF uplink path of the C-RAN system

(a)
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(b)

Figure 5.11: Best EVM measurement of the uplink C-RAN system: a) 64QAM and b) 256QAM.
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Figure 5.12: EVM comparison of the uplink C-RAN system

Figure 5.11 presents the EVM measured in the uplink path of the C-RAN system. The

measurement shows that for the range of RF power tested, the EVM for the 64QAM modula-

tion(Figure 5.11a shows the best case) remains below the 8% required for 3GPP compliance.

The same is not observed for the 256QAM modulation, as the 3.5% required is never attained,

being close at 4.5% with -55 dBm RF input power(Figure 5.11b shows the best case). In

Figure 5.12, there is a comparison of how the EVM evolves against RF input power.

Like before, when the RF uplink testing of the C-RAN was being executed, the same

oscillatory behaviour was observed when the attenuation was changed. The same huge spurs

around 3.7 GHz were observed, but this time the frequency was bouncing around between 3.7

GHz and 3.4 GHz. This is increasing the overall noise floor reducing the signal’s SNR and

also wasting power. This behaviour was only present when the chain of 3 VGAs was being
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controlled, as it never happened with the downlink testing.

As a closing note, the overall results were very satisfactory, especially in the implemented

optical link with the standalone E/O and O/E conversion stages. The results obtained prove

the designed optical link can be used in mmwave FR2 5G deployments through a downconverter

to bring the baseband signal to an appropriate IF. Still, on the topic of the optical link, the

most significant limitation was the software used to generate the waveforms, as it did not

allow for the creation of more than five subcarriers of 400 MHz each. Once this limitation is

overcome, the system will be thoroughly tested, and I believe it can support ten subcarriers

or more, making for a versatile optical link. On the RF frontend, the obtained results were

favourable, but as previously mentioned, the RF uplink path is unstable when the attenuation

is changed. With that in mind, when fixing the problem, the frontend should be capable of

being compliant with the 3GPP requirements for 256QAM in both ways.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The upcoming mobile communications networks, in particular 5G, bring a set of new

challenges for us, engineers, to solve. The discussion of these challenges brings us to review

the available RAN architectures to deploy in these next-generation networks while ensuring

compliance with 3GPP requirements and proper network scalability.

In Chapter 1, the current scenario regarding the mobile communications network is analysed.

The observed scenario has created a necessity for developing new radio technologies that enable

the unprecedented high-speed mobile communications expected in 5G. A brief overview of the

current setup deployed in the ORCIP infrastructure, previously developed in the Instituto de

Telecomunições of Aveiro, is analysed. The ORCIP C-RAN infrastructure is used to test new

radio technologies being developed for the upcoming mobile network solutions, providing an

architecture based on a hybrid in-lab/on-campus deployment. A way of upgrading the current

A-RoF structure, deployed in the ORCIP laboratory, is discussed in this chapter. Also, the

overall structure deployed in this dissertation and its main objectives are discussed here.

Chapter 2 makes an in-depth analysis of the current situation regarding the mobile network

infrastructures. Beginning with a comparison between the several RAN architectures, the

currently deployed D-RAN is analysed, and its flaws are discussed as a preparation for the

next generation of mobile communications. Next-gen communication systems will be using a

C-RAN architecture. Therefore it is discussed in detail here. Closing the chapter, an analysis

on the improvements brought by 5G networks is made, and a roadmap is presented showing

the deployment of 5G.

In Chapter 3, a brief introduction about the fundamental concepts used throughout

the dissertation is made. First, one of the most fundamental concepts is discussed, the

RoF structure. Here the differences between A-RoF and D-RoF are compared, and the

advantages/disadvantages are discussed. Next, the aspects related to the optical fibre link are

detailed. In the optical fibre link, transmitter types, receiver types, and fibre types are being
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analysed. Next in the chapter, the modulation types are discussed. Finally, the RF frontend

is detailed, and its structure is explained.

In Chapter 4, the proposed A-RoF link for the ORCIP testbed is analysed, highlighting

the critical roles of the RF frontend and the optical link. The optical link characterisation

starts with an electrical characterisation. Here its demonstrated that the Laser’s poor E/O

conversion efficiency and impedance matching imposes significant RF signal loss in the optical

link. Then the RF frontend design was presented using commercially available components.

After tweaking the amplifiers to the manufacturer’s specifications and assembling the complete

frontend, it was demonstrated that it could achieve approximately 90 dB of maximum gain

with an average of 3.2 dB of NF in the uplink path. For the downlink path, it was achieved

about 35 dB of gain with an average of 2 dB of NF.

Finally, in Chapter 5 a full analysis of the developed C-RAN system is executed. Here

testing using real 5G signals is made to ensure compliance with the EVM parameters defined

by the 3GPP association. In the optical link it was proven that it can be used in 5G FR2

mmwave deployments, since it abides the EVM parameters in a 2 GHz bandwidth signal with

five 400 MHz subcarriers using both 64QAM and 256QAM modulation. About the C-RAN

system, only the downlink part is compliant with the 3GPP regulations in the 256QAM

modulation, and both downlink and uplink are compliant using the 64QAM modulation using

a 5G FR1 100 MHz signal with five 20 MHz subcarriers.

The overall results of this dissertation have demonstrated that a simple, low-cost RF

frontend in conjunction with the developed optical link can be used for the transportation of

analogue signals with minimum degradation. This option is becomes an attractive alternative

for fronthauling in 5G deployments.

6.2 Future Work and Recommendations

Taking into consideration what was said previously:

� The most notable improvement is to ”fix” the ROSA module. This should bring an

uplift in system performance and even allow for 256QAM transmission.

� Since the TOSA module has differential input ports, a simple modification would be

adding a high-speed differential driver to drive the laser improving the frequency response.

� Like the TOSA module, the ROSA module has differential output ports, so adding a

high-speed differential driver would also improve the system’s response.

� Since the implemented system has been proven to work well in the presented scenario,

the next step would be to integrate all the PCB modules of the RF frontend in a single

PCB and, if possible, include the optical link. This PCB would have everything needed

for the RRU, making for a space-efficient approach with lesser noise and losses.
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� Use the designed optical link to deploy a mmwave 5G system in the FR2 band through

a down-converter.

� While testing the optical link for 5G validation, a limitation in the software used to

build the generated waveforms was found. It was not possible to create more than five

subcarriers of 400 MHz each at any given frequency. Therefore, a new way of generating

a 5G signal must be found to stress-test the optical link thoroughly.

� Another consideration would be replacing the VGA chain with the amplifiers used in

[42]. It seems these would function better and probably would not oscillate as the VGAs

sometimes did.
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