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Abstract

In recent years, the number of devices connected to internet has widely
increased. With the development of the iOT and the growth of 5G network,
more and more devices need a fast and cheap way for connecting and
interfacing. All these devices will be connected to the network through
radio transmission and the network will integrate optical communications
systems.

In this perspective, the optical and radio convergence will have a key role.

The aim of this work was to build fully transmission system for the
connected vehicle: the system is constituted by a radio part and an optical
network.

The radio part was made through electronics modular components and
it was designed for transmitting an OFDM at 3.5 GHz, one of the
frequencies used by 5G.

Regarding the optical network, the most prominent feature is
constituted by the type of the lase: a VCSEL with a peak-wavelength of
1550 nm.

Nowadays, the electro-optical conversion in WAN is performed
through DFB lasers, that are an expensive technology respect to VCSELs.

Actually, VCSELs are used mainly for application at 850 nm like short-
range optical storage area networks (SANs). Only in the last years VCSELs
at 1550 nm were developed and actually they are rarely used for fiber
transmission in WAN.

In this work, a 1550 nm VCSEL was characterized and used in the
transmission system for the optical and RF convergence.






Sommario

Negli ultimi anni, il numero dei dispositivi connessi a internet &
notevolmente aumento. Con lo sviluppo del iOT e la crescita delle reti 5G,
sempre pitt dispositivi necessitano di connettersi ed interfacciarsi
velocemente e a basso prezzo. Tutti questi dispositivi saranno connessi alla
rete attraverso trasmissioni radio e, a sua volta, la rete integrera sistemi di
comunicazione ottica. In questa prospettiva, la convergenza radio e ottica
avra un ruolo chiave.

Lo scopo di questo lavoro é stato costruire un sistema di trasmissione
completo per il veicolo connesso: il sistema e costituito da una parte RF e
da una rete ottica.

La parte radio e stata costruita attraverso componenti elettronici
modulari ed é stata progettata per trasmettere una OFDM a 3,5 GHz, una
delle frequenze usate dal 5G.

Per quanto concerne la rete ottica, la caratteristica pitt importante &
costituita dal tipo di laser utilizzato: un VCSEL con una lunghezza d’onda
di picco di 1550 nm.

Al giorno d’oggi, la conversione elettro-ottica nelle reti WAN viene
eseguita attraverso laser DFB, che costituiscono una tecnologia piti costosa
rispetto ai VCSEL.

Attualmente, i VCSEL sono utilizzati principalmente per applicazioni
a 850 nm le SAN (Storage Area Network) a corto raggio. Solo negli ultimi
anni sono stati sviluppati VCSEL a 1550 nm e normalmente non vengono
utilizzati per la trasmissione in fibra nelle reti ottiche WAN.

In questo lavoro, un VCSEL a 1550 nm ¢ stato caratterizzato e utilizzato
nel sistema di trasmissione per la convergenza radio e ottica.
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Introduction

In the coming years we will witness the development of the so-called fifth-
generation networks (5G). With the advent of this technological revolution
we will see a significant increase of the devices connected to the
telecommunication network. The low latency of the new transmission
networks will open the borders to new real-time applications. Connected
vehicles will be an important application: thanks to 5G connections the cars
will interact with the road and acquire useful information (traffic, road
conditions, weather).

However, the increase in connected terminals will require that the number
of radio cells increases. To achieve performance up to expectations, these
cells will need to integrate the optical network. Therefore, it will be
necessary to find low-cost solutions for radio and optical convergence. A
possible solution is undoubtedly the use of passive optical networks
(PONSs) which present innumerable economic advantages.

One of the essential elements of the PONs is the laser, which must perform
the electro-optical conversion of the radio signal. In the third
communication window (at 1550 nm), laser diodes are mainly used, mostly
Distributed laser feedback (DFB) sources.

In order to reduce the cost and the power consumption, innovative
alternatives have to be studied. In this project we explore the possibility of
using a Vertical Cavity Surface Emitting Laser (VCSEL). Until recently, this
type of lasers was not commercially available at wavelengths around 1550
nm. Very-low cost VCSELs are massively used for very-short connections
in the range between 750 nm and 980 nm (i.e. intradata-center
communications).

This work mainly consisted of simulating and testing a complete
transmission system for the connected vehicle exploiting the convergence
between RF wireless communications and the optical PON. In particular
the direct modulation of the VCSEL by the received RF signal shifted in
base-band allows to design a completely passive network, connecting the
vehicle to the central office without any signal processing and
regeneration.

The work can be divided into two parts, the first concerned the RF
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connection and experimentation of the communication network and the
second consisted in characterizing the VCSEL and evaluating its
performance. To implement the RF system we have used modular
electronic components and the Red Pitaya hardware: it offers a
commercially available solution for the generation and processing of the
received signal.

The signals were generated in the modulation format known as
Orthogonal Frequency-Division Multiplexing (OFDM), which is already
used in 4G and will be taken into account also for 5G applications.

The work is divided in 6 chapter:

CHAPTER 1 A general presentation of the theoretical context of the work:
in particular we introduce the 5G technology and then PON.

CHAPTER 2 General overview of the system,

CHAPTER 3 Presentation and characterization of the Red Pitaya
hardware, used in this project for the signal generation and the post-
processing

CHAPTER 4 Description and design of the radio circuits through modular
electronics components.

CHAPTER 5 General description of the VCSEL, advantages and
drawbacks, characterization of the used laser

CHAPTER 6 Final testing of the signal system and explanation of the
results.

This work was realized during my Erasmus stage at the Universitat
Politecnica de Catalunya in the optical communication laboratory.






Chapter 1

General context

In this chapter, we introduce the 5G technology and the PONs.

1.1 Context

This project was thought in the context of the connected vehicle. In the near
future, all the cars will be connected to the internet network to get
information in real-time about traffics blocks, weather condition, strikes
and all the useful data for the navigation. Moreover, cars will interact with
the street (for example with traffic lights) or with other users (Fig 1.1).

In this context it is fundamental developing a communication system for
connecting the vehicles to the network. In this sense, the connected car is
configured as one of the main applications that supports the needs of 5G
networks, which will allow safer driving and automated guidance based
on real-time control of the external environment.

Moreover, the connected car will facilitate an optimized management of
traffic on roads and cities and better management of public transport,
improving mobility.

Actually, one of the most critical point is the capabilities of the network: as
the number of connected devices is growing day by day, networks and
cells will be more and more saturated.

Furthermore, there are some remote places and roads that are not covered
by any internet network.
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Figure 1--1 Potentiality of the connected vehicle

Therefore, the new paradigm has become to increase the density of cells,
while at the same time trying to reduce costs. The aim of this project was
to find a cost-effective solution for the electro-optical conversion of radio
signals in order to connect the vehicles to the network central office.

1.2 5G characteristics and implications

In telecommunications, 5G is the acronym used to refer to the fifth
generation of mobile telephony technologies. The 5G standards are not
currently defined. However, there are some common characteristics and
rules that probably will be implemented by this new technology (in
particular the requirements of the International Telecommunication Union
(ITU) IMT-2020. 5G network will be faster, smarter and consume less
energy, which will allow its application to a large number of new wireless
devices: vehicles, sensors, home automation. 5G will allow machines and
devices to connect in a massive way, giving rise to the so-called Inter-net
of things (IoT).

The main features of 5G according with the ITU IMT-2020 are:

e Peak data rate: maximum accomplishable data rate under ideal
conditions per user/device (in Gbit/s) 10-20 Gbit/s. [ANC17].

e User experienced Data Rate: Broadband and high-speed mobile
capacities which will enable mobility speeds at a minimum of 100
Mbit/s (for wide area coverage) and 1 Gbit/s (in hotspot cases)
[ANC17]

e Latency: the transmission delay will be reduced to reach 1
millisecond compared to the 20-30 milliseconds that current 4G
networks allow [ANC17].

e Increasing of the power efficiency and increasing to the power-life
of the batteries in IoT devices9



Massive machine-to-machine (M2M) communications. The new 5G
networks will increase the ability to manage simultaneous IoT connections
and a large amount of data.

Increasing of the connection density to 106 devices/km? [ANC17], thus
densification of the cells

Spectra density equal to 30 bit/sector/Hz.

In Fig. 1.2, all these characteristics are resumed, moreover we can also
compare the IMT-2020 standard with the IMT-Advanced (that was the
standard of 4G).

Regarding the signal, the key issues with any form of 5G modulation is the
spectral efficiency. It represents the quantity of information rate that can
be transmitted over a bandwidth. According with ITU IMT-2020, spectral
efficiency should reach the value of 30 bit/sector/Hz. In this context,
OFDM (Orthogonal Frequency Division Multiplexing) it is considerate a
good candidate for 5G. In fact, OFDM has great benefits such as high
spectral efficiency, high resilience to chromatic dispersion, and
efficient/flexible resource management. [CVI12]

Enhancement of key capabilities from IMT-Advanced to IMT-2020

User experienced
Peak data rate data rate
(Gbit/s) (Mbit/s)

Area traffic
capacity
(Mbit/s/m’) 10

Spectrum
efficiency

100«
Mobility

Network (km/h)

energy efficiency

Connection density Latency
(devises/km?) (ms) @

Figure 1-1-2 Comparison between IMT-2020 (for 5G) and IMT-Advanced (for 4G)

However, 5G shows also several critical issues, first of all safety. As more
and more everyday objects are connected, it is essential to prevent any
dangers due to external threats. In the case of the connected vehicle, the
integrity of communications becomes essential as a violation could
seriously affect the safety of people
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The European Union adopted in April 2016 the 5G for Europe Action Plan.
Its objective is to promote coordination between Member States to improve
European competitiveness in the development of this emerging
technology. It sets short-term objectives that should be realized before
2020. and long period objectives for the 2025. [EAP16] Meanwhile,
European Commission has decided to harmonize the spectrum within all
the EU members: this decision is very important, because it allows the
compatibility of the devices among all the European countries. The
connected vehicle needs particularly a common standard to avoid
problems when cars pass borders.

The first chosen frequency bands for 5G in Europe are:
e 700 MHz [EC019]
e 3.4-3.8 GHz [EC019]
e 24.25-27.5 GHz [EC119]

In the near future, several other frequency bands will be available,
especially in the range of millimeter transmissions (30-300 GHz).
Regarding the first bands of frequencies made available, several EU
countries have already issued public auctions.

5G concerns different fundamental sectors. Thanks to its latency of a few
milliseconds and its high transmission speed, it can be used in real time
applications. Figure 1.3 shows how, thanks to the characteristics of 5G, it
will be possible to implement new solutions such as autonomous driving
and virtual reality.

Detay
s Autonomous . Augmented Tactile
= driving Reality internet
Virtual
Reality
10ms DIISCIStE-' Real “'"-k‘. . Multi-person
alert gaming video call
Automotive Bi-directional
ecall remote controlling
100ms . Device
rumote. First responder
controlling connectivity
" Persona Wireless cloud
1,000ms . '.
. cloud based office
Monitoring Video
Sensor networks sireaming Bandwidth
<1 Mbps 1 Mbps 10 Mbps 100 Mbps »1Gbps throughput
Services that can be delivered @ riced @ Nomadic ® ontheno

by legacy networks

Services that could be

enabled by 5G M2M connectivity

Figure 1-3 Services classified for needed latency and bandwidth throughput in 5 G and legacy
networks
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1.3 Passive Optical Networks (PONs)

A PON is a telecommunications infrastructure used to provide fiber
connectivity to many end consumers.

PON allows the elimination of all the active components between the
central office and the client by employing passive optical components to
drive traffic through the network, whose main element is the optical
splitter. The use of these passive systems significantly reduces costs and is
used in FTTH (Fiber-to-the-Home) applications.

Passive Optical Metwork (PON)

g IR

Koy W - Duls o voice Tor o singls cuntomas, ) - Video Tor muilipls cundommary

Figure 1-4 Schematic of a PON

Fig. 1.4 shows the schematic of a PON: it consists in different parts:

OLT (Optical Line Terminal) that is at central office of the server
provider’s, its main functions are the conversion between the electrical
signals into optical fiber signal and coordination of the multiplexing with
the other nodes.

ONT (Optical Network Terminal) that is the terminal near the end user. Its
role is the conversion of optical signal into an electrical one (and vice-
versa), the signal demultiplexing into different components (like
telephone, internet, etc.). Sometimes ONT is referred also as Optical
Network Unit (ONU).

Beam splitter: it is an optical device that divides the light into multiple
streams. If the optic power of the different streams is equal, beam splitter
is told “balanced”.
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Usually, the downstream signals (the data sent from a provider to the end
user) are sent encrypted to all the ONUs. On the contrary, upstream signals
(from the end user to the provider) are generally sent though a
multiplexing protocol called TDMA (Time Division Multiple Access).

The TDMA idea is to occupy a transmission channel (usually of large
capacity) starting from different sources, in this way a better use of the
transmission medium is obtained. Basically, it is a multiplexing technique
that distributes information units in alternate time slots.

The advantage of PON is that only active equipment is needed at the ends.
Passive optical splitters are used to guide the intermediate traffic in the
network, which distributes the signal through the fibers directed to each
connection point. In this way all communications from OLT are carried out
by a single pair of fibers to the optical splitter, where a fiber leaves to each
end-user. The beam splitter is a very simple element that does not need
power.

On the contrary, AON (Active Optical Network) are based over another
principle (Fig. 1.5).

20 Km 70 Km
I_: r b ._I_ = -

=

@ ONT

/ @ ONT
—-p--—
FIbS™  Eihemet Switch \
@ ONT

Active Optical Network

Figure 1-5 Schematic of an AON

In the case of AON, active switches are used: they also manage the signals
and route them to the right end-user. The main difference is that each
customer has its own fiber and does not have to share it with others as in
the case of PONs. This results in significant advantages in terms of
bandwidth. Having each their own cable, they are not forced to share the
bandwidth with other users.

Summing up the main differences of the PONs respect to the AONs are the
following ones:

Maximum distance of PONs is tens of km, maximum distance of AONs is
up to 100 km.

The bandwidth of the PONs is lower than the bandwidth of the AONs.

In PON end users share fibers, in AOPI s every customer has his own fiber.



This means that for an AON the costs of the fibers raise drastically

PONs implements only passive optical beams splitter, on the other end
AONs use active switchers, that are more expensive and complicated.
However active switchers are more efficient, and they allow the
transmission to a higher distance.

PON’s are more susceptible to failures: in fact, when there is a break in the
shared fiber segment all users remain isolated. On the contrary in AONs it
is more likely that there is damage to the fiber part of the individual user.

Fault detection in AONSs is easier respect to PONs.

PONs need less maintenance respect to the AONSs, this is because active
components are more sensible to degradation.

Pons are a newer technology, yet they have the undisputed advantage of
being cheaper and simpler. With the development of 5G and the increase
in cell density, PONs have the potential to offer a more sustainable solution
in terms of costs.

1.4 Future perspectives

PONSs are a network model that allows to meet the new and increasing
needs of transmission capacity and security required by users. Moreover,
they achieve the goals of increasing transmission capacity and security
through new technologies and with purely optical network elements.

In recent years, we have witnessed the rapid spread and increase of fiber
optic networks. FTTC (Fiber-to-the-Cabinet) and FITH (Fiber-to-the-
Home) technologies have rapidly spread.

Recent studies are focalizing in particular types of PONs, for example
Wavelength Division Multiplexing (WDM) PONs. WDM is a technology
that allows the transmission of different independent signals on a single
optical fiber through carriers of different wavelengths.

Another interesting field of study is the Radio on Fiber (RoF), that is the
technique by which light signal is modulated by a radio signal and
transmitted over an optical link to extend the wireless access [SIN17].

We have seen that with the development of the 5G it will become of
fundamental importance increasing the number of radio cells and provide
an effective fiber connection: in particular, the implementation of cost-
effective laser sources in the ONU represents one of the main challenges
[MUC14].

At present, semiconductor lasers are the most used in fiber transmissions.
Especially the DFB. In this project we wanted to explore the possibility of
replacing the DFBs with VCSELs,1 zwhich currently are not used in



transmissions at 1550 nm.



2.1

Chapter 2

Transmission system schematics

In this chapter, we present the schematic of the communication system
analyzed in this work, giving a general overview of the main features and
of the capabilities of the proposed approach.

Communication system for connected vehicles

As we told in the Introduction, we consider a transmission system
designed to allow the communication between multiple vehicles to a
central office (Fig. 2.1). The system exploits the convergence between a RF
wireless link and a wireline connection realized by optical fiber. This last
optical part of the system works as a standard PON, already employed and
installed in our cities. The PON connects the central office to the ONUs
constituted in this application by the antennas deployed along the street.
The employment of intensity splitters guarantees the passive division and
combination of the signal. The RF link connects the moving vehicle to the
antenna. In this kind of network some requirements are mandatory in
terms of low cost, low power consumption and high aggregated
transported capacity. For this reason, the system analyzed in this work is
based on the exploitation of a low-cost laser source, such as the VCSEL,
installed at the antenna size for the upstream communication. The VCSEL
is directly modulated by the vehicle signal, shifted in base-band after the
detection in the antenna, without the use of an external modulator. The
VCSEL constitutes the interface between the RF and the fiber transmission,
converting passively the electrical data into the optical ones without the
need of any signal processing. In this way, the VCSEL assures the
implementation of a cost-effective and power-efficient solution.

In order to test the VCSEL and to verify its capabilities, we build a suitable
experimental set up operating as the system taken into account.

1¢



TRANSMISSI
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THROUGH
FIBER

Central Office:
ONU -

TRANSMITTER
INSIDE THE
CAR

RECEIVERS ALONG THE STREET

Figure 2-1: Network schematics for a connected vehicle

In Fig. 2.2 we show the schematics of the experimented RF transmitter to
be set inside the car.

RF CIRCUIT
SIGNAL UP-CONVERSION
GENERATOR F_inin base band
F out=3.5GHz

Figure 2-2 Transmitter inside the car: schematics

The RF transmitter is constituted by three components:
e aSignal Generator, that generates the vehicle signal in base band;

e a RF up-conversion circuit that shifts the signal in a pass-band
exploiting a carrier at the frequency 3.5 GHz;

e an Antenna for the transmission of the signal to the receiver along
the street in the RF link.

The chosen carrier frequency is compliant with the 5G standard, as it was
at 3.5 GHz, one of the frequencies decided by European Commission for
the developing of 5G.

In our set up, in order to electronically implement the signal generation
and other necessary functions, we,exploited the so-called Red Pitaya
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hardware, as widely described in Chapter 3.

The UP-conversion circuit was designed and built by means of
commercial modular components, as described in Chapter 4.

Fig. 2.3 shows the schematics of the RF receiver and the VCSEL-based
optical interface at the street antenna, together with fiber link connecting
the PON central office.

RECEIVER ALONG THE STREET

ANTENNA RE CRCUIT CENTRAL OFFICE
A m
DOWN-CONVERSION @’ o Q -
Fin=356Hz A\ }
F outin base band - FIBER PHOTODIODE  ELECTRICAL
- 25 km-50 km AMPLIFIER

Figure 2-3 RF receiver along the street and optical interface: schematics

The RF receiver along the street is constituted by three components:
¢ the antenna to receive the RF signal;
e the RF down-conversion circuit to shift the signal in base-band;
e the laser source for the electro-optic conversion.

As before also in this case the RF circuit was made by electronics modular
components (see Chapter 4 for further details).

The employed VCSEL, directly driven by the current achieved by the
detection of the RF signal, is characterized and described in detail in
Chapter 5. The VCSEL emission is focused into a standard single-mode
fiber and propagate in the PON for typical reaches of tens of kms. The
central office was experimented in our set up by three components:

e asuitable photodiode;
e an electrical amplifier to amplify the signal;

e a last post-processing device to acquire the received signal and
analyze the error due to the transmission system.

The Red Pitaya hardware is also employed for the final post-processing of
the signal.

The system was designed to experiment in a laboratory a real
communication system exploiting the convergence between wireless RF
and fiber optical transmission for cdfnected vehicles in order to test the
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2.3

VCSEL advantages.

OFDM modulation

Orthogonal frequency-division multiplexing (OFDM) modulation is used
for the signal transmission in the communication link taken into account.
In RF link transmission, the considered carrier frequency is 3.5 GHz. These
choices are compliant with the 4G and 5G recommendations, as explained
in Chapter 1.

OFDM modulation is a method of encoding digital data on multiple carrier
frequencies and it consists in dividing the spectrum in sub-carriers that are
spaced with a fixed frequency gap (Fig. 2.4).

Af

Figure 2-4 OFDM frequency distribution

The main OFDM characteristic is that the sub-carriers are reciprocally
orthogonal to minimize the inter-symbolic interference (ISI).

OFDM modulation shows some advantages:
e robustness against narrow-band interference;
e robustness against ISI;
¢ high spectral-efficiency.
OFDM GENERATION AND POST PROCESSING

In this work the OFDM signal was generated through Matlab scripts: these
scripts allow the user to select the type of modulation, the number of
symbols, the number of subcarriers, the numbers of bits.

In our experimentation, each OFDM sub-carrier was modulated exploiting
4-QAM modulation and transmittgd “interleaved”: as the VCSEL is



directly modulated, it allows to generate just a real signal. For this reason,
the in-phase and quadrature components of the OFDM signal field were
transmitted alternatively in time domain. In our transmission scheme,
completely passive without signal processing in the optical interface, the
OFDM signal was transmitted in an interleaved way directly from the RF
transmitter.

Recapping the code did the following steps:

1. User select OFDM parameters (bit, symbol, modulation and
subcarrier

2. The signal is generated

3. The real and the imaginary part are divided in two vectors, then
they are united alternately in a third vector

4. The signal is ready to be transmit

At the end of the communication system, after the photodetector, the
interleaved OFDM signal was post processed. The received signal had the
double of the samples sent. This because it was sent at a specific sample
rate and it was catch at the double of the transmission sample rate (to
satisfy the condition of Nyquist's theorem), thus we decimated the signal
Then, the signal was compared with the original one through the
correlation function (to find the beginning of the received signal. At the
end, the signal is reconstructed.

The step followed in the post-processing phase were the follow:
1. The transmitted signal is catch
2. Decimation of the signal
3. Correlation between the transmitted signal and the received one
4. Reconstruction of the Real and Imaginary part of the OFDM
5. Reconstruction of the OFDM and demodulation

6. Received bit are compared with the sent ones and the Bit Error Rate
(BER) is calculated
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Chapter 3

Red Pitaya hardware

The hardware Red Pitaya is an open-source hardware useful to substitute
many expensive laboratory measurement and control instruments. In this
work it was exploited for the generation and processing of the OFDM
signal transmitted in the link.

In this chapter we analyze its feature and its characteristics.

3.1 Characteristic of the Red Pitaya hardware

The Red Pitaya hardware is an interesting open-source hardware, useful
to substitute some expensive laboratory instruments. In fact, this device is
able to operate as an oscillator, a spectrum analyzer, a signal generator, an
LCR meter (that is an impedance calculator), a Bode analyzer, a logic
analyzer and a vector network analyzer. The Red Pitaya hardware has two
fast inputs and two fast outputs both with SMA connection, each of them
with a Digital Analog Converter (DAC) and an Analog Digital Converter
(ADC). This device can also be used as a common microcontroller, as it has
several slow analogue and digital pins. The core of this device is
constituted by a Dual Core Arm Cortex A9+ processor and FPGA (Field
Programmable Gate Array). The board has also a RAM memory of 512
Mbit and it runs a Linux-based operative system in a microSD of 16 Gbyte.
The Red Pitaya device can also be manually programmed in MATLAB,
Python, C and Scilab. In this work, it was programmed in Python, using
the preinstalled Anaconda application.
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Figure 3-2 The hardware Red Pitaya instrumentation
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Figure 3-3 The oscilloscope of the hardware Red Pitaya



Table 1 The hardware Red Pitaya characteristics

.

RF inputs

Number of channels: 2
Bandwidth: 50 MHz (3
dB)
Sample rate: 125 Msps
ADC resolution 14 bits
Input coupling: DC
Input noise level: < 119
dBm /Hz (D)
Input impedance: 1 MQ
// 10 pF (A,B)
Full scale voltage: 2Vpp,
(46 Vpp for lowgain
jumper setting) (T,V)
DC offset error: <5 % FS
(®)
gain error: < 3% (at high
gain jumper setting),
<10% (at low gain jumper
setting)
Harmonics: o at 3 dBFS:
typical performance
<45 dBc (E) o at 20
dBFS: typical
performance

<60 dBc (E)

RF outputs

.

Number of channels: 2
Bandwidth: 50 MHz (3
dB) (K)

Sample rate: 125 Msps
DAC resolution: 14 bits
Output coupling: DC
Load impedance: 50 Q
0)

Output slew rate limit:
200 V/us

Connector type: SMA
)

DC offset error: <5% FS
©)

Gain error: <5% (G)
Full scale power: > 9
dBm (L)

Harmonics: typical
performance: (at 8 dBm)
051 dBc @ 1 MHz o 49
dBc @ 10 MHz o 48 dBc
@ 20 MHz o0 53 dBc @ 45
MHz

In Table 1, the main characteristics of the Red Pitaya hardware are shown:

the output power of 10 dBm is one of the more interesting features. On the

other side, a critical point is the input impedance that is around 1 MQ, so

it is not particularly suitable for RF applications. A tee at the input of the

Red Pitaya device with a parallel resistive load of 50 Q was employed for

this reason.

Considering the maximum sampling rate is 125 MSamples/s, we can

correctly detect signals with a maximum frequency of 62.5 MHz (for the

Nyquist’s theorem).




The Red Pitaya hardware was used in burst mode. The channel buffer has
only 14 bits, so the maximum number of bits that can be sent or received is
214, that is 16 384.

This number appears limited: with a longer channel buffer, more bits
could be transmitted and analyzed. In any case, it was enough for this
research purpose

A preliminary check was done connecting two Red Pitaya devices, with a
SMA wire and testing both OOK and OFDM modulation transmission:
error-free transmission was achieved for both the signals, in particular we
tested OFDM signal with the following sub-carrier modulations: 4QAM,
16-QAM, 32-QAM and 64-QAM.

3.2 Red Pitaya hardware characterization

To better understand the Red Pitaya behavior, it was experimentally
tested in different situation. In particular, bandwidth, the Q factor and the

noise were analyzed.

3.3.1 Bandwidth

In order to check the bandwidth, we sent to an oscilloscope different
harmonic of different frequency and we calculated the attenuation. The
results are summarized in the Table 2.

Table 2 The hardware Red Pitaya frequency characterization

FREQUENCY HARMONIC ATTENUATION
1kHz 0dB
lo kHz 0dB
100 kHz 0dB
1 MHz 0dB
10 MHz 0dB
25 MHz 0dB
35 MHz 0dB
40 MHz -0.35dB
45 MHz -0.81 dB
50 MHz -1.78 dB
55 MHz -3.87 dB
60 MHz -6.65 dB
62.5 MHz -9.63 dB
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This result was compliant with the ones given by the data-sheets. -3-dB
attenuation frequency was achieved between 50 MHz and 55 MHz. We can
see the Bode-plot in Matlab in Fig. 3.4.

Red Pitaya tranfer function
o T T T ~_T T T T

=

Attenuation in dB

o 10 20 30 40 50 80 70 80 90 100
Frequency in MHz
Figure 3-4 Module Bode-Plot of the device Red Pitaya

This function is flat till 35 MHz, then it decreases so fast. The following
function is a good approximant of plot in Fig. 3.4.

1
H(f) =—— with f, = 53 MHz

In the following Fig. 3.5 we can compare the real function with the
approximate one.
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Red Pitaya tranfer function
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Figure 3-5Module Bode-Plot of the device Red Pitaya with its approximant

3.2.2 Noise and offset

In order to study the offset and the noise of the Red Pitaya hardware, we
connected the fast input with a 50-Ohm resistor in burst mode and we
analyzed 16 384 samples. First of all, we made the average of all the
samples, in this way we found the offset of the Red Pitaya device with 0 V
at the input.

N
—nX
Vorfset = % = —292mV  with N = 2'* = 16.384

This value can change depending by the operating conditions. According
with the data-sheets the maximum offset is around 5% of the full-scale
range, that is 100 mV.

Regarding the noise, we used the same samples, making the assumption
that the noise is completely white, as the data-sheets did not mention other
types of noise or a corner frequency.

To calculate the rms value of the noise, we compute the standard deviation
of the samples:

N (x v )2
Urms = z = I\tlaffset =489 ulV =
0

To compute the power density of the noise, we must compute the
equivalent bandwidth for the noise.
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Let’s considering the approximant function we found in the previous
paragraph. We can write that:

N (x _ V )2
T = Z n A‘;f fset; = 489 uv
0

With the residue’s method, it could be shown that:

o0 o0 1
2 __ 2 _ -
Tl = fo SJH()df = fo s, —df

1+ (7)

So, it could be written:

f‘” 1 p T/n
X =

o 1+x" sin(%)

2=5Vfojoo 1/fo df = Sy for _Svfo”
0

2 osinty 3.1
1+ (%) 12sin({5
0

The noise spectral density:

dBm V2
Spower (W) = 10log| Sy % Rgea Pitaya | — 30 =

31057 dBm
= 10log fo—nRRedPimya —30 =-113.5 e

vrms

This value is a little bit higher with respect to one declared by the data-
sheets (-119 dBm/Hz), however we can consider this deviation due to the
approximation of the curve of the transfer function.

3.3 Red Pitaya hardware as a signal generator

The Red Pitaya hardware was used in the “burst mode”, that is a
transmission way based upon the managing of samples. In “burst mode”,
every time the Red Pitaya transmits at a fixed rate (125 MSamples/s), For
example sending samples of 0 V and 1 V alternatively at a rate of 125
Msamples/s will give us a square wave at 62.5 MHz. The minimum
frequency that can be obtained by a square wave is determined by the
buffer size, that is 16 384, so we could send 8192 samples with 1 V value
and 8192 samples with 0 V value, at the output we will get a square wave

2.



of 7629 Hz (obvious if we work with a lower “burst mode” rate, we can
have lower frequencies). We choose to work in “burst mode”, because is
simpler sending OOK or OFDM signals. In particular, an OOK signal can
easily achieved codifying zeros with -1 V and ones with 1 V, in this way
we can send the signal at 125 Msamples/s considering each sample a bit
(so with a speed of 125 Mbit/s). Up-sampling the signal we can have lower
rates (but this also means we can send less bit, as the buffer maximum is
16 384). Practically, we controlled the transmission of the signal through a
python code of the Red Pitaya device, choosing the number of samples to
send.

We have also tested the signal we generated through an oscilloscope and

measured the eye diagrams of square wave at different frequencies.

Figure 3-6 Square wave - eye diagram 15 MHz - Q factor 11.981

|
|
, Iﬂ
T 1
.
R i

VTV S 5 St s
—i—H ! - L1

L
s -I'I'IIIF' -4 . e bt —f -ttt & bttt

Figure 3-7Square wave - eye diagram 4 MHz - Q factor 16.91



Figure 3-10 : Square wave - eye diagram 65 kHz- Q factor 54.88

Observing the different plots, we can see that the quality of the square
wave deteriorates with the increasing of the frequency. When the signal
changes the state passing from the maximum to the minimum and vice
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versa, a transient comes out: the effect of the transient is stronger at higher
frequency, due to its time constant (that becomes comparable with the
frequency inverse).
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Chapter 4

RF transmission circuits

In this chapter, we explain how RF transmission and receiver were
designed. In particular, the first part is dedicated to the design of the up-
conversion circuit, the second one to the link-budget and the third one to
the receiver design.

4.1 The transmitter circuits

As described in Chapter 2, the RF circuits were realized by means of
modular components. Here we describe the RF transmitter and we justify
all the taken choices.

In Fig. 4.1 the schematic of the up-conversion circuit, realized by modular
components, is reported.

........ ; .+ - - . . -UP-CONVERTER CIRCUIT .

. LNA

—Voiit

VE

A\
b

........ ANTENNA

I}

The aim of the circuit in Figure 4.1 is to shift the spectrum of the signal in
the base-band at the output of Red Pitaya. The generated signal presents a
bandwidth between 0 and 62.5 MHz and a maximum output power of 10
dBm. The exploited frequency of the base-band carrier at the output is 3.5
GHz.



41.1

The up-conversion of the signal was performed by the mixer and then the
shifted signal was amplified by a low- noise amplifier (LNA). Each
component was interfaced with a SMA connector. In Table 4.1, there are
the main parameters of all the component.

Table 3 The transmitter components

TYPE CO | IM | BAN GAIN 1dB IIP | NF
DE | P. DWI COMPRESSION 3 dB
DTH POINT

Attenuato | VA | 50 DC- -10 dB - - -

r T- Q 7000
10 MHz
+
Mixer ZX | 50 RF: -7.5dB 5 dBm 13 -
(10dBm) | 05- | Q 1.6-6 (INPUT RF) dB
Cé6 GHz m
OL IF:
H+ DC-2
GHz

Oscillator | ZX | 50 3.2- - - - -
95- 1 Q 3.76
376 GHz
0+

Amplifier | ZX | 50 |3.3-3.6| 20.15 16 dBm 29 | 1.08
60-| 0 | GHz | dB (OUTPUT) | dB | dB
362 m
GL
N+

Attenuator

The first described component is a 10-dBm analog attenuator: the aim of
this component is to reduce the power of the signal at the output of the
Red Pitaya hardware. In fact, the mixer has 1-dB compression point equal
to 5 dBm and it was necessary to reduce the signal to preserve its linearity.
Another solution could be decreasing the power of the Red Pitaya device,
instead of using the mixer. We adopted the first approach basically to
preserve the SNR at the output of the Red Pitaya device, while exploiting
the attenuator, we reduced both the signal and the output noise. Moreover,
the component we chose (VAT-10+ of Micro Circuits) did not add any
other noise.



41.2 Mixer

The next component is a mixer, that is a device with two inputs: one for
signal and one for a local oscillator, that generates a sinusoidal signal with
a specific frequency. The role of the mixer consists in performing a
multiplication between signal and local oscillator, in this way the signal is
translated from baseband to 3.5 GHz.

For the transmitter, a level 10 mixer produced by Mini Circuits (ZX05-
C60LH+) was chosen. Level 10 means that the optimal local oscillator for
this mixer must have 10 dBm of output power. In this condition the power
at the output of the mixer is maximum and the distortion in signal
conversion is minimum. However also oscillator with different power
values can work with the mixer, but the furthest is the value the worst are
the performances. Its main characteristic was the bandwidth: the model we
have chosen is able to up-convert signals between DC - 2 GHz till 1.6 - 6
GHz. The second parameter we checked is the 1-dB compression point,
that is 5 dBm in this case. So, we adapted the signal to work quite below
this power value (around 0 dBm). Another important parameter in mixer
evaluation is the Third Order Interception Point (IP3), generally it is
calculated through a two-tone test and it measures the effects of the
intermodulation products between the signal and an interference [RAZ17].
In this case, IP3 did not constitute a problem, because it was at a value
greater than 11 dBm. Another important detail is the conversion power
losses, that at 3.5 GHz is between -6.72 dB and -7. 24 dBm. The ideal input
power of the local oscillator is 10 dBm (as this device is a level 10 mixer).
Finally, we also checked the isolation between L (the local oscillator) and
R (the RF signal at the output), in our range of frequencies, this value was
greater than 30 dBm.

In the plots in Fig. 4.2, we can see the conversion losses and the L-R
oscillation as a function of the local oscillator frequency.
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Figure 4-2 Mixer ZX05-C60LH+ Conversion Loss and L-R isolation



413 The local oscillator

In this project, we choose a particular type of oscillator called Voltage
Controlled Oscillator (VCO), the frequencies of this device are controlled
by an external voltage source. In particular, we used the oscillator ZX95-
3760+. This device is able to be linearly tuned, and it can be used between
the range 3200 MHz - 3760 MHz.

ZX95-3760+
Frequency and Tuning Sensitivity
3500 ’L 100
=TT o S
3300 1 T %N J
= — £
o i =
= o0 = | —FREQ. @ 55°C 80 £
g = FREQ. @ 425°C =
g ---FREQ. @ +85°C c
o 2800 —TSENS @ +25°C | 70 &
i 2
5
2700 80 =
—
"""--_______
2500 50
[i] 1 2 3 4 5

Tuning Voltage (V)

Figure 4-3 ZX95-3760+ Oscillator: Tuning Voltage vs. Frequency

The linear behavior of the oscillator is shown in Fig. 4.3 for low voltage
values. In order to work at 3.5 GHz at 20 °C, we used a tuning voltage of
7.23 V. In the choice of the component, we basically toke in consideration
two parameters: the output power and the phase noise.

Regarding the first parameter, we it was used an oscillator with an output
power equal to 7.34 dBm (at 25 °C, 3.5 GHz), compatible with the limits of
the mixer.

The second interesting parameter is the phase noise: it represents a
measure of the non-ideality of the oscillator. We can better clarify this
concept with the help of the Fig. 4.4.
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Qutput Power

Frequency/GHz
Figure 4-4 In blue the ideal spectrum of oscillator (a single carrier), in Red the real spectrum
due to Phase Noise

In the figure in blue, the ideal spectrum of an oscillator is reported (the
Fourier transform of a sinusoidal waveform), the red curve represents the
spectrum of a real oscillator owing to the phase noise.

The phase noise is typically expressed in units of dBc/Hz, and it represents
the noise power relative to the carrier contained in a 1 Hz bandwidth
centered at a certain offset from the main carrier of oscillator.

In Fig. 4.5 we can see the phase noise of the oscillator employed in the
experimentation, as reported in data-sheets and quoted for an offset
between 0 and 1000 Hz.
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Figure 4-5 3 ZX95-3760+ Frequency Offset vs Phase Noise

The phase-noise values in Fig. 4.5 are compatible with the values of the
oscillators used in OFDM transmission, as reported in literature [MAM13]



4.1.4

Low noise amplifier

After the mixer the signal results attenuated, thus it was necessary to
recover the original power by means of a LNA. This kind of amplifier is
particularly suitable for RF design, considering that it is made for adding
a low quantity of noise. In our case we choose the ZX60-362GLN+ model
of MiniCircuits.

This particular device is built to operate in the range 3300 - 3600 MHz with
an average of 20.15 dB at 3.5 GHz and with a maximum noise of 1.9 dB.

According with our calculation, after the LNA we had estimated about 12
dBm power. The 1-dB power compression point of the LNA is between 13
dBm and 16 dBm, thus over the value of the signal.

A S parametric simulation of the amplifier was made. In the following
figures, we can show the result of this kind of simulations.
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Figure 4-6 6 S11 and S22 (dotted) parameters of amplifier ZX60-362GLN+
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Figure 4-7 S12 parameters of amplifier ZX60-362GLN+
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Figure 4-8 S21 parameters of amplifier ZX60-362GLN+
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In Fig. 4.6, we can see the S11 and S22 module plots. These parameters are
really important for matching the amplifier in input and output. In
particular, S11 represents the input matching, that is the part of signal
reflected back in input. On the contrary, S22 represents the part of the
signal reflected back in output. The lower these values are, the best is for
our circuit. In our case, we had a value of -18.078 dB for the S11 parameter
at 3.5 GHz and a value of -15.572 for the S22 parameters.

The S21 parameter represents the gain of the amplifier, in our case we
measured a gain of 20.072 dB around the center. As we can see in Fig. 4.8,
the value of the gain is quite stable around 3.5 GHz, with only few
oscillations: in particular between 3.6 GHz and 3.4 GHz, we have only 0.2
dB of difference.

Finally, we took in consideration the isolation of the amplifier (Fig. 4.7),
this value represents the part of the signal transmitted from the output to
the input. In our specific case, we worked under the value of -42 dB, this
low value assured us a good isolation.

Normally after the up-conversion and the amplification, a filter is needed.
In our case, we did not put it as there was another filter in the receiver
circuit. Thus, the signal was filtered directly after the transmission.



4.2 Antenna and link budget

The employed antenna was manufactured by Data Alliance: in particular,
the chosen model is the A3338D7 one.

This kind of antenna is characterized by a width band of 400 MHz,
centered at 3.5 GHz. The antenna is omnidirectional, that means it can
irradiate in all the directions. Moreover, it shows an isotropic gain of 7 dBi.
The isotropic gain of an antenna represents the gain of the antenna in a
specific point with respect to an isotropic radiator. The antenna mounted
a RP-SMA connector, that is a reverse polarity SMA connector. This
standard is not compatible with SMA, so an adaptor was provided.

The link budget is the power arriving at the input of the receiver as a
function of the power at the output of transmitter and of the distance
between the antennas. In particular, it takes in account the gains and the
losses of the transmitter and the losses of the propagation medium.

We modelized the link budget making some assumptions: first of all, the
gain depends only by the antenna, secondly the main losses depend by the
free space path, all the other losses (connection, fading) are negligible. In
this case, we can write the link budget in this way:

Py = Py + Gy + Gy + Lfs
Where:

P, is the received power;

Py, is the transmitted power;

Gy is the gain of the transmitter antenna (7 dBi);
G is the gain of the receiver antenna (7 dBi);
Ly are the free space losses (negative).

The last one in particular could be written through the Friis” Equation
[BALO3]:

2

A
Lgs =Dy + D, +101o0g (ﬁ) ~ 20 log

c
2ndf
Where:

D, is the directivity of the transmitter antenna;
D, is the directivity of the receiver antenna;

f is the frequency of the signal;

A is the wavelength;

c is the speed of light;

d is the distances between antennas.

D; and D, are the directivities of the antenna, we did not know their values
3¢



as the datasheet do not provide them, however, we can neglect them
considering the high value of the frequency (3.5 GHz). This assumption is
not true only for distances of the same order of the wavelength and that
was not our case.

Taking into account this model, we were able to predict the power at the
receiver. In the plot in Fig. 4.9, we compare the power predicted through
the model with the measurements realized with the real antenna.

Antenna model

Real
Theoric

Received power in dBm
i
ot

a5 . . . . . .
20 40 60 80 100 120 140 160 180 200

Distance in cm
Figure 4-9 Antenna model vs. Real Behaviour

From Fig. 4.9, we can deduce that the real behavior of the antennas link
budget follows quite precisely the model above, in this sense the received
power decreases with the increasing of the distance between antennas, as
expected. The sent power was 0 dBm (carrier frequency 3.5 GHz) and in
the y axis we can see the received power as a function of the distance.
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4.3 Receiver circuit

The RF receiver along the street is constituted basically by two parts:

e the RF circuit to down-convert the signal from 3.5 GHz in base-band;
e the VCSEL laser to perform the electro-optic conversion.

In this section we are interested in the RF circuit: in the next chapter we
will analyze the optical components.

DOWN-CONVERTER CIRCUIT
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Figure 4-10 Down-converter circuit

Fig. 4.10 shows the down-conversion circuit that is quite similar to the
transmitter, with only few differences. For this reason, we do not explain
every component in detail as we already made before, but we give a short

explanation of the main differences.
Table 4 Receiver components

Type COD | IM | BAN | GAI 1dB IIP3 | NF
E P. | DWID N COMPRESSIO dB
TH N POINT
BP VBFZ | 50 | 3-4.3 -1 - - -
filter - Q GHz dB
3590+
Mixer | ZX05- | 50 RE: -6.1 1 dBm 10 -
4 73L+ Q 2.4-7 dB (INPUT) dBm
dBm) GHz
IF:
DC-3
GHz
Oscillat | ZX95- | 50 3.2- - - - -
or 3760+ | Q 3.76
GHz
LP SBLP- | 50 | DC-65 | -0.5 - - -
filter 117+ Q MHz dB
Amplifi | ZFL- | 50 | 0.05- 25 11.17 dBm 12 4.0
er 500+ Q 500 dB (OUTPUT) 4
MHz dBm | dB
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The aim of the first filter is to “clean” the signal at the output of the
antenna. Although the Antenna works only in the range of 3.3-3.5 GHz, we
preferred to use a filter to increase furtherly the quality of the signal and
to make the circuit independent by the characteristic of the antenna.

Thus, the first filter is a band-pass one: we choose the VBFZ-3590+ model
of Mini Circuits, whose transfer function is reported in Fig. 4.11.
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Figure 4-11 VBFZ-3590+ bandpass filter transfer function

The second filter is a low-pass one. We decided to put it after the amplifier
in order to eliminate also its noise. In fact, during the testing we noticed a
very different degradation of the signal depending by the position of the
filter (after the mixer or after the amplifier). The second filter was also
manufactured by Mini Circuits (SBLP-117+ model).



Chapter 5

The optical network

In this chapter we describe the optical fiber network implementation. In
particular, the VCSEL laser used in this project is described in detail with
its characterization.

5.1 Semiconductor lasers for telecommunications

In telecommunications laser sources exploiting a semiconductor as active
material are mainly employed.

The semiconductor must have a direct bandgap to have laser effect. This
means that elements like silicon and germanium, traditionally employed
in electronics, are not useful for designing laser source: generally,
combinations of materials of the IIl and V compound are used. [Svel0]

The basic principle of the operation of a semiconductor laser is
summarized in Fig. 5.1.
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Figure 5-1: Working principle of a semiconductor laser: carriers are pumped in the conduction
band and light is emitted through stimulated emission



During the pumping the electron moves up from the valence band to the
conduction band, this means that electrons are injected in the conduction
band and holes are injected into the valence band. After few picoseconds,
the electron pumped in the valence band drops to the lowest unoccupied
level of the conduction band (through non-radiative processes); when the
electron drops back in the valence band, the radiation emission occurs. It
could be shown that in particular circumstances involving the energetic
levels, we can have stimulated emission and thus laser effects [Svel0].

The semiconductor lasers are widely used in telecommunications for
different reasons: these lasers show very large efficiency, small-size and
consequently less electrical inertia, tunability (as the bandgap depends by
the temperature, the emission wavelength can be controlled by the
temperature of the semiconductor).

The most used semiconductor lasers in telecommunications are diode
lasers: this kind of laser can easily emit in the so-called transmission
windows of fiber communications: around 850, 1310 and 1550 nm. In
particular, the laser diodes built with InGaAsP and InP match the second
and third windows range [Svel0].

The most used semiconductor laser in telecommunications is the DFB
(Distributed Feedback). They are laser diodes in which the active material
is periodically structured. The structure implements a one-dimensional
interference grating, that provides the laser optical feedback. This
longitudinal diffraction grating has periodic changes in the index of
refraction that cause reflection in the cavity.

The principle is well illustrated in picture 5.2, the grating works as a guide
through total reflections
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Figure 5-2 DFB laser working principle a) structure b) active region and grating

Distributed Bragg Reflector (DBR) diode lasers are another solution to

achieve single mode diode lasers in which the optical gain is provided by

double heterostructure including several Quantum Wells for electronic

confinement. The single mode emission is enforced by a Bragg grating with

the laser chip. The surfaces of the laser chip act as cavity mirrors due to the
4



difference of the refractive index of the laser material and the surrounding
air. The main difference between DFB and DBR is the grating: DBR uses a
high reflectivity surface grating; DFB uses low reflectivity buried grating.
The emission wavelength of the DBR laser can be tuned changing the
refraction index of the grating (both the imaginary and the real parts).
These indexes could be controlled though the current in Bragg and Phase
segments (Figure 5.3).
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Bragg Segment
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Fain Segment

Emitter ™
nidth

Bragg Grating AR Coating
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Figure 5-3 DFB laser working principle

511 VCSEL sources

In this paragraph we describe the optical source exploited in this work.
The first VCSEL laser was built in 1979 [Dcu02] and the acronym means
“Vertical Cavity Surface-emitting Laser”. At the moment, this kind of
lasers are not used for fiber transmission in the third window, thus
probably the most challenging point of this work is to understand the
VCSEL laser capabilities in applications where the transmission in fiber at
the minimum attenuation wavelengths (around 1550 nm) is requested.

Normally, VCSELs are made with GaAs/AlGaAs and have their emission
wavelengths in the range of 750-980 nm. In the past years, they were
widely used for applications like laser printers, mouse, lidar for mobile
phone and in case of very-short reach applications, such as intra-data
center connections, local area networks and storage area network. In
particular, they were used at the wavelength of 850 nm. [Ka02]. Respect to
the diode laser, the VCSEL has a lot of advantages: low cost, bandwidth,
ease of coupling [Ka02]. However, in the past it was very difficult to
achieve VCSEL lasers emitting at the so-called long-wavelength range.

However, in the recent years, researchers were able to build VCSEL lasers
operating in the region between 1200 nm and 1600 nm. This was possible
thanks to dilute nitrides (GaInNAs quantum wells on GaAs) and from
devices based on indium phosphide (InAlGaAsP on InP). This
improvement marked an important goal for PON applications.
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Fig. 5.4 shows the structure of a VCSEL.

Upper distributed
Bragg reflector
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Figure 5-4 VCSEL structure

A DFB laser emits along the vertical direction and has a long cavity. On the
contrary, VCSEL emits on the vertical direction and has a very short cavity
this means that the single longitudinal mode is achievable more easily.

However, the VCSEL shows a short length of the active medium, thus the
gain of the laser is very low. In order to overcome this gain limitation, high
reflection mirrors are used in the optical cavity. In particular, the
reflectivity of these mirrors has a value around 99%: this is obtained
exploiting the DBR structure, consisting in the superposition of multiple
layers with high refractive index change (as explained before for the diode
laser, using for example GaAs (n = 3.6) and AlAs (n = 2.9) [Svel0] as layer
materials.

The diameter of the circular emitting surface is usually very small, so very
small threshold value is obtained. Thanks to this small sectional area, the
light tends to oscillate on a TEMO00 [Svel0], thus the emission beam tends
to show a Gaussian shape.

We can resume the main advantages of a VCSEL as:
. VCSELs tend to emit in a single longitudinal way; [Sve10]

. VCSELs emit vertically with a very small cavity: thus, the single
longitudinal mode can be obtained more easily with respect to a traditional
DFB laser; [Svel0]

. lower threshold e lower power with respect to the traditional DFB
laser; [Svel0]

. temperature tuning: controlling the semiconductor temperature it
is possible to change the emission wavelength (this because the
temperature determines the bandgap); [Svel0]

. modulation at very high speed (also higher than 10 GHz);
. high efficiency (a slope-efficiency up to 50% was demonstrated
[Svel0];
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5.1.2

. VCSEL can be tested directly on wafer because it emits vertically:
on the contrary DFB sources have to be cut in order to be tested, making
the testing process more expensive and complex; [Ka02].

. low-cost fabrication process; [Ka02].

. easy coupling with a fiber, thanks to its vertical cavity. [Ka02].

Laser modulation

After introducing the laser, we introduce shortly the most common
techniques of laser modulation. Basically, there are two solutions to
achieve the modulation of the output optical beam emitted by a laser:

. DML (Direct Modulated Laser): it consists in putting the RF signal
directly to drive the input current of the laser;

. EML (External Modulated Laser): the laser is in CW mode and an
external device modulates the emitted light.

Pout (Optical)

Diode Laser

Figure 5-5 DML schematic and prinbiple

DML principles are shown in Fig. 5.5. On the left, it is shown the basic
connection between the laser and the signal RF: through the inductance the
laser is polarized around the current value IL. Through a capacitance the
laser is also connected to a RF signal. The role of the capacitance and the
inductance is to isolate the input: the inductance acts as a short circuit in
DC and as an open circuit in RF, for the capacitance is the contrary. The
plot on the right shows the laser characteristic between optical power and
input current. The bias point of the laser must be chosen accurately,
because the quality of signal could drastically change with a wrong choice.
In fact, if the Iyis is too close with Iy (the threshold value), we could have
clipping effects: this happens because the RF signal causes the switching
off of the laser. Thus, the maximum negative RF input current is given by
Ibias — Lin.
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Moreover, the input power of the laser is not be unlimited: usually the laser
presents the maximum input power for the specific model, above this
value the laser could be damaged.

We can express the output power of the laser in this way:
Pyt (t) = 51(Upias — Ien) + SilpxCoS(wgpt)

Where:

s is the laser slop efficiency;

Lix is the RF signal envelope;

orr is the RF frequency.

We can easily see that the final signal will be constituted by a continue
component and by the RF signal.

In this modulation technique, it is extremely important the linearity of the
current-power laser characteristic. A no-linear behavior of the laser will
easily take to a distortion of the optical signal in output.

The main advantages of DML is the cost: basically, the only cost is
represented by the circuit for coupling laser and signal. The main
drawback is the distortion due to clipping effects or non-linearities.

A completely different approach is the external modulation, that makes
use of an external device to modulate the output power of the laser. For
example, a very popular external modulator is based on the Pockel’s effect.

The Pockel’s effect is a second order optical non-linear effect typical of
some no centrosymmetric materials. In some of these materials the change
in refractive index depends linearly on the strength of the applied electric
field [Boy08]. This effect can be exploited for designing a modulator based
on a Mach-Zehnder interferometer (MZM). The principle is well illustrated
in Fig. 5.6

M)~

AVAVAVAVAVAS

LiNbO,

Waveguide

Figure 5-6 Mach-Zender modulator



The MZM structure is basically constituted by a material suitable for the
Pockel’s effect (generally LiNbO3). The voltage V(t) is constituted by the
RF signal, that is applied directly to the non-linear material. Thanks to
Pockel’s effect the material changes its refraction index linearly with the
RF input signal. The input light field (Ein) coming from the laser is in CW
and it divides equally on the two interferometric arms. On the right arm,
the refractive index is constant, thus the light does not change its phase.
On the left arm, the refractive index changes proportionally to the RF
signal, thus also the phase of the light changes according with the value of
the refractive index. At the output light on the left arm and light on the
right arm interfere reciprocally, thus the output light field (Eout) shows an
amplitude proportional to the phase difference. As the phase on right is
constant, the output amplitude of the light will follow the trend of the
input signal. In this way, the laser is modulated.

With this method, we can avoid the problems of the DLM: low clipping
effect is achieved and the linearity does not depend by the laser, but only
by the used non-linear material. The main drawback of the MZM is the
cost: these devices can show a cost higher than 1000 €.

In our work, we decided to employ only VCSEL-based DMLs, in order to
guarantee a very-low cost solution, mandatory for the kind of application
taken into account.

5.2 Characterization of the VCSEL source

For our work, we exploited a VCSEL source manufactured by Raycan. This
laser shows: emitting wavelength between 1530 and 1550 nm, threshold
voltage of 2 mA, maximum forward current of 15 mA. This kind of laser
can be used both in MAN and Gigabit Ethernet, thanks to its electrical
bandwidth, allowing transmission up to 4-Gbps rate.

In order to characterize the VCSEL under test with respect to the
temperature, we used a temperature control based on a Peltier
thermoelectric cooler (TEC). The temperature controls provide feedback
to the TEC, the circuit is controlled through an Arduino. For managing
the Arduino, Simulink is used
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Figure 5-7 Simulink temperature control

In Fig. 5.7 the control of temperature implemented in Simulink is shown:
in particular using the box “set temperature” it is possible to choose the
temperature value. The current value can be read in “measured
temperature”. This code is connected to the Arduino circuit and it controls

the feedback on the TEC.

Laser slope efficiency

First of all, we measured the efficiency of the laser for different
temperatures. We decided a set of temperatures between 0 and 40 °C and
we started biasing the laser with different currents. On the other side, we
measured the output optic power of the light and we plotted the results.
We also decided to limit the maximum current of the laser at 11 mA, for
preserving it by damages.
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Laser slope efficiency at different temperatures
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Figure 5.7

In Fig. 5.8, we can see the result of the slope-efficiency characterization: as
expected the slope of the curves tends to be higher at lower temperatures.
Moreover, the linearity of the slope-efficiency decreases more abruptly at
higher temperatures. However, the first three curves are quite linear. The
threshold is a little bit under 2 mA.

Starting from the achieved characterization, we decided to use the VCSEL
laser at a temperature of 20 °C both because at this temperature the
measured laser slope-efficiency is quite linear, and the emitting
wavelength is close to 1550 nm.

VCSEL characterization at 20 °C

A more detailed characterization of the laser at 20° C is described below.
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Laser slope efficiency at different 20 °C
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Figure 5-8 VCSEL slope-efficiency at 20 °C: on the x axes current in mA, on the y axis optical
power of laser in mWVCSEL slope-efficiency at 20 °C: on the x axes current in mA, on the y axis
optical power of laser in mW

In Fig. 5.8 at 20 °C, the VCSEL presents a threshold value of 1.203 mA.
Also, another point was marked in the center: that is because in this point
the curve starts to be less linear and this gave some errors during biasing.

Regarding the VCSEL resistance, in case of DML modulation, we need the
input resistance value to find the optimum bias point and to avoid
damages to the laser.

In order to compute the input resistance, we started to inject current into
the laser and we measure through a voltmeter the input voltage, thus with

the Ohm Law we computed the resistance. The results are plotted in figure
5.9.
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Figure 5-9 : VCSEL output resistance at 20 °C: in first plot input voltage as a function of the
current. In second plot, in y axis input resistance as a function of the current

We notice that the input voltage in VCSEL tends to increase by increasing
the current. However, the increasing is not linear: the plot becomes more
and more flat. On the contrary, the resistance tends to decrease: at the
beginning, we have a value of 1500 € under the threshold; when the
current increases, the resistance tends to be lower (at 11 mA it is 238 Q).

The value of the resistance is important because we have to put also the
signal at the input of the laser. When we set the bias point and we
introduce the signal, we have an increase or a decrease of the current: if the
current bias point is too high the input resistance is low (Fig. 5.10) and the
signal current is high, thus we can damage the laser.

For example, if we take a bias point of 6.2 mA we have a resistance of 350
Q, in a first approximation we could consider this value fixed. Thus, we
can find the maximum and the minimum voltage value of the signal:

I516 = ipias — Itn = 6.2mA — 1.2 mA = 5mA
V57(; = IS_IGRbias =5mA4 3500 =175V

5.



This is obviously an approximation; the negative voltage of the signal
causes a decreasing of the current and so the resistance tends to be higher.
However, we can say that also Vsic- increases, thus the value we have
found is a more stringent condition and using it we are pretty sure that we
will not have clipping effects.

On the contrary, the positive edge of the signal decreases the resistance.
So, taking 350 Q could take to fatal errors (burning the laser). Considering
we fixed at 11 mA the maximum current value to preserve the VCSEL, we
can take the value of the minimum resistance for calculation, that is 238 Q.
We have:

Ie = Imax — Ipias = 11 mA — 6.2mA = 4.8 mA

Ve = IGoRmin = 48mA -238Q = 1142V

As we can see at 6.2 mA, the most stringent condition is on the positive
side. At lower values, the clipping effects are prominent.

At the end, we decided that the maximum bias point was 7 mA and the
maximum peak to peak voltage 0.7 V.

533 VCSEL bias points

In order to study better the relationship between the bias point and the
quality of signal, we characterized the VCSEL transmission in back-to-back
(B2B). In particular, we transmitted with the VCSEL a signal generated by
the Red Pitaya hardware and we tried to reconstruct it at the end after the
photodiode, without fiber propagation (see Fig. 5.10).

X

”
RED PITAYA % RED PITAYA

LASERVCSEL ~ PHOTODIODE

Figure 5-10 Biasing points experimental set

The Red Pitaya-based transmitter generates the OFDM signal, as
explained in detail in Chapter 2. The VCSEL laser converts the electric
signal into the optical one thanks to direct modulation, and the photodiode
converts back the signal, allowing the second Red Pitaya device at the
receiver to check the BER.



In this experimentation at 1550 nm we used a InGaS detector, model
DETO1CFEC of Thorlabs. This is a very simple and low-cost model (288.35
$), with a sensitive bandwidth between 700 nm and 1700 nm and a peak
wavelength at 1550 nm (0.95 A/W responsivity). The response time is
under 1 ns (1 GHz of bandwidth) and the dark current is 0.235 nA, both
the values compatible with the characteristic of our signal. The power of
the photodiode is supplied through an internal battery of 12 V. The signal
was transmitted with a sample rate of 62.5 MSamples/s. The VCSEL was
biased with different current values, thus a signal with different voltage
value was sent into the laser. The corresponding BER was measured after
the second Red Pitaya post-processing.

In order to connect the Red Pitaya hardware with the laser, a bias tee was
used, to isolate the inputs and mix the current of the signal with the bias
current. The connection is shown in Fig. 5.10.

BIAS CURRENT
GENERATOR

A

RED PITAYA

ACUER BIAS TEE o

Figure 5-11 Connection of the signal and bias current generator to the laser through bias tee
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Log10(BER) in Back-to-Back
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Figure 5-12 1og10(BER) as a function of signal peak-to-peak voltage and bias current

Fig. 5.11 reports the experimental results. The blue parts indicate a BER
under 10+, the warmer are the colors, the higher is the error. The minimum
value of the BER depends by the limitation introduced by the Red Pitaya
device on the number of bits, but it could be also lower than 10+

On the left side, for lower bias value, we find a lot of errors, mainly due to
clipping effects (the modulation is too close to the threshold value). Also,
for low peak-to-peak voltage some errors occur. The range between 6 and
7 mA appears as the one with the lowest number of errors.

The same characterization was done by introducing also an electrical
amplifier (ZFL-500+ model) at the output, as it is shown in Fig. 5.2??2??:

RED PITAYA RED PITAYA

VCSEL LASER ~ PHOTODIODE ELECTRICAL
AMPLIFIER

Figure 5.12: Biasing points experimental set with electrical amplifier

In this case, the achieved measures are reported in Fig. 5.13:
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Figure 5-13 log10(BER) as a function of signal peak-to-peak voltage and bias current with
amplifier

Some few errors are present, due again to the clipping effects (low bias
current, high peak-to-peak voltage). Moreover, some errors are also visible
between 4 and 5 mA of the bias current, due to the bent point at 4 mA on
the slope-efficiency characteristic (marked in Fig. 5.27?7?).

Concluding the analysis of the laser, the 1550-nm VCSEL source under test
shows quite linear behavior, with some critical points. The employment of

an electrical amplifier is preferred. The optimal biasing point is between 5
mA and 6 mA.
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Chapter 6

System testing

In this chapter, the measurements on the full experimented system are
presented.

6.1 Schematics of the complete system testing set

In Fig. 6.1 the full schematic of the test configuration is shown.

ANTENNA
RF CIRCUIT
UP-CONVERSION
RED PITAYA L
F_inin base band
F_out=3.5GHz
RECEIVER ALONG THE STREET
ANTENNA CENTRAL OFFICE
RF CIRCUIT 1 m\
DOWN-CONVERSION O Ry oo | /Q)
Fin=35GH: \J | | wmevrcr| Y
F_out in base band UsR FIBER PHOTODIODE ELECTRICAL
25 k- 50 km AVPLFIER
OFDM signal

Figure 6-1 Experimental set for the testing of the complete system

In fig. 6.1 the full schematic of the test configuration is shown. This
schematic has been already explained in Chapter 2, but in this case, there
are two differences:

e Red Pitaya hardware is used for the RF signal generation;
e another Red Pitaya hardware is used to acquire the signal and for

the final post processing;
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e a tuning optical attenuator was added between fiber and
photodiode in order to check the system performance at different
signal power.

611 Optical receiver

We experimented the proposed system for two optical links constituted by
standard single-mode fiber (SMF) with different propagation length: 25
km (propagating just in a single fiber coil) and 50 km (using two connected
coils). The SMF attenuation is equal to 0.2 dB/km. Generally, the
propagation in the fiber introduces two distortion due to modal and
chromatic dispersion. The exploitation of a standard SMF and the single-
mode emission of the employed VCSEL avoid modal dispersion, while
chromatic dispersion can be considered negligible, at the rate and
propagation reach taken into account.

The optical receiver is realized by a photodiode DET01CFC of Thorlabs
(already described in Chapter 5). After the photodiode two electrical
amplifier ZFL-500+ manufactured by Minicircuits were used.

612 Description of the test

The test was made sending a signal generated by the first Red Pitaya.
Through the antennas the RF signal is transmitted in air (1 meter) and
detected by the receiver. After its down-conversion in base-band, it is
converted by the VCSEL into an optical signal and transmitted in to the
fiber. After the fiber propagation, the signal goes through the optical
attenuator, then it is received by the photodiode, it is amplified, and the
final Red Pitaya processes it. Through the tunable optical attenuator, the
optical power of the light is decreased to check the behavior at different
power levels. In the last Red Pitaya hardware, the signal is processed and
the BER is calculated. In this way, it is possible to find the BER as a function
of the optical power in fiber. The signal transmitted was OFDM
modulated, as described in Chapter 2, with the following characteristics:

e 6016 bits

e 64 symbols

e 64 sub-carrier (only 47 actives)
e 8192 samples

e 4-QAM interleaved sub-carriers to transmit thein-phase and quadrature
components of the OFDM signals
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Total bit-rate: 46.3 Mbits/s

We tested the system performance also transmitting an OOK modulated
signal of the same bit-rate to compare it with the OFDM case. In order to
increase the total number of bits under test for the BER analysis, 5 packets
of signals were sent. The measurements were made for 25 km and 50 km

propagation.

Recapping, the considered experimental conditions taken into account for

the system analysis were:

Back-to-Back (B2B), that is without fiber, with two amplifiers in

case of OOK and OFDM signal transmission;

25-km fiber propagation with two amplifiers in case of OOK and

OFDM signal transmission;

50-km fiber propagation with two amplifiers in case of OOK and

OFDM signal transmission.

6.2 Result of the measurements
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As expected, in case of OOK modulation the performances are better in
terms of BER. After 25 km the OOK performance does not change
drastically with respect to B2B and the two curves are quite stackable. After
50 km, the difference with the other two curves are relevant: we have more
errors due to the losses introduced by the fiber propagation. Regarding
OFDM performance, in B2B we find an error rate greater than the case of
OOK at 50 km. Also, in the OFDM case, the difference between B2B is
smaller with respect to the difference between 25 km and 50 km.

The minimum BER is limited by the number of bits, in particular we sent
40 960 bits, thus the minimum BER is 1/40 960 that is -4,6 dB. Getting no
errors does not mean that the BER is zero, but only lower respect to the
minimum.

As expected, the performance in case of OFDM transmission after 50 km is
very critical, with significant errors at low optical power. A so long optic
fiber introduces a strong attenuation and distorts the signal. However, in
a real PON context, the fiber reach is never so long: normally the central
office is maintained at a distance lower than 20 km.

In conclusion, considering the context under test, we have achieved that
the analyzed system based on the convergence between RF and optical
transmission is able to manage OOK signals with a good degree of
stability, without issues with this type of modulation, even at very long
PON distances. On the contrary, OFDM modulation is designed for radio
communications and in this application offers innumerable advantages,
but by converting the electrical signal into the optical one most of these
advantages are lost. In any case, thanks to our experimentation, the VCSEL
capabilities when it is directly modulated by the RF signal after down-
conversion, are demonstrated, assuring promising results also in case of
OFDM signal.
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Conclusions

In conclusion, in this work we demonstrated the VCSEL emitting at long
wavelength such as 1550 nm represents one of the most promising source
in the telecommunications sector. It shows advantaged in terms of low
cost, low power consumption, available bandwidth, compactness,
particularly useful for the implementation of convergent networks for the
vehicle connection, where this kind of requirements are mandatory. In
particular, we showed that this type of laser is able to be easily exploited
in a network exploiting the convergence of RF wireless transmission and
wireline fiber connection. Experimentation was done not only in case of
OOK signal transmission, but also in case of OFDM modulation in order
to be compliant with the future 5G standard specifications. Promising
results have been achieved for fober propagation distances of tens of km,
typical of PON contest.

Another interesting point tested in this work was the realization of a
passive link between the RF transmission from the vehicle and the optical
signal detection in the central office, without any signal processing before
the electro-optical conversion. VCSEL direct modulation driven by the RF
detected signal after its down-conversion in base-band range offers the
advantage of being extremely cheaper. To experimentally check this
solution, in our set up we sent the imaginary and real components of the
field separately, exploiting interleaved multiplexing.

The VCSEL-based transmission system considered in this work is studied
for connected vehicles. However, this type of laser can be also applied in
many other areas of the 10T, like Virtual Reality, health-care, smart cities...

Although the limitations of the experimental apparatus employed in this
work, we were able to reproduce the whore network, constituted by the
RF connection and by the fiber link. To further investigate the capabilities
and the limitations of the employment of this kind of laser source, other
experimental tests should be performed. In particular some ideas for a
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future implementation are:

Furthermore, BER measurements in our work were severely limited by the
used signal generator, that is the hardware Red Pitaya. The low number of
buffer bits forced us to do repeated tests. To further test the VCSEL laser,
it would be necessary to send signals with a real signal generator.
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