
 

 

 
 

 

 

Passive Optical Communications Module for the Internet of 

Things 

 

 

Tiago Filipe Belém de Brites Ribeiro 

 

Dissertation to obtain the Master of Science Degree in  

Electrical and Computer Engineering 

 

Supervisors: Prof. Paulo Sérgio de Brito André 

Prof. Moisés Renato Nunes Ribeiro 

Prof. Paulo Fernando da Costa Antunes 

 

Examination Committee 

Chairperson: Prof. José Eduardo Charters Ribeiro da Cunha Sanguino 

Supervisor: Prof. Paulo Sérgio de Brito André 

Members of the Committee: Prof. António Luís Campos da Silva Topa 

                                      

 

June 2018 



ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

Declaration 

I declare that this document is an original work of my own authorship and that it fulfills all the 

requirements of the Code and Good Pratices of the Universidade de Lisboa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 

 

Acknowledgements 
Having now completed the Master Science Degree in Electrical and Computer Engineering, I would like 

to thank the people who, directly and indirectly, were a part of my success during this important phase 

in my life. 

To Instituto Superior Técnico and the Instituto de Telecomunicações, who gave me the necessary 

conditions during the period of the dissertation to be able to fully complete it, and also, for the funding 

of the Optical 5G project, in which this dissertation is integrated. 

To the dissertation supervisors, Prof. Paulo Sérgio de Brito André, Prof. Moisés Renato Nunes Ribeiro 

and Prof. Paulo Fernando da Costa Antunes, who allowed me the opportunity of performing this work 

and aided me whenever it was necessary during the process. 

To Camilo Díaz, whose guidance and support was vital for starting the work in the best way possible 

and remained helpful throughout the course of the dissertation.  

To Prof. António Luís Campos da Silva Topa, for the evaluation provided during the presentation of 

IIEEC and respective suggestions that allowed for a better understanding of the focus needed in the 

dissertation.  

To all my dear friends and colleagues who were present during this period and with whom I spent good 

times, which allowed me to keep a good spirit towards the work that was done.  

To my girlfriend Ana Teresa, my best friend, who was there for me at my highest and my lowest points 

during my stay at Instituto Superior Técnico, who always believed in me and gave me courage to never 

give up.  

To my family and lost loved ones, whose constant love and support brought me to where I am today. 

Thank you very much to all of you.  

 

 

 

 

 

 

 



 

vi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 

 

Resumo 
A Internet das Coisas (IoT) promove a interconetividade entre dispositivos e estes continuam a aparecer 

em grandes quantidades ao longo dos anos, com a evolução das tecnologias de comunicação. 

Contudo, a escalabilidade surge com um preço, pois para uma maior quantidade de dispositivos há a 

necessidade de melhores canais de transmissão, com maior alcance, maior disponibilidade e uma 

maior segurança. A infraestrutura que advém desta rede de forte presença tem um alto custo, portanto 

é preciso encontrar soluções de baixo custo para a transmissão de informação, beneficiando das 

qualidades das fibras ópticas. 

As tecnologias sem-fios já oferecem uma forma de resolver estes problemas, porém o uso de fibras 

óticas daria ao IoT as suas qualidades tais como uma grande largura de banda, grande alcance, 

integridade do sinal e segurança elevada. Mas os dispositivos de IoT não deverão consumir muita 

energia, nem deverão ter conversões de eléctrico para óptico muito limitativas, logo um módulo passivo 

de comunicações óticas baseado em redes de Bragg para grandes alcances e envio de informação 

com baixos ritmos de transmissão deverá ser implementado. Ligando este módulo às fibras escuras 

existentes em todo o mundo seria possível integrá-lo no ecossistema do IoT.   

Um simulador deste módulo foi implementado, sendo capaz de reproduzir as suas caraterísticas na 

transmissão de informação modulada diretamente e em frequência. Um estudo do funcionamento deste 

sistema foi efetuado recorrendo à estimativa da taxa de erros, através do erro relativo de constelação, 

para um mesmo valor de potência ótica recebida à entrada do receptor.  

Palavras-chave 

Internet das Coisas, Redes de Bragg, Modulador acústico-óptico, Modulação em frequência, 

Modulação direta.  
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Abstract 

The Internet of Things (IoT) promotes interconnectivity between devices and these keep appearing in 

larger quantities throughout the years, with the evolution of communication technologies. However, 

scalability comes with a price, since for a higher quantity of devices comes the need for better 

transmission channels, with higher reach, availability and improved security capabilities. The 

infrastructure that comes with this ubiquitous network is very expensive so there is a need for finding 

low-cost solutions for the transmission of data, benefiting from the qualities of the optical fibers. 

Wireless technologies already provide a way to solve these issues, but the use of optical fibers would 

give to the IoT their own unique features, such as high bandwidth, long reach, signal integrity and high 

security. But IoT devices should not be power hungry nor have very limiting electrical-to-optical 

conversions, so a passive optical communications module based of fiber Bragg gratings for long reach 

and for the upload of information with low data rates should be implemented. This module would be 

integrated in the IoT ecosystem by connecting it to the existent dark fibers all over the world. 

A simulator of this module was implemented, capable of reproducing its characteristics for the 

transmission of information modulated in Frequency-Shift Keying and On-Off Keying modulation 

schemes. The study of the system performance for these schemes was made by estimating the Bit Error 

Rate using the Error Vector Magnitude metric, in relation to the received optical power.  

Keywords 

Internet of Things, Fiber Bragg Gratings, Acousto-Optic Modulator, Frequency-Shift Keying, On-Off 

Keying.  
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1 Introduction 

1.1 Framework 

Each phone call made, every text message that is sent, every file that is downloaded, every Internet-

based application and service that is used is, at some point, converted to photons which travel through 

several optical fibers around the globe. This has more than two billion kilometers of optical fibers that 

could be wrapped around it more than 50,000 times, so that over 100 million people can have fiber optic 

connections directly to their homes [1].  

Optical fiber communication technologies ensure that cost-effective network traffic scaling continues to 

enable future communication services, thus supporting today’s digital information society. The optical 

fiber technology benefits from several characteristics, such as its stable channel with high bandwidth, 

high transmission speed, low attenuation and multidimensional multiplexing [2]. 

The increase in Internet traffic over these past decades was only made possible with the deployment of 

a worldwide optical network. The long-haul fiber networks have evolved into a complex web with mesh 

connectivity in metropolitan areas, pushing the fiber into the edge of the network, thus forming a        

Fiber-To-The-Home (FTTH) network. Therefore, the fiber is no longer used solely for intercity links, but 

also supports metro and last-mile connectivity. It can also be found in industrial plants, alongside 

highways, remote rural roads, power transmission lines and railways. Of course, with this large presence 

of optical fiber cables, there are some spare fibers available, known as dark fibers, that can be explored 

for broadband capability and for providing basic connectivity with newly developed technologies [3]. 

  

Figure 1.1: Map of the world’s submarine optical fiber network [4]. 
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This technological progress in the domain of the optical fiber transmission has made possible the fact 

that end-users have available at their homes Gbps of data by using optical access systems which are 

commercially available today. In several countries across the globe, operators are deploying Gigabit 

Passive Optical Networks (G-PONs), which are among the preferable access technologies currently 

available. The Next Generation PON 2 (NG-PON2) technology comes from higher demands of 

bandwidth which is inherent to the evolution of high-quality video streaming and the increasing number 

of connected devices in a fully integrated digital home [5].  
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Figure 1.2: Schematic of today’s multimedia traffic through access networks (Based on [6]). 

 

However, the human ability to consume information is no longer the only drive for setting the limits to 

the required network bandwidth, but the by now dominant amount of Machine-to-Machine (M2M) traffic 

that rises from data-centric applications, sensor networks and the growing penetration of the Internet of 

Things (IoT). The IoT can and will impact manufacturing and supply chains from industries around the 

world, whose main goal is to increase efficiency by controlling their machines remotely, where 

environmental conditions may be unfavorable to allow wireless networks to operate. For a certain 

industry to achieve this objective, it must use fiber optic cables which, due to the previously mentioned 

characteristics, are the best medium for the handling of information that is transmitted throughout the 

facility. This, of course, will lead to a growth of in-building fiber deployments not only for industrial 

facilities, but also for residential buildings which cannot be reached wirelessly [1].  
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The notion of the so called Internet of Things goes back to the year of 1995, when Bill Gates started 

discussing it as being a system in which all things would communicate with each other to provide a 

certain user with the knowledge of a device whereabouts, for example. Basically, today’s definition of 

IoT stayed the same, since the International Telecommunication Union (ITU) expressed formally this 

notion in 2005 as being the network of interrelated physical objects which can collect information and 

exchange data with one another through various devices over the Internet, using its standard protocol 

suite (TCP/IP) [7, 8]. 

This technology embodies three layers, which are the perception and interaction layer, the one that 

gathers data and recognizes objects through sensors, the network layer, also known as transmission 

layer, which employs the services of a cloud computing system for the processing and storage of 

information collected in the previous layer, and the application layer, the one for which the processed 

information is sent. This third layer depends on the service that a certain entity wishes to provide the 

user, like automatic control, health monitoring or smart home. The users interact with this layer through 

various applications which collaborate with each other in order to satisfy the needs of a specific request. 

A schematic that shows how the IoT works as a whole is depicted in figure 1.3 [7, 9]. 
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Figure 1.3: Schematic of the IoT’s operation (Based on [9]). 

 

The huge amount of information contained in the cloud environment (from figure 1.3) is knows as Big 

Data. This contains all the information collected from several objects or things all over the world and it 

is stored in data centers, which nowadays are almost entirely based on fiber optic technologies that are 

used in high speed point-to-point links. Internet traffic has been increasing in metro-only networks and 

it is projected to surpass long-haul traffic and consequently exceed it by the year of 2017 [2, 3, 9]. 
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With this in mind, the IoT can be considered as a global network which provides communication between 

human-to-human, human-to-things and things-to-things, each one with their own unique identity. 

However this requires a global infrastructure of networked physical objects that enables anytime, 

anyplace connectivity for anything, not only for any one [8]. 

1.2 Motivation and main objectives 

In 2016, at the 21st OptoElectronics and Communications Conference, it was stated that, by the year of 

2019, 83% of global data traffic is expected to come from cloud services and applications and it will 

gather a total data of 10.4 zettabytes per year [2]. 

By the year of 2008, the total number of interconnected devices over the Internet exceeded the world’s 

population for the first time, and the trend of attaching more “things” of daily use to this network is 

accelerating. It is estimated that by the year of 2020, the number of devices connected with each other 

over the Internet, the so called Internet of Things, is expected to be around 50 billion (50×109), i.e., more 

than 6.5 times the world’s population, as depicted in figure 1.4. 

 

 

Figure 1.4: Bar chart of the number of connected devices compared to the world’s population [3]. 

 

The idea of ‘Smart City’ which aims for a better use of public resources, thus improving the quality of 

the services provided to the citizens, is a direct response of national governments wanting to adopt 

Information and Communications Technology (ICT) solutions, as it decreases the operational costs of 

the public administration. For an urban IoT, due to its unconstrained nature, the optical fiber serves as 

the connection for backend services in the context of Wireless Sensor Networks (WSNs) [10]. 

The IoT limits are mainly based on the economic value that its featured services provide to society. The 

deployment of computational and storage capacities to support these services depends on the potential 
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profits and gains obtained from building an infrastructure. If this network continues to be increasingly 

more ubiquitous, the investment in these infrastructures will still increase and the doubt remains if the 

same number of large companies will keep paying for it. Thus innovation needs to happen in a way in 

which the cost of new components designed for optical fiber systems are reduced considerably [11]. 

For the IoT’s transmission layer, the aim is to transfer data over long distances or large areas. Several 

wireless standards for IoT applications such as Zigbee and Wi-Fi are capable of successfully 

transmitting data to a given end-user, although, for an industrial application, a wired solution is more 

feasible. Wireless communications for wide areas have several issues such as spectrum usage, causing 

loss of the quality of the signal, and the environment topography, from which comes the degradation of 

the transmitted signals due to the distance getting bigger and because of the multipath fading effects 

that may also induce signal-to-noise fluctuations that may cause unreliability towards the requirements 

for providing connectivity for critical IoT applications. Adding to these issues, the broadcasting nature of 

wireless connectivity has some evidently fundamental privacy and security vulnerabilities. An optical 

wired communication system can be adopted to contradict these issues, since the optical fiber offers a 

huge bandwidth with very low attenuation, typically 0.2 dB/km for a standard Single Mode Fiber (SMF), 

allowing the transmission of data over tens of kilometers. 

The concept of IoT over Fiber (IoToF) uses Fiber Bragg Gratings (FBGs) to modulate the information 

coming from IoT devices in the optical carrier and transmit it over a large distance of over tens or maybe 

thousands of kilometers, when optical amplification schemes are used. The connection of this novel 

technology with the already existent optical fiber pipeline is done by using the dark fibers available, 

which are key for the IoT concept. To provide the direct physical connectivity (PHY) to IoT devices 

themselves might seem an overkill solution, but this would be viable and applicable when availability, 

reliability, security and other limiting factors handicap the physical connectivity solution already based 

on wireless and other wireless technologies. The IoToF system can be used in the monitorization of 

urban areas with a crowded and/or polluted spectrum, power lines structure and environment 

monitoring, collecting data in the gas and oil industries. Also, it can be used in wildfire monitoring in 

extremely remote locations, since the dense forests in hilly regions can create very unfavorable wireless 

propagation environments.  

In this MSc dissertation, the main objectives that are set for accomplishment can be synthesized in the 

following points: 

 Development of a low-cost optical communications module based on fiber Bragg gratings for 

IoT; 

 

 Implementation of a simulator capable of reproducing the behavior of the optical communication 

module; 

 

 Demonstrate and optimize the system performance for On-Off Keying and Frequency Shift 

Keying modulations. 
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The schematic shown in figure 1.5 demonstrates how this IoT thriving solution fits in this ecosystem. 

The IoT device, which can be a fridge, a washing machine, a surveillance camera, etc., transmits data 

that goes through a Codification Modulation Stage where Codification Modulation Devices (CMDs) are 

responsible for modulating the data signals with an amplitude/frequency shift keying technique. 

Afterwards, the signals are modulated into optical carriers with Acousto-Optic Modulators (AOMs), each 

featuring these key components: a speaker and an FBG. The mechanical disturbances sensed by the 

FBGs induce a change in the reflected spectra, which are received by an edge linear filter, located at 

the receiver stage, thus producing power variations through time. Then, the power signals pass through 

PhotoDetectors (PDs) and then the obtained electrical signals are amplified and acquired by a data 

receiver, which processes and demodulates the signals to connect with the IoT gateway to share the 

information on the Internet.  

 

 

IoT 
Device

CMD
AOM

Data Receiver

InternetReceiver 
Stage

 

Figure 1.5: Schematic of how the proposed solution fits in the IoT ecosystem. 

 

Given the proposed solution of this dissertation, in the next subchapter, the existent wireless 

technologies which already are being used for the IoT, are going to be discussed and compared to one 

another. With this comparison, it will be clearer to how this novel optical fiber based IoT solution 

improves upon other technologies. 



 

7 

 

1.3 State of the art 

1.3.1 IoT wireless technologies 

Several wireless standards for IoT applications have been proposed during the last two decades. The 

IEEE 802.11 standard, widely known as the Wi-Fi technology, is already integrated into personal 

computers, smartphones and TVs and can be used for applications which do not rely on a custom 

gateway, offering a high bandwidth, with the main concern being the distance between the terminal and 

the distributed Access Points (APs), which must be within a 100 m range. Most Wi-Fi networks operate 

in the 2.4 GHz Industrial, Scientific and Medical (ISM) and 5 GHz bands offering high data rates. In the 

case of the latter band, the IEEE 802.11g and the IEEE 802.11ac standards offer data rates per stream 

of 54 Mbps and more than 500 Mbps, respectively, considering channels with a bandwidth of 80 MHz 

[12, 13]. 

In contrast to the Wi-Fi, the Bluetooth Low Energy (BLE) standard, which also operates in the 2.4 GHz 

ISM band, uses a much lower bandwidth, thus reducing a device’s power consumption at the cost of 

lower data rates, but its maximum range increases to 750 m. This technology enables device 

communication in home automation, sensor networks and other applications such as fitness and toys 

[12]. 

Operating the same spectrum band, the Zigbee technology offers true device interoperability between 

different manufacturers and it is featured predominately in smart home/building domains, aiding in the 

development of LED based wireless products. It has a data throughput up to 250 kbps over a 2 MHz 

bandwidth and a maximum range of 130 m, which is not much greater than that of the Wi-Fi standard. 

Similar values can be found within the Thread standard, which basically aims to connect low-power IoT 

nodes to IP networks with increased security and reliability. The security aspect comes from the fact 

that each Thread device has a unique Quick Response (QR) code that ensures that only devices with a 

given authorization can join the network (this process occurs through a certain mobile application). The 

reliability aspect comes from the self-healing mesh implementation which avoids connectivity failure [12, 

14].  

The Radio-Frequency Identification (RFID) technology uses radio frequencies to transmit data up to 640 

kbps within a range of 3 to 10 m of distance and it works by using tags that are deployed at the respective 

spots. These tags can be considered active (those that have an internal power supply) and passive 

(those which don’t have one), and each one of them communicates with RFID readers. This technology 

benefits from having low-cost, small size and low-maintenance features. Near Field Communication 

(NFC) technology works for a very narrow range of distance (less than 10 cm) and offers a data rate 

between 106 and 424 kbps, which is adequate for the sharing of information between devices by 

bridging them together through proximity or touch [15-17]. 
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Concerning technologies for wide areas, the Long-Term Evolution (LTE) initiative uses multi-carrier 

cellular solutions, for example, the LTE Machine Type Communication (eMTC) (Machine Type 

Communication) Cat M standard aims to reduce device costs, power consumption, extend coverage 

and the handling of a massive number of devices, with a data rate of 1 Mbps, an UpLink (UL) and 

DownLink (DL) bandwidths of 1.4 MHz for a maximum range of 11 km [18, 19]. 

Almost all countries have lower ISM spectrum bands available, such as those at 433 MHz, 868 MHz 

and 915 MHz, which are more commonly known as Sub-1 GHz. The standards working in these bands, 

such as the Z-Wave, Ultra Narrow-Band (UNB) technologies and LoRa, focus on power efficiency and 

long range with a star topology connectivity. The Z-Wave protocol is ideal for automation in residential 

and light commercial environments and allows for reliable transmission of short messages from a control 

unit to just one or several nodes in a network, reaching a maximum distance of around 30 m and a 

transmission data rate up to 100 kbps in a 200 kHz bandwidth [12, 19, 20]. 

Neul, an IoT pioneer company acquired by Huawei, has a Narrow-Band (NB) proposal for the Cellular 

IoT (C-IoT), in which the 180 kHz DL resource block divided into 12 channels, spaced by 15 kHz, 

whereas the UL resource block is split into 36 channels, spaced by 5 kHz. Both links allow Time Division 

Multiple Access (TDMA) and Frequency Division Multiple Access (FDMA) schemes and the channels 

are minimized in such a way that it minimizes spectral side lobes and inter-user interference. This 

standard offers a data throughput that ranges from 0.375 to 36 kbps [18].  

Following the same vein of NB solutions, the Sigfox network provider can provide a long range 

connectivity up to 30 km in rural areas between the Base Station, which is listening at a 200 kHz 

bandwidth, and the terminal node using a star topology connectivity. This is achieved by transmitting 

data at a very low rate, i.e., up to 100 bps using a 12-byte packets and no more than 140 messages per 

node per day. This proposal works for a number of IoT applications, such as connected water meter or 

smoke detector [12, 19]. 

Last but not least, the LoRa wireless modulation technology, which stands for Long Range, operates as 

being part of the Low Power–Wide Area (LPWA) technology domain, as does the two previously 

discussed standards, is based on the Chirp Spread Spectrum (CSS), where the innovation consists of 

ensuring phase continuity between chirp symbols, which enables a simpler and more accurate timing 

and frequency synchronization, therefore not requiring expensive components. The LoRa gateway chip 

was designed to work in the bands centered at frequencies 169 MHz, 433 MHz and 915 MHz in the 

USA, whereas in Europe it works in the band centered at the 868 MHz frequency. Radio emitters are 

required to adopt a duty-cycle of 1% or 0.1% depending on the subband, to avoid interference, and the 

data throughput ranges from 0.3 kbps to 22 kbps, with a bandwidth of 250 kHz. The maximum 

communication distance range is over 15 km on ground and close to 30 km on water [21, 22]. 

The LoRa standard, as well as the other LPWAN technologies, have a major relevance in applications 

such as the automation and intelligent transportation systems, for example, fleet management, vehicle 

to infrastructure communication, smart traffic, real time traffic information to the vehicle, security and 

incident alerts and reporting. Also, it shows relevance for various metering cases, like electricity, water 
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and gas consumption monitoring, medical metering and alerts, as well as smart home, in the case of 

thermostat control and security systems [22]. 

Table 1.1 depicts the comparison between the wireless IoT technologies and the novel IoToF introduced 

in this dissertation. 

 

Table 1.1: Wireless IoT technologies and the FGB-based IoToF. 

Technology 
Data Throughput 

(bps) 
Range (km) Bandwidth (MHz) 

Spectral 

Efficiency 

(bps/Hz) 

LTE eMTC 1×106 11 1.4 0.714 

Wi-Fi IEEE 

802.11ac 
500×106 0.1 via mesh 80 6.25 

Bluetooth 2×106 0.75 2 1 

Thread 250×103 0.1 5 0.05 

Zigbee 250×103 0.13 LoS 2 0.125 

Z-Wave 100×103 0.03 0.2 0.5 

LoRa 22×103 
30 (water) 

15 (ground) 
0.250 0.088 

Sigfox 100 30 0.2 0.0005 

IoToF 300 >30 0.0008 0.375 

 

The notion of a ubiquitous network of the IoT was made possible with the creation of RFID passive tags, 

and with them came the possibility of integrating the physical world, which featured all things with 

sensors, and the virtual one, the cloud which connected all shared data. WSN nodes, unlike RFID 

passive tags which detect the presence and location of other sensors, have a power source and can 

sense and monitor the environment. By joining both technologies the viability of remote sensing 

applications is improved [23]. 
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At the 2014 IEEE International Advance Computing Conference, Sehgal et al put forward a comparison 

between Cyber Physical Cloud (CPC), Cloud of Sensors (CoS) and IoT, and noted that security is a 

great concern since the IoT devices share a lot of information that is susceptible to leakage. At the 2016 

IEEE Trustcom/BigDataSE/ISPA conference, Sheperd et al mention the notion of Secure Element (SE), 

a platform capable of securely hosting code and confidential data. The many SEs would then 

interoperate in a secure platform called the hypervisor/virtualization that enables the execution of various 

applets running at once without the information getting caught by said adversaries with malicious intent 

which could cause damage to the user [9, 24].  

The IoT’s architecture must consider and guarantee factors like heterogeneity, scalability, cost 

minimization, modularity, Quality of Service (QoS), interoperability, etc. The current one worked well 

enough for a long time, but since the traffic has increased exponentially in the last few years, a need for 

a new architecture which would be able to integrate various technologies has become very important in 

dealing with today’s issues. In 2010, at the 3rd International Conference on Advanced Computer Theory 

and Engineering, Lu et al proposed an architecture in which is added a coordination layer, which is 

responsible for the processing of received packages from different application systems and 

reassembling them in a structure that can be identified and processed by every application system. This 

is very important, since there is no need for the creation of a new backbone for leading with the different 

systems, which would be very complex and expensive [15, 25]. 

In industry and mining enterprises there are many sensors being used to transmit or to receive signals, 

therefore a reader that is both passive and active, that can open the transmit port automatically and 

store data, is essential. In 2010, at the 2nd International Conference on Information Science and 

Engineering, Jingzhao et al proposed a reader device with these abilities, whose schematic is depicted 

in figure 1.6, which uses WSNs to complete the transfer functions of various parameters, a RFM22 RFID 

module that provides 128 kbps of maximum data transmission, a S3C2440 microprocessor that ensures 

system running stability and supports different interfaces like RS485, Industrial Ethernet and Field Bus. 

These interfaces link the sensor with the IoT layer called Middleware, featuring on demand storage and 

computational tools for data analysis [23, 26]. 

 

Label 
Sensor

RFID Module

Wireless 
Network 
Modules

Memory

Micro-
Processor

RS485

Industrial 
Ethernet

Field Bus

IoT
Middleware

 

Figure 1.6: Schematic of the structure of the multi-functional IoT reader [26]. 
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This solution benefits from the ZigBee technology because of its short distance, low complexity, low 

power, low data rate, bidirectionality capability and low cost. This technology is used on the wireless 

network module, provides good results for the application under study and is ideal for WSNs, and the 

fact that it’s cheaper than Bluetooth and Wi-Fi boosts this solution’s feasibility for IoT applications [16, 

26]. 

With the increasing growth of the number of devices interconnected, engineers have been searching for 

a way to guarantee the comprehensive perception, reliable transmission and intelligent processing of 

mass information. Since the IoT deals with this extremely large amount of data, costs are expected to 

be, also, extremely high [27]. 

For the RFID technology to be a good candidate to the IoT, a high network throughput is required, that 

is why Zhang et al state Ultra-WideBand (UWB) technology as being very promising for the future of 

RFID sensing systems. A UWB signal is one that occupies a bandwidth larger than 500 MHz or a 

bandwidth of more than 20% of the central frequency. It uses short-duration pulses (less or equal to one 

nanosecond) with a very low duty cycle and can achieve high data throughput in the order of Mbps. 

Pulse Position Modulation (PPM) is a good way of modulating a signal, since it demands low circuit 

complexity, and Code Division Multiple Access (CDMA) mitigates tag collisions, thus improving the 

intended throughput.  

This study takes into account all these things to create a high-throughput RFID system for sensing 

applications, and, because of the low pulse rate, the system benefits from high robustness to multi-user 

interference, as well as interpulse interference. With this solution the receiver would only need a low-

resolution Analog-to-Digital Converter (ADC). 

This system features two main elements: a reader and a group of tags. The former transmits instructions 

to tags via an Ultra-High Frequency (UHF) radio link that operates around 900 MHz and these same 

tags are therefore powered by the UHF signals. A tag picks one of the Gold codes to encode the bits 

from its ID and then sends information to the reader via the CDMA-PPM UWB radio link that operates 

in the 3.1-10.6 GHz frequency band. A gold code is a type of Pseudo-Noise (PN) code and it provides 

the system with synchronization between the reader and the tags. 

This solution’s RFID tag would have an UWB transmitter, which includes a pulse generator, a PPM 

module and a PN module. The transmitter can be obtained by using the classic EPC C1 G2 tag with 

some manipulations in the circuit (like several logic gates, applying trigger signal, etc.), while the reader 

can be much more complex, therefore the increase on cost lies on the reader side. A comparison is 

made between a decorrelating receiver, which eliminates all multiple access interferences by applying 

the inverse of the correlation matrix to the output of the matched filters, and a matched filter receiver, 

which decides on whether a certain bit of a given tag is either 0 or 1. The solution with the decorrelating 

receiver proves to be more complex on the reader side but reduces the complexity of tags thus reducing 

the cost. Also, a throughput 1.4 times higher than the OOK UWB RFID system was achieved, as well 

as the obtained pulse and data throguhput were only 1/10 and 1/15 of the OOK UWB RFID system, 

respectively [17]. 
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1.3.2 Optical connectivity in the IoT 

The continuous increase of traffic calls for the deployment of a worldwide optical network in which long-

haul fiber networks form a complex web of mesh connectivity in metropolitan areas. Also, with 

Wavelength Division Multiplexing (WDM) techniques, these optical fibers can support several 

bandwidth-hungry applications [3]. 

Despite also enabling the IoT ecosystem over optical fibers, the IoToF concept presented in this 

dissertation is a niche solution to fill the gaps from an IoT arena dominated by extremely low cost and 

widespread wireless solutions, therefore one of the main challenges in this novel developed system is 

the ease of capital and operational costs (CAPEX and OPEX, respectively). However, optical solutions 

are costly, not because of the optical fiber itself, but because they involve Electrical-to-Optical (E/O) and 

Optical-to-Electrical (O/E) interfaces. Such interfaces are usually power-hungry circuits, whereas optical 

fibers are electrically passive elements. Thus, energy presents itself as a major constraint for IoT 

solutions and these conversions need to be addressed in IoToF PHY architectures before benefiting 

from long-reach with reliability, privacy and other appealing features that optical fibers have, contrasting 

with the wireless ones. 

Table 1.2 depicts some matching factors between conventional optical communication connectivity and 

the proposed IoToF PHY architecture. The data throughput required by individual IoT devices are 

usually several orders of magnitude below what the optical interfaces can offer. Long reach reliability 

from optical fibers is what IoToF aims to achieve in the IoT ecosystem, thus these requirements cannot 

be compromised by low cost optical solutions, i.e., based on LEDs, for example. Installation and 

maintenance in conventional optical systems is costly and time-consuming at E/O and O/E interfaces, 

since these involve specialized splicing equipment and connectors, whereas the wireless counterpart 

operation is virtually effortless and costless. With this in mind, IoToF should be aimed at extremely 

simple operations.    

 

Table 1.2: IoT requirements and conventional optical and IoToF PHYs [28-30]. 

IoT Requirements 
Conventional Optical PHY @ 

ONU (per subscriber) 
IoToF Optical PHY 

Throughput Up to 2.5 Gbps At least 100 bps 

Range Up to 20 km At least 20 km 

Power Consumption around 1 W 0 W (Passive) 
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Also, conventional optical communication E/O and O/E conversions are power consuming due to the 

need of biasing and cooling circuitry, while IoToF would aim, if possible, at optical passive solutions at 

IoT devices. Spectral efficiency is not a major concern in optical systems seen in the widespread use of 

OOK and direct detection to reduce cost. In contrast, the extremely low-cost requirement from the IoT 

systems will push IoToF solutions with limited end-to-end bandwidth and, therefore, spectral efficiency 

will become an issue to be addressed [31]. 

Figure 1.7 depicts the comparison that can be made between the discussed technologies both in terms 

of bandwidth, which is related to the data throughput through the spectral efficiency, and the 

transmission distance. These parameters lead to a trade-off correlated to the frequency bands, i.e., 

higher frequency bands have more channels and more bandwidth, which allows for more data 

throughput, however, the transmission range is much lower. On the opposite hand, lower frequency 

radio waves are less vulnerable to propagation disturbances than the higher ones, presenting a higher 

operation range, but the data throughput is reduced [12]. 

 

 

Figure 1.7: Relation between throughput and range for IoT standards, with the inclusion of the novel 

IoToF concept. 
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In sum, IoToF should aim at ranges beyond conventional wireless solutions, but without compromising 

minimal throughputs achieved by them. This novel technology is therefore expected to exceed a 

fundamental wireless limit, i.e., the Radio Horizon Range (RHR), which is the furthest reach imposed by 

the earth’s curvature Line-of-Sight (LoS) propagation, including the atmosphere’s refraction effects. The 

RHR for a 30 m height gateway antenna and a base station at 1 m is around 20 km, which is proved 

experimentally as an achievable range by LoRa and Sigfox. This is also G-PON’s basic reach, thus 20 

km provides for an important optical and wireless landmark for IoToF to surpass and find its own niche 

[29, 32, 33]. 

1.4 Main Contributions 

The work done in this dissertation originated a scientific article called IoToF: A Long-Reach Fully Passive 

Low-Rate Upstream PHY for IoT over Fiber, that was submitted to the IEEE Internet of Things Journal, 

with my contribution being the co-authorship of this paper. Also, a study in respect to the wireless 

technologies was made in order to compare this novel solution with the existing standards, regarding 

the data throughputs, transmission distances, bandwidths and respective spectral efficiencies. 

     

Now, that the IoToF concept was presented to the reader, the next chapter will further discuss the theory 

behind optical fibers with Bragg gratings, as well as some of the existent manufacturing techniques. 

Also, the concept of an optical power discriminator will be introduced, which is used in this novel 

technology, and how it interferes with the power spectral density of the FBG. 

The notion of an acoustic-optical modulation system will be further analyzed and how the mentioned 

optical discriminator fits into this strategy, as well as the modulation techniques that were used 

throughout this work and the performance assessment method applied. 
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2 Theoretical Foundation 

2.1 Fiber Bragg grating technology 

2.1.1 Fundamentals and overview 

In a demonstration done in the mid-1960s, Kao and Hockham established the feasibility of optical fibers 

by showing that information encoded in optical signals could be transmitted over a glass fiber 

waveguide. However, this technology only took off when researchers at Corning and Bell Labs, in the 

early 1970s, developed processes to produce low-loss silica-based optical fibers, with the lowest loss 

being around 0.25 dB/km in the 1550 nm spectral band (C-band). At the Optical Fiber Communication 

Conference in 1996, it was reported that transmission rates over 1 Tbps were possible, making optical 

communications look promising in the following years [34].  

During the development of fiber optics technology, FBGs were applied in many photonic devices. An 

FBG is an optical filter inscribed in a short segment of an optical fiber, so that it can reflect specific 

wavelengths coming from a certain optical source and transmit all others. It can also be regarded as a 

fiber device with periodical variation of the refraction index of the core along the fiber [35].  

Sir William Lawrence Bragg, a British physicist and X-ray crystallographer, was born in 1890 and 

discovered, in 1912, the Bragg law of X-ray diffraction, which is used nowadays for the study and 

determination of crystal structure. Suppose there is an electromagnetic radiation whose wavelength has 

the same order of magnitude of the atomic spacing, and that this radiation reaches a crystalline material, 

when this happens, the Bragg diffraction phenomena occurs, i.e., the radiation is diffracted in a spectral 

fashion by the atoms of the material and suffers constructive interference in accordance to Bragg’s law 

[36]. 

Bragg’s law, which is represented by the expression in equation 2.1, states that for a crystalline solid 

with lattice planes separated by a distance 𝑑, the waves scatter and interfere constructively when the 

length of the path followed by each wave is equal to an integer multiple of the wavelength.  

 2𝑑 sin𝜃 = 𝑛 𝜆 (2.1) 

with the incident angle being represented by 𝜃, 𝑛 is an integer and 𝜆 is the wavelength. By measuring 

the intensity of the scattered radiation as a function of the incident angle 𝜃, a diffraction pattern is 

obtained and when the scattered waves satisfy the previously stated Bragg condition, a strong intensity 

in the diffraction pattern is observed, which is known as the Bragg peak. Figure 2.1 depicts a schematic 

of the Bragg law in effect, as the radiation reaches a crystalline structure and gets reflected, with its 

waves obeying Bragg’s law. 
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Figure 2.1: Schematic of the Bragg’s law in effect in a crystalline structure (based on [36]). 

   

In 1978, Hill et al were the first to report the inscribing mechanism that was resultant of interference 

between counter-propagating waves inside the fiber’s core. Ten years later, Meltz et al would obtain the 

first FBG imprinted in a Ge-doped silica single mode fiber by illuminating it with transverse coherent   

244 nm UltraViolet (UV) beams from a tunable laser through a frequency-doubled crystal [35]. 

Due to this successful implementation, FBGs proved their utility in a wide set of communication 

applications in the optical realm. They can be used as add/drop multiplexers for WDM resulting in an 

increased capacity of optical networks, as mode converters, as dispersion compensators and as pulse 

compressors [37]. 

Also, by studying the displacement of a given reference wavelength it is possible to measure several 

physical parameters, such as temperature, pressure, strain, etc. Thus, FBGs can be used as sensors 

and have many advantages, like the lack of LoS requirement, resistance to corrosion, immunity to 

electromagnetic interference and the easiness of implementation in miniaturization. Also very important, 

is the fact that it facilitates the remote control and processing of the information, simply because both 

sensing and propagation are rolled into one [2, 35, 38]. 

A fiber Bragg grating can be seen schematically in figure 2.2. Typically, the FBG length varies from a 

few millimeters to a few centimeters. The amplitude of modulation of the refraction index, ∆n, is usually 

contained in the interval 10-4, 10-2 . In optical communications, the FBG operates in the 1500 nm 

transmission window with Λ ≈ 0.5 µm, which is the value of the periodicity of the modulation [39]. 
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Figure 2.2: Schematic of the FBG with the spectral input and outputs. 

 

From the first order Bragg condition results the reflected wavelength, also called the Bragg wavelength 

and it is given by the expression in equation 2.2: 

 𝜆 = 2Λ𝑛  (2.2) 

where 𝜆  is the central Bragg wavelength of the reflected signal, 𝑛  is the effective refraction index of 

the optical fiber, which is an average of the refraction index of the core and of the cladding, and Λ is the 

period of the modulation of the refraction index in the core of the fiber. If the wavelength of a certain 

incident optical signal fails the Bragg condition, the components of the optical field located in the 

following planes of this structure become increasingly out of phase and, in the end, will fully interfere 

destructively. If said condition is accomplished, the same components will interfere constructively. 

The periodic perturbation of the refraction index (𝛿𝑛 ) along the propagation axis 𝑧 can be described 

by equation 2.3: 

 
𝛿𝑛 (𝑧) = 𝛿𝑛 (𝑧) 1 + 𝜉(𝑧) cos

2𝜋

Λ
𝑧 + 𝜙(𝑧)  

(2.3) 

 

where 𝛿𝑛  is the variation of the mean value of the modulation, 𝜉 is the fringe visibility of the index 

change varying from 0 to 1, and 𝜙(𝑧) describes grating chirp for aperiodic gratings [39, 40]. 

For a periodic single-mode Bragg reflection grating the relations depicted in equations 2.4 and 2.5 are 

known: 

 
𝛿 = 2𝜋𝑛

1

𝜆
−

1

𝜆
 

(2.4) 
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к =

𝛿𝑛 𝜋

𝜆
 

(2.5) 

From equation 2.4, comes the value called the detuning, which is independent of 𝑧 for all gratings. To 

simplify the upcoming equation 2.7, it is useful to define the following variable of equation 2.6: 

 𝛾 = к − 𝛿  (2.6) 

Making use of the previous equations, the reflectivity of a grating with constant modulation amplitude 

and period is obtained as function of the wavelength 𝜆 and the length 𝐿 of the grating, as shown in 

equation 2.7: 

 
𝑅 , =

𝑠𝑖𝑛ℎ (𝛾𝐿)

𝑐𝑜𝑠ℎ (𝛾𝐿) −
𝛿
к

 
(2.7) 

Figure 2.3 shows the FBG’s reflectivity with respect to the wavelength for the following input parameters:  

𝑛 = 1.458, 𝜆 = 1547 𝑛𝑚, 𝛿𝑛 = 10 , 𝐿 = 10 𝑚𝑚 

 

Figure 2.3: A reflectivity spectrum showing a peak in the Bragg wavelength. 
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The Full Width at Half Maximum (FWHM) is another parameter to characterize the bandwidths of laser 

beams or other optical devices. A general expression for the FWHM is given by equation 2.8: 

 

∆𝜆 = 𝜆 𝑠
∆𝑛

2𝑛
+

1

𝑁
 

(2.8) 

where 𝑁 is the number of grating planes and 𝑛  is the average refractive index. The parameter 𝑠 is 

approximately 1 for strong gratings, i.e., those which have a reflection near 100%, and approximately 

0.5 for weak gratings [41]. 

2.1.2  FBG’s manufacture techniques 

A property of the optical fiber known as “photosensitivity” was first observed by launching a continuous 

wave of blue light (488 nm) from an Argon ion laser into a short piece of a nominally monomode optical 

fiber, with the intensity of the reflected light being monitored. After a short period of time, the reflected 

light intensity grew in strength until almost all the light that was launched into the fiber was                      

back-reflected. This same growth consists of a nonlinear effect called “photosensitivity” [42].  

An FBG is formed by exposing the optical fiber to a UV radiation pattern and for it to be efficient, the 

fiber must be photosensitive to that same radiation. Standard optical fibers have low photosensitivity, 

however there are techniques that further enhance this characteristic, such as the co-doping of the core 

or the increase in the concentration of germanium. But, due to its simplicity, one the most used 

techniques for this application is the hydrogen loading, which can increase the photosensitivity of the 

fiber in about two orders of magnitude. The hydrogen loading consists on the diffusion of hydrogen in 

the fiber’s interior, that comes from the exposition to pressures over 100 atm, spanning several days, 

followed by the immediate manufacture of the FBGs. With this process, the time in which the fiber is 

exposed to radiation is reduced and the amplitude of modulation of the refraction index increases. From 

the process of hydrogen loading the FBG may become unstable when it suffers variations in 

temperature, however, there are several techniques that improve stability, like thermal treatment [39].  

There many grating manufacture techniques, but in this dissertation only the phase mask technique and 

the interferometer with phase mask technique will be considered. 

The phase mask technique, whose schematic is depicted in figure 2.4, greatly simplified the 

manufacturing process of Bragg gratings, yet yielding gratings with high performance. This technique 

benefits from an easier alignment of the fiber for photoimprinting, reduced stability requirements on the 

photoimprinting apparatus and lower coherence requirements on the UV laser beam, thus allowing the 

use of a cheaper UV excimer laser source. The same benefits could not be achieved with the 

holographic technique used for the first FBGs, in which two overlapping UV light beams interfere with 

each other, thus producing a periodic interference pattern that writes a corresponding periodic index 

grating in the core of the fiber [42]. 
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Figure 2.4: Schematic of an FBG induced by a laser and phase mask (based on [43]). 

 

The optical element known as the phase mask is made from a flat slab of silica glass, which is 

transparent to UV light, and it features a periodic pattern shape that approximates a square wave in 

profile. The UV light, which is incident normally to the phase mask, passes through it and is diffracted 

by the periodic corrugations of the mask. These corrugations are almost in contact with the optical fiber. 

Usually, most of the diffracted light is contained in the 0, +1 and -1 diffracted orders, however, the phase 

mask is designed in such a way that it is able to suppress the diffraction into the zero-order to less than 

5% and can divide 40% of the total light intensity equally in the 1-
+  orders, approximately. In other words, 

the zero-order diffraction is minimized and the +1 and -1 orders are maximized. The interference of 

these maximized order beams produce a periodic pattern that photoimprints a corresponding grating in 

the fiber. The obtained period of the grating pattern in the core of the fiber is Λ = ΛPM/2, where ΛPM is 

phase mask period [39, 42].  

The phase mask technique can also be used to manufacture gratings with controlled spectral response 

characteristics. The typical spectral response of a finite length grating with a uniform index modulation 

along the fiber length has a secondary maximum on both sides of the main reflection peak. In WDM 

applications this kind of response is not desirable, so in order to avoid secondary maxima, a bell-like 

functional shape is given to the FBG. This process is called apodisation, which through the years have 

achieved suppressions of the sidelobes of 30 dB to 40 dB, using the phase mask technique [42]. 
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An approximated expression, depicted in equation 2.9, for the reflection curve of the apodised FBG was 

obtained, using the Origin software, and it follows the behavior of a Lorentz function. 

 
𝑦 = 𝑦 +

2𝐴

𝜋

𝑤

4(𝑥 − 𝑥 ) + 𝑤
 

(2.9) 

where the measured values after several iterations were 𝑦 = −48.39857, 𝑥 = 1539.36452, 𝑤 =

1.28368 and 𝐴 = 71.98932.  

Figure 2.5 shows the reflection spectrum of an example of an apodised FBG, with a Bragg wavelength 

centered around 1539.4 nm. The black curve is the actual experimentally measured reflection curve and 

the red one is the Lorentz approximation curve. 

 

 

Figure 2.5: Obtained Lorentz approximation of the reflection spectrum. 

 

The apodisation technique also extends to the manufacture of Chirped FBGs (CFBGs), also known as 

aperiodic fiber gratings, which are used for making dispersion compensators. The chirping aspect 

means varying the grating period along the length of the fiber in order to broaden its spectral response. 

Figure 2.6 shows the reflectivity spectrum of a CFBG, with part (a) being the grating without apodisation 

and part (b) being the same grating after apodisation is applied [42]. 
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Figure 2.6: Reflectivity spectrum of a CFBG with (b) and without (a) apodisation [44]. 

 

In 1989, Meltz et al used a new method to manufacture Bragg gratings, in which a beam of UV radiation 

is split in to two beams with equal intensity and then, these are reflected by lateral mirrors and 

recombined at the core of the fiber, where an interference pattern is formed. Figure 2.7 shows a 

schematic of this described technique, called the “Amplitude-splitting Interferometer” [39].  

 

 

Figure 2.7: Schematic of the manufacturing process of an FBG with an amplitude-splitting 

interferometer (adapted from [39]).  

 

(a) 

(b) 
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In this manufacturing process, the fringe grating period is given by equation 2.10: 

 
Λ =

𝜆

2𝑠𝑒𝑛(𝛼)
 

(2.10) 

where 𝜆  is the wavelength of the ultraviolet radiation [41].  

According to equation 2.10, the fringe grating period can me altered by varying the incidence angle, 𝛼, 

or by modifying the wavelength of the incident radiation, 𝜆 . The choice of this wavelength is limited to 

the UV photosensitivity region of the fiber, however, there is no restriction for the choice of the angle 𝛼. 

The amplitude-splitting interferometer offers the ability to inscribe Bragg gratings of various 

characteristics, but it is susceptible to mechanical vibrations. This disadvantage originates from           

sub-micron displacements in the position of the mirrors, the beam splitter, or other optical mounts in the 

interferometer during UV irradiation, causing the fringe pattern to drift [41]. 

In the interferometer with phase mask technique, whose schematic is represented in figure 2.8, the UV 

beam splitting is done by a phase mask. The diffracted orders are reflected on lateral mirrors and are 

recombined in the fiber where they interfere with a certain pattern.  

 

 

Figure 2.8: Schematic of the process of manufacturing a FBG using an interferometer with phase 

mask (adapted from [39]). 

 

A phase mask, instead of an amplitude splitter, is used because, besides its economical factor, the 

alignment process is simplified. The wavelength of the designed grating is controlled by the incidence 

angle of the two diffracted orders on the fiber, which can be controlled by the lateral mirrors [39].  
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2.1.3  FBG’s behavior due to external disturbances 

The effective refraction index and the period modulation, both mentioned in equation (2.2), change with 

temperature and strain, thus changing the Bragg wavelength. The change in the reflected wavelength 

when exposed to variations in temperature, ∆𝑇, and/or mechanical deformations, ∆𝑙, is given by equation 

2.11 [35]: 

∆𝜆 = 2 Λ
𝜕𝑛

𝜕𝑇
+ 𝑛

𝜕Λ

𝜕𝑇
∆𝑇 + 2 Λ

𝜕𝑛

𝜕𝑙
+ 𝑛

𝜕Λ

𝜕𝑙
∆𝑙 

(2.11) 

An applied longitudinal deformation changes the Λ parameter due to the increasing pitch of grating and 

changes the 𝑛  parameter, because of the photoelastic effect. The latter comes from an observation 

made when compressing a transparent material, in which two effects can be observed, one is the 

increase of the refractive index due to the increase of density of the material and the other is the 

mentioned photoelastic effect, which produces the opposite effect. Knowing that FBGs are created using 

UV radiation, a mathematical model can be obtained, expressing the refraction index in the FBG as a 

function of UV radiation dose (𝑑) in Joules and the distance 𝑧 along the fiber’s length axis, stated as 

equation 2.12 [36]: 

 
𝑛 (𝑧, 𝑑) = 𝑛 + 𝛥𝑛 (𝑑) + 𝛥𝑛 (𝑑)𝑠𝑖𝑛

2𝜋

Λ
𝑧  

(2.12) 

with 𝛥𝑛  being the average amount of the refraction index increase by the UV radiation dose and 𝛥𝑛  

being half of the total variation of the refraction index along the fiber’s 𝑧 axis.  

In an equal manner, both parameters from the fundamental Bragg condition can be changed due to a 

variation in temperature, which can occur via thermal dilation, which influence the Λ parameter, and via 

thermo-optic effect, which influence the 𝑛  parameter. The first term of equation 2.11 shows the effect 

of temperature in the reflected Bragg wavelength and the second one denotes the effect of the 

mechanical strain. So, if only change in temperature is considered (∆𝑙 = 0), one gets [39]: 

 ∆𝜆 = 𝑆 ∆𝑇 (2.13) 

where 𝑆  is the thermal sensitivity of the FBG, which is given by equation 2.14: 

 𝑆 = 𝜆 (𝛼 + 𝛼 ) (2.14) 

with 𝛼 = (1/Λ)(𝜕Λ/𝜕𝑇) and 𝛼 = (1/𝑛 ) 𝜕𝑛 /𝜕𝑇 . The 𝛼  parameter is the thermal expansion 

coefficient of the fiber (~0.55 × 10 ℃  for silica), and 𝛼  is the thermo-optic coefficient 

(~8.6 × 10 ℃  for germanium doped silica-core fiber). A thermal sensitivity approximately equal to 13 

pm/ºC is expected for FBGs working at the spectral region of 1550 nm [35, 39].  
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When neglecting the thermal disturbances (∆𝑇 = 0), the effect of mechanical disturbances in the Bragg 

wavelength is described by equation 2.15 [39]: 

 ∆𝜆 = 𝑆∆ 𝜀  (2.15) 

where 𝑆∆  is the sensitivity to the strain felt over the longitudinal axis, and 𝜀  is the relative strain over 

the longitudinal axis. When the FBG suffers a contraction the 𝜀  value is negative and when it is 

expanded this value turns positive. The sensitivity to the mechanical disturbances can be given by 

equation 2.16: 

 𝑆∆ = 𝜆 (1 − 𝑝 ) (2.16) 

with 𝑝  being the effective photoelastic coefficient of the coated fiber defined by equation 2.17: 

 
𝑝 =

𝑛

2
[𝑝 − 𝜈(𝑝 + 𝑝 )] 

(2.17) 

where 𝑝 and 𝑝  are the components of the strain-optic tensor and 𝜈 is the Poisson’s ratio. For a typical 

optical fiber, the values for 𝑝 , 𝑝  and 𝜈 are 0.113, 0.252 and 0.16, respectively. By applying the 

mentioned values in the previous equations, a sensitivity to strain of 1.2 pm by each 1 μ of relative strain 

(1.2 pm/μ𝜀 ) is obtained [39].   

2.2 Optical power discriminator 

Like the FBGs, a microcavity known as Fabry-Perot Interferometer (FPI) also benefits from many 

characteristics, such as its miniature size, linear response and high sensitivity. However, it also have its 

disadvantages, since it requires a significant economical investment for the implementation of the 

manufacturing equipment, which typically consists of a femtosecond pulsed laser that requires complex 

alignment and positioning systems [45]. 

To overcome the high cost and complexity of this implementation, an FPI can be created in a                      

cost-effective way with a phenomenon known as the catastrophic fiber fuse effect. This was first 

observed in 1987 and consists on the continuous self-destruction of an optical fiber, induced by a high 

intensity optical signal. This process is often initiated by a local heating point, a damaged or unclean 

connector or in a fiber tight bend, therefore creating a so called “fuse zone”, which is responsible for the 

vaporization of the fiber’s core. This zone then moves towards the optical signal source with a 

propagation velocity of 0.5 m.s-1, usually, revealing the presence of periodic hollow voids in the core, 

spaced around a few micrometers, which are called “microcavities”, as depicted in figure 2.9 (a).  
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After interrupting the fuse zone propagation, the last produced microcavity shows itself as having a 

larger dimension when compared to the previous voids, as depicted in figure 2.9 (b).  

 

 

Figure 2.9: Optical microscope images of obtained microcavities [45]. 

 

As the figure 2.10 suggests, the FPI can be considered as a 2 plane-parallel (or curved) reflecting 

surfaces (mirrors) with reflectivity 𝑟 separated by an empty space of length 𝐿. When the light is directed 

to one of the mirrors, a percentage of the radiation is reflected, while the remaining one passes through 

the mirror and enters the cavity. When this radiation reaches the opposite mirror, the same process 

happens.  

L

Cavity
Input Output

Mirror 2Mirror 1

r r

Light at non-resonant 
wavelengths

Light at resonant 
wavelengths  

Figure 2.10: Schematic of Fabry-Perot filter (based on [46]). 

(a) 

(b) 
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The round-trip optical phase delay between the backscattered signals is given by equation 2.18: 

 
𝛿 =

4𝜋𝑛𝐿 cos 𝜃

𝜆
 

(2.18) 

where 𝑛 is the reflective index of the microcavity’s material, 𝜆 is the vacuum wavelength and 𝜃 is the 

internal angle of incidence of the beam into the microcavity. In the case of a normal incidence, the 

previous equation becomes 𝛿 = 2𝑘𝐿, where 𝑘 is the wavenumber of propagation in the medium [47]. 

From equation 2.18 results the portion of the incident intensity (𝐼 ) that is reflected (𝐼 ) by the micro 

cavity, where the constant 𝜁 is the compensation. This relation is expressed in equation 2.19:  

 𝐼

𝐼
= 𝜁

4𝑟 sin (𝛿/2)

(1 − 𝑟) + 4𝑟 sin (𝛿/2)
= 𝑅 ,  

(2.19) 

Assuming the compensation has a unitary value and the other parameters are 𝐿 = 83.4 µ𝑚, 𝑅 = 0.45 

and 𝑛 = 1.0404, an example of an FPI’s spectrum, as depicted in figure 2.11, is obtained: 

 

 

Figure 2.11: Example of an FPI normalized spectrum. 

 

The intrinsic interference between the backscattered spectra of the two mentioned elements, the FBG 

and the FPI, is expressed by equation 2.20, which results from the product between equations 2.7 and 

2.19. 
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 𝐼 = 𝑅 , 𝑅 ,  (2.20) 

 

By integrating equation 2.20 with respect to the wavelength at each time instant, one gets an optical 

power variation. This process is called edge filtering, where the FPI acts an optical power discriminator. 

To get a preview of the results one should expect upon doing an experiment with this junction of an FBG 

and an FPI, a simulation was done with an FBG having a spectrum with 93% reflectivity, as shown in  

figure 2.3, and the normalized FPI spectrum, depicted in figure 2.11, for simplicity reasons.  

The product of both spectra was obtained and it is represented in figure 2.12, with (I) being the FBG 

reflectivity, (II) the FPI’s transfer function representation in the spectrum and (III) the result of the product 

between (I) and (II). 

 

 

Figure 2.12: Example of the spectrum of the interrogation system output. 

 

The shape of the edge filter can induce a near linear amplitude variation over the FBG spectrum if the 

shift in the Bragg wavelength is dimensioned in such a way that it doesn’t exceed the FPI’s spectrum 

minimum value located at around 1550 nm.  
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A simulation was done using equation 2.11, considering increments of 10 increments of 5ºC of 

temperature, which is depicted in figure 2.13, without straining the FBG, i.e., µStrain equal to zero, and 

10 increments of 140 µStrain, which is shown in figure 2.14, maintaining the temperature constant, with 

the first depicted curve (green), from both mentioned figures, being the reference FBG, i.e., with no 

external disturbances whatsoever. From the results obtained, one can observe that, to have a certain 

Bragg wavelength shift, a much larger ∆𝑇 is needed, whereas, a lower ∆𝜀  will achieve the same 

wavelength displacement. 

 

Figure 2.13: Detector outputs for variations in temperature of 5ºC. 

 

Figure 2.14: Detector outputs for applied µStrains variations of 140. 
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2.3 Acousto-optical modulation systems 

FBG based systems can have several implementations, but in this dissertation the focus is directed to 

acousto-optical modulation systems. In these types of fiber-based systems, the FBG suffers a certain 

kind of mechanical deformation, due to the sound waves, which induces a displacement in the Bragg 

wavelength.  

In the year of 2010, at the 20th
  International Congress on Acoustics, in Sydney, Graham Wild and Steven 

Hinckley stated several studies in the FBG based acoustic sensors for the detection of high frequency 

signals domain, which were implemented following two main methods: the edge filter detection and the 

power detection methods. Since the proposed solution of this dissertation features an edge filter, the 

focus goes to the edge filter detection method [48].  

In edge filter detection methods, the shift of the Bragg wavelength is detected by using a spectrally-

dependent filter in which a change in the signal’s intensity can be found at the detector’s output. The 

FBG, in this situation, is fed by a broadband Super Luminescent Diode (SLED/SLD) source and the 

change in the reflected spectrum central wavelength causes the received optical power to vary, since 

the edge filter’s reflectivity spectrum varies as a function of wavelength. 

The simplest detection can be done with the linear edge absorption filter, whose schematic is depicted 

in figure 2.15, where a Linear Edge Filter (LEF) is typically used and the FBG is selected in a way that 

the Bragg wavelength is at the -3 dB point of the absorption filters transmittance. This filter absorbs the 

optical signal that does not get to be transmitted.  

 

 

SLD

Tap Coupler

Receivers

Linear Edge Filter

Circulator Sensing FBG

 

Figure 2.15: Schematic of the linear edge absorption filter implementation (based on [48]). 
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FBGs also play an important part in the area of mechanical vibrations sensors, which include                  

non-destructive testing, smart materials and structural health monitoring. Gurkan et al proposed an 

application of the FBG in the monitoring of the heartbeat using sound pressure and, also, extending this 

solution to ballistocardiography, which is the heartbeat associated movements imparted by recoil and 

impact. As a proof-of-concept demonstration, the FBG was glued to the diaphragm of a subwoofer of a 

speaker set and was then subjected to various heartbeat sounds, with the spectral changes at a 

sampling frequency of 250 Hz. The results obtained showed high sensitivity to the strength of the 

heartbeat, frequency and to the temporal content of the oscillatory wave pattern. Figure 2.16 shows a 

schematic of the setup that was used to simulate the health monitoring experiment [48, 49]. 
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Figure 2.16: Schematic of the setup used as a proof-of-concept for health monitoring (based on [49]). 

 

The system’s sensitivity could be further increased if the setup was modified in such a way that it would 

be isolated from the room noise and a stethoscope type structure would be used to achieve non-invasive 

and high sensitivity monitoring. This comes as a necessity since, when the FBG is placed on the body 

surface above the heart, the sound pressure level felt by the sensor is expected to be much higher than 

the one felt in the experiment. 

Following the same principle, Bhambri et al also made an FBG based sensor, but responding to different 

sound tones, with frequencies that ranged from 5 Hz to 450 Hz and were sampled with a sampling rate 

of 900 Hz, which is higher than the Nyquist sampling rate. Figure 2.17 depicts the schematic of the 

montage that was used. The results showed a fairly linear relationship between the input and output 

frequencies [50]. 
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Figure 2.17: Schematic of Bhambri et al’s proposed solution montage (based on [50]). 

 

As part of the solutions based on underwater acoustic systems, in 2014, in a report made by Das et al, 

an experiment was presented, in which a fiber-based Mach-Zehnder Interferometer (MZI) was 

manufactured for an interrogation system that measured the Optical Path Difference (OPD) between 

the two arms of the interferometer, with 𝑛𝑙 being the product between the refractive index (𝑛) and the 

distance (𝑑). Figure 2.18 depicts a schematic of the built setup for the experiment at the left side and 

the power transfer function at the right side, as observed in the Optical Spectrum Analyzer (OSA). The 

results obtained showed the detection of the acoustic signal with good reliability for frequencies up to    

1 kHz [51]. 
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Figure 2.18: Schematic of the MZI Interferometer (a) and its power transfer function (b) (based on 

[51]). 

(a) 

(b) 
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2.4 Modulation techniques 

For the proposed AOM system, several modulation techniques can be tested as candidates for a 

successful transmission of the encoded data that comes from the IoT devices, namely OOK, Amplitude-

Shift Keying (ASK) and Frequency-Shift Keying (FSK). Phase related modulations were not considered 

since the existent system lacks the phase stability required to perform carrier-phase estimation in order 

to properly modulate the data [52].  

The actual tested modulation techniques were the OOK and the FSK. In the context of this system, the 

OOK modulation technique is used to modulate the optical subcarrier with respect to the frequency, 

whereas the FSK method is used to modulate an electrical subcarrier with respect to its frequency, 

which therefore modulates the optical subcarrier in the frequency domain. 

2.4.1 On-Off Keying 

The transmission of a binary sequence can be done with use of on-off signals, i.e., when the transmitted 

bit is 1, the transmitted signal waveform is 𝑠 (𝑡) = 𝑠(𝑡), and when the transmitted bit is 0, the signal 

waveform becomes 𝑠 (𝑡) =  −𝑠(𝑡), where 𝑠(𝑡) = 𝐴, 0 ≤ 𝑡 ≤ 𝑇 . 

These types of signals are known as antipodal signals, since one signal waveform is the negative of the 

other. Thus, the received signal waveform, after going through a noisy channel, may be represented as: 

 𝑟(𝑡) = 𝑠(𝑡) + 𝑛(𝑡),          0 ≤ 𝑡 ≤ 𝑇       (2.21) 

where 𝑛(𝑡) represents the additive white Gaussian noise. The optimum receiver consists of a correlator 

whose output is sampled at 𝑡 = 𝑇 , and followed by a detector that compares the sampled output with a 

certain threshold valued as 𝛼.  
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Figure 2.19: Schematic of the correlator demodulator for antipodal signals (adapted from [52]). 

 

For signal waveforms with equal probabilities, the optimum detector compares 𝑟 with a threshold 𝛼 = 0. 

If 𝑟 > 0 the detector decides that 𝑠(𝑡) was transmitted, whereas when 𝑟 < 0, the decision is made that 

−𝑠(𝑡) was transmitted. 
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For example, when a received signal 𝑟(𝑡) is sampled at a certain rate of 𝐹𝑠 = 𝑁/𝑇 , the correlation at 

the receiver is performed numerically so that the signal can be properly demodulated, i.e.: 

 
𝑦(𝑘𝑇 ) = 𝑟(𝑛𝑇 )𝑠(𝑛𝑇 ) 

(2.22) 

for 𝑘 = 1, 2, … , 𝑁 and with 𝑇 = 1/𝐹𝑠. In this example, the value for 𝑦(𝑁𝑇 ) will be compared the optimum 

𝛼 value and the decision will be done as previously described [52]. 

2.4.2 Frequency-Shift Keying 

The simplest form of frequency modulation is the binary FSK technique. However, M-ary FSK is the 

focus in this dissertation, because it is possible to transmit 𝑘 = log 𝑀 bits per symbol with 𝑀 signal 

waveforms which can be expressed in equation 2.23: 

 

𝑢 (𝑡) =
2𝐸

𝑇
cos(2𝜋(𝑓 + 𝑚𝛥𝑓)𝑡) 

(2.23) 

for 𝑚 = 0, 1, … , 𝑀 − 1 and 0 ≤ 𝑡 ≤ 𝑇, where 𝐸 = 𝑘𝐸  is the energy per symbol (being 𝐸  the signal 

energy per bit), 𝑇 = 𝑘𝑇  is the symbol interval (with 𝑇  corresponding to the duration of the bit interval), 

𝛥𝑓 is the frequency separation and 𝑓  is the carrier frequency [52]. 

In real life conditions, the received signal is different from the transmitted one, i.e., when the modulated 

signal goes through a transmission channel, it gets delayed and it is affected by noise, therefore 𝑟 (𝑡) 

will be received at the demodulator, which is represented by equation 2.24: 

 

𝑟 (𝑡) =
2𝐸

𝑇
cos(2𝜋(𝑓 + 𝑚𝛥𝑓)𝑡 + ∅(𝑡)) + 𝑛(𝑡) 

(2.24) 

where, ∅(𝑡) represents the phase shift of the mth signal and 𝑛(𝑡) is the additive bandpass noise. 

For the demodulation and detection processes, two different methods can be implemented, which are 

the coherent and the noncoherent demodulation and detection. However, in the context of this 

dissertation, the focus will be in the former. The basis functions of the correlators are given by equations 

2.25 and 2.26: 

 𝑢 (𝑡) = 2/𝑇 cos 2𝜋(𝑓 + 𝑚∆𝑓)𝑡 + ∅ ∆  

 

(2.25) 

 𝜐 (𝑡) = 2/𝑇 sin 2𝜋(𝑓 + 𝑚∆𝑓)𝑡 + ∅ ∆  (2.26) 
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for 𝑚 = 0, 1, … , 𝑀 − 1. The demodulation of M-ary signals for coherent detection in discrete time 

sampled at frequency 𝐹  can be expressed as: 

 
𝑟 𝑐 𝑘 = 𝑟

𝑛

𝐹
𝑢

𝑛

𝐹
 

(2.27) 

 
𝑟 𝑠 𝑘 = 𝑟

𝑛

𝐹
𝜐

𝑛

𝐹
 

(2.28) 

for 𝑘 = 1, 2, … , 𝐹 𝑇, where 𝑘 = 𝐹 𝑇 is the number of samples per symbol. When the signals {𝑟 , 𝑟 }  

have the same probability, the signal envelopes can be computed by the square law detector 𝑟 : 

 𝑟 = 𝑟 + 𝑟  (2.29) 

which will then select the signal corresponding to the largest {𝑟 } value. Figure 2.20 depicts the 

schematic of the discussed process of detection and demodulation for an M-ary FSK received signal, 

where the basis functions of the correlators feature the known phase shift for each symbol when 

equalization is not used. This was the approach used in the simulations described in chapter 5. 
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Figure 2.20: Schematic of the M-ary FSK detection and demodulation process (adapted from [52]). 
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2.4.3 Probability of error for M-ary orthogonal signals 

For M-ary orthogonal signals, the probability of error, assuming the symmetry of the signal space and 

equal probabilities for all 𝑀 symbols, is given by equation 2.30: 

𝑃 = 1 − 𝑃 [𝑐𝑜𝑟𝑟𝑒𝑐𝑡|𝑠 (𝑡)] = 1 − 𝑃 𝑟 < 𝑅 |𝑠 (𝑡) 𝑝(𝑅 |𝑠 (𝑡))𝑑𝑅

= 1 − (𝜋𝑁 ) . exp −
𝑅

𝑁
𝑑𝑅 (𝜋𝑁 ) . exp −

𝑅 − √𝐸

𝑁
𝑑𝑅  

 

 

   (2.30)

The expression can be simplified so that only two parameters affect the overall probability, namely 𝑀, 

which is the number of symbols, and 𝐸/𝑁 , which is the signal-to-noise ratio.  

 
𝑃 =

1

√2𝜋
{1 − [1 − 𝑄(𝑦)] }𝑒 / / 𝑑𝑦 

(2.31) 

with 𝑄(𝑦) =  1 2𝑒𝑟𝑓𝑐 𝑦/√2⁄ , 𝑀 representing the total of symbols for a certain M-ary FSK modulation 

schemes, 𝐸 being the symbol energy and 𝑁 = 𝜎 /2, with 𝜎  being the noise variance [52]. 

The signal energy (𝐸 ) general expression is depicted in equation 2.32: 

 
𝐸 = 𝑃 ∙ 𝑇 = |𝑥(𝑡)|

〈 〉

𝑑𝑡 = 𝐴 , cos (2𝜋𝑓 𝑡) 𝑑𝑡
〈 〉

, 𝑖 = 0, 1, … , 𝑀 − 1 
(2.32) 

with 𝐴 ,  being the amplitude of each symbol and 𝑓  the frequency associated with each symbol.  

An upper bound for M-ary equiprobable orthogonal signals in an AWGN channel can be estimated, as 

depicted in equation 3.33. 

 
𝑃 ≤ 1 − 1 − 𝑄

𝜎

√2
 

(2.33) 

with 𝜎 being the square root of the noise variance and 𝑀 representing the total of M symbols [53]. 

Also, the upper bound, which is given by equation 2.33 will always be less than or equal to the union 

bound, which can be expressed by equation 2.34: 

 𝑃 ≤ (𝑀 − 1)𝑄
𝜎

√2
 (2.34) 
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2.5 Estimation of the BER from the EVM 

Error Vector Magnitude (EVM) is proven to be an appropriate metric for optical channels limited by 

AWGN. It can be described as the effective distance of the received complex symbol from its ideal 

position in the constellation diagram. In mathematical terms, a received signal vector 𝐸  deviates from 

an ideal transmitted vector 𝐸  by an error vector 𝐸 .  

 

EVM can be defined as the root mean square of 𝐸 , for a number of 𝐼 randomly transmitted data, as 

shown in equation 2.35: 

 𝐸𝑉𝑀 =
𝜎

𝐸 ,

 (2.35) 

with the squared value of 𝜎  defined as equation 2.36: 

 
𝜎 =

1

𝐼
𝐸 , =

1

𝐼
𝐸 , − 𝐸 ,  

(2.36) 

Some authors use the power of the longest ideal constellation vector with magnitude 𝐸 ,  for 

normalization. For the calculations done in the context of this dissertation, another approach was taken, 

which uses the average power 𝐸 ,  of all M symbol vectors within a constellation, as expressed in 

equation 2.37: 

 
𝐸 , =

1

𝑀
𝐸 ,  

(2.37) 

This leads to the 𝐸𝑉𝑀  parameter, which is related to the previously mentioned 𝐸𝑉𝑀  by a format-

dependent factor 𝑘, as expressed in equation 2.38:  

 𝐸𝑉𝑀 = 𝑘𝐸𝑉𝑀  (2.38) 

The 𝑘 factor is given by equation 2.39:  

 
𝑘 =

𝐸 ,

𝐸 ,

 
(2.39) 

From equations these equations, one can deduce the following expression for the 𝐸𝑉𝑀   parameter, 

which is depicted in equation 2.40: 
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𝐸𝑉𝑀 =

𝑀

𝐼

∑ 𝐸 , − 𝐸 ,

∑ 𝐸 ,

 
(2.40) 

 

This last parameter is used for the estimation of the BER, whose approximate mathematical expression 

is shown in equation 2.41, with 𝐿 being defined as the number of signal levels in each dimension of the 

constellation, which, in the case of the M-ary FSK modulation, is equal to the number of the M symbols 

[54]. 

 

 
𝐵𝐸𝑅 ≈

(1 − 𝐿 )

log 𝐿
𝑒𝑟𝑓𝑐

3 log 𝐿

(𝐿 − 1)𝐸𝑉𝑀 log 𝑀
 

(2.41) 

 

This method for the estimation of the BER value will be the basis for the work done in this dissertation 

and will be used for the comparison between an AOM system working with equalization and another 

system working without equalization. This comparison is made at the same optical power at the 

receiver’s input, so that both results are fairly compared with each other. 

 

In the next chapter, the concept of the IoToF will be properly discussed, as well as the implemented 

simulator, which is capable of reproducing the AOM system’s response. A block diagram will be shown, 

with each block functionality being described and also, each one of them will be placed its specific stage 

of a PHY sublayers chart of an optical communications based system.  
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3 AOM for the IoT 

3.1 The IoToF concept 

The IoToF concept aims to fill gaps in an IoT domain which is dominated by low cost and widespread 

wireless solutions, thus it is a niche solution, but a desirable one, since it promotes the use of dark fibers. 

A detailed schematic of this concept can be seen in figure 3.1, featuring the five main blocks or stages: 

the receiver stage, the demodulation stage, the IoT devices, the codification-modulation stage and the 

AOMs. The multiplexing capability of the FBGs and the inherent low optical fiber attenuation, provides 

an advantage in a sense that it is possible to distribute several AOMs along the same optical fiber, with 

each AOM having its own Bragg wavelength associated with (𝜆 , 𝜆 , …, 𝜆 ). The BBS feeds the AOMs, 

since the FBGs included in these modulators are completely passive elements, which are mechanically 

driven by acoustic signals containing the IoT information. Then, an optical circulator redirects the 

backscattered spectra of the FBGs to the several FPIs, located at the receiver stage, which act as linear 

edge filters. 

This allows for the straightforward translation from the spectral shifts from the several existent FBGs, 

into optical power variations, which are then converted into the electrical domain by the photodetectors, 

which are also located at the same receiver stage. 

 

 

Figure 3.1: Schematic of the IoT2oF approach. 
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The electrical signals are amplified by the operational amplifiers (OP-AMPs) in transimpedance 

configuration and posteriorly acquired by an ADC module. The data receiver is able to process the 

received signals and demodulate them, which makes possible the sharing of this information with the 

Internet. However, for this whole process to occur, it is necessary the use of Codification-Modulation 

Devices (CMDs) which are responsible for the digital modulation and generation of the electrical signals 

that excite the AOMs, since the AOMs are not able to read the information coming from the IoT devices 

directly.  

Also, the previous schematic can be translated in terms of a PHY functional sub-layers scheme, as 

depicted in figure 3.2, with the CMD stage corresponding to the Information-to-Electrical (I/E) phase, the 

Electrical-to-Acoustic (E/A) phase conversion being the induced mechanical vibrations on the FBG from 

the speaker, followed by an Acoustic-to-Optical (A/O) conversion, in order for the optical channel to 

transmit the modulated information through long distances to finally reach the optical receiver, where 

the received signal undergoes an O/E conversion, done by the photodetectors. Finally, there is the 

Electrical-to-Digital (E/D) conversion performed by the ADC and the Digital-to-Information (D/I) phase, 

which contains the demodulation and decision processes. 
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Figure 3.2: Flowchart of the PHY sublayers communication. 
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3.2 Simulator implementation 

A simulator can be done with the information obtained in the characterization of the system, which will 

be discussed in chapter 4. The wavelength shift and amplitude, with respect to the frequency, have a 

linear relation between them, i.e., for each electrical signal amplitude obtained at the data receiver, a 

certain wavelength shift is linearly associated to it. Thus, a filter can be designed, whose transfer function 

shows the relation between the electrical signal at the FBG’s input and the resultant wavelength 

displacement, including the approximate maximum variation in the wavelength’s shift.  

For the correct dimensioning of the simulator, certain considerations were made for some parameters, 

such as a photodetector’s responsivity equal to 1 A/W, a typical attenuation for the optical circulator of 

0.7 dB and an output resistance of 144 kΩ, which is the same of the one from the ADC acquisition board 

used in the experimental set-up. Additionally, the simulation considers an Amplified Spontaneous 

Emission (ASE) BBS radiating at a power density of -10dBm/nm (105 W/m). 

Figure 3.3 depicts the block diagram of the implemented simulator that was done with MATLAB. Its 

working principle can be explained in different phases, with each one having its own functional block: 

 

 Input Electrical Signal – The signal that is injected in the system, i.e., the OOK modulated 

signal or the M-ary FSK modulated signal that contains the information from the first PHY 

sublayer, depicted in figure 3.2, in which is applied Gray codification (CMD stage). This type of 

codification was used in order to reduce the impact of symbol error rate over bit error statistics. 

The electrical signals applied are converted into acoustic signals because of the transducer of 

the speaker. 

 Max. WL shift – Contains the maximum wavelength shift induced in the FBG, which in this case 

is around 80 pm. This value will be explained in chapter 4. 

 System Response Filter – Contains the complex transfer function of the AOM system, with a 

bandwidth of 1 kHz and a similar shape to the one from figure 4.6. Initially there is an imposed 

delay of around 57 ms in the received signal, which is due to the fact that a Finite Impulse 

Response (FIR) digital filter was implemented, with order equal to 5000, using the                  

Least-Squares approach, for a sampling rate of 44 kHz, so that a considerably large number of 

samples per symbol could be acquired. This type of filter has a linear phase response which in 

turn preserves the waveshape of the input signal, to the extent that is possible, since some 

frequencies will be changed in amplitude by the action of the filter. The system’s phase response 

was applied to the output signal of the System Response Filter block, using the Fast Fourier 

Transform (FFT) [55]. 

 Volt to WL – The amplitude of the electrical signal causes the excursion movement of the 

speaker’s diaphragm which will extend or contract the FBG, which in turn causes the Bragg 

wavelength to change in each time instant. In other words, it is here where the A/O conversion 

takes place. 



 

42 

 

 WL to FBG – Here the Bragg wavelength obtained in the previous block is substituted in 

equation 2.7, with the other parameters being 𝑛 = 1.458, 𝐿 = 10 𝑚𝑚 and 𝛿𝑛 = 10 . This 

block calculates the power spectral density spectrum reflected by the FBG for each time instant. 

In the output, a curve similar to the one from figure 2.4 can be observed. 

 Attenuator – The attenuations in the optical channel from both the optical circulator and the 

VOA are applied.  

 FPI – Contains the transfer function depicted in the upcoming figure 4.9 (III). For each time 

instant, this transfer function will apply an optical power variation to the FBG’s reflected 

spectrum throughout time. 

 Spectral Density to Power – In this block, the integral of the expression from equation 2.20, 

with respect to the wavelength, is applied, i.e., the resulting power signal of the interference 

between the FBG and the FPI spectra is computed. 

 AWGN Channel – This block serves as way to introduce noise originated from all the optical 

elements connected in the montage of the system, thus allowing for a study of its performance. 

 Gain – Contains the responsivity of the photodetector, the gain from the OP-AMP and the 

resistance value of the ADC. These are responsible for the O/E conversion. 

 

Input Electrical 
Signal Max. WL shift Volt to WL

Attenuator Spectral Density 
to Power

Output Optical 
Signal

System 
Response Filter

WL to FBG

AWGN 
Channel Gain

Output 
Electrical 

Signal

Receiver

FPI

 

Figure 3.3: Block diagram of the implemented simulator. 
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The signal received in the Output Electrical Signal block, which can be an OOK or M-ary FSK modulated 

signal with or without equalization, is demodulated, i.e., the E/D conversion happens. Finally, the 

retrieved digital signal is converted into its corresponding Gray code.   

Considering the transmission channel as being an ideal one or, in other words, by removing the AWGN 

block, the system’s complex response, i.e., both amplitude and phase responses, which are shown in 

figures 4.6 and 4.7,  can be confirmed for every single frequency value within the system’s bandwidth.  

For example, when sending a sinusoidal signal into the system with a frequency of 400 Hz, the output 

shows an expected amplitude near 15 mV and with a phase delay of, approximately, 0.3275 radians, 

which is depicted in figure 3.4.  

 

 

Figure 3.4: Simulation result for a 400 Hz sinusoidal input. 

 

Now that it was explained how the simulator was implemented, in the next chapter, the implementation 

of this system will be discussed. Also, the technique used for the manufacturing of FBG will be 

presented, as well as the parameters that were obtained for the characterization of the system, leading 

to the complex transfer function of the whole AOM system. Also, every equipment used in the testbed 

for the laboratorial work will be stated. 

 

 

 

 



 

44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

45 

 

4 System Implementation 

4.1 FBG manufacture 

Given the other acousto-optic modulation systems presented in subchapter 2.3, in this dissertation a 

low-cost AOM system based on the usage of an FBG and a commercial speaker with a membrane 

diameter of 48 mm is proposed. A photosensitive SMF (ThorLabs GF1B) was used to record the FBG 

with the phase mask technique by using an excimer laser emitting at 248 nm in an FBG inducing system 

built at Instituto de Telecomunicações – Pólo de Aveiro (IT), with the respective schematic shown in        

figure 4.1.  

 

 

Figure 4.1: Schematic of the manufacturing process of the FBG made at IT (adapted from [39]). 

 

The UV radiation source is an excimer laser (Krypton Fluoride, KrF), with energy pulses of 5 mJ 

(BraggStar Industrial, Coherent), which radiates with a 248 nm wavelength and has a modulation 

frequency of 500 Hz. The system is placed on an optical table of compressed air that keeps it from 

getting destabilized by unpredictable vibrations. The signal of the laser is sent into a set of mirrors (M1 

to M4) that direct it to the phase mask (PM). However, between the mirrors and the phase mask, the 

beam goes firstly through a small slit (this one is adjustable in a range of 0 to 4 mm and has a 1.5 μm 

resolution) and then through a cylindrical focus lens which focus the signal in the phase mask.  

The slit, the lens and the phase mask are all on a translation platform (TP) of three axes. This platform 

helps the system in its alignment and in the proximity between the phase mask and the optical fiber 

(FiberCore PS1250/1500), which gets the fiber in the overlap zone of the diffraction orders.  
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The magnetic claws (MC1 and MC2) are the ones clinging to the optical fiber and are also supported by 

translation platforms, allowing for an applied pre-voltage to the fiber. For the FBG to have a reflectivity 

greater than 90%, a physical length of 10 mm was selected [39]. 

An Acrylonitrile Butadiene Styrene (ABS) C shaped structure, to serve as a support to the FBG, was 

fixed by two screws to the speaker support. A second ABS piece was glued in the center of the speaker’s 

diaphragm. Both structures were produced by a 3D printer (Ultimaker 3 plus) and can be seen in figure 

4.2. They have a central hole that is around 240 µm which allows the optical fiber to pass through it 

without being tightened. Also, to fix the FBG on both structures, the fiber acrylate protection was 

removed so that the adherence in the inner anchorage points (between the speaker diaphragm and C 

shaped structure) would be improved upon. However, in the outer anchorage point, the acrylate 

protection was conserved to improve the robustness of the fiber. 

To enhance the symmetric response of the system in this structure, a simple methodology was adopted 

in which the FBG was glued on the diaphragm support and then was pre-stressed. Finally, the FBG was 

glued on the support. The glue used between the anchorage points and the FBG and between the 

diaphragm support and the speaker’s diaphragm, was a special glue known as Cyanoacrylate glue. 

 

 

Figure 4.2: Photograph of the implemented sensor header for the AOM system. 

 

The operation principle of the proposed AOM is based on the longitudinal movement of the speaker 

diaphragm (excursion), as depicted in figure 4.3, which imposes a contraction (𝜀 < 𝜀 ) and an expansion 

(𝜀 > 𝜀 ) in the FBG when the speaker is exposed to a certain applied electrical signal.  
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When launching an optical signal from a BBS in the fiber, a blueshift or redshift is observed in the FBG 

reflected spectrum. The Bragg wavelength is thus changed as a function of the external electrical signal 

that is fed to the speaker.  
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Figure 4.3: Schematic of the FBG operation principle. 

 

The speaker that was used has a bandwidth that ranges from 60 Hz to 20 kHz and a power of 10 W, 

according to the vendor, however, the frequency response of the entire system is limited to around           

1 kHz. This means that for very low or high frequencies, i.e., less than 100 Hz and more than 1 kHz, the 

diaphragm’s movement will be reduced significantly, which results in the fact that no optical-modulation 

may be produced. In terms of amplitude, high voltage signals applied to the speaker, depending on the 

frequency, may produce strong movement of the diaphragm which can produce the undesirable rupture 

of the FBG sensor, in addition to the effects suffered by the modulated signal, caused by non-linearity. 

Figure 4.4 depicts the schematic of the implemented testbed demo used to perform the characterization 

of the system and data transmission experiments. This setup features an ASE BBS (ALS-CL-17-B-FA, 

Amonics), that ranges from 1520 nm to 1580 nm, two optical circulators (CIR-3-SCL-1-FA, OeMarket), 

one in-line FPI micro-cavity used as an edge filter and one photodetector (GAP 10 FC 0622, GPD 

Optoelectronics Corp) which is amplified by an OP-AMP in transimpedance configuration and posteriorly 

acquired by an ADC (USB6008, National Instruments).  
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This module provides a maximum data acquisition rate of 10.000 samples per second (10 kSps), with 

an input dynamic range of 10-
+  V and a resolution of 12 bits. However, for this application, the ADC 

acquisition board is used for the displaying of both signals, i.e., the reference one, which is generated 

in an Arbitrary Waveform Generator (AWG, AFG3021, Tektronix), and the acousto-optical modulated 

signal. This causes the sample rate to be reduced to 5 kSps.  

 

 

Broadband Source

FPI

Circulator AOMVOA

PD

OP-AMP

USB

USB

AWG

ADC

Optical Path

Electrical Path  

Figure 4.4: Schematic of the implemented testbed of the AOM system. 

 

To initiate this whole process, the modulation signal is generated in a computer by using MATLAB and 

then it is loaded into the AWG which allows arbitrary waveforms with a maximum of 109 samples per 

second (1 GSps) at a resolution of 14 bits. The raw data of both the reference and the modulated signal 

is monitored in real time and saved for post-analysis with a tool developed in LabVIEW software.  

Also, in order to evaluate the maximum connection distance between the AOM and the optical receiver, 

a Variable Optical Attenuator (VOA50-APC, ThorLabs) was used to simulate the suffered losses over 

the optical fiber, which is around 0.2 dB/km for a standard SMF. 
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4.2 System characterization 

For the characterization of both frequency and temporal responses of the proposed system, two 

analyses were performed. The system response was analyzed by using a 𝐴𝑠𝑖𝑛(𝜔𝑡) signal generated by 

the AWG, where 𝜔 = 2𝜋𝑓 . The amplitude (𝐴) of the signal was maintained constant ( 1 V) as well as 

the volume in the speaker. Then, the frequency (𝑓 ) was swept from 10 Hz to 1000 Hz in steps of 10 Hz, 

with each step lasting a total of 2 seconds, approximately. After obtaining the information regarding the 

amplitude and phase delay between the reference and the modulated signal, it is possible to determine 

the transfer function of the system.  

Figure 4.5 depicts the result obtained from the frequency sweeping at step number 40, i.e., at a 

frequency of 400 Hz, which features the reference electrical signal with a waveform corresponding to 

𝑠𝑖𝑛(2𝜋400𝑡) and the measured modulated electrical signal at the AOM system’s output. Both are 

normalized for a better viewing of the system’s amplitude response and a phase delay of 0.3275 rad 

was measured.  

 

Figure 4.5: Sinusoidal signal modulated vs the applied signal to the speaker. 

 

After this analysis, the FFTs of the 𝐴𝑠𝑖𝑛(𝜔𝑡) signals were acquired, thus the amplitude response of the 

system was obtained, and it is depicted in figure 4.6, with the points being the actual measured 

amplitudes and the line forming the estimated amplitudes for the frequencies in-between the points.  

The maximum optical amplitude variation is set between 550 Hz and 650 Hz, where the resonance 

frequency is evidenced around 570 Hz. It can also be observed that for extreme frequencies, especially 

for values lower than 50 Hz and higher than 900 Hz, the amplitude is attenuated in more than, 

approximately, 45 dB, therefore, the effective bandwidth of this solution is around 800 Hz. 
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Figure 4.6: Amplitude response of the AOM system. 

 

Figure 4.7 depicts the phase response of the optical-acoustic modulation system, again with the points 

representing the measured phase delays and line being the estimated phase delays for the in-between 

frequencies. The minimum phase delay is achieved at around 200 Hz, with an observed linear phase 

increment from this same frequency up to 500 Hz. Finally, the delay is drastically increased for 

frequencies higher than 500 Hz, i.e., near the resonance frequency. 

 

 

Figure 4.7: Phase response of the AOM system. 
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Also, in order to characterize the AOM, the wavelength shift due to the diaphragm excursion is an 

important parameter to take into account. For this analysis the reflected FBG spectrum is monitored by 

a spectrometer (I-MON 512E-USB, Ibsen) with a sample rate of 945 Hz. The signals that were sent to 

the speaker are the same as the ones used in the frequency response characterization, however, the 

maximum measurable frequency was around 300 Hz, which is limited by the Nyquist theorem. 

Figure 4.8 depicts the resulting electrical amplitude of the output signal when the input is a sinusoidal of 

a certain frequency and unitary amplitude. Using the mentioned spectrometer, the Bragg wavelength 

shift (red solid line) is obtained for every obtained electrical signal (dashed blue line), when the input 

voltage signal has a frequency that ranges from 10 Hz to around 300 Hz. 

By subtracting the obtained wavelengths for each frequency values from the pre-stressed FBG Bragg 

wavelength (𝜆 = 1547.5 nm) and multiplying them by a factor of 2, the resultant shifts from the lowest 

to the highest Bragg wavelength are obtained. 

 

Figure 4.8: Wavelength shift versus output amplitude. 

 

From figure 4.8, one can already deduce, assuming a linear relation between both curves, a relation of 

around 2 pmpp/mVpp, i.e., there is linear relation between wavelength displacement and the amplitude 

of the electrical signal received. Knowing that the maximum output voltage, for this implementation, is 

around 80 mVpp, a maximum wavelength shift of 160 pmpp is obtained, i.e., 80 pm from the central 

Bragg wavelength to the maximum displacement.  
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Also, the reflectivity curve for the FPI must be obtained, by measuring its reflected power density 

spectrum when a certain optical signal is injected, which was done by using an OSA. Figure 4.9 shows 

the reflected power density spectrum of the FPI (II) that was obtained when radiating it with an ASE with 

a bandwidth of nearly 50 nm (I). With this data, it is possible to compute the transfer function of the FPI 

in linear units, by simply subtracting the (I) values, in dBm, from the (II) values.  

Since the wavelength displacement of the FBG’s reflected spectrum is contained in the values located 

in the interval [1547.5 - 0.080; 1547.5 + 0.080] nm, the transfer function of the FPI can be approximated 

by a line segment in this interval, since it represents a very small bandwidth.  

 

 

Figure 4.9: (I) Input ASE spectrum; (II) Reflected FPI spectrum; (III) FPI’s transfer function. 

 

Another characteristic of the system that was analyzed was the pulse response, which is depicted in 

figure 4.10, with the solid lines representing the pulse response of the system and the dashed lines 

representing the modulation electrical signals. It is possible to observe that for pulse periods lower than 

2.5 ms, approximately, there is an increase in the underdamped response, thus the resonance 

frequency is predominant in the underdamped temporal response.  
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2.5 ms

1 ms

 

Figure 4.10: The optical-acoustic system pulse response to different pulse periods. 

 

If one was to use, for example, the OOK modulation, the Intersymbol Interference (ISI) would be 

drastically increased when compared with the FSK modulation, which for these same given reasons, is 

already considered to be a good candidate, and, although it will not guarantee null ISI, the results will 

be quite promising. 

 

In the next subchapter, the results from the simulations that were done, both with signals modulated in 

OOK and M-ary FSK, will be discussed. For the process of detecting and demodulating the received 

information, all the knowledge acquired until now will be used, so that an assessment can be made with 

respect to the AOM system’s performance. 

 

 

 

 

 

 

 

 

 

 



 

54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

55 

 

5 Simulation Results 

Mainly two modulation approaches will be used in the simulations. The first one is the direct FSK 

modulation, in which the optical carrier is modulated directly, i.e., when the amplitude of the signal is 

highest, so is the wavelength displacement in the fiber. The second one is the most enticing one, which 

is to have an FSK subcarrier to modulate the optical one, which will allow for the imprinting of mechanical 

displacement into frequency modulation. This last was proven to be the most effective one in the 

experimental work done and it will serve as base for the dimensioning of the implemented simulator’s 

AWGN’s noise variance.  

In order to perform the simulations, the noise variance was estimated so that, for a transmission line 

distance of 30 km, a Bit Error Rate (BER) around 0.2% would be measured for the 8-FSK modulation 

scheme with complex equalization for a total of 10.500 bits. An optical attenuation ranging from 0 to     

20 dB, for a 2 dB iteration, was applied, using the bit comparison method. Figure 5.1 depicts the 8, 4 

and 2-FSK BER curves for a dimensioned noise variance equal to, approximately, 3.31×10-20 W.  

The dashed black line is the maximum tolerable pre-Forward Error Correction (FEC) BER, also known 

as the “FEC-threshold”, which, in the context of optical transport networks, is the associated limit BER 

value for which, when the system performs at a BER lower than this, it is considered as error-free [56]. 

 

Figure 5.1: BER as a function of the transmission link distance. 
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The points of the curves from figure 5.1 are the mean BER values for three simulations done for both 2 

and 4-FSK modulated systems, and seven for the 8-FSK, with the estimated lines serving as visual 

guides. With this information, one can deduce that for a range up to 30 km, all three modulation schemes 

are adequate for the transmission link, even being considered as error-free until 30 km, with a constant 

bit rate of 300 bps for the case of 8-FSK, 200 bps for the 4-FSK scheme and 100 bps for 2-FSK. Also, 

for distances greater that around 35 km, the 8-FSK modulation scheme seems to be less tolerant to link 

attenuation. But for these schemes to be more fairly compared, one may estimate the BER from the 

Error Vector Magnitude metric. 

5.1 Performance assessment for OOK modulation 

With the dimensioned noise variance for the AWGN channel, now it is possible to perform simulations 

for the assessment of the system’s performance. First, the simplest modulation was applied, the OOK 

one. A binary sequence serves as the input signal, with the -1 V amplitude being encoded with the bit 0 

and the +1 V amplitude with the bit 1, so that the rejection in the output signal between the zero level 

and the one level is as high as possible. A total of 10.500 bits were considered, with the signal duration 

varying according to the bit rates. 

Figure 5.2 depicts the output electrical signal for the non-equalized OOK system, for a certain binary 

sequence transmitted, with a bit rate of 1000 bps, i.e., a bit period of 1 ms. However, to get a better view 

of ISI presence in the overall received signal, one can resort to the eye diagram approach. 

 

 

Figure 5.2: Non-equalized received signal for the 1000 bps OOK modulated system. 
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An eye diagram is a useful tool for qualitative analysis of a received signal when a digital signal is 

transmitted in a channel, i.e., it gives insight to the system’s performance. For the non-equalized 

received electrical signal, this system does not show good potential for the transmission of information, 

because the ISI is quite predominant, since, in the depicted eye diagram of figure 5.3, the eye shows a 

lot of obstruction, i.e., it is quite closed. Also, a Signal-to-Noise Ratio (SNR) of 2.48 dB was measured, 

using MATLAB. 

 

 

Figure 5.3: Eye diagram for the non-equalized 1000 bps system. 

 

In contrast to the previously observed case, complex equalization serves as much more promising 

modulation for this system, in order to reduce as much as possible the ISI. Therefore, the input signal 

needs to be pre-equalized before being injected in the speaker, i.e., the inverse complex transfer 

function of the system is applied to the signal, which, in other words, means applying the inverse of the 

curves of figures 4.6 and 4.7, to both amplitude and phase spectra.  

In the equalized simulations that were done, a filter with the same characteristics as the one described 

in subchapter 3.2, was implemented, although featuring the inverse complex transfer function of the 

system. Figure 5.4 (a) depicts, in blue, the output of this pre-equalization filter, which is the signal that 

will be injected in the speaker, when a given input binary sequence is sent, depicted in red. 

Figure 5.4 (b) shows the received electrical signal for a certain binary sequence at the system’s input, 

also for a bit rate of 1000 bps. Although the amplitude of the received signal is reduced, due to the fact 

that the system’s input signal is limited to a unitary amplitude, the ISI is practically eliminated. 
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Figure 5.4: Equalized transmitted (a) and received signal (b) for the 1000 bps OOK modulated system. 

In the case of complex equalization, using again the eye diagram approach, as depicted in figure 5.5, it 

can be seen that the eye no longer suffers obstructions, i.e., it is much more open, which resulted in a 

measured SNR of 10.26 dB, which is considerably higher than the one from the non-equalized system. 

Thus, complex equalization serves as much more promising modulation for this system.  

 

Figure 5.5: Eye diagram for the equalized 1000 bps system. 

In figure 5.6, the spectrum of both received signals, with the left spectrum belonging to the non-equalized 

system and the right one corresponding to the equalized system. The left one depicts the convolution 

between the input signal and the system’s transfer function, with the resonance frequency, at 570 Hz, 

having the highest amplitude. Whereas, the spectrum on the right side shows much more uniform 

frequency components, with respect to their amplitudes.  

(b) 

(a) 
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Figure 5.6: Spectra for both non-equalized (a) and the equalized (b) 1000 bps OOK system. 

 

Complex equalization for the OOK modulation scheme can be assessed in relation to its performance 

in an AWGN channel with the BER computation. Given the fact that a sequence of randomly transmitted 

data is generated, i.e., a stochastic process occurs in each simulation that is done, several simulations 

were done to get a better understanding of the system’s performance.  

In this case, a total of three simulations were done for each one of the 200, 400, 800 and 1000 bps bit 

rates. For example, for a received optical power of -49.24 dBm, the blue points can be seen in             

figure 5.7, resulting from the output of the correlator used in the demodulation of the received signal, as 

shown in section 2.4.1, and the red lines represent the mean values of the blue points before the 

influence of the AWGN channel. Therefore, by applying the equations from subchapter 2.5, the 

estimation of the BER can be done for each optical power measured at the receiver’s input. 

By observing figure 5.7 (a), there is only one point that is furthest away from the mean value, regarding 

the symbol 0, whereas in figure 5.7 (b), several points in symbols 0 and 1 are further away from the 

mean value, which would result in the fact that the resulting BER would be higher for the case of a bit 

rate of 400 bps, for this specific optical power. 

   

Figure 5.7: Output values of the correlator for the same power for 200 bps (a) and 400 bps (b). 

(b) (a) 

(a) (b) 
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Figure 5.8 shows the BER curves estimated for the simulated bit rates, by applying the previously 

mentioned process of computing the distances between the detector output values and their mean 

values for each optical power received. The points being the mean BER values at the actual measured 

optical powers received at the receiver’s input, and the lines being the estimated curves to serve as 

visual guides. 

 

Figure 5.8: BER estimation for equalized OOK modulation. 

 

One can observe that, for example, for a power of -49.24 dBm, only the 200 bps equalized OOK 

modulation can be considered as error-free, with a mean BER value between 0.2% to 0.3%. The other 

three cases, 400, 800 and 1000 bps, have BER values higher than the pre-FEC BER threshold, with 

mean BER values of approximately 0.4%, 0.5% and 0.7%, respectively. 

Less samples are taken for higher bit rates, with the lowest number of samples being for a bit rate of 

1000 bps, whereas in the case of 200 bps, a total of 220 samples are taken. This might influence the 

obtained results because of the aliasing effect, since there can be an insufficient number of samples to 

represent each bit. Thus, for higher bit rates, the results are less reliable. 

For optical powers higher than -48 dBm, approximately, all the tested bit rates were proven to be 

successful in the transmission of information and offer data throughputs that are much higher than the 

one achieved by the Sigfox protocol. 
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5.2 Performance assessment for M-FSK modulation 

Also, taking the equations for the BER estimative from the EVM into account, a comparison between 

the several modulated schemes can be seen in figure 5.9. Given the information from figure 5.1, the 

results obtained are not unexpected, with the 8-FSK modulated system having the highest BER for the 

same received optical power, and the BER for 4-FSK being lower than the previous one but higher than 

the one from 2-FSK modulated system.  

This results were obtained for simulation using a total of 10.500 bits over different durations, varying 

according to the different bit rates, with the BER curves being the mean values for three simulations, in 

the case of 2-FSK, another three simulations for 4-FSK, and finally, seven simulations for 8-FSK.    

 

Figure 5.9: Estimated BER curves with EVM, for the case of equalization.  

 

While, for a received optical power of approximately -49.24 dBm, the 2-FSK and 4-FSK systems have 

a much lower BER than the one from 8-FSK, which is around 4%, i.e., it is higher than the pre-FEC BER 

value. Thus, one can deduce that for the same received optical power at the receiver’s input, the 8-FSK 

equalized system is much more affected in the transmission link than the others. Next, it will be 

discussed how the equalized system performs in comparison with the non-equalized one, with BER 

estimation from EVM method for the same received optical power. 
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For the 2-FSK modulated system, figures 5.10 and 5.11 show the resulting received electrical signals 

for a certain transmitted 2-FSK modulated input signal, for both non-equalized and equalized systems, 

respectively. As it can be seen, both cases do not show a significant difference, since the difference 

between amplitudes of both the subcarriers (100 Hz and 200 Hz), is, approximately, 0.5 mV.  

 

 

Figure 5.10: Non-Equalized 2-FSK received signal (b) as a function of the transmitted signal (a). 

 

 

Figure 5.11: Equalized 2-FSK received signal (b) as a function of the transmitted signal (a). 

 

 

(a) 

(b) 

(a) 

(b) 
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Figure 5.12 depicts the spectra for both non-equalized, on the left side, and equalized, on the right side, 

2-FSK systems, where, as expected, the equalized one has the frequencies with a same amplitude, 

whereas in the case of non-equalization, the 200 Hz has the highest amplitude. 

  

Figure 5.12: Spectra for both non-equalized (a) and the equalized (b) 2-FSK system. 

It can be noticed that for the same received optical power, the performance of the non-equalized 2-FSK 

is better than the equalized 2-FSK, but not significantly, which can be viewed in figure 5.13, with the 

equalized system curve being the blue one and the red, the non-equalized system. The points represent 

the mean of the obtained BER values for the measured optical power at the receiver’s input. The curve 

of the equalized system is the same as the one from figure 5.9 and the non-equalized one is the mean 

curve for a total of four simulations. 

 

Figure 5.13: BER for the equalized and non-equalized 2-FSK modulated system. 

(a) (b) 
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The results for this particular case are unexpected, but looking at subchapter 2.4.3, since the symbol 

probabilities are equal to one another and this is a case of orthogonal symbols, one can use the 

probability of error expression, as depicted in equation 2.30, to study this case. It is important to notice 

that for different energy symbols there is no symmetry of the signal space, but for the stake of simplicity 

and since this is a case of study that is not in this dissertation scope, one can make this assumption. 

The fact that the 2-FSK equalized system has an overall higher BER than the non-equalized, one maybe 

due to the fact that the latter has a higher 𝐸/𝑁  value than the former. A symbol with higher amplitude 

will lead to a higher energy, as proven by equation 2.32, which is the case of the non-equalized 2-FSK 

system, since symbol 1 has a slightly higher amplitude than symbol 0. Also, for lower noise variance, 

i.e., for a lower 𝑁  a result where the equalized system performs in a better way could have been 

achieved. 

Looking at a measured received optical power of -53.24 dBm, one estimates a BER of 0.3% for the 

equalized system and 0.06% for the non-equalized one, which is lower. But at the same time, both cases 

can be considered error-free for that same received power. Whereas for lower powers both cases have 

BER values higher than pre-FEC BER threshold.   

Figure 5.14 depicts the square-law detector output for the equalized and non-equalized 2-FSK system 

for the same previously mentioned optical power. It can be seen that more points for symbol 1, in the 

equalized system, are further away from the mean value than in the non-equalized one. This, as 

expected, results in a higher BER for the equalized system. 

 

Figure 5.14: Square-law detector output for non-equalized (a) and equalized (b) 2-FSK. 

For the 4-FSK modulated system, figures 5.15 and 5.16 show the resulting received electrical signals 

for a certain transmitted 4-FSK modulated input signal, for both non-equalized and equalized systems, 

respectively. As it can be seen, the symbol with the highest amplitude is symbol 3, with the lowest one 

being symbol 0, as in the 2-FSK modulated system. Also, In the transition from symbol 3 to symbol 0, 

in the 0.36 to 0.37 s time interval (highlighted with a red circle), it can be seen that the waveshape for 

symbol 3 is affected. This effect that occurs when going from a higher frequency to a much lower one, 

will be felt more intensively in the 8-FSK modulated system and will be explained later with more detail. 

(a) (b) 
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Figure 5.15: Non-equalized 4-FSK received signal (b) as a function of the transmitted signal (a). 

 

 

Figure 5.16: Equalized 4-FSK received signal (b) as a function of the transmitted signal (a). 

 

Figure 5.17 depicts the spectra for both non-equalized, on the left side, and equalized, on the right side, 

4-FSK systems, where, as expected, the equalized one has the frequencies nearly at the same 

amplitude, whereas in the case of non-equalization, the 400 Hz has the biggest amplitude, as expected. 

 

 

 

(a) 

(b) 

(a) 

(b) 
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Figure 5.17: Spectra for both non-equalized (a) and the equalized (b) 4-FSK system. 

 

In the case of the 4-FSK, the same unexpected conclusion of the 2-FSK modulated system was 

obtained, although with a much more significant difference. Figure 5.18 shows again the curve for the 

4-FSK equalized system, which was already depicted in figure 5.9, and in red the mean BER curve for 

a total of six simulations. 

For a received optical power of -51.24 dBm, the BER for the equalized system is around 2%, whereas 

for the non-equalized on the BER is around 0.06%, which can be considered error-free and it has 

significantly better performance overall than the equalized scenario. 

 

Figure 5.18: Comparison between equalized and non-equalized 4-FSK. 

(a) (b) 
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Again, the fact that the 4-FSK equalized system has an overall higher BER than the non-equalized one, 

can be explained with the same analogy used in the 2-FSK scenario. The higher 𝐸/𝑁  value is due to 

symbol 3 having the highest energy of all four symbols. 

Again, looking at the detector output points, for a received optical power of -51.24 dBm, one can see in 

figure 5.19, for example, that the obtained points are further away from the mean value in symbol 2 in 

the equalized system, than in the non-equalized one, i.e., there is a significantly higher variance for the 

300 Hz frequency. These distances between the blue points and the red lines were evaluated, from 

which resulted a higher estimated BER value for the equalized 4-FSK system. 

 

  

Figure 5.19: Square-law detector output for the non-equalized (a) and equalized (b) 4-FSK. 

 

The most promising modulation scheme is the 8-FSK, providing a bit rate of 300 bps, and where a 

significant difference can be seen when comparing the equalized and non-equalized solutions. A 

discrepancy between an equalized and a non-equalized 8-FSK system is not unexpected, since the 

non-equalized solution will induce a significant ISI, especially in the transitions from a high frequency to 

a low one, as it can be seen in figure 5.20(b), being the most evident one the transition from 700 Hz to 

100 Hz, in the 0.32 to 0.33 s time interval (marked with a red circle). 

In the transition from 700Hz to 100 Hz, the 100 Hz wave has a superimposed harmonic component of 

the natural frequency. As previously seen in figure 4.10, for strong oscillation changes, the underdamped 

response requires a period of around 12 ms for it to stabilize, which is higher than the minimum period 

of symbol. This can be considered as ISI and, in case of a transition from a lower to a higher frequency, 

i.e., neighbor subcarriers, the wave shape is not going to be affected.  

When complex equalization is applied, this ISI is removed by applying the inverse transfer function of 

the system’s complex response, thus the wave shape of the signal will not be affected overall. For the 

example depicted in figure 5.21 (b), this fact be observed, where there is no longer wave shape distortion 

in the 800 Hz to 100 Hz transition (marked with a green circle). 

 

(b) (a) 
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Figure 5.20: Non-equalized 8-FSK received signal (b) as a function of the transmitted signal (a). 

 

 

Figure 5.21: Equalized 8-FSK received signal (b) as a function of the transmitted signal (a). 

 

Figure 5.22 depicts the spectra for both non-equalized, on the left side, and equalized, on the right side, 

8-FSK systems, where, as expected, the equalized one has the frequencies nearly at the same 

amplitude, whereas in the case of non-equalization, the 600 Hz, which is near the resonance one, has 

the biggest amplitude. 

 

 

(b) 

(a) 

(b) 

(a) 
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Figure 5.22: Spectra for both non-equalized (a) and the equalized (b) 8-FSK system. 

 

But confirmation on the advantages of equalization for the 8-FSK solution must obtained with the EVM 

measure technique. Figure 5.23 depicts the comparison between the use of equalization and non-

equalization, zoomed in for BER values over 0.1%, because the equalized system has much lower BER 

values for received optical powers between -47 dBm and -39.24 dBm, approximately. The curve of the 

equalized 8-FSK system is the same from figure 5.9 and red curve is the mean BER curve for the non-

equalized system, for a total of 30 simulations. 

 

Figure 5.23: Comparison between equalized and non-equalized 8-FSK. 

(a) (b) 
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Contrary to previous simulations, the measured BER values showed significant deviations from the 

mean values, so a greater number of simulations needed to be executed, in order to have a better 

understanding of the overall system performance. Thus, in this case, the error bars were placed in the 

measured points. 

As depicted in figure 5.24, for example, when inspecting the detector output values for an optical power 

equal to -45.24 dBm, approximately, for the non-equalized situation, symbol 5 has the greatest mean 

value, which leads to serious consequences for the system’s performance.  

When a low value is considered by the detector as being symbol 5, it leads to a big distance from the 

mean value to the lowest one, thus a greater BER is achieved. Also, the biggest variance is around 200 

for the non-equalized system, whereas in the equalized case the biggest one is around 4, which is much 

lower, thus leading to a lower BER. Symbol 5 corresponds to the frequency of 600 Hz, which is near the 

resonance one, thus having a significantly greater amplitude than the others. 

 

  

Figure 5.24: Output values of the correlators for the non-equalized (a) and equalized (b) 8-FSK. 

 

It can also be seen that the BER for the non-equalized 8-FSK will never be lower than or equal to 0.1%. 

Looking at figure 5.25, which depicts the output values of the square-law detector for received optical 

powers at the receiver’s input of -39.24 dBm (left) and -41.24 dBm (right), it can be seen than the 

variance for high frequencies, i.e., from 500 Hz to 700 Hz, the variance is already relatively high, 

especially for symbol 4. For high received optical powers, this will lead to a considerably high BER value, 

but still less than 1%, until an optical power of around -47.24 dBm. For received optical powers higher 

than -47 dBm, approximately, the equalized 8-FSK system can be considered as error-free, whereas 

the non-equalized system cannot and never is for the received optical powers that were actually 

measured. 

 

(a) (b) 
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Figure 5.25: Non-equalized 8-FSK detector output for received optical powers of -39.24 dBm (a) and   

-41.24 dBm (b). 

By analyzing all the results obtained, the equalized 8-FSK modulation scheme seemed like the most 

promising format for the IoToF, with an estimated BER always lower than the pre-FEC threshold until a 

power around -47 dBm, whereas the non-equalized modulation shows much higher BER values for 

higher optical powers. With this solution the highest throughput in M-ary FSK modulation was achieved, 

being also higher than the bit rate of the Sigfox standard and, also, with a higher range than LoRa. 

The equalized 2-FSK modulation scheme does not improve the system without equalization. Between  

-54 dBm and -53 dBm, both methods can be considered error-free, unlike in the case of the 4-FSK 

scheme. When the system is working with this specific modulation scheme, for an optical power between 

-52 dBm and -50 dBm, the equalized system already has a BER value higher than the pre-FEC 

threshold, unlike the non-equalized one. 

The OOK modulation scheme with complex equalization can also be used for this application, although 

for an optical power received between -50 dBm and -48 dBm, for bit rates of 400 bps, 800 bps and 1000 

bps, this solution does not seem feasible. For optical powers higher than, approximately, -48 dBm, all 

these tested bit rates are proven to be successful.  When a bit rate of 200 bps is used, which already 

improves the data throughput that the Sigfox protocol achieves, a worse performance than the 4-FSK 

modulated system can be verified, which is also capable of transmitting data at 200 bps. ISI has a 

significant impact in this system for this scheme, causing the non-equalized OOK solution to be far from 

ideal. 

Comparing the BER with the received optical power at the input of the receiver is preferable to comparing 

it to the range of the transmission link. For example, if one transmission link has optical amplification or 

another ASE BBS of higher optical power being used, and the other link does not, when analyzing the 

BER for the same distance the results will not be fairly compared, since the received optical powers will 

be different in both cases.  

 

 

(a) (b) 
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6 Laboratorial Results  

In collaboration with Instituto de Telecomunicações – Pólo de Aveiro, a laboratorial work was 

documented in the article referenced in the main contributions subchapter of this dissertation. A 

photograph of the laboratorial setup used to perform the work is depicted in figure 6.1. 

 

 

Figure 6.1: Photograph of the laboratorial setup for the work done in IT. 

 

For the testing of the AOM system, randomly generated binary sequences with a total of 3000 bits, with 

Gray codification, were used, with pre-emphasis equalization for 2, 4 and 8-FSK modulation schemes. 

The equalization was done by applying to the modulation carrier the inverse transfer function of the 

amplitude response of the system. Although the number of samples used in this work was much lower 

than the one used in the theoretical simulations, it was possible to obtain good results without applying 

complex equalization. 

Figure 6.2 (a) shows the results for an 8-FSK encoded data, with the blue points representing the mean 

value of the square-law detector output for each 8-FSK symbol. The maximum correlation value 

corresponds to symbol 1 (200 Hz), which is due to zero phase delay for this frequency, whereas the 

lowest correlation value is achieved for symbol 7 (800 Hz). This may be due to the fact that for higher 

frequencies less samples are acquired, thus inducing error in the envelope result, especially in the case 

of this laboratorial work, because the sample rate is much lower than the one of the theoretical 

simulations.  
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Figure 6.2: 8-FSK encoded data symbols (a) and respective modulation and received signals (b).  

 

Figure 6.2 (b) depicts the modulation 8-FSK signal on top and at the bottom, the received signal. It can 

be seen that in transitions between higher to lower frequency subcarriers, as seen in the theoretical 

simulation chapter for the non-equalized 8-FSK and 4-FSK, also identified with a red circle, the 100 Hz 

wave has a superimposed harmonic component of the natural frequency. Also, similar to the case from 

figure 5.20 from the previous chapter, the underdamped response requires a period of 12 ms for it to 

stabilized, which is already higher than the period of the symbol. Again, this can be considered as being 

ISI, and, in opposite cases (from lower to higher frequencies), this does not affect the wave shape. 

Figure 6.3 depicts the spectra response for the non-equalized system, at the top, where the amplitudes 

of the subcarriers are unleveled, whereas for the equalized system, the amplitudes of all subcarriers are 

more uniform with each other, making the process of demodulation simpler and leading to an overall 

better performance. 

 

(a) 

(b) 
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Figure 6.3: Spectra for both non-equalized (a) and equalized (b) 8-FSK modulated system. 

 

The system performance was tested as a function of the attenuation applied (0.2 dB/km), with each 

iteration representing a transmission distance of 5 km. Figure 6.4 depicts the BER as a function of the 

transmission distance for the several modulation schemes used, from which can be concluded that for 

the highest bit rate (300 bps), the system is less tolerant to the link attenuation. The dashed black line 

defines the receiver sensitivity of 1% considered in narrowband wireless systems. For this specific 

condition, this system offers a maximum transmission distance of around 30 km and an additional 

distance of 5 km can be added to this for the 4-FSK (200 bps) and 2-FSK (100 bps) [57, 58].  

 

 

Figure 6.4: BER as function of the transmission distance. 
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7 Conclusions and Future Work 

A novel low-cost optical communications module based on the use of FBGs dedicated to the IoT was 

developed successfully and a simulator capable of reproducing its behavior was implemented. Using 

the BER estimation from the EVM metric, it was possible to demonstrate the system performance for 

modulation techniques such as OOK and M-ary FSK. 

Unexpected results were obtained for the 2 and 4-FSK equalized systems, with equalization not 

performing as well as the system did without equalization. For OOK modulation, the system already 

reaches a data throughput higher than the Sigfox standard, but has an overall worse performance than 

the 4-FSK modulated system, in the case of the 200 bps bit rate. 

Regarding the M-FSK modulation schemes, the optimum solution found in the performance assessment 

is the equalized 8-FSK system, reaching a data throughput of 300 bps, which is higher than Sigfox, and 

being error-free until a received optical power of around -47 dBm.  

it is important to notice that the acoustic channel can be improved upon by using more elaborate E/A 

structures to enhance the system’s response. The use of a forward error correction and a more powerful 

BBS would extend the reach of this system beyond what was proven to be possible.  

Other modulation techniques, such as Quadrature Amplitude Modulation (QAM) and coding strategies 

might also improve the AOM system’s spectral efficiency, thus improving the end-user bit rate. The 

proposed IoToF technology will need a proper short framing link layer solution over IoToF PHY. Also, 

another important aspect is the AOM’s power consumption, which will consequently influence the 

IoToF’s device autonomy. Distributed Raman amplification can be used to extend the transmission’s 

reach, while its pump power recycling is used for power transmission over the optical fiber, which could 

be used for feeding IoToF devices [59]. 
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