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Abstract 

 

 The new generation of Pasive Optical Networks (PONs) to cover the last-mile to the 

user, is today a hot topic of research. Stringent performance requirements are both capacity 

and reach; these, together with reduced cost lead to consideration of a new paradigm. In this 

context, Optical OFDM (O-OFDM) is regarded as a promising candidate. 

 From the many architectures being proposed for O-OFDM, the use of Direct 

Detection is particularly interesting for the downlink of Passive Optical Networks as cost-

efficient Optical Network Units (ONUs) are required. In this line, this work encompasses a 

general study of Direct Detection Optical OFDM (DD O-OFDM) communications systems 

with emphasis on applications to optical Access Networks. It proposes designs for the 

downstream links of three different access network topologies differentiated by the optical 

modulation used: an Intensity Modulation (IM) with a Directly Modulated Laser (DML) an 

IM with a Mach-Zehnder Modulator (MZM) and an Amplitude modulation also with a MZM 

and auxiliary carrier.  

 All systems are based on Direct Detection receivers and the transmission of O-OFDM 

signals. The architectures, are based on a wavelength agnostic link by transmitting Double 

Side Band signals. The impairments of a DSB transmission are studied and parting from them 

an optimization on the network’s parameters of frequency Guard Band and Carrier to Signal 

Power Ratio is performed.  

 In order to test the architectures and optimize the parameters, simulations were 

executed using the commercial software VPI Transmission Maker 
TM

. The testing of the 

architectures was done by minimizing receiver sensitivity at a BER 10
-3

 for data rates of 

10Gbps and 40Gbps using 4-QAM and 16-QAM respectively, as digital modulation formats.  

 Results show that spectral occupancy of the O-OFDM signal and the CSPR can be 

optimized while at the same time compensating for DSB impairments such as amplitude 

fading. Also the advantages and disadvantages of each optical modulation format depending 

on data rates and link’s distances required as well as cost-effectiveness are tested and 

described. 
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Resumen del Proyecto 

 

La nueva generación de redes ópticas pasivas (PONs) para cubir la última-milla hacia 

el usuario, es un tema de interés en el campo de investigación. Los requrimientos 

restringentes de rendimiento son la capacidad y el alcance; estos, junto con una reducción de 

costos llevan a la considerción de un nuevo paradigma. En este contexto, una aplicación 

óptica de OFDM (O-OFDM) es vista como un candidato prometedor. 

De las muchas arquitecturas propuestas para O-OFDM, el uso de Detección Directa es 

de interés particular para enlaces de bajada en redes ópticas pasivas (PON), puesto que se 

requiera de unidades de usuario (ONUs) rentables. En este ámbito, este trabajo contiene un 

estudio general de sistemas de comunicación de OFDM óptico con Detección Directa (DD O-

OFDM), enfatizando en las aplicaciones para redes de acceso. Propone tres topologías 

diferentes para los enlaces de bajada de redes de acceso, los cuales se diferencian por el tipo 

de modulación óptica empleado: una modulación por intensidad (IM) con un laser 

directamente modulado (DML), una IM con un modulador Mach-Zehnder (MZM) y una 

modulación de amplitud también con un MZM. 

Todos los sistemas están basados en receptores de Detección Directa y la transmisión 

de señales OFDM óptica. Las arquitecturas, establecen un enlace agnóstico en relación a la 

longitud de onda transmitiendo señales de Doble Banda Lateral (DSB). Los impedimentos de 

la transmisión DSB son estudiados y a partir de ellos se realiza una optimización de dos 

parámetros de la red: Banda de Guarda en frecuencia y la relación de potencia portadora a 

señal (CSPR). 

Con la intención de probar las arquitecturas y optimizar los parámetros, se ejecutaron 

simulaciones utilizando el software comercial VPI Transmission Maker 
TM

. Las pruebas se 

realizaron minimizando la sensibilidad del receptor para una probabilidad de error por bit de 

10
-3

 para tasas de bit de 10Gbps y 40Gbps utilizando 4-QAM y 16-QAM respectivamente, 

como formatos de modulación digital. 

Los resultados muestran que la ocupación espectral de las señales OFDM ópticas y el 

CSPR pueden ser optimizados, compensando al mismo tiempo por las degradaciones propias 

de DSB como desvanecimiento en amplitud (amplitude fading). También se pusieron a 

prueba, las ventajas y desventajas de cada formato óptico de modulación dependiendo de la 

velocidad del enlace, la distancia a recorrer y el costo del sistema. 
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Resum del Projecte 

 

La nova generació de xarxes òptiques passives (PONs) per cubir l'última-milla cap a 

l'usuari, és un tema d'interès en el camp de recerca. Els requerimints restringents de 

rendiment són la capacitat i l'abast, aquests, juntament amb una reducció de costos porten a la 

consideració d'un nou paradigma. En aquest context, una aplicació òptica de OFDM (O-

OFDM) és vista com un candidat prometedor. 

De les moltes arquitectures propostes per O-OFDM, l'ús de Detecció Directa és 

d'interès particular per enllaços de baixada en xarxes òptiques passives (PON), ja que es 

requereixen d'unitats d'usuari (ONUs) rendibles. En aquest àmbit, aquest treball conté un 

estudi general de sistemes de comunicació de OFDM òptic amb Detecció Directa (DD O-

OFDM), emfatitzant en les aplicacions per a xarxes d'accés. Proposa tres tipologies diferents 

per als enllaços de baixada de xarxes d'accés, els quals es diferencien pel tipus de modulació 

òptica empleat: una modulació per intensitat (IM) amb un làser directament modulat (DML), 

una IM amb un modulador Mach-Zehnder (MZM) i una modulació d'amplitud també amb un 

MZM. 

Tots els sistemes estan basats en receptors de Detecció Directa i la transmissió de 

senyals OFDM òptica. Les arquitectures, estableixen un enllaç agnòstic en relació a la 

longitud d'ona transmetent senyals de Doble Banda Lateral (DSB). Els impediments de la 

transmissió DSB són estudiats a partir dels quals es realitza una optimització de dos 

paràmetres de la xarxa: Banda de guarda en freqüència i la relació de potència portadora a 

senyal (CSPR). 

Amb la intenció de provar les arquitectures i optimitzar els paràmetres, es van 

executar simulacions utilitzant el programari comercial VPI Transmission Maker TM. Les 

proves es van realitzar minimitzant la sensibilitat del receptor per a una probabilitat d'error 

per bit de 10-3 per taxes de bit de 10 Gbps i 40Gbps utilitzant 4-QAM i 16-QAM 

respectivament, com formats de modulació digital. 

Els resultats mostren que l'ocupació espectral dels senyals OFDM òptiques i el CSPR 

poden ser optimitzats, compensant alhora per impediments de DSB com esvaïment en 

amplitud (Amplitude fading). També es van posar a prova, els avantatges i desavantatges de 

cada format òptic de modulació depenent de la velocitat de l'enllaç, la distància recórrer i el 

cost del sistema. 
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Chapter 1 

Introduction  

 
 In recent years, the demand for broadband services and thus global internet traffic has 

undergone an exponential growth, which is expected to keep on rocketing fueled by: 

applications peer-to-peer, online gaming, cloud computing, video on demand and video 

conferencing among others. The aggregate demand of these services could result in network 

congestion, to prevent this from happening the necessity for higher speeds has arisen in both 

the core and access networks. 

 Worldwide deployments of Passive Optical Network (PON) have already enabled an 

increase of user data transmission speed with standards already in the field such as: 

Broadband PON (BPON, ITU G.983), Ethernet PON (EPON, IEEE 802.3ah) Gigabit capable 

PON (GPON, ITU G.984) and 10G-PON (ITU G.987). But in order to cost-effectively satisfy 

the foreseen demand, further improvements are needed.  

 Investigations were initially guided towards a solution using optical technologies; this 

was thought to be the suitable option given that electronics were seen as a bottleneck for 

optical communications systems. However, with the development of electronic pre-

compensation of chromatic dispersion, a significant shift in thinking occurred throughout the 

R&D community. A new line of research had been introduced. The challenge was to increase 

bit rates by employing more sophisticated modulation techniques based on digital signal 

processing, which implies that a solution in the electrical domain was now in course [1]. 

 In 2007 an Optical Orthogonal Frequency Division Multiplexing (O-OFDM) record 

transmission at 10Gbps over distances between 800 and 4000 Km was achieved by Arthur 

James Lowery. His work proved how an O-OFDM Single Side Band (SSB) modulation could 

be used to compensate for chromatic dispersion in ultra-long haul [2].  

 It was the right time for O-OFDM; not only was the increasing demand getting 

difficult to cope with, but also, the high speed digital signal processing technology required 

was starting to reach maturity; with long haul links laboratory tests ranging from those 

reaching thousands of kilometers with capacities in the order of the terabits to the ones that 

reach hundreds of kilometers with capacities above 100Tbps [3]. 

Nevertheless, a communication system is not only the core network; also the 

metropolitan and the access network are an essential part of the system. The metropolitan 

network is reaching the terabit-per-second capacities, but the access network is not there yet. 

In this context emerges the ACCORDANCE project. 

ACCORDANCE is a European research project composed by partners from Spain, 

Estonia, France, Germany, Greece and the United Kingdom; aimed at exploring the potential 
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of O-OFDM in the access network where the focus is not guided towards long distance and 

high capacity but rather towards cost-effectiveness and efficiently sharing resources [4]. 

A general trend in research and design of O-OFDM systems has been to adapt the 

optical systems to OFDM features, resulting in systems with coherent detection and Single 

Sideband (SSB) optical transmissions. While these systems have shown the best 

performances for long-haul, they are not well suited to access  because they are costly on the 

one hand, and since they require the use of precisely adjusted optical filters that eliminate the 

mirror band, reduce the flexibility on the transmission wavelength, i.e., do not allow for 

colorless operation, on the other.  

Following this line of research and working as an extension of the Spanish 

ACCORDANCE team, a downstream architecture is designed based on a Double Side Band 

Transmission (DSB). With cost effectiveness in mind, the system is designed with Direct 

Detection receivers on the Optical Network Unit (ONU); while on the Optical Line Terminal 

(OLT) more liberties are taken. The goal is to efficiently achieve capacities of 10Gbps. 

 There are specific simulation tools offered to researchers for the purpose of studies 

like the one presented in this work [5]. Virtual Photonics Incorporated Transmission Maker 
TM

 (VPI Transmission Maker 
TM

) is a reference in the field and is the one chosen to develop 

this study.  

The main purpose of this work is to evaluate and characterize the functionality of an 

O-OFDM system with a Direct Detection receiver. With this in mind the objectives of the 

present work are as follows. 

 To perform a general study of Direct Detection O-OFDM applied to Passive Optical 

Networks. 

 To describe theoretically the principles behind a variety of optical modulation 

techniques. 

 To develop a simulation setup for assessment using VPI Transmission Maker 
TM.

 

 To test the performance of the Direct Detection system using different optical 

modulation techniques. 

Parting from these objectives, the rest of the report is composed as follows: Chapter 2 

contains a brief history in O-OFDM and introduces the concepts that are to be use later on, it 

also points out the mathematical background of the technique and describes both the 

transmitter and the receiver of a PON architecture based on OFDM; Chapter 3 introduces the 

parameters and characteristics of a point-to-point O-OFDM system that are to be studied and 

the phenomena influencing the transmission; Chapter 4 describes the different parameters to 

be optimized and the optical modulation techniques studied and brings out their mathematical 

fundamentals; Chapter 5 describes the simulation environment (VPI Transmission Maker 
TM

) 

it defines the modules used and highlights specific parameters that are of interest for the 

study; Chapter 6 exposes the results of the simulations executed; Chapter 7 contains the 

conclusions of the study; and lastly, chapter 8 points out possible future lines of work. 
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Chapter 2 

Orthogonal Frequency Division Multiplexing 

for Passive Optical Networks 

 

 This chapter is dedicated to introduce the principles behind Optical OFDM. First, a 

historical introduction is made in order to understand how and why the technique came to 

light and the changes it has gone through in time. Then a description of the OFDM 

fundamentals is addressed, an explanation on how the modulation is performed in the 

physical environment and the mathematical principles in which it is based. Then a detailed 

description of the process is given for both the transmitter and the receiver; the Optical 

OFDM system is represented by block diagrams and each block is explained individually. 

Finally an explanation on how the OFDM and optical environments are adapted to coexist 

with each other is provided.  

2.1. - Historical Introduction 

 The use of multi-carrier systems goes back almost a century, where more than one 

low rate signal, such as a telegraph, was carried over a relatively wide bandwidth channel 

using separate carrier frequency for each signal. The carrier frequencies were spaced 

adequately such that the signals did not overlap. Guard Bands, or empty spectral regions were 

placed between the signals to ensure that they could be separated with the use of filters at the 

receiver [5]. This traditional technique is known as Frequency Division Multiplexing (FDM); 

basically the purpose is to divide the information of a single message and modulate 

individually among multiple subcarriers thus allowing a high rate signal to be transmitted 

upon lower rate subcarriers. Dividing the frequency selective channel onto a number of 

narrow band subcarriers would create near flat fading sub-channels. Nevertheless, such 

system implied a very low spectral efficiency due the need of the Guard Band intervals. The 

orthogonality principle applied to the subcarriers used in an FDM system offers a solution to 

the spectral efficiency issue. 

The first registered OFDM scheme dates back to 1966; when Robert W. Chang of 

Bell Labs proposed a solution for multi-channel data transmission (multiple carriers) in which 

the subcarriers employed had to be orthogonal to each other [7]. The work was targeted to 

transmissions over band-limited and frequency selective channels and the main characteristic 

was that thanks to the use of orthogonal frequencies the benefits of an FDM system were 

contained but also a spectral-efficient transmission was accomplished. Figure 2.1 shows 

spectrally, the difference between an FDM system and an OFDM system. The upper part of 

the image (Figure 2.1 A) shows the spectrum of a multicarrier system with eight subcarriers 

in which no orthogonality between the subcarriers is needed since a frequency Guard Band is 

placed. The lower part (Figure 2.1 B) shows the spectrum of an OFDM system also 
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composed of eight subcarriers but whose frequencies are orthogonal with each other and thus 

a sizeable amount of bandwidth is spared. 

 

Figure 2.1: Multi-carrier signal composed of 8 subcarriers. A) FDM spectrum. B) OFDM 

spectrum [6]. 

 Chang’s system generated the orthogonal subcarriers by use of the Fourier Transform 

in the analog domain. He obtained the transformed signals by a summation of sine and cosine 

waveforms. In the receiver, the use of coherent demodulators allowed him to detect each 

subcarrier. This was a very complex implementation in terms of hardware, and the use of 

multiple local oscillators in the transmitter did not make it a cost efficient solution. By 1971 a 

work by Weinstein and Ebert used the Discrete Fourier Transform (DFT) to perform 

baseband modulation and demodulation, this renovation of the previous analog system 

reduced greatly the complexity of both OFDM transmitter and receiver and it made plausible 

the low-cost implementation of OFDM. DFT-based OFDM can be implemented completely 

on a digital format; the DFT transforms the data from the time domain to the frequency 

domain, while the IDFT does the opposite (from frequency to time domain). The use of DFT 

would assure orthogonality with efficient processing. The DFT can be achieved by using the 

Fast Fourier Transform (FFT) algorithm which reduces the number of operations performed 

[8]. 

 Weinstein and Ebert added a null guard interval to avoid Inter Symbol Interference 

(ISI) in case of multipath channels. This interval ensured the orthogonality of subcarriers only 

if perfect synchronization was achieved at the receiver side. In 1980, Peled and Ruiz solved 

the synchronization issue by substituting the null guard interval by what was then called the 

Cyclic Extension (CE), today known as the Cyclic Prefix (CP). The prefix is an overhead 

added to the symbol containing a segment of the same symbol. This overhead ensures 

orthogonality between the subcarriers as long as the synchronization error falls inside the 

Cyclic Extension. 

 During the 1980’s, attention on OFDM systems arose as applications on Radio 

Frequency (RF) communications and wire line communications based on OFDM were put on 
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the market. RF OFDM is used in both mobile communications and radio broadcasting. On 

wire line communications an implementation of OFDM known as Discrete Multi-Tone 

(DMT) is a fundamental part of the Digital Subscriber Line technology. Over the next 

decades many standards came to light that engage on OFDM modulation techniques; among 

them Wi-Fi (IEEE 802.3 a/g), WiMAX (IEEE 802.16e) and Asymmetric Digital Subscriber 

Line – ADSL (ITU G.992.1). 

 On the optical communications field, OFDM did not get much attention until the 

beginning of this century. With the demand for higher speeds, researchers turn to OFDM as a 

possible solution and found that an optical implementation of the technique could be of use 

for dispersion compensation. In 2002 an optical fiber transmission system based on OFDM 

was reported but it was dismissed at the time. In 2006 Lowery and Armstrong proposed a 

power efficient method for dispersion-compensation based on a digitally processed 

implementation of OFDM. At the same time Djordjevic and Vasic also published their work 

on direct detection OFDM. From these publications and on, the research community of the 

field started focusing on Optical OFDM (O-OFDM) and works on the topic started increasing 

rapidly. As a result, O-OFDM is now considered as a solution and a major candidate for 

100
+
Gbps networks. A significant amount of implementations for long haul links has been 

widely characterized and tested, reaching and going over the Tbps barrier [3]. 

  

2.2. – OFDM Fundamentals 

 The fundamental principle behind OFDM is the generation and modulation of 

orthogonal subcarriers. To understand the advantages of a multicarrier transmission system 

that uses the principle of orthogonality is good to look into multicarrier systems in general.  

 A traditional multicarrier system consists on mapping the input information into 

symbols that will each be modulated by different subcarriers. The subcarriers are generated 

by an array or bank of local oscillators that are multiplied by the input signal and later on a 

summation of all modulated symbols results on the transmitted signal. On the receiver side, a 

bank of filters detects the information on each of the subcarriers thus recovering the symbols 

previously modulated. As seen in Figure 2.2. 

 

Figure 2.2: Block diagram of an analog multi-carrier system [6]. 
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 The resulting transmitted signal, addressed as s(t) from now and on, has the 

mathematical representation as in Equation 2.1 [9]: 

 

                    

  

   

 

    

 (2.1) 

 Where cki is the information on the i
th

 symbol at the k
th

 subcarrier, sk is the 

subcarrier’s waveform and Ts is the symbol’s period. The shape of the subcarrier’s waveform 

is given by Equation 2.2 and is that of a frequency subcarrier shaped by the function p(t). For 

an OFDM implementation the shaping function is a rectangle pulse as seen in Equation 2.3; 

given the shaping, the subcarriers in frequency will have a sinc(t)=sin(t)/t waveform. By 

using orthogonal subcarriers and shaping them as a Sinc waveform in frequency, the resulting 

system guarantees that one subcarrier’s maximum coincides with zero of the rest 

                   (2.2) 

 

           
           

                
  (2.3) 

 

 Where, fk is the frequency of the k
th

 subcarrier. Equation 2.3 defines the rectangular 

pulse that shapes the subcarrier. 

 The detected symbols on the receiver, which are as mentioned before, at the output of 

each filter, are represented by Equation 2.4: 

  
   

 

  
           

 
    

  

 

 

  
           

         
  

 

 (2.4) 

 

 Where c
’
ki is the approximation of the information on the i

th
 symbol at the k

th
 

subcarrier, r(t) is received signal and s*k is the complex conjugate of the subcarrier’s 

waveform. If the channel does not produce any changes, then s(t)=r(t). 

 Mathematically speaking, the orthogonality property in OFDM systems is a result of 

correlation between subcarriers. Given by the following expression (Equation 2.5-2.6): 
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 From the resulting correlation among two different subcarriers is possible to conclude 

that if the spacing between subcarriers is a multiple of the symbol period, then for any two 

different subcarriers of the system their correlation equals zero and thus orthogonality exists.. 

A more graphic interpretation of the correlation is shown in Equation 2.7. From the 

exponential expression on the resulting correlation the following relation can be derived: 

                 
 

  
                                           (2.7) 

 

 To grasp more efficiently the mathematical fundamentals shown above, a graphical 

representation of an OFDM signal composed of four subcarriers for one symbol period is 

shown in Figure 2.3: 

 

Figure 2.3: Graphical representation of OFDM signal composed of 4 subcarriers [10]. 

 On the top left, four subcarriers are shown in one symbol length, below them the 

result of adding the four subcarriers is shown in the time domain and to the right the signal is 

shown in the frequency domain differentiating between subcarriers. It is possible to recognize 

the principle of orthogonality by evaluating the maximums and the zeros of each subcarrier.  

 It was mentioned before that on modern systems the codification is obtained digitally 

rather than by analog systems. Such a thing is possible by using both the DFT and the inverse 

DFT. The following set of equations will demonstrate why the Discrete Fourier Transform 

can be implemented on OFDM systems.  
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 Focusing on only one symbol length, only one sample of s(t) and assuming sample 

intervals of Ts/Nc (sampling time). Equation 2.1 can be written as Equation 2.8, t has been 

substituted by the sampling time: 

          
      

        
  

 

  

   

 (2.8) 

 

 In order to fulfill the orthogonality principle, fk must take the value shown in Equation 

2.9: 

   
   

  
 (2.9) 

  

 Placing fk on Equation 2.8: 

          
   

          
  

  

   

         (2.10) 

 

 Where         is the inverse Fourier Transform of the information symbol ck and 

m         . In a similar manner, is possible to say that on reception, the symbols can be 

detected by obtaining the Fourier Transform of each sample of the received signal r(t).  

  
        (2.11) 

 

 Where rm is the sample of r(t) at each one of the Ts/Nc intervals. 

 The results of the previous equations show how the Inverse Discrete Fourier 

Transform can be use generate OFDM symbols and the Discrete Fourier Transform can be 

used to detect them. By using the IFFT and FFT algorithms which can be performed by 

digital signal processors (DSP), a cost efficient implementation of OFDM is insured. 

 Although the codification and detection achieved by using IFFT/FFT is the theoretical 

principle behind OFDM, many other processes are involved in an OFDM system. The next 

section will review the fundamental blocks of both the transmitter and receiver used in an 

OFDM system, more specifically for an optical implementation. 

 

2.3. - OFDM Transmitter 

 Leaving behind the analog scheme for generating subcarriers, this because of the 

many advantages of doing so in the digital domain, the differences in an O-OFDM 

communications system are mainly on the many different choices for the electrical-to-optical 
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and optical-to-electrical conversion. But before this conversion stage on the transmitter, lies 

the core of the OFDM coder, which regardless of the electro-optical choice is more or less the 

same. Figure 2.4 shows a block diagram of a generic OFDM transmitter.  

 It is possible to identify its stages as the following structure: first a bit stream is 

received as an input signal, a serial to parallel conversion separates the stream bit by bit and 

prepares them to be mapped into symbols, the mapping process may form different symbols 

composed of different amounts of bits depending on the scheme used (bit loading); then 

training symbols are added, these symbols are known on both the transmitter and the receiver 

and are used for synchronization and channel estimation purposes; afterwards the IFFT is 

performed to modulate each symbol with a subcarrier, the size of the IFFT will be linked to 

the serial to parallel conversion; once the modulation is done a parallel to serial conversion is 

executed and the cyclic prefix is added. This process results on the digital complex OFDM 

signal, the real and imaginary parts of the signal are usually separated and go through a 

Digital to Analog Converter (DAC), each signal is also filtered to shape the pulse and avoid 

aliasing (in signal processing aliasing is an effect that causes different signals to become 

indistinguishable among each other when sampled, one signal becomes an alias of the other). 

The rest of the procedure, concerns on how the electrical-to-optical conversion is achieved. 

The most significant blocks of this process are further explained next. 

 

Figuere2.4: Block diagram of an O-OFDM transmitter. Modified from [11]. 

  

Serial to Parallel Conversion  

 It’s the first process through which the bit stream goes. For the mapping process to 

take place, the bit stream must be separated into bits and group accordingly depending on the 

mapping scheme and the number of OFDM subcarriers. A digital process constructs matrix 

with dimensions NxM; where N is the number of subcarriers to be employed in the OFDM 

modulation and M is the number of bits per symbol which depends on the digital modulation 

technique (mapping scheme). For instance, for a system employing four subcarriers and a 

digital modulation of two bits per symbol; the serial to parallel conversion will be as shown 

in Figure 2.5: 
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Figure 2.5: Graphic representation of a serial to parallel conversion. Modified from [10]. 

 

Mapping 

 The mapping block concerns the digital modulation scheme to be applied. Usually a 

multi-level level format is used, which means multiple bits will be encoded per OFDM 

symbol. The subcarriers in OFDM systems can be modulated in both phase and amplitude. 

The most common modulation formats are shown in Figure 2.6.  

 

Figure 2.6: Constellations for mapping schemes (BPSK, QPSK, 4-QAM, 16-QAM). 

Modified from [10]. 

 Bipolar Phase Shift Keying (BPSK) and Amplitude Shift Keying (ASK) are the two 

binary modulation choices. Quadrature PSK (QPSK) and Quadrature Amplitude Modulation 

(QAM) are the multi-level options. For the purpose of this work, only the 4-QAM and 16-

QAM schemes were used to allow speeds of 10Gbps and 40Gbps; details on this selection 

will be developed on following sections. 
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 Considering there is not a fixed requirement in an OFDM system to encode the 

information in all subcarriers with the same mapping scheme; new developments have arose 

based on channel estimation to place amounts of bits differently among subcarriers (different 

schemes) depending on the channels response at a certain frequency. Nevertheless this 

current trend is not pursuit nor evaluated on this work.  

 

Training Symbols 

 Training symbols are a set of symbols known on both ends of the transmission 

(transmitter and receiver) whose purpose is to allow synchronization and to be used for the 

channel estimation at the receiver in order to calculate the parameters for the equalizer. These 

symbols are sent periodically and once the receiver detects them they are compared to the 

local information and the channel estimation is performed by calculating how the symbol has 

been affected by the medium. Figure 2.7 shows how training symbols are sent intermittently 

between payload symbols. 

 

Figure 2.7: Representation of OFDM payload and training symbols [10]. 

 

IFFT and Parallel to Serial Conversion 

 The IFFT block is where, as it has been singled out, the symbols are modulated onto 

the OFDM subcarriers. In depth the process is as follows.  

 The N dimension array composed by the encoded symbols serves as input for the N-

point IFFT (N being the number of subcarriers). In the case of QAM the input array is formed 

by complex data on the frequency domain. Once the IFFT has been performed, the resulting 

signal will be a sampled version of the corresponding OFDM signal with N subcarriers. Next, 

the sampled signal is placed together by a parallel to serial conversion. The samples will be 

put back in order to create the OFDM signal. 

 Subcarriers are generated by the IFFT in specific order. An IFFT module has N inputs 

which correspond to N frequencies equally spaced. The input coefficients are numbered 

starting at the DC-subcarrier (carrier located on frequency 0Hz) moving towards increasing 

frequencies defined by Equation 2.9 up to the frequency corresponding to the element: 
 

 
  , 

such element represents the Nyquist-subcarrier at the Nyquist frequency. This frequency is 

present on both ends of the OFDM spectrum and is the highest frequency to be possibly 
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modulated. Then, following the Nyquist frequency input come the rest of them which 

represent the negative frequencies on ascending order. A graphic description of how the IFFT 

module works as well as the parallel to serial conversion is shown in Figure 2.8: 

 

Figure 2.8: IFFT procedure and spectral response [10]. 

 As the images description of Figure 2.8 says, the output OFDM signal is a complex 

signal. In RF implementations of OFDM the real and imaginary parts of the signal are 

modulated separately and transmitted. This becomes a problem for an optical 

communications application in which traditionally only one signal is modulated and sent. The 

possible solutions are examined further in this chapter.  

 It is a plausible practice to place more zeros on the input of the IFFT, both directly 

above and below the Nyquist-frequency (at both ends of the OFDM band). This is also done 

with the interest of preventing aliasing the zeros at both sides of the band would allow the use 

of a filter to eliminate the corrupting signals as shown in Figure 2.9. This process is known as 

oversampling and/or zero padding. 
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Figure 2.9: Filtered OFDM symbol to eliminate aliasing. Modified from [10]. 

 The filtering process itself does not take place until after a digital to analog 

conversion has been done; this is the last block of the transmitter diagram. 

 

Cyclic Prefix 

 It was mentioned before how the cyclic prefix is added to avoid ISI and to guarantee 

orthogonality, while relaxing the synchronization requirements at the receiver. In optical 

communications this type of interference is caused by the Chromatic Dispersion (CD) and the 

Polarization Mode Dispersion (PMD). Before explaining the cyclic prefix itself, an insight 

into the disruptions that make it necessary is in place. 

 In short, CD and PMD cause differential delays (depending on frequency and 

polarization respectively) in the signals transmitted through a fiber link. Such delays cause 

the symbol to spread in time and thus resulting on ISI as a consequence. PMD has been 

proven to be a phenomenon affecting the transmission on links of over 100Km of length, 

since the purpose of this work encompasses access network reach the effects of PMD are not 

studied any further; CD on the other hand is developed in detail on Chapter 3. 

 The next step is to describe what the cyclic prefix really is and how it resolves the 

issues of CD and PMD. The cyclic prefix is an extension added to the OFDM symbol in a 

sense of guard time which being long enough will compensate for the time delays produce by 

CD and PMD. In essence, the prefix is a duplicated portion of the end of the symbol that is 

added to the beginning of it (hence prefix). The total OFDM symbol will be as shown in 

Figure 2.10 where the cyclic prefix is seen as an overhead to the signal obtained through the 

IFFT. 
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Figure 2.10: OFDM symbols and cyclic prefix overhead [11]. 

 A more precise representation of the prefix added can be seen in Figure 2.11, where 

the prefix added is shown in a time domain OFDM signal. 

 

Figure 2.11: Time domain OFDM signal with cyclic prefix added [11]. 

 To grasp how the cyclic prefix is a solution to the issues caused by CD, a graphical 

approach is given in Figure 2.12. It shows a representation of an OFDM symbol at the 

transmitter and how it is received after CD has affected it. It is possible to see how 

synchronizing on the fastest frequency (the frequency with the smallest delay due to CD) the 

detection of every symbol will be correct with no presence of neither ISI nor ICI. What 

happens is that even though at the start point of detection not all symbols have arrived, at 

least a part of their prefix has so orthogonality is preserved and ISI is avoided since only 

information for the relevant will be present within the symbol boundaries. The different phase 

shifts of the subcarriers are compensated through equalization at the receiver side (see Figure 

2.15 and explanation therein) 

 

Figure 2.12: Impact of chromatic dispersion on an OFDM symbol [10]. 
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 Evidently, the length of the cyclic prefix is an important factor. The extension must be 

at least as long as the longest delay among signal frequencies. Assuming the delay time of the 

slowest frequency in reference to the fastest is given by td and defining the length of the 

cyclic prefix as ΔCP. Then Equation 2.12 must be fulfilled in order to avoid ISI. 

       (2.12) 

 

 Such time delay can be calculated by the CD and PMD parameters of the fiber as well 

as fiber length and bandwidth. When choosing the prefix length special care should be taken, 

since even though a larger overhead or extension makes the system more tolerant to 

dispersion it also demands higher nominal data rates.  

  

2.4. - OFDM Receiver 

 After the optical to electrical conversion, the next steps are mainly executed to reverse 

those done on the transmitter. The structure is as follows: the signal is filtered and converted 

to the digital domain with an Analog to Digital Converter (ADC); after this comes a delicate 

step on the reception of the signal which is the synchronization, the receiver must 

synchronize the symbol window correctly in order to apply the FFT accurately; next the 

cyclic prefix is removed and a serial to parallel conversion is done to divide the signal 

correctly for the FFT which is applied right after;  following this, the training symbols are 

removed and the estimation of the channel is performed in order to calculate the parameters 

of the equalizer; finally the demapping process occurs followed by a parallel to serial 

conversion obtaining at last the bit stream at the reception. Figure 2.13 illustrates the block 

diagram of the OFDM receiver. 

 

Figure 2.13: Block diagram of an OFDM receiver. Modified from [11]. 

 In a similar manner as in the transmitter, is important to explain these processes at 

depth in order to understand the work in the research presented. Also, same as in the 
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transmitter a decodification algorithm was used to process the signal using the simulation 

environment for which extensive knowledge on the receiver was needed. 

 

Symbol Synchronization  

 Symbol synchronization in an important step on detection, as described before, CD 

delays the transmission and the receiver must know when to start and when to finish the 

symbol detection window. At this point training symbols come at hand, by acknowledging 

this symbols the receiver then knows that data symbols will follow (payload) and that it must 

decide how to establish its detection window so no information will be lost. Depending on the 

known dispersion parameters, the receiver is design in a way so it is synched to the 

transmitter. Depending on how the detection window is selected, the procedure to remove the 

cyclic prefix may vary.  

 There are many methods to synchronize a transmission. Figure 2.14 exemplifies one 

of them. On it, incoming data is correlated to a stored training symbol; the receiver then 

knows that between two training symbols detected a preset amount of payload symbols are 

present. 

 

Figure 2.14: OFDM synchronization technique [10]. 

 On the simulation environment, synchronization is achieved by a reference frequency 

parameter on the fiber. Part of the study mentioned before on CD in SSB and DSB systems 

concerned the selection of this parameter. This subject will be addressed in section 2 of 

chapter 3, but is important to clarify by now that synchronization is a highly delicate factor 

for detection in which the system’s coherence relies.  

 

Training Symbol Removal, Channel Estimation and Equalization 

 At this point, the receiver would remove training symbols had they been detected in 

synchronization. By knowing these symbols a priori, the receiver is capable of defining how 

the channel distortions are affecting transmission, whether it is by shifting phase amplitude or 

both. In this sense, the channel estimation allows the detection process to calculate certain 
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coefficients with the specific corrections for the received symbols to be equalize and 

minimize the effects of the channel. Figure 2.15 shows to the left side how a 4-QAM 

constellation can be corrupted by the chromatic distortion and on the right side how the use a 

1-Tap equalizer minimizes the disruptions. 

 

Figure 2.15: 4-QAM constellation at the receiver before and after equalization for a 

10Gbps and 1000Km [10]. 

 With the coefficients calculated by channel estimation a 1-Tap equalizer (uses the 

prior symbols to equalize) is employed. This will correct the distortions of the symbols to a 

certain extend and at its exit the detected mapped symbols will be given. 

 Figure 2.16 shows a detailed performance of the equalizer. The first column form left 

to right shows a sent and received preamble (training symbols) for three different subcarriers. 

With channel estimation, is possible to calculate the errors in phase and amplitude of the 

training symbols at each subcarrier and thus to obtain the correcting coefficients for the 

equalizer. The middle column shows the received payload and the estimation of the sent 

payload symbols, again for three different subcarriers. Finally the third column shows how 

after the symbols are passed by the equalizer, the receive constellation is much closer to the 

expected. 
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Figure 2.16: Description of the equalization process at the receiver [10]. 

 An interesting observation and also a relevant factor on O-OFDM systems is also 

illustrated in Figure 2.16, this is how different subcarriers are affected differently by the 

optical fiber. 

 

2.5. - Merging OFDM with Passive Optical Networks 

 After the OFDM codification is performed, an electrical-to-optical conversion must 

take place for the signal to be modulated optically and transmitted through the fiber medium. 

At the receiver, the opposite conversion is needed before decoding the OFDM signal. A 

typical optical communications system (based on Intensity Modulation and Direct Detection 

(IM/DD)) modulates and transmits one signal whereas an OFDM system requires the 

transmission of two signal one corresponding to the real part of the coded symbols and 

another corresponding to the imaginary part.  

In order to design an Optical OFDM system, a modification of either the OFDM 

process or the optical process is essential for the systems to coexist. On one hand the OFDM 

system could be adapted to the optical system; on the other the optical system could be the 

one modified.  

To adapt the optical system a replica of a RF-OFDM system is intended. To be able to 

do so an optical IQ modulator (In phase and Quadrature modulator) is employed. On this 

system the signal containing the real (In phase) components of the OFDM symbols is 
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modulated separately from the signal containing the imaginary (Quadrature) components and 

afterwards the signals are added to each other. On the receiver a coherent detection is applied; 

in this process, the incoming signal is mixed with a local oscillator and then uses a photo-

detector to perform the actual optical-to-electrical conversion. However a system composed 

of such transmitter and receiver represents a high cost implementation which is outside the 

scope of the present work.  

To adapt the OFDM system to the optical, two options have been successfully put 

forward. The first one of them is Hermitian symmetry, this means that the negative and 

positive frequency components at the input of the IFFT are complex conjugates of each other 

this would result in the time-domain symbols at the output to be real. This technique is very 

efficient from a component point of view since it can be achieved by modifying the inputs at 

the IFFT without the use of any extra devices. The downside to Hermitian symmetry is that it 

reduces the total data rate by half since one side of the OFDM band is determined by the 

other. Also if a Guard-Band (GB) is placed on the spectrum even more efficiency is lost since 

inputs of the IFFT must be put to zero. For this reasons this alternative was not considered for 

this work. 

 The alternative solution is Radio Frequency (RF) up-conversion, in this technique the 

real part of the OFDM signal is multiplied by a cosine function of a determined frequency 

and the imaginary part is multiplied by a sine function of the same frequency and then added. 

By doing so, the baseband OFDM signal will be moved up in frequency. The following 

equations show a mathematical description of the process and Figure 2.17 shows the block 

diagram.  

                                          (2.13) 

 

 In Equation 2.13; sup(t) is the time domain OFDM signal moved up in frequency, I(t) 

is the real part of the OFDM signal known as In-phase and Q(t) the imaginary part known as 

Quadrature. Spectrally the result of such multiplication is the convolution of each signal with 

the respective multiplying waveform, as seen in Equation 2.14 

            
 

 
                         

 

  
                    (2.14) 

 

 Equation 2.15 is the result of such convolution. 

       
 

 
                    

 

  
                    (2.15) 

 

 This frequency will define the separation of the band from the optical carrier. It is 

important when choosing this parameter for it to comply with Equation 2.16. Where, BWOFDM 
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is the bandwidth of the OFDM signal. Such relation is to avoid overlapping of the frequency 

bands. 

    
      

 
 (2.16) 

 

 

Figure 2.17: Block diagram for RF up-conversion of an OFDM signal [10]. 
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Chapter 3 

Optical OFDM Communications Systems with 

Direct Detection receivers 

 

 Now that the O-OFDM principles have been explained, is time to take a closer look 

into the optical communications systems. This chapter will focus on developing the optical 

modulation formats. The phenomena regarding the transmission will also be presented as 

well as some important system parameters that have been of special interest for the schemes 

tested in this work. For starters, a conventional Intensity Modulation and Direct Detection 

system will be thoroughly described. The devices used in this work for optical modulation are 

presented right after. Afterwards Chromatic Dispersion is further explain since is one of the 

major issues in any optical communications system. Finally an insight on DSB systems is 

approached. 

 

3.1. - Intensity Modulation and Direct Detection System 

 IM/DD is the traditional optical communications system.  At the transmitter an 

electrical current or voltage is transformed into photons where the output optical power has a 

linear relation to the input current. At the receiver, a photodiode is used to detect the 

incoming signal and convert it into the electrical current or voltage received. In a back to 

back transmission (no fiber) the detected signal is identical to the transmitted, because the 

conversion done at the receiver is opposite to the one applied on the transmitter. Figure 3.1 

illustrates the setting of an IM/DD system. 

 

Figure 3.1: IM/DD block diagram. 

  

3.1.1. - Intensity Modulation 

 In essence, IM is a form of modulation in which the output power of an optical source 

is varied in proportion to certain characteristic of the modulating signal (current or voltage). 

Mathematically the output electrical field linked to the optical field is as seen in Equation 3.1. 

            (3.1) 
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 Where, x(t) is the modulating signal and m is a parameter representing the modulation 

depth.  

 After the modulation takes place the resulting is a Double Side Band (DSB) signal, 

nevertheless the signal could be filtered resulting on a Single Side Band Transmission (SSB). 

There are advantages and disadvantages in both the DSB and SSB transmissions; to 

understand them clearly both the detection process and the disturbances of the medium must 

be addressed first. With this in mind, a description on Direct Detection receivers and the 

Chromatic Dispersion is developed next; following a depiction of a DSB transmission in 

contrast to a SSB.  

 

3.1.2. - Direct Detection Receivers 

 Direct Detection is a technique that uses a photodiode to convert optical intensity in 

electrical current. The photodiode takes the square of the field module on the incoming signal 

and results in an electrical signal whose current variations are proportional to the square 

modulus of such optical field. Mathematically the relation is shown in Equation 3.2. 

                         (3.2) 

 

 Where id is the detected electrical current and E(t), E
*
(t) are the optical field and its 

complex conjugate. This multiplication in time can be seen as a convolution in frequency 

thus by use of the Fourier Transform and its properties is possible to obtain Equation 3.3. 

                   (3.3) 

 

 Due to the nonlinear optical-electrical transformation in a SSB OFDM transmission, 

inter-mixing second-order products appear in the spectrum near the DC level and decrease in 

amplitude with frequency. If the detected OFDM band overlaps with the inter-mixing 

products they will cause disruptions on the further detection process, thus such products act 

as interference defined as Signal-to-Signal Mixing Interference (SSMI). They are also a 

relevant cause for disruptions for the remaining detection. 

 To avoid this interference the solution is to introduce a frequency Guard-Band (which 

from now and on will be addressed as GB). Figure 3.2 demonstrates graphically the process 

of DD and the spectral results of the convolution on a SSB system. 
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Figure 3.2: Direct detection before (optical) and after (electrical) spectrum. Modified from 

[14]. 

 A DSB transmission presents certain differences in the DD process in contrast to SSB. 

Focusing on the particular case of a IM/DD O-OFDM the optical modulation is the square 

root of the input signal, if no filtering is applied and no dispersion is present, then at the 

receiver side DD will be the appropriate technique since by taking the square of the received 

signal, mathematically the exact opposite process to modulation is being performed and thus 

reception will be ideal. This means no SSMI is present since the higher order inter-mixing 

products cancel each other (due to spectral symmetry). Nonetheless if dispersion is present 

spectral symmetry is lost therefore Dispersion Induced Nonlinear Distortion (DINLD) 

becomes an issue. 

 The previous analysis suggests that if low dispersion effects are present or a short 

reach is intended, the DSB may provide a more adequate solution to the transmission system 

as GB could be reduced.  

 Another important limitation in DD systems is the power consumed by the transmitted 

optical carrier. If the carrier is to be transmitted this translates into less power being allocated 

to the OFDM band. The relation between carrier power and OFDM band power is known as 

Carrier to Signal Power Ratio (CSPR). Section 4.2 further defines and describes CSPR in O-

OFDM as this is another parameter to optimize in this work. 

 Summarizing, even though DD is a very cost-efficient technique some of its 

characteristics cause errors on reception diminishing performance of the receiver. The 

remainder of this section will focus on describing the impairments on the system that cause 

the limitations of performance and laying the groundwork for the proposed solutions to be 

tested on the simulation environment. 

 

3.2 Directly Modulated Laser 

 A DML is the traditional device to accomplish an Intensity modulation. The signal to 

transmit is input to the laser and based on the current characteristics and variation of this 
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signal an analogue optical signal is generated. Figure 3.3 shows the transfer function of the 

device. 

 

Figure 3.3: Transfer function of a DML. 

 On the transfer function, the main parameters of the DML are shown. The device 

must be fed with a bias current IBias higher than the characteristic threshold current ITh. The 

current of the electrical signal depends on its voltage Vm and on the DML’s transconductance 

G. It is possible to infer from the image that a linear relation exists between the power of the 

optical signal and the current of the electrical; such relation is defined by the slope efficiency 

(SL=ΔP/Δi) of the device. 

 

3.5. - Mach-Zehnder Modulator 

 The Mach-Zehnder Modulator (MZM) is a device that has proven to be very effective 

in optical communications systems. It is based on the Pockels effect, which allows a change 

in phase of an optical wave proportional to an applied field at electrical frequencies. The 

incoming wave is split in two beams and the phase is changed as shown in Figure 3.4 

resulting on the transfer function seen in Figure 3.5, where the horizontal axis is the bias 

voltage while the vertical axis is the output optical power. 
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Figure 3.4: Phase shifts in a MZM. 

 

Figure 3.5: MZM transfer function. Modified from [15]. 

 The Vπ factor is the bias DC voltage value required to change the output power from 

one extreme to another. When the device is used to modulate an optical signal, depending on 

the bias value different modulations are obtained. For a bias voltage of Vπ/2 the device is at 

its most linear response and thus an approximation of an intensity modulation can be 

performed, this is called Quadrature Point (QP). For a bias voltage of Vπ the device 

suppresses the input optical carrier and thus the optical power at the output is composed 

only of the modulated signal; this is called Null Point (NP). For a MZM working on NP a 

coherent reception could be addressed or an optical carrier could be coupled in order to use 

DD. 

Due to imperfect power splitting between the 2 interferometer arms, even when 

destructive interference is achieved, a residual optical power value is present at the MZM 

output. In this context a quality parameter of the MZM is its extinction ratio which 

quantifying between the maximum and the minimum optical power levels. 
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3.2. - Chromatic Dispersion 

 As defined in the previous chapter, CD is a distortion that causes a shift in phase 

dependent of the frequency and fiber length. Mathematically, CD can be seen as a transfer 

function of the fiber medium given by Equation 3.4. 

       
 
 
      

         
  

 (3.4) 

 

 Where, β2 is the second derivative of β with respect to w (see Equation 3.5) which is 

the propagation constant of the fiber with direction parallel to the fiber’s axis; f refers to the 

optical carrier; fREF is a reference frequency setting the time origin; and L is the fiber link 

length. The parameter β2 is determined by the CD characteristic of the fiber as seen in 

Equation 3.6, where c is the vacuum speed of light and D the fiber dispersion parameter 

(17ps/nm.Km in the third window). 

   
   

   
 (3.5) 

 

    
 

      
   (3.6) 

 

 By substituting   β2 in equation 3.3, a transfer function of the medium is obtained 

depending on controlled parameters (Equation 3.7 and 3.8). 

      
  

 

      
      

         
  

 (3.7) 

 

      
      

      
    

 
 

 
 

(3.8) 

 

 Important care must be taken in the reference frequency parameter. This is not a 

physical characteristic of the fiber, it is imperative for this to be clear at this point. This is a 

reference respect to which the shifts in phase are considered. It holds a close relation to the 

synchronization at the receiver. Mathematically the setting of a symbol window at reception 

is handled differently than in practice. Instead of using training symbols for it, a frequency is 

set which will be considered as the start of the reception for useful information, such 

parameter is the reference frequency. Same thing goes for the simulation environment, as will 

be shown on chapter 4, the reference frequency is a parameter for the simulated fiber link. 

The software uses this factor as said before to synchronize the transmission. The intelligent 

setting of this parameter in the simulation will allow correct detection and to understand more 

precisely how CD affects the transmitted signal. It is for such reason that a detailed 

mathematical analysis of the transmitted signal at characteristic stages of the link is in place. 

By proving how the transfer function defined in Equation 3.4 affects the signal and how the 
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resulting relation depends on frequency, allows for better understanding of the delay suffered. 

The following set of equations comprise the analysis described reaching a different 

conclusion depending on the type of transmission (SSB or DSB). 

 For starters Equation 3.9 picks up from section 2.2 the form of a base band OFDM 

signal. 

            
                   

  
 

   
  
 

 

    

 (3.9) 

 

 Equations 3.10, 3.11 and 3.12 show the result of up-converting in RF the baseband 

signal. To simplify calculations the remaining analysis is performed for only one symbol 

period. 

                                            (3.10) 

 

                                                              

  
 

   
  
 

 (3.11) 

 

                              

  
 

   
  
 

 (3.12) 

 

 Assuming the up-converted signal is optically modulated by a carrier then, 

mathematically, the optical signal will be as seen in Equations 3.13 through 3.15. 

                            (3.13) 

 

       

 

                                         

  
 

   
  
  

  (3.14) 

 

                 
  
 
                                               

  
 

   
  
 

 (3.15) 
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 Once the optical modulated signal is sent through the fiber medium it becomes 

vulnerable to CD and thus it is mathematically affected by the transfer function defined in 

Equation 3.1.  

                   (3.16) 

 

                           
  

  
 
        

  
 (3.17) 

 

 As seen in Equation 3.17, the signal now depends on the mathematical parameter in 

question (reference frequency). It is at this point when differences between SSB and DSB 

arise. The signal shown in Equation 3.15 accounts to a DSB transmission, a SSB transmission 

will filter such signal before transmitting it and thus changing its mathematical formulation. 

Since both signals are different to begin with, when convoluted with the CD response of the 

fiber channel the result will be different as well. Therefore, Equations 3.18 to 3.21 show the 

detection process of a DSB signal while Equations 3.22 to 3.24 show the equivalent on a SSB 

signal. More specifically Equation 3.18 shows the DSB signal affected by CD, which is the 

result of the convolution described in Equation 3.16. A Low-pass equivalent of the 

convolution is resolved since higher order frequency components are not of interest. 

             
  

  
 
         

                                     

  
 

   
  
 

 (3.18) 

 

 At this point the signal is detected. Equation 3.18 shows the result of the DD. 

             
  
 
                                             

  
 

   
  
 

 (3.19) 

 

 The detected signal is then down-converted in RF and filtered resulting in Equation 

3.19. 

                                   (3.20) 

 

 Equation 3.20 shows the received signal on a DSB transmission. 

               
  
 
                                                  

  
 

   
  
 

 (3.21) 
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 By inspection of the above expression, two important remarks can be made. First is 

the appearance of amplitude fading caused by the cosine factor multiplying the received 

signal; the explicit dependences of the fading experienced on dispersion parameter value, 

electrical frequency and fiber length are made evident. And second, there is a delay term 

which depends on the choice of the reference frequency but it is the same for all subcarriers. 

That means that all subcarriers will arrive at the same time and therefore no CP is required. 

The price to pay is then the faded frequencies that will most probably need to be discarded 

and not used for transmission adding in practice some overhead which depending on lengths 

and frequencies could be comparable to CP overhead. The reference frequency for the 

simulations was chosen at the carrier frequency as to eliminate the delay exposed in Equation 

3.21. 

 Section 3.3 focuses on describing more thoroughly the DSB transmission. But it is 

important to denote one thing at this point. As seen in Equation 3.21 the symbols sent are 

received but with certain delay caused by CD, this was expected because according to the 

very definition of CD a delay occurs. Nevertheless the curious aspect is that the delay 

suffered does not affect the OFDM subcarriers differently, they are actually all delayed 

equally. Also a cosine factor multiplies the received signal, which causes the amplitude 

fading phenomenon explained in Section 3.3. 

 On SSB transmission the results differ. The resulting signal after it has been affected 

by CD is shown in Equation 3.22. 

             
  

  
 
         

                                  

  
 

   
  
 

 (3.22) 

 

 The detected signal is seen in Equation 3.23. 

                                     
  
 
            

  
 

   
  
 

 (3.23) 

 

 After down-conversion and filtering the received signal is shown in Equation 3.24. 

           
                          

  
 
                    

   
 

  

  
 

   
  
 

 (3.24) 

 

 The main difference to denote on SSB in comparison to DSB is that in this case the 

delay is dependent on the subcarrier frequency which means that every subcarrier will have a 
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different delay. Another difference is the absence of the cosine factor that multiplied the 

received DSB signal which was dependent on the RF up-conversion frequency, the 

subcarriers frequencies and the length of the link. Such factor causes the DSB signal to be 

more vulnerable to noise and distortions at certain frequencies and lengths. This phenomenon 

is called Amplitude Fading and is discussed on the following section. 

 In light of the above expression we highlight the absence of a fading factor, as 

expected, and the appearance of a delay that is different for every subcarrier. That would 

require the use of a CP for avoiding leakage to the neighboring symbols.  

 In this case, a convenient choice for the reference frequency is in the center of the 

OFDM band; meaning that the reception window will start in the middle of the interval in 

which the subcarriers are arriving. Half of the subcarriers belonging to the firstly sent 

symbols will therefore be found at the end on the reception window in the software. That 

needs to be taken into account for proper extraction of the CP in the simulations. 

 

3.4. - Optical Double Side Band and Amplitude Fading 

 As seen in the previous section an important characteristic of the transmission is that 

subcarriers of an OFDM system are not delayed differently among each other due to CD. 

 The other relevant factor on the transmission is the Amplitude Fading defined also in 

the previous section. Referring to Equation 3.20 is possible to observe that not only the 

delayed symbols are received after detection but also a factor defined by the cosine of 

Equation 3.24 affects the amplitude of the received signal. 

     
  
 
             (3.25) 

 

 This cosine factor will attenuate the received signal depending on the subcarrier and 

up-conversion frequency as well as the length of the fiber and it will do so to a point in which 

some subcarriers might be completely canceled if the band is not place carefully on the 

spectrum and the length traveled is not carefully considered. This fading is one of the major 

issues in a DSB transmission and is often the reason why such type of transmitter is avoided. 

 The phenomenon however can be avoided by using a Single Side Band (SSB) 

transmission, but the placing of an optical filter not only increases the capacity costs 

significantly but also restricts the system in terms of wavelength variations, since the system 

will have to work o the predetermined wavelength set for the filter; whilst a DSB 

transmission allows the operator to switch the wavelengths for each user at its convenience. 

 To grasp the concept of amplitude fading a simulation was performed in VPI 

Transmission Maker. The simulated system was an IM/DD obtained with a MZM working on 
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QP. A 4-QAM mapping scheme was employed with a 10Gbps rate and a Guard Band of 

5GHz over 60Km of fiber.  

 Figure 3.6 shows the spectrum of the optical signal at the receiver, just before the 

photodiode. Figure 3.7 shows the spectrum of the electrical signal detected. 

 

Figure 3.6: Optical spectrum at the receiver. 

 

Figure 3.7: Electrical spectrum after detection. 

 Is possible to observe, how on the optical spectrum, on Figure 3.6, the OFDM signal 

is completely flat as if no effect has affected the transmission. But after detection, on Figure 
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3.7, is possible to observe that the subcarriers have been attenuated and such fading depends 

on the frequency of such subcarriers. A more intelligent placing of the band by adjusting the 

GB could have avoided this effect; also a higher power allocated to the OFDM band could 

have help reducing the number of subcarriers affected by fading. 
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Chapter 4 

Proposed Architectures 

 

 The DSB transmissions have not been studied as thoroughly as SSB systems, mainly 

because of impairments caused by amplitude fading. But on a downlink environment the 

absence of a filter thus the possibility of a colorless link are factors of interest, primarily for 

cost-efficiency and flexibility 

 Based on this and the principles explained on the previous chapter, three architectures 

are proposed. All three architectures are Direct Detection systems of DSB transmission. In 

order to evaluate and compare performance, three different modulation formats are proposed. 

A traditional IM executed with a DML; an approximated IM with a MZM working on QP 

and an AM with a MZM working on NP.  

With the intentions of diminishing the effects of amplitude fading and DINLD on the 

system, all three systems focus on optimizing the GB and CSPR parameters; in order to do 

this, receiver sensitivity is minimized for a 10
-3

 target BER. The parameters to optimize and 

development on the architectures is addressed in the following sections. Figures 4.1, 4.2 and 

4.3 show the block diagram of the three different systems tested. 

 

Figure 4.1: IM/DD with a DML. 

 

Figure 4.2: IM/DD with a MZM. 
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Figure 4.3: DSB AM/DD with a MZM. 

 All three of the modulation formats simulated have very different mathematical 

principles and thus had to be studied separately before optimizing the communications 

system and its parameters. The theory behind each modulation format helped decide on the 

values for certain parameters on VPI Transmission Maker and the variations to take place. 

Before developing the architectures theoretically the values for GB and CSPR tested are 

presented as well as some insight on the parameters themselves. 

 

4.1 - Frequency Guard Band 

 Since the nonlinearities are less of an issue in a DSB transmission, certain liberties 

will be taken in reference to GB. Nine different options were simulated where the GB width 

corresponded to a percentage of the OFDM band. This was performed for all three 

architectures in order to optimize such parameter. Equation 4.1 shows the RF up-conversion 

frequency used to set the different GB.  

                    
       

             
 (4.1) 

 

 Where x is the variable to change the GB, BitRate is the velocity of the link and 

BitsPerSymbol is the number of bits per symbol depending on digital modulation. Essentially, 

x measures the Carrier Frequency in terms of the total OFDM signal bandwith 

(BW=BitRate/BitsPerSymbol). 

 Nonetheless, the GB was not the only parameter to optimize on the systems; also the 

CSPR introduced in section 3.1 was studied. In general a combine optimization of both 

parameters was achieved. Before doing so, let’s go through a more detailed explanation of the 

CSPR parameter. 
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4.2. - Carrier to Signal Power Ratio for O-OFDM 

 CSPR is the ratio between the carrier power and the OFDM band power; it is a very 

sensitive parameter since it involves how efficient detection will be and how strong the 

transmission is in front of OSNR. Essentially the higher the OFDM band power is, the 

stronger the signal is against noise disruptions. But a high band power will also mean higher 

SSMI, which in turns means that in a SSB system the limitations on CSPR are quite strict. 

The alternative is to evaluate how permissive a DSB system is in CSPR terms. In order to 

compare the effects of CSPR in SSB and DSB on the same terms, the ratio will be define as 

the relation between the carrier power and the power on one of the side bands; in this sense 

when referring to a CSPR of 0dB, for instance, the allocation of power in the transmitter is 

the same in both systems. Figure 4.1 illustrates the concept and Equation 4.2 shows the 

mathematical interpretation for CSPR. 

 

Figure 4.4: Spectrum of DSB and SSB O-OFDM signals and allocation of power.  

 

           
        

         
  (4.2) 

 

 Many works exist on optimizing CSPR for SSB systems most of them conclude that a 

0dB CSPR (power allocated equally among optical carrier and side band) is the optimum 

solution although some of them argue that under certain circumstances a high CSPR 

(allocating more power to the carrier) implies advantages on transmission thus an improved 

system performance. A conclusion drawn from these studies is that the SSMI in the 

transmission perturbs the signal so greatly that when no GB is allocated, measures must be 

taken to assure an optimum detection.  

 

4.3. - IM-DD 

Mathematical Fundamentals 

 The traditional IM achieved with a DML results in the transmission of a field which 

equals the square root of a DC level given by the carrier added to the data (as seen in 
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Equation 3.1 when describing IM), that is why when directly detected the process reverses 

itself (as long as there has not been a filter involved). Since our interest is on the output 

power, the mathematical analysis will focus only on equations that describe the distribution 

of power on the transmitted signal and the parameters involved. The output optical power of a 

DML is given by Equation 4.3 [15]. 

              
 

      
        (4.3) 

 

 Where, P0 is defined in Equation 4.4 while Vm corresponds to the drive amplitude of 

the optical signal before modulation (the drive amplitude of the Laser Drive in VPI). G refers 

to the laser’s transconductance. IB is the bias current of the laser and Ith the threshold current 

(as seen in the transfer function on image 3.3). 

              (4.4) 

 

 In this case, the reference is as follows.  SL is the slope efficiency of the DML. On a 

DML the response curve is very close to a straight line thus the slope efficiency refers the 

slope of such line.  

 To obtain the CSPR intended specific assignment of values for these parameters must 

be attended. Many approaches could meet the requirements of Equation 4.3. Nonetheless the 

decision was made focusing on the necessity that real life devices must be able to work under 

these circumstances in order for this research to be of use. 

 A slope efficiency of 0,3 W/A was set with a bias current of 25mA, a threshold of 

20mA and a transconductance of 40mS. This selection also sets a limit to the drive amplitude 

since the difference between bias and threshold currents define a limit to the drive amplitude 

after which the input signal suffers clipping. Nevertheless the clipping of the OFDM signal 

not only depends on the CSPR but also on the random variations of the input signal which 

sets the Peak to Average Power Ratio (PAPR) of the electrical signal. Anyhow this deflects 

from the main objectives of this work thus it is only important to understand that at some of 

the CSPR tested there may be some clipping involved. 

 

CSPR for IM-DD 

 Based on Equation 5.1 it is possible to separate from the expression the carrier and 

OFDM signal power to the forms in Equation 4.5 and 4.6. 

            (4.5) 

 

             
 

      
  (4.6) 
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 As defined in section 4.2 the CSPR is the ratio between carrier power and the power 

on one of the OFDM bands. Being IM a natural DSB transmission the power described by 

Equation 4.3 is that of the two bands combined. Thus the CSPR will be defined 

mathematically as seen in Equation 4.7. 

          
  

 
        

 
      

 
 

(4.7) 

 

 By substituting the parameters selected on the previous section the expression will 

result as a function only of the amplitude for the OFDM signal (the drive amplitude of the 

laser drive for the VPI simulations). 

          
 

    
 (4.8) 

 

 All CSPR set to test were obtained by an intelligent setting of the drive amplitude. 

 

4.4. - QPMZM-DD 

 An approximation of the Intensity Modulation can be achieved by working with a 

MZM on its most linear condition (QP). The transfer function of the device shows us that 

such point is when the bias voltage applied is that of Equation 4.9. 

      
  
 

 (4.9) 

 

 Be that as it may, the exact mathematical representation of the device working at the 

Quadrature Point (QP) is still not exactly a linear function but  sinusoidal function (as seen in 

figure 3.3) for which a thoroughly mathematical analysis must take place to decide the values 

of the parameters. 

 

Mathematical Fundamentals 

 Equation 4.10 shows the expression for the output power of a MZM that is being fed 

by an input signal a bias voltage and carrier intensity for modulation [16]. 

     
  
 
       

 

  
         (4.10) 
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 Where, P0 is the power of the input carrier, Vπ is the MZM characteristic parameter 

and Vin(t) is given by Equation 4.11 and is a function of the bias voltage and the input signal. 

                       (4.11) 

 

 On this equation, VBias is the DC source applied to the MZM and the sinusoidal 

element refers to the signal to be modulated. In the particular case of OFDM such element 

will not be a simple tone but rather an OFDM signal but for the analysis presented the simple 

tone can be used bringing valid results for an OFDM input signal. The VM is still the 

amplitude for the incoming signal.  

 Equation 4.12 is obtained by substituting Equation 5.10 in 5.9. 

     
  
 
       

 

  
      

 

  
            (4.12) 

 

 To simplify further examinations two terms will be redefined, leading to Equation 

4.15. 

   
 

  
      (4.13) 

 

   
 

  
   (4.14) 

 

     
  
 
                      (4.15) 

  

 By the use of trigonometry the cosine is expanded to obtain Equation 4.16. 

     
  
 
                                                     (4.16) 

 

 Since the MZM is to be set in QP then a simplification of the elements takes place 

since in QP VBias=Vπ/2. Therefore: 

            
 

  
 
  
 
    (4.17) 

 

    
 

  
 
  
 
    (4.18) 
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 In such case Equation 4.16 can be rewritten. Equation 4.19 is the output power of the 

MZM when working on QP. 

     
  
 
                    (4.19) 

 

 Equation 4.19 can be transformed by a linear approximation. Since the MZM is 

working on QP it can be said that the output power has a linear relation to the input.  

     
  
 
   

 

  
    (4.20) 

 

 Such approximation is only valid for values of VM < (Vπ/π). At this point new 

concepts must be introduced. The first thing that must be understood is that VM comes from 

an electrical source and has a relation to an electrical voltage [16]. At the same time the 

optical power has a relation to the power of the electrical circuit. Such relations are defined as 

follows. 

        (4.21) 

 

        
  
 

   
 
  

 

  
 (4.22) 

 

 Where, PSource refers to the power of the electrical circuit producing the optical signal 

and Rs is the resistive element of such circuit. Having established this relation, it is time to 

introduce the concepts of Incremental Modulation Efficiency (IME) and Slope Efficiency 

(SMZ) of the MZM. While the latter has the same connotations as the slope efficiency in an 

IM with a DML, the IME is the relationship between modulating signal and the square of the 

modulated optical power (Equation 4.23). From the linear approximation and Equation 4.22 

the IME can be expressed for the MZM working at QP. 

    
       

 

       
 (4.23) 

 

 

    
 
  
  

 
  
   

 

  
 

  

  
  
 
 
 

  
 
 

    (4.24) 

 

 It is known that the SMZ in QP is as shown in Equation 4.25. Then the IME can be 

rewritten as a function of the SMZ. 
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    (4.25) 

 

         
  
 

  
 (4.26) 

 

 Employing the Jacobi-Anger expansion the Equation 4.19 can be represented as a 

summation of Bessel functions. Of such expansion only the fundamental term is of interest 

since the other terms represent higher order frequencies. 

     
  
 
                     (4.27) 

 

 From Equation 4.28 the more exact approximation of the signal power can be taken 

thus a precise IME can be expressed with the Bessel function. 

    
  

       
 

  
 

  

  
  
 
 
 

  
    

 

 
 

  
  
       

  
 

 

 (4.28) 

         
  
 

  
  
       

  
 

 

 (4.29) 

 

 In comparison with the IME for the linear approximation, this has a gain compression 

factor given by the Bessel function. For the linear approximation to be valid the contribution 

of the gain compression is bounded to 1dB by solving Equation 4.30.  

       

  
    

 
   (4.30) 

 

      
  
 

 (4.31) 

 

   
  
 

 (4.32) 

 

 In other words if the input amplitude surpasses the limit set, then as it also happened 

in the IM with the DML the modulated signal will be clipped as a consequence of over-

modulation. 
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CSPR for QPMZM-DD 

 For the CSPR calculation the linear approximation was used. From equation 4.20 the 

powers of both the carrier and the OFDM signal can be extracted. 

         
  
 

 (4.33) 

 

 Where Po is the power at the output of the laser diode and Pcarrier at the output of the 

MZM in QP. 

      
  
 
 
 

  
   (4.34) 

 

 From Equations 4.33 and 4.34 the CSPR can be expressed. Again, knowing the CSPR 

denominator represents the power of only one of the bands of the OFDM signal. 

          

  
 

  
  

 
  
  

 (4.35) 

 

 For easier calculations and settings and since it complied with the requirements of 

CSPR previously set, the value of VM was set to vary according to Equation 4.36. 

     
  
 

 (4.36) 

 

 Where n is real and positive. Therefore the CSPR expression can be rewritten to 

Equation 4.37. 

          
 

 
 (4.37) 

 

 To fulfill the requirements set on the previous section and comply with the linear 

approximation, the highest value n can take is 1; nevertheless, the values of n are selected to 

obtain the desired CSPR. By exceeding the limit set by the linear approximation it is certain 

that the gain compression on the MZM surpasses the 1dB barrier set. 

 

4.5. - AM-DD 

 For the AM the MZM was set at Null Point (NP). According to the transfer function 

of the MZM the optical carrier power is reduced to the minimum possible given the ER and 

for high ER, at the output only signal remains. The architecture proposed in this work is of a 
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DSB AM the baseband OFDM signal is up-converted in RF and passed through the MZM at 

NP. At the exit of the MZM two bands are modulated to the carrier frequency but the carrier 

is suppressed. In order to use DD an auxiliary carrier is coupled at the transmitter at the same 

frequency of the modulating carrier and the signal is sent.  

  The mathematical development in this scenario is analog to the one given in the 

previous section since is the same MZM the only difference is the point of work. 

Nevertheless the most notorious factor is that in practice not all carrier power is suppressed 

even though it is set in NP. The presence of a residual carrier will affect the transmission by 

adding nonlinearities. The solution for it is to use a MZM with a high extinction ratio. 

 

CSPR for AM-DD 

 For this architecture the setting of the CSPR was done differently. Instead of varying 

the signal amplitude, the power of the auxiliary carrier was modified to obtain the CSPR of 

interest. This is a much more efficient approach since by doing so the drive amplitude of the 

laser drive was set to its optimum level of 1dB gain compression seen on the previous section 

in which value the linear approximation is valid. The process followed was to measure the 

output power of the MZM using a power meter on VPI and in reference to this value the 

auxiliary carrier’s power was set and varied. 

 For all three architectures, the CSPR was set as it has been described throughout this 

chapter. Regardless, in order to make a fair comparison between the systems designed, for all 

simulations the transmitted power was set to 4mW (6dBm), which is a common value for 

practical applications. Also as can be seen on Figures 4.2 4.3 and 4.4 on the receiver side 

nothing was altered between architectures, all of them are based on DD with a PIN diode and 

RF down-conversion. 
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Chapter 5 

Simulation Environment  

 
 This chapter aims to introduce and describe the simulation software used (VPI 

Transmission Maker). The global parameters set for the simulations are presented and their 

settings are explained. Special care will be taken on describing the OFDM coder and decoder 

which are programmed in Matlab and inserted as a VPI module and the DML and MZM 

used. Also the simulated fiber is a delicate module since it includes a reference frequency 

parameter. 

 VPI Transmission Maker is a very popular software in the Optical Communications 

research community. It is software based on modules with a hierarchical structure that allows 

building very complex simulation environments (universes) out of both software-provided 

and user-developed modules that at the same time can be composed of other modules 

(galaxies) and/or fundamental elements (stars). 

 Among the most attractive features of VPI is the Co-Simulation that allows the user to 

subcontract some functions to be carried out by other software. In our case, Matlab has been 

used to program the OFDM coder and decoders according to the block schematic in Figure 

5.1 and 5.2. 

 An extensive library of fundamental modules is provided in VPI containing the most 

common components in optical communication systems. The modules parameters can be 

easily changed by the user but it is interesting to know that they come already with default 

values of practical relevance. A summary of the modules used is shown in Annex A. 

 A vast amount of examples of applications of the software can be found in the demo 

section, grouped by application, aiding in the quick acquisition of the basic skills required for 

correct use of the software. In our case, the OFDM long-haul demo has provided a useful 

starting point for understanding the principles behind optical OFDM systems. Unfortunately 

the OFDM coder and decoder modules offered by the software did not provide the 

transparency and flexibility required for our analysis, and that is the reason behind the use of 

Matlab to build up our own coding and decoding stages. Signal representation in both the 

temporal and frequency domain is provided and that entails the setting of the temporal as well 

as the spectral simulation windows by the value of the Global Parameters of the Universe. 

Following are rules for the correct setting up of the Global parameters. 
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5.8. - Global Parameters 

 Certain parameters are set for the entire simulation in order to obtain the rates and 

samples desired for the correct functioning of the system. Firstly the bits per symbol 

parameter must be set according to the mapping in place. For the 4-QAM simulations it was 

set to two bits per symbol and for the 16-QAM for 4 bits per symbol. Also the Bit rate 

Default is a main parameter which specifies the velocity for the transmitted bits on the 

system. 

 Another important parameter is the Time Window. This is the observation period 

which must be comprised of an integer number of bits. To calculate the parameter Equation 

5.1 was used. 

             
                

              
 (5.1) 

 

 As it can be appreciated the Time Window depends on the number of bits simulated 

and the date rate. To obtain reliable results a sufficient amount of bits must be simulated. In 

the case of this work a feasible result was set to meet a BER=10
-3

, so a total amount of over 

one hundred thousand bits should be simulated for reliable results. In order to meet the 

requirement established the value of n on Equation 5.1 was set to 16 and thus the Time 

Window was fixed as seen in Equation 5.2 for the 10Gbps simulations and Equation 5.3 for 

the 40Gbps simulations. 

             
                 

              
           (5.2) 

 

             
                 

              
          (5.3) 

 

 

 The Sample Rate Default is also an influential factor and is define as seen in Equation 

5.43. 

                    
                 

             
  

                
                 

  (5.4) 

 

 As a common rule concerning simulations using Fast Fourier Transform the product 

TimeWindow times SampleRate must be a factor of two, hence the above expressions. 
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Other interesting parameters are: 

 Cyclic Prefix 

 Permits the possibility of adding an extension, the value can be set to a 

number between 0 and 1 being the ratio between prefix length and symbol length. For 

instance, for a 10% of Cyclic Prefix the parameter should be set to 0.1. Nonetheless as 

explained on chapter 2 the Cyclic Prefix is a solution to the frequency dependent 

delays on the transmission and since it was demonstrated in Chapter 3, for a DSB 

transmission such delay is equal for every subcarrier, therefore there is no need to add 

an overhead as long as synchronization is performed correctly. It is for such reason 

that for this work no Cyclic Prefix was added. 

 N_FFT 

 It is the number of subcarriers for the OFDM codification. It represents the 

number of inputs of the IFFT/FFT algorithm and thus it must be a power of two. For 

the simulations performed it was set at 256. 

 Carrier Frequency 

 It is the frequency use for up converting the OFDM baseband signal in RF. By 

modifying this frequency, different values of GB were applied for the simulations. It 

is defined by Equation 5.5. 

                    
              

             
 (5.5) 

 

 Where, x is the factor that varies such frequency in order to leave the different 

GB as said in section 5.1.  

 To obtain the different CSPR to be tried, the methodology was different depending on 

the modulation used. For the AM modulation the simplest solution was applied; first the 

output power of the MZM was measured with a power meter and then the auxiliary carrier 

power was set accordingly to obtain the corresponding CSPR. For the IM modulations both 

with the DML and the QPMZM the approach was opposite to AM; for these cases the carrier 

power was fixed and the signal power was managed with the laser drive circuit. The 

expression for the drive amplitude (the parameter on the laser drive that controls the output 

power) depended on whether the modulation was by a DML or by a QPMZM; this because 

depending on the modulation the mathematical interpretation of the signal was different and 

the actual signal power was a function not only of the drive amplitude but also the 

modulation parameters. In order to understand how this modulations work and how the 

parameters were chosen, the next chapter focuses on the mathematical fundamentals of each 

one of the architectures. 
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5.2. – OFDM Coder 

 The OFDM coder was a group of elements in charge of generating the bit sequence 

used as an input for the Matlab code that followed the processes of an OFDM modulation 

explained in chapter 2 and finally shaped and up-converted the OFDM signal. Figure 5.1 

shows the modulator composed of VPI modules and in Annex B the code for the codification 

in Matlab is presented. 

       

 

 

Figure 5.1: VPI block diagram of the OFDM coder designed for simulation [16]. 

 The top of the image shows the avatar used for this star on the galaxy; the lower part 

shows the actual VPI modules comprising it. 

 

5.3. - DML Laser 

 This module models a laser driven with a low modulation depth drive waveform. It 

uses data sheet parameters to describe the laser, such as: RIN (at a specified power. RIN is 

Relative Intensity Noise added to the optical output and assumed white), linewidth, driver 

transconductance, dynamic and adiabatic chirp, laser bias and slope efficiency.  

 

 The parameters of chirp and RIN are left to their default values since their influence 

and effect is not part of this study. The linewidth is set to 1KHz which is a very efficient 
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value and it exists on the market; nevertheless lasers with such a thin linewidth are expensive 

which in a certain way contradicts the objective of this research, but since linewidth effects 

are not studied then for simulation purposes the previously set value is acceptable. 

 The threshold current, laser bias, transconductance and slope efficiency parameters 

are selected and modified in such a way as to obtain the desired CSPR.  

 

5.4. - MZM 

 The module used as a MZM is called Modulator Differential Mach-Zehnder. It is a 

generic datasheet model representation of a typical split (upper and lower) and dual (which 

means separate DC and RF) electrode configured differential Mach-Zehnder external 

modulator.  

 

 The parameters for the modulator as with the DML were left as default. Nonetheless, 

there is a very relevant difference between how VPI considers the Vπ factor of the modulator. 

In all of the bibliography Vπ is defined as the input voltage require to change the output power 

of the MZM form one extreme to the other Figure 3.2 showed the power response curve of 

the MZM [15]. 

 In the case of VPI the parameter Vπ does not refer to Null Point (NP), it refers to the 

input voltage when the transfer function reaches one complete wavelength. In this case the 

NP will be when the input is at Vπ/2 and QP for VIN=Vπ/4. It is very important to be aware of 

such detail when using the MZM for simulation since the results will be entirely affected by 

it. For the simulations presented in this work this was taken into account and the values for 

the parameter were assigned correctly. The extinction ratio was set to 30dB; the value was 

chosen for its commercial availability although for performance at NP a high extinction ratio 

can bring better results. 

 

5.5. – Optical Fiber 

 The fiber module is a simplified version used for wideband nonlinear signal 

transmission in optical fibers, taking into account unidirectional flow, stimulated and 

spontaneous Raman scattering, Kerr nonlinearity and dispersion. It also includes PMD and 

polarization dependence of nonlinear effects. 
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 Some of the parameters like group refractive index, the number of spans, PMD 

coefficient and dispersion slope were left at their default values. Since amplitude fading was 

one of the main concerns and a principle to be studied, the attenuation of the fiber was set to 

zero so the losses suffered on the transmission were all adjudicated to CD. The CD parameter 

was set to 17x10
-6

 s/m
2
.  

 For proper demodulation a correct value of reference frequency for dispersion should 

be set. This frequency acts analog to the one described in the mathematical analysis of the 

previous chapter. The selection of it in fact is based on the Equations obtained for DSB, 

setting the reference frequency equal to the optical carrier. 

 

5.6. - Receiver Sensitivity calculations 

 To assess the performance of the designed architecture, the sensitivity of the receiver 

is minimize to obtain a BER=10
-3

. This was introduced in the previous chapter but there is 

still an important detail to go over and is how such assessment is achieved using VPI. A code 

was written in Python and added in to the VPI files to be executed; the algorithm performed a 

set of cyclic mathematical calculations to optimize the sensitivity at the desired BER. 

 The code, which is shown in Annex D, measured the received power, obtained the 

BER calculations from the decoder and compared it to the barrier of 10
-3

 with a precision set 

at 6x10
-4

. If the calculations resulted that the current parameters met the requirement then the 

sensitivity was assumed to be the last reception power measured, else, the simulation will be 

run again but attenuating or amplifying (depending on which side of the barrier the previous 

result was) the signal in reference to the last received power and the calculation was repeated, 

this process went on until the minimum sensitivity that met the requirement was found. Once 

the sensitivity was found the results of BER, EVM (see OFDM decoder) and the sensitivity 

itself were saved onto a text file. The Python algorithm also had the possibility to perform the 

calculation for an increasing fiber length value in which case it would find sensitivity of the 

receiver for each different length tried. 

 

5.7. - OFDM Decoder 

 The OFDM receiver took the received electrical signal from the photodiode, down-

converted it to RF, shaped the pulses separately (the real and imaginary part of the complex 

detected signal) and introduced both parts to a co-simulation module with Matlab along with 

the original transmitted signal. The Matlab algorithm demapped the symbols and calculated 
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BER and EVM (Error Vector Magnitude, it measures de distances between the received 

symbols in the constellation to their ideal position). Afterwards the symbols were 

manipulated in VPI to draw the constellation and the BER and EVM were also outputs that 

could be graphed or used otherwise; for example for the Python algorithm. Figure 5.2 

illustrates the block diagram of the decoder. 

   

 

 

Figure 5.2: VPI block diagram of the OFDM decoder designed for simulation [14]. 

 Same as the OFDM coder, the image above represents the avatar on the galaxy and 

the lower part is the diagram and modules used. In Annex C the code for the decodification in 

Matlab is presented. 
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Chapter 6 

Simulations and Results 

 
Once the optical systems were designed and the theoretical background was handled for 

both the architectures themselves (modulation formats and detection technique) and for the 

software used (VPI Transmission Maker) the optimization of the parameters was put on 

motion. Two main parameters were optimized in conjunction the GB and the CSPR, this was 

achieved for each of the three architectures. The procedure was to set CSPR and simulate the 

design for all 9 GB planned, change the CSPR and repeat the process for all 4 CSPR planned.  

 Since the approach is for an access network a short reach was intended. All 

simulations were executed at two different fiber lengths 10Km and 30Km. These simulations 

were performed with settings for a 4-QAM/10Gbps transmission and an output power of 

4mW (6dBm). 

 After the parameters were optimized a comparison between the best scenarios of all 

three architectures was done. Comparing their sensitivity versus the length traveled at rates of 

both 10Gbps and 40Gbps with 4-QAM and 16-QAM respectively.  

 The results regarding the optimization of GB and CSPR are presented in graphs 

showing Sensitivity versus a Center Frequency. This frequency is the difference between the 

central frequency of the upper OFDM band and the optical carrier; in other words is the 

spectral distance between the carrier and the center of the OFDM bands. Each Center 

Frequency represents a different GB tried.  

 

6.1. – IM-DD 

 Figure 6.1 and 6.2 show the results for the optimization of GB and CSPR of an IM-

DD communications system with a digital modulation of 4-QAM and a data rate of 10Gbps 

for fiber lengths of 10Km and 30Km respectively. 



62 
Optical Orthogonal Frequency Division Systems with Direct Detection Receivers 

 

 

    

 

Figure 6.1: Sensitivity vs. GB on an IM-DD, 4-QAM, 10Gbps system and 10Km of fiber 

length tested on four different CSPR values. 

 

Figure 6.2: Sensitivity vs. GB on an IM-DD, 4-QAM, 10Gbps system and 30Km of fiber 

length tested on four different CSPR values. 

 

 From the graph a series of results arise. Comparing one graph to the other is possible 

to confirm that the impact of changes in both GB and CSPR in the performance increases for 

longer fiber lengths. It also shows that for lower CSPR the flexibility to reducing GB 

increases.  

 When lowering the CSPR from the 3dB barrier the sensitivity improves (CSPR 0dB) 

but if the clipping increases (CSPR -3dB) the system suffers a performance degradation at the 

longer distance as can be seen for the 30Km simulations.  
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 GB wise is seen how for higher CSPR (3dB and 6dB) a short GB is beneficial; this 

can be attributed to the combined effect of CD and laser chirp, nonetheless for CSPR 6dB the 

GB cannot be reduced beyond 37.5% of the OFDM band for a 10Km link and 50% for a 

30Km link, in fact for longer distances the required GB increases for the CSPR in question. 

For lower CSPR (0dB and -3dB) the GB is less of an influence on the sensitivity, although 

some GB is always necessary regardless of the CSPR.  

 In definitive, the most efficient transmission is achieved with a CSPR of 0dB. 

Although the GB is not a parameter of significant influence, from the data acquired GBs of 

12.5%, 87.5% and 100% of the OFDM band were proven to be efficient (by a factor of under 

1dB penalty in sensitivity). 

 Since the efforts were to minimize the GB the most efficient setting of CSPR and GB 

for the system at 30Km were determined to be: CSPR 0dB and GB 12.5% of OFDM band. 

These characteristics were set for comparison with the other two architectures. 

 

6.2. – QPMZM-DD 

 Analog to the previous section Figures 6.3 and 6.4 show the results for the equivalent 

system using an approximation of an IM by a QPMZM. 

 

Figure 6.3: Sensitivity vs. GB on a QPMZM-DD, 4-QAM, 10Gbps system and 10Km of fiber 

length tested on four different CSPR values. 
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Figure 6.4: Sensitivity vs. GB on a QPMZM-DD, 4-QAM, 10Gbps system and 30Km of fiber 

length tested on four different CSPR values. 

 For this architecture is seen how on one hand the GB is not much of an issue in any of 

the CSPRs tested for the shorter link (10Km). On the other hand for the longer link (30Km) is 

seen how the shorter the GB is the better (lower) the sensitivity as long as some GB is 

present; this occurs for all CSPR except the lowest tried (CSPR -3dB), in this case the best 

GB is found to be between 62.5% and 75% of the OFDM band. 

 This system is also more flexible to GB variations since for every scenario tested 

sensitivity results were always found for the BER 10
-3

 barrier. In this architecture as in the 

IM-DD shorter distances imply less influence of GB. Nevertheless these results are different 

from the previous ones since for shorter distances the CSPR is still influential.  

 For this modulation, increasing the gain compression on the MZM over the 1dB 

barrier improves the performance of the system. In this scenario the ideal CSPR is -3dB. In 

front of such situation the question remained on how much lower could the CSPR be to better 

results. A CSPR of -6dB was tried for this architecture to see if it improved the system’s 

performance. The results were the contrary; at a CSPR of -6dB the system did not meet the 

requirements to achieved BER 10
-3

 with the power transmitted (4mW). 

 Summarizing, the best settings for this architecture for 30Km are a CSPR of -3dB 

with a GB of 62.5% of the OFDM band. Again, these parameters were set when comparing to 

the other architectures. 
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6.3. - AM-DD 

 Figure 6.5 and 6.6 show the results for the simulation of the AM system. 

 

Figure 6.5: Sensitivity vs. GB on an AM-DD, 4-QAM, 10Gbps system and 10Km of fiber 

length tested on four different CSPR values. 

 

Figure 6.6: Sensitivity vs. GB on an AM-DD, 4-QAM, 10Gbps system and 30Km of fiber 

length tested on four different CSPR values. 

 Before analyzing these results, it is important to remember from the theoretical 

background how AM suffers from higher nonlinearities than IM. It has been mentioned that 
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nonlinearities near the carrier if it is modulated by amplitude; whilst in a DSB IM 

transmission in absence of CD nonlinear products will cancel each other.  

 With that idea in mind the results show that the AM is more vulnerable to GB 

minimization, in fact a GB is almost always needed (except for CSPR 6dB) in order to meet 

the BER 10
-3

 barrier. Also, the higher the CSPR is the more GB flexible the system is. For a 

CSPR of -3dB a GB of at least 75% of the OFDM band is required. 

 The variations on CSPR do not affect the transmission too greatly if sufficient GB is 

placed. Also for both distances the effect of the CSPR variations are very similar. If the GB is 

minimized then the choice of CSPR becomes a relevant issue. At a difference from the other 

two architectures, the GB is a relevant factor even at short distances for the AM  

 From the data it can be proven that a CSPR of 3dB and a GB of 87.5% of the OFDM 

band are the settings allowing the best performance at 30Km of the designed system. Also a 

relevant factor is that based on the sensitivity the AM system showed a higher performance 

than the other two by a factor of over 2dB.  

 

6.4. - Comparison of Architectures 

 After optimizing GB and CSPR for each architecture they were tested and compared 

to each other. The simulations executed provide data for receiver sensitivity versus fiber 

length assessing both reach and system quality. The results are shown in Figure 6.7.  The 

graph contains the performance of all architectures at data rates of 10Gbps and 40Gbps for 4-

QAM and 16-QAM mapping schemes respectively. 

 

Figure 6.7: Sensitivity vs. fiber length comparison between the three proposed architectures 

(IM-DD, QPMZM-DD and AM-DD) at rates of 10Gbps and 40Gbps. 

-24 

-19 

-14 

-9 

-4 

1 

6 

0 5 10 15 20 25 30 35 40 45 50 

Se
n

si
ti

vi
ty

 (
d

B
m

) 

Fiber Length (Km) 

Architecture Comparison 

IM | 4-QAM | 10Gbps 

IM | 16-QAM | 40Gbps 

QPMZM | 4-QAM | 10Gbps 

QPMZM | 16-QAM | 40Gbps 

AM | 4-QAM | 10Gbps 

AM | 16-QAM | 40Gbps 



67 
Optical Orthogonal Frequency Division Systems with Direct Detection Receivers 
 

 

   

 Evidently the system with the highest performance in sensitivity is the AM-DD, yet 

this system operates badly for longer distances (over 30Km) and it ceases to meet the BER 

10
-3

 barrier for 6dBm of transmitted power before 45Km of fiber length. At higher data rates 

(40Gbps) it is basically incapable of working under the requirements set. 

 The most cost-efficient architecture (IM-DD) is a plausible solution for short reach 

(under 15Km) but its performance decreases rapidly after exceeding the 25Km in such way 

that surpassing 35Km of fiber length it no longer meets the BER 10
-3

, this for a data rate of 

10Gbps. When increasing the data rate to 40Gbpsthe system is also incapable of operating 

bellow the barrier set. 

 The QPMZM intensity modulation proves to be the most stable, at a data rate of 

10Gbps it reaches up to 50Km meeting the requirements and it manages to do so with a 

satisfactory sensitivity. It also shows the best performance when the data rate is increased to 

40Gbps, as is able to reach the 10Km in fiber length with the specified settings. It is, out of 

the three architectures tested the only one able to perform at such data rate. 
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Chapter 7 

Conclusions 

 

 The study described throughout this work and the simulations and results presented 

have made it possible to reach significant conclusions and to achieve all of the objectives set 

at the beginning of the study. Based on bibliographical sources we established how O-OFDM 

has demonstrated to be a competent technology bringing practical solutions to the data rates 

demanded for long-haul links. Due to the success of the technology in the field we set our 

study to design an adaptation of the existing O-OFDM systems for a downstream link of an 

optical access network.  

 An extensive study of the theoretical background and mathematical principles of both, 

the OFDM technique and all of the processes involved within the technology, and the various 

optical communications systems defined by the set of options for optical modulation and 

detection was performed. After doing so, three architectures were designed with the goal in 

mind of applying them to downstream colorless links and always accounting for cost-

effectiveness.  

 The decision was taken to use the same low-cost receiver using Direct Detection and 

three different modulation formats; a traditional intensity modulation with a DML, an 

approximate intensity modulation with a MZM working on Quadrature Point and an 

amplitude modulation with a MZM on Null Point with auxiliary carrier. The results showed 

that all three architectures are capable of performing at a data rate of 10Gbps for distances in 

the order of tens of kilometers. Assuming the need for higher data rates, the architectures 

were also tested on a 40Gbps system in which the performance was disappointing for the 

DML-IM and the AM while the IM with the MZM proved to be capable of working at such 

rates but to a lower reach (below 10Km). 

 Also the parameter CSPR was studied, described and optimized via simulations in 

order to satisfy the highest performance of either one of the architectures proposed. It was 

proven that the CSPR is an influential factor that determines the efficiency of the network, 

since depending on how the ratio is set the resulting sensitivity at the receiver for a BER 10
-3

 

can be altered.  

 Since all transmissions were DSB a strong interest on reducing the spectral occupancy 

led to the optimization of the frequency guard band. Many researches set the GB in an O-

OFDM system to be as wide as the OFDM band. The studies performed proved that in a DSB 

transmission leaving such a wide GB is not only unnecessary but it can also lead to a negative 

effect on the transmission. Due to amplitude fading it was proven theoretically and by 

simulations that the spectral location of the OFDM band is a delicate and relevant factor for a 

DSB transmission and that as compared to AM, the use of IM can lead to savings in GB. 

 To be able to test the architectures and optimize the parameters of interest the VPI 

Transmission Maker was employed. Since the tools provided by the software were not 

flexible or scalable enough new tools had to be developed. Independent scenarios for each of 

the three architectures were designed using Matlab functions to carry out the OFDM 

codification and decodification tasks and an optimization Python script was used to calculate 

the receiver sensitivity at the set BER. 
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 On the side lines, the chromatic dispersion effects on the transmission were studied in 

depth. The O-OFDM signal was analyzed mathematically in various steps throughout the 

transmission for DSB and SSB signals. It was found that for a DSB transmission the delay 

caused by the chromatic dispersion was not dependent on the subcarrier frequency thus 

relieving the system from adding a cyclic prefix. The mathematical study has helped to 

establish the synchronization procedure to use in the software for correct demodulation. This 

synchronization is related to the choice of the reference frequency for every transmission 

format and the correct use and extraction of the CP. 

 Based on the results this work proves the suitability of a colorless downstream O-

OFDM for an access network link using a low-cost receiver and having a variety of choices 

for the optical modulation which can be selected depending on the length of the link, the data 

rate required and the capital and operational costs as well as compatibility with installed 

systems.  
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Chapter 8 

Future Lines of Work 

 
Throughout the development of the present work, both theoretical and practical (optical 

system simulations with VPI), many lines of work arose. Even though some of them were not 

considered at the beginning of the research they were however included due to their relevance 

in relation to other aspects of the work. Nonetheless, a group of them still remains that due to 

lack of time and/or the fact they differed from the central topic of this research were not 

pursued.  A description of a few of them follows. 

 Evaluating the influence of chirp on the DML laser for the IM-DD architecture. Even 

though extensive research has been done before on the topic in general, the impact it 

could have on optimizing both CSPR and GB is a goal worth pursuing. 

 

 Working outside QP with the MZM and thus varying the CSPR in this way. 

Rosenkranz and Leiberich have proven how in a SSB transmission moving away from 

the QP might bring benefits to the transmission by still resulting in an intensity 

modulation [18]. Simulations could be performed to prove such hypothesis. 

 

 Evaluating the influence of the PAPR and studying the clipping phenomenon more 

carefully may help to adequate a more influential optimization of both the CSPR and 

the PAPR. 

 

 Working with a SSB AM with an IQ-MZM would remove from the transmitter the RF 

up-conversion block and since the AM-DD architecture showed the highest 

performance under certain circumstances a study with an advanced modulating 

technique is of interest. 

 

 Simulations changing extinction ratio value for the MZM in both the QPMZM-DD 

and the AM-DD to evaluate the effect of the parameter on the systems. 
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Acronyms  

ADSL Asymmetric Digital Subscriber Line   

AM Amplitude Modulation 

BER Bit Error Rate 

BPON Broadband Passive Optical Network 

BPSK Bipolar Phase Shift Keying 

BW Band Width  

CE Cyclic Extension 

CD Chromatic Dispersion 

CP Cyclic Prefix 

CSPR Carrier to Signal Power Ratio 

DAC/ADC Digital to Analog Converter / Analog to Digital Converter 

DD Direct Detection 

DINLD Dispersion Induced Nonlinear Distortion  

DML Directly Modulated Laser 

DSB Double Side Band 

EPON Ethernet Passive Optical Network 

FDM Frequency Division Multiplexing 

GB Guard Band 

GPON Gigabit capable Passive Optical Network 

ICI Inter Carrier Interference  

IDFT/DFT Inverse Discrete Fourier Transform / Discrete Fourier Transform 

IFFT/FFT Inverse Fast Fourier Transform / Fast Fourier Transform 

IM Intensity Modulation 

IME Incremental Modulation Efficiency 

IQ In phase and Quadrature 

ISI Inter Symbol Interference 

MZM Mach-Zehnder Modulator 

NP Null Point 

OFDM Orthogonal Frequency Division Multiplexing 

O-OFDM Optical OFDM 

OLT Optical Line Terminal 

ONU Optical Network Unit 

OSNR Optical Signal to Noise Ratio 

PIN PN Junction with Isolation Region Photodiode 

PMD Polarization Mode Dispersion 

PON Passive Optical Network 

PSK Phase Shift Keying 

QAM Quadrature Amplitude Modulation 

QP Quadrature Point 

QPSK Quadrature Phase Shift Keying 

RF Radio Frequency 

RIN Relative Intensity Noise 

SL Slope Efficiency 

SSB Single Side Band 

SSMI Signal to Signal Mixing Interference 

VPI Virtual Photonics Inc.  
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Annexes 

A. – VPI Modules Used 

 Pseudo Random Binary Sequence Generator (PRBS) 

 

 The module generates many types of pseudo-random data sequences. 

 
 

 

 Co-Sim Interface 

 

 This is the main module of the co-simulation interface, driving simulation in 

external tools. In this work the co-simulation was apply with Matlab to run the OFDM 

coder algorithm and the decoder as well. 

 
 Pulse Raised Cosine QAM 

 

 This module generates a Nyquist response from an incoming electrical 

impulse. In the system simulated it was used to shape the real and imaginary pulses at 

the output of the OFDM coder. 

 
 Sine Generator 

 

 It generates and electrical sine waveform. It was used in simulation to up and 

down-convert the baseband OFDM signal. 
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 Laser Drive Circuit 

 

 It is use for driving the optical modulator with the input current or voltage 

swing which in this case was the OFDM signal. The optical power output can be 

controlled; in this work’s particular case this power was controlled in such way to 

establish the expected CSPR in both the DML and QPMZM proposals. In the 

following chapter this is explain further.  

 
 

 

 Continuous Wave Laser 

 

 It is a model of a DFB (Distributed Feed-Back) laser producing a continuous 

wave. It is used in this work for the QPMZM and the AM proposal as the optical 

carrier. 

 
 DC Source 

 

 It produces a constant amplitude electrical signal at a defined sample rate. It 

was use to feed the MZM. 

 
 AmpSysOpt 
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 It is an amplifier model with fixed gain shape. It was use to set the output 

power prior to transmission. 

 
 Attenuator 

 

 This module attenuates the optical signal. It was used to control and vary the 

receiver sensitivity in the simulations to reach the BER=10
-3

. 

 
 

 

 Photodiode 

 

 It is a model of a PIN and APD photodiode. In the simulations executed for 

this work it was used as a PIN diode with a responsivity of 0.9 A/W. It also 

introduced thermal noise with amplitude of 21x10
-12

 A/Hz
(1/2)

. 

 

 Other modules were use to manipulate and measure the signals such as power meters, 

signal analyzers multipliers and summations [16]. The modules for the DML, the MZM and 

the fiber linked are described in sections 5.3, 5.4, 5.5 respectively. Afterwards in section 5.6 a 

description is shown on how the sensitivity measures and adaptations were made to achieve a 

BER=10
-3

. 
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B. – OFDM Coder (Matlab code) 

 

function[y_real,y_imag]=ofdm_coder_simu(x1,TW,BR,BpS,N_FFT,CP,ZP_Mask,SR,ZP,DAC)  

% Calculate of the main parameters 

%Decide si añadimos o no el zero padding 

%ZP = Off --> no añadimos ZP_Mask 

%ZP = On --> añadimos ZP_Mask          

if strcmp(ZP,'On') == 1                   

    Nc = N_FFT - length(ZP_Mask); 

else     

    Nc = N_FFT;     

end 

%Nota: dependiendo de si añadimos o no el zero_padding, el número de 

%portadoras útiles respecto N_FFT será diferente 

CP_LENGTH = floor(CP*N_FFT); %Cyclic Prefix length 

OFDM_LENGTH = N_FFT + CP_LENGTH; % Total QAM symbol length of OFDM symbol 

%(including overheads) 

NTS_OFDM=ceil(length(x1)/(BpS*OFDM_LENGTH)); %Nota: El vpi calcula el NTS_OFDM 

%como ceil porque envía un símbolo adicional incompleto pero luego evalua sobre los símbolos 

%que se envían completamente. 

NTS_QAM=NTS_OFDM*OFDM_LENGTH; % Total number of QAM symbols, including 

%overheads 

NTS_QAM_INFO=Nc*NTS_OFDM; % Total number of QAM symbols carrying information 

%(without overheads) 

NTB_INFO=NTS_QAM_INFO*BpS; %Total number of information bits 

% OFDM CODER 

 

xx1=x1(1:NTB_INFO); % Vector containing the information bits to transmit 
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xx1_QAM=reshape(xx1,BpS,NTS_QAM_INFO)'; 

xx1_QAM_matlab=qammod(bi2de(xx1_QAM),2^BpS,pi/2); 

xx1_OFDM_INFO=reshape(xx1_QAM_matlab,Nc,NTS_OFDM); %Salida del codificador QAM 

% Zero padding is inserted to obtain a matrix of size (N_FFT x NTS_OFDM) 

if strcmp(ZP,'On') == 1 

    A_ones = ones(1,N_FFT); % Vector of ones with length N_FFT 

    A_ones(ZP_Mask) = 0; % Insert in the ones vector the zeros introduced by the user in 

ZP_Mask 

    Nc_Mask = find(A_ones); % Generate a new vector Nc_Mask with the positions where it has 

to be information 

    xx1_OFDM_ZP = zeros(N_FFT, NTS_OFDM); % Generate a zeros matrix of N_FTT x 

NTS_OFDM 

    xx1_OFDM_ZP(Nc_Mask,:) = xx1_OFDM_INFO; % Fill in the zeros matrix with information 

in the positions indicated by Nc_Mask 

else 

    xx1_OFDM_ZP = xx1_OFDM_INFO; 

end 

% IFFT is applied 

xx1_IFFT = ifft(xx1_OFDM_ZP,N_FFT); 

% Cyclic prefix is added to each OFDM symbol 

xx1_CP=[xx1_IFFT(N_FFT-CP_LENGTH+1:N_FFT,:);xx1_IFFT]; 

% Añadimos el CP de forma que la parte final de la matriz con longitud CP, 

% se copia y se añade al principio de la matriz. Ahora tendremos una matriz 

% con size [OFDM_length x NTS_OFDM] 

% Digital to Analog Converter (DAC) 

if strcmp(DAC,'On')   

    % DAC perfomarmance 

else 

    xx1_DAC = xx1_CP; 
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end 

% Signal sent 

xx1_serial=reshape(xx1_DAC,1,NTS_QAM); 

y = xx1_serial(1:((TW*BR)/BpS)); 

% Normalization at the output of the OFDM coder 

mod = sqrt(real(y).^2+imag(y).^2); 

maxmod = max(mod); 

y_real_mod = real(y)./maxmod; 

y_imag_mod = imag(y)./maxmod; 

% Paquete de información eléctrico que enviamos al MZM 

y = y_real_mod + y_imag_mod*1i; 

y_aux = upsample(y,((SR*BpS)/BR)); 

y_real = real(y_aux); 

y_imag = imag(y_aux);  
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C. – OFDM Decoder (Matlab code) 

function 

[RX_real,RX_imag,BER,EVM]=ofdm_decoder_simu_mcs(y_real,y_imag,TimeWindow,BitRate,

SampleRate,BpS,N_FFT,CP,ZP_Mask,PRBS_TX,ZP,ADC,Equalization,Type,N_training,N_trai

ning_value,CP_extraction) 

% Calculate of the main parameters 

%Nota inicial: Si ecualización, CP_giro y ADC estan a cero, los resultados son 

%exactamente los mismos que el lowery sin ecualización ni ADC. 

%Decide si añadimos o no el zero padding 

%zero_padding = 0 --> no añadimos 

%zero_padding = 1 --> añadimos                         

if strcmp(ZP,'On') == 1    

    Nc = N_FFT - length(ZP_Mask); 

else 

    Nc = N_FFT; 

end 

%Nota: dependiendo de si añadimos o no el zero_padding, el número de 

%portadoras útiles respecto N_FFT será diferente 

% Downsample 

y_real = downsample(y_real,((SampleRate*BpS)/BitRate)); 

y_imag = downsample(y_imag,((SampleRate*BpS)/BitRate)); 

% Normalization at the input of the OFDM decoder 

mod = sqrt(y_real.^2+y_imag.^2); 

maxmod = max(mod); 

y_real_mod = y_real./maxmod; 

y_imag_mod = y_imag./maxmod; 

y = (y_real_mod + y_imag_mod*1i); 

CP_LENGTH = floor(CP*N_FFT); %Cyclic Prefix length  
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OFDM_LENGTH = N_FFT + CP_LENGTH; % total QAM symbol length of OFDM symbol 

%(including overheads) 

NTS_OFDM = ceil(length(y)/OFDM_LENGTH); %Nota: El vpi calcula el NTS_OFDM como 

%ceil porque envía un símbolo adicional incompleto pero luego evalua sobre los símbolos que se 

%envían completamente. 

NTS_QAM=NTS_OFDM*OFDM_LENGTH; % total number of QAM symbols, including 

%overheads 

NTS_QAM_INFO=Nc*NTS_OFDM; % total number of QAM symbols carrying information 

%(without overheads) 

NTB_INFO=NTS_QAM_INFO*BpS; %Total number of information bits 

% OFDM decoder 

yy1 = zeros(1,((NTS_OFDM)*OFDM_LENGTH)); 

yy1(1:TimeWindow*BitRate/BpS) = y; % remove single QAM symbols, consider only 

info+overhead 

% Analog to Digital Converter 

if strcmp(ADC,'On') == 1 

% ADC perfomarmance 

else 

    yy1_adc = yy1; 

end 

% Cyclic prefix 

if strcmp(CP_extraction,'Normal') == 1 

% Extracción del CP normal 

    yy1_SP=reshape(yy1_adc,OFDM_LENGTH,NTS_OFDM); 

    yy1_CP = yy1_SP; 

    yy1_CP_OUT = yy1_CP(CP_LENGTH+1:OFDM_LENGTH,:); 

elseif strcmp(CP_extraction,'CP/2_xavi') == 1 

    % Extracción del CP segun Xavi 
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   yy1_SP=reshape(yy1_adc,OFDM_LENGTH,NTS_OFDM); 

   yy1_CP = zeros(OFDM_LENGTH,NTS_OFDM); 

   yy1_CP(1:floor(CP_LENGTH/2),:) = yy1_SP(OFDM_LENGTH-

floor(CP_LENGTH/2)+1:OFDM_LENGTH,:); 

   yy1_CP(floor(CP_LENGTH/2)+1:OFDM_LENGTH,:) = yy1_SP(1:OFDM_LENGTH-

floor(CP_LENGTH/2),:); 

   yy1_CP_OUT = yy1_CP(CP_LENGTH+1:OFDM_LENGTH,:); 

elseif strcmp(CP_extraction,'CP/2_conchi') == 1 

    % Extraccion del CP segun Conchi 

yy1 = [yy1_adc(1,length(yy1_adc)-floor(CP_LENGTH/2)+1:length(yy1_adc)),    

yy1_adc(1,1:length(yy1_adc)-floor(CP_LENGTH/2))]; 

yy1_SP = reshape(yy1,OFDM_LENGTH,NTS_OFDM); 

yy1_CP_OUT = yy1_SP(CP_LENGTH+1:OFDM_LENGTH,:);  

end 

% FFT 

yy1_CP_OUT_FFT = yy1_CP_OUT(:,1:NTS_OFDM-1); 

%Nota: Recordemos que enviamos un símbolo adicional incompleto pero que 

%cuando a continuación generemos la matriz para extraer CP y ZP solo 

%cogeremos los símbolos completos (NTS_OFDM-1) 

yy1_FFT = fft(yy1_CP_OUT_FFT,N_FFT);  

% Zero padding 

if strcmp(ZP,'On') == 1 

    A_ones = ones(1,N_FFT); % Vector of ones with length N_FFT 

    A_ones(ZP_Mask) = 0; % Insert in the ones vector the zeros introduced by the user in 

ZP_Mask 

    [Nc_Mask] = find(A_ones); % Generate a new vector Nc_Mask with the positions where it has 

to be information    

yy1_QAM = yy1_FFT(Nc_Mask,:);    

else 
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    yy1_QAM = yy1_FFT; 

end 

% Equalization 

if strcmp(Equalization,'Off') == 1  

    yy1_QAM_eq = yy1_QAM; 

elseif strcmp(Equalization,'On') == 1 

    if strcmp(Type,'Training') == 1 

        if strcmp(N_training,'All') == 1 

            N_training_value = NTS_OFDM-1; 

        elseif strcmp(N_training,'Value') == 1 

            if N_training_value > NTS_OFDM-1 

                N_training_value = NTS_OFDM-1; 

            end 

        end 

xx1_QAM_training_sequence=qammod(bi2de(reshape(PRBS_TX(1:N_training_value*Nc*BpS)

,BpS,N_training_value*Nc)'),2^BpS,pi/2);  

%Note: The QAM symbol sequence is built with the information bits to transmit(a vector 

%xx1_QAM of size NTS_QAM_INFO)        

        xx1_QAM_training_matrix=reshape(xx1_QAM_training_sequence,Nc,N_training_value); 

        yy1_QAM_training=yy1_QAM (:, 1:N_training_value); %choose the N_training first 

%received OFDM symbols in order to calculate the channel impulse response   

        channel=sum((yy1_QAM_training./xx1_QAM_training_matrix),2)/N_training_value; 

%obtain the estimation of the channel impulse response(first we have two columns and then we 

%make the average of these two colums) 

        channel_inv= diag(1./channel); 

        yy1_QAM_eq = channel_inv*yy1_QAM; 

    end 

end 
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% Final received vector 

NTS_QAM_INFO=Nc*(NTS_OFDM-1); % total number of QAM symbols carrying information 

%(without overheads) 

NTB_INFO=NTS_QAM_INFO*BpS; %Total number of information bits 

%Nota: Es necesario volverlo a calcular porque ahora lo que nos interesa son los 

%NTS_OFDM-1 simbolos OFDM por lo que NTS_QAM_INFO y NTB_INFO cambian. 

yy1_QAM_serial=reshape(yy1_QAM_eq,1,NTS_QAM_INFO);  

yy1_dec = qamdemod(yy1_QAM_serial,2^BpS,pi/2); 

z = reshape(de2bi(yy1_dec)', 1, NTB_INFO); 

% EVM calculation 

% Received Symbols 

RX_symbol=zeros(1,NTS_QAM_INFO); 

RX_symbol(1:NTS_QAM_INFO)=yy1_QAM_serial;  

N = ceil((TimeWindow*SampleRate)/length(yy1_QAM_serial)); % Número de filas con 1, o lo 

que es lo mismo, numero de veces que usaremos yy1_QAM_INFO hasta llegar a TW*SR 

aux = ones(N,1);  

RX_aux=reshape(aux*RX_symbol,1,length(aux)*length(RX_symbol)); % Es lo que plotea el vpi 

RX = RX_aux(1:TimeWindow*SampleRate); 

RX_real = real(RX); 

RX_imag = imag(RX); 

solteros = 0; 

if solteros == 0 

    % Transmitted Symbols (Repitiendo la señal, no hacemos caso de los solteros) 

    PRBS_TX = PRBS_TX(1:length(z)); 

    PRBS_TX_QAM = reshape(PRBS_TX,BpS,NTS_QAM_INFO)'; 

    PRBS_TX_QAM_matlab = qammod(bi2de(PRBS_TX_QAM),2^BpS,pi/2); 

    PRBS_TX_serial=reshape(PRBS_TX_QAM_matlab,1,NTS_QAM_INFO); %Salida del 

codificador QAM 
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    TX_symbol=zeros(1,NTS_QAM_INFO); 

    TX_symbol(1:NTS_QAM_INFO)=PRBS_TX_serial;  

    N = ceil((TimeWindow*SampleRate)/length(yy1_QAM_serial)); % Número de filas con 1, o 

lo que es lo mismo, numero de veces que usaremos yy1_QAM_INFO hasta llegar a TW*SR 

    aux = ones(N,1); 

    TX_aux=reshape(aux*TX_symbol,1,length(aux)*length(TX_symbol)); % Es lo que plotea el 

vpi 

    TX_EVM = TX_aux(1:TimeWindow*SampleRate); 

    RX_EVM = RX; 

else 

% Transmitted Symbols (Eliminando directamente los solteros) 

    PRBS_TX = PRBS_TX(1:length(z)); 

    PRBS_TX_QAM = reshape(PRBS_TX,BpS,NTS_QAM_INFO)'; 

    PRBS_TX_QAM_matlab = qammod(bi2de(PRBS_TX_QAM),2^BpS,pi/2); 

    PRBS_TX_serial=reshape(PRBS_TX_QAM_matlab,1,NTS_QAM_INFO); %Salida del 

codificador QAM 

    TX_EVM = PRBS_TX_serial; 

    RX_EVM = RX_symbol; 

end 

% Calculo de la EVM segun Vpi (Help) 

num1 = (real(TX_EVM)-real(RX_EVM)).^2; 

num2 = (imag(TX_EVM)-imag(RX_EVM)).^2; 

numtotal = sum(num1+num2); 

den1 = real(TX_EVM).^2; 

den2 = imag(TX_EVM).^2; 

dentotal = sum(den1+den2); 

EVM = sqrt(numtotal/dentotal); 

% BER calculation 



87 
Optical Orthogonal Frequency Division Systems with Direct Detection Receivers 
 

 

   

PRBS_TX= PRBS_TX(1:length(z)); 

result = xor(PRBS_TX,z);  

Errors= sum(result); 

BER = Errors/length(PRBS_TX);  
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D. – Receiver Sensitivity calculations (Python code) 

# tcl-script for Optimization 

# get platform 

set OS $tcl_platform(os) 

# save file name  

set saveFile1 p:/JuanMiguel/ResultsIMI/Prueba9.dat 

# initialization  

set prec 6e-4 

set lim 1e-3 

# clean the save file  

set fileID1 [open $saveFile1 w]  

close $fileID1 

# search for the laser power until a BER <= 1.0e-3  

for {set L 0} {$L<=50000} {incr L 5000} { 

 setstate UniversalFiberFwd_vtmg1 Length $L 

 set a 0 

 set b 0 

 set startAtt 0 

 set deltaAtt 5. 

 set cont 0 

 # set the laser power  

  initialize Attenuator Attenuation 

  setstate Attenuator Attenuation $startAtt 

 # execute the simulation  

 run 1  

 wrapup 
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 # get the BER value  

  set BER [statevalue BERcalculator InputValue]  

  set EVM [statevalue EVMcalculator InputValue] 

  set PRX [statevalue PRXcalculator InputValue] 

 while {$BER>$lim + $prec/2 || $BER<$lim  - $prec/2  } { 

   if { $BER>$lim + $prec/2 } { 

   set startAtt [expr $startAtt - $deltaAtt ]; 

   set b -1; 

   initialize Attenuator Attenuation 

    setstate Attenuator Attenuation $startAtt 

   run 1  

   wrapup 

   set BER [statevalue BERcalculator InputValue]  

    set EVM [statevalue EVMcalculator InputValue] 

    set PRX [statevalue PRXcalculator InputValue]   

   if { $BER<$lim  - $prec/2 } { 

            set a 1; 

   } 

    } elseif {$BER<$lim  - $prec/2} { 

   set startAtt [expr $startAtt + $deltaAtt ]; 

   set a 1; 

   initialize Attenuator Attenuation 

    setstate Attenuator Attenuation $startAtt 

   set prova $BER 

   run 1  

   wrapup 
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   set BER [statevalue BERcalculator InputValue]  

    set EVM [statevalue EVMcalculator InputValue] 

    set PRX [statevalue PRXcalculator InputValue]   

   if { $BER>$lim  - $prec/2 } { 

           set b -1; 

   } 

   } 

   if {$a*$b<0} { 

   set deltaAtt  [expr $deltaAtt / 2]; 

   set a 0; 

   set b 0; 

  } 

 } 

 set fileID1 [open $saveFile1 a] 

 puts $fileID1 "$L $startAtt $PRX $BER $EVM" 

 close $fileID1 

} 


