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Abstract 

Abstract 

The objective of this dissertation is to assess the transmission performance of  single sideband (SSB) 

direct detection (DD) 40 Gbit/s multi-band (MB) orthogonal frequency division multiplexing (OFDM) 

systems in electroabsorption modulator (EAM) based optical metropolitan area networks (MAN). 

Particularly, the OFDM signals and MB-OFDM signals are analysed, the power and chirp 

characteristics of the EAM are studied, and a MB-OFDM signal using radio frequency (RF) tones to 

assist the DD is proposed. The performance of the MB-OFDM system in MAN is presented by 

resorting to numerical simulation. The figure of merit used to evaluate the performance of the MB-

OFDM system is the required optical signal-to-noise ratio (OSNR) for a target bit error ratio of 10
-3

.  

It was demonstrated that, due to the intermodulation distortion components of the RF tones, the signal 

performance is highly degraded when the RF tones frequency do not have a common submultiple. 

Two MB-OFDM systems are evaluated in this dissertation. The 48 Gbit/s 16-QAM MB-OFDM 

system, occupying 20 GHz of bandwidth, comprising 4 bands each band occupying 3 GHz of 

bandwidth. This system shows a required OSNR of 38 dB in back-to-back (B2B) operation and a 

transmission penalty below 1 dB along 240 km of standard single mode fibre (SSMF). The 42 Gbit/s 

4-QAM MB-OFDM system, occupying 30 GHz of bandwidth, comprising 7 bands each band 

occupying 3 GHz of bandwidth. This system shows a required OSNR of 29 dB in B2B operation and, 

also, a transmission penalty below 1 dB along 240 km of SSMF.  

Keywords: multiband orthogonal frequency division multiplexing (MB-OFDM), metropolitan area 

networks (MAN), electroabsorption modulator (EAM), single side band (SSB), direct detection (DD). 
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Resumo 

Resumo 

O objectivo desta dissertação é avaliar o desempenho de um sistema multi-banda (MB) divisão 

ortogonal na frequência (OFDM) a 40 Gbit/s com detecção directa (DD), banda lateral única e 

modulador de electro-absorção (EAM) numa rede metropolitana. Os sinais OFDM e MB-OFDM são 

analisados, as características de chirp e do potência do EAM são estudadas e um sinal MB-OFDM que 

usa portadores em rádio frequência para ajudar na DD é proposto. O desempenho do sistema MB-

OFDM na rede metropolitana é avaliado recorrendo a simulação numérica. A figura de mérito usada 

para avaliar o desempenho e do sistema MB-OFDM é a relação sinal-ruido ópticos (OSNR) para obter 

um rácio de erro de bit de 10
-3

. 

Demonstra-se que, devido às componentes de intermodulação das portadoras RF, o desempenho do 

sinal fortemente degradada quando essas portadoras não têm um submúltiplo comum. 

Dois sistemas MB-OFDM são avaliados nesta dissertação. O sistema MB-OFDM com 48 Gbit/s, 

ocupa 20 GHz de largura de banda tendo 4 bandas com 3 GHz de largura de banda cada. Este sistema 

apresenta uma OSNR requerida de 38 dB em operação sem fibra e uma penalidade transmissão abaixo 

de 1 dB para 240 km de fibra padrão de modo único (SSMF). O sistema MB-OFDM com 42 Gbit/s, 

ocupa 30 GHz de largura de banda e tem 7 bandas com 3 GHz de largura de banda cada. Este sistema 

apresenta uma OSNR requerida de 38 dB em operação sem fibra e uma penalidade transmissão abaixo 

de 1 dB para 240 km de SSMF. 

Palavras-chave: multi-banda de divisão ortogonal na frequência, rede metropolitana, modulador de 

electro-absorção, detecção directa, banda lateral única. 
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1 Introduction 

Chapter 1 

Introduction 

In this chapter, an introduction to optical metropolitan area networks (MAN) and orthogonal 

frequency division multiplexing (OFDM) is presented. In section 1.1, the scope of the work is 

described, along with a presentation of MAN and OFDM history. In section 1.2, the motivation to 

work on this dissertation is presented. Afterwards in section 1.3, the objectives and structure of this 

dissertation are shown. In section 1.4, the main original contributions of this dissertation are described. 

1.1 Scope of the work 

The scope of this work is to evaluate and optimize a MB-OFDM system with direct detection and 

using a EAM as optical transmitter in a metropolitan network. 

In this section, the metropolitan network is presented and the OFDM and MB-OFDM signals are 

introduced. The main types of optical detection and optical transmitters are also presented. 

1.1.1 Optical metropolitan network 

While optical communications systems have been sitting back in the first half of the 20
th
 century, in 

the later 20
th
 century they were the main trend of studying, since electrical based systems had reached 

a point of saturation in capacity and reach [1]. 

Without amplification, optical systems need regeneration between spans with distances of about 100 

km (depending on receiver sensitivity), a lot more than the 1 km of the coaxial counterpart. Nowadays, 

the requirements of transmission capacity per channel are still increasing, doubling every two years 

approximately [2]. This constant increase of data volume makes optical transmission the only possible 

choice for high capacity links over 10 km. Optical core networks have a capacity up to 100 gigabits 

per second per optical channel and metropolitan area networks will follow it in a couple of years [3]. 

The link between long-haul networks (inter-regional connections) and access networks (residential 

connections with very short distance links) are the metropolitan area networks [4]. The extensions of 
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metropolitan area network differ due to different geographical areas, but typically they usually go to 

about 200 km to 300 km [5]. The spans between nodes normally have similar distances in the same 

network and the distances are usually about 40 km to 80 km [5]. 

A metropolitan network needs to be prepared to aggregate different types of traffic from the users. 

Therefore, they must have dynamic reconfiguration and enable scalability [6]. Since the infrastructure 

of a metropolitan network is shared by fewer people than a core network, it is important to have cost 

effective solutions [5]. To reduce costs, the power consumption and space occupied by the network is 

constrained, while the complexity of the system is keep to a minimum to reduce the number and cost 

of the components. Cost reduction can also be achieved by integration of the metropolitan and access 

networks in a hybrid optical network [6][7]. 

The most common architecture for an optical MAN is the ring topology as illustrated in figure 1.1. 

Rings offer a sparser, also cost effective, topology, while also granting an alternative path to reroute 

traffic [4]. However, one of the problems created from this topology is that a node has to deal with 

traffic between two other nodes, even when none of that traffic is directed to it. Until the very end of 

the 20
th
 century, optical rerouting was not yet implemented and the networks were opaque, which 

required every node had to do an optical-electrical conversion of all the traffic passing thorough the 

node. Opaque networks require expensive transponders, needed to do optical-electrical conversions, 

and with the increase of the bandwidth requirements, the electrical components costs are increasing 

[5]. A ring topology, despite providing a cheaper connection between needs than a mesh topology 

(where a node is directly connected to every other node in the network), it requires extra capacity per 

node/link, since the node has to deal with traffic that is not directed to it. In an opaque network, this is 

even more dramatic, since it pushes the cost and capacity of the electrical components to the limit. 

Nowadays, optical add-drop multiplexers (OADM) are already available, that can do add-drop 

operations the optical domain. With the help of these devices, traffic can pass through the node 

without being converted to the electrical domain. This is called a transparent network [1]. 

Having a transparent network, imposes new design challenges [5] such as: increase of the OSNR of 

the system due to the noise caused by the optical amplifiers, which subsequently can increase the bit-

error ratio which degrades system performance; the fibre distance and the number of nodes that a 

signal can travel through without being detected is considerably increased when compared to opaque 

networks, which requires the use of methods to reduce fibre dispersion that do not considerably 

increase the price and complexity of the network; due to low selectiveness of narrow optical filter, add 

and drop operations do not perfectly cut off bands which leads to inter band crosstalk.  
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Figure 1.1 Illustration of a ring topology [6] 

1.1.2 Historical perspective of OFDM 

The concept of OFDM was first introduced by Chang in 1966 in a seminal paper [8]. OFDM was first 

developed for military applications. In the 70s there was an obvious lack of powerful integrated 

electronic circuits to support the complex configuration required by OFDM and researches were left in 

standby. The 90s, with the maturing of large scale integrated chips and the arrival of broadband digital 

applications, have revived the interested in OFDM in a wide range of applications, such as digital 

broadcasting, wireless local area networks, wireless metropolitan area networks, asymmetric digital 

subscriber line (ADSL) and third generation mobile communications technology [1]. 

OFDM in optical communication was presented in the literature in 1996 [9]. OFDM in optical 

communications provides capacity granularity, spectral efficiency and robustness against fibre 

dispersion [10][11][12]. Due to its advantages, OFDM systems are being widely adopted for optical 

communications. In a network, OFDM presents another advantage, which is flexible bandwidth 

allocation [2]. This advantage can be a technical solution to allocate different capacities to several 

users [6].  

Despite OFDM is relatively new in optical fibre communications, it has become a very popular 

research topic, due to its advantage of being adaptable for many different applications. 

1.1.3 Main types of optical detection 

The main detection schemes of OFDM systems that have been developed are: direct detection optical 

OFDM (DDO-OFDM) and coherent optical OFDM (CO-OFDM). 

In DDO-OFDM, the optical carrier is sent along with the OFDM signal so that a single photodiode can 

be used at the receiver to make the optical-electrical conversion of the signal. With this, a laser is not 

required at the receiver side and so the problem of OFDM being sensitive to phase noise and 

frequency offset is reduced. However, DDO-OFDM has more sensitive to noise and is less power 
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efficient as some of the carrier power is wasted in the channel [13], due to fibre attenuation. This 

power that is wasted in the fibre can be used in the photodetection to reduce the distortion caused by 

the PIN conversion process. 

In CO-OFDM, the need to send the optical carrier with the signal is supressed because the receiver 

includes a local oscillator. This, however, creates the problem of sensitivity to phase noise and 

frequency offset [11]. CO-OFDM has superior performance with respect to optical signal-to-noise 

ratio (OSNR) requirements and spectral efficiency, when compared to DDO-OFDM, which makes it 

an excellent choice for long distance transmission systems with high bit rates [14]. However, this 

performance also involves an increase in receiver complexity and cost.  

In MAN, where distances are not very long, the gain in performance of CO-OFDM may not be enough 

for the complexity and investment needed, when compared to DDO-OFDM. For this reason, most of 

the research regarding OFDM and MAN are done with DDO-OFDM, since it is a more suitable cost-

effective solution that with the deployment of erbium doped fibre amplifiers (EDFA) can work in links 

with more than a hundred kilometres [4]. 

1.1.4 Main types of optical transmitters 

The optical transmitter role is to generate an optical signal and launch it into the optical fibre. 

The optical modulators can either use direct modulation, which uses the optical source component to 

directly modulate the light or external modulation, where the modulated data is imposed after the light 

is out of the LD. Although direct modulation is inexpensive, it imposes further frequency chirp to the 

output signal, which combined with the chromatic dispersion of the optical fibre, greatly limits the 

transmission distance at higher bit rates (several Gbit/s) [15]. To avoid that higher chirp levels, 

external modulators are used, and the most common are the Mach-Zehnder modulator (MZM) and the 

EAM.  

The MZM is based on the electro-optic effect, which is the effect of changing the refractive index of a 

material with a voltage applied across the electrodes. The EAM is composed of multiple semi-

conductor positive-negative (PN) layers with quantum wells (QW) [15]. The EAM uses the Stark 

effect to alter the gap between layers and increase or decrease photon absorption by the material [4]. 

The semi-conductor material composing the EAM is the same used to create the LDs and, for this, it 

can be built in the same substrate, creating a lower-cost integrated solution than the one of the MZM. 

The EAM has a very good performance per cost characteristic and while the performance is lower than 

the MZM, it is much better than directly modulated lasers (DML). By being cheaper and smaller than 

the MZM, while still presenting good performance, makes the EAM an appropriate choice to be used 

in metropolitan area networks. 

The optical transmitter considered in this work is an externally modulated laser (EML), which uses the 
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combination of a continuous-wave laser (CW) as the optical source and an EAM as the signal 

modulator. In this work, the optical source considered is a laser diode (LD) with single frequency and 

constant power.  

1.1.5 Multiband-OFDM concept 

While OFDM proposes the use of multi-carriers in place of single-carrier transmission, MB-OFDM 

proposes the use of multiple bands in place of single-band transmission, where each band is an 

independent OFDM signal. With the continuing growth of traffic, improving the transparency of the 

optical network is a very important issue [16]. Without MB, the use of electrical aggregation remains 

mandatory for finer granularity than the capacity of the optical channel, since so far it is impossible to 

divide a single-band OFDM signal before OFDM demodulation.  

With MB, the channel spectrum is divided in narrow and independent OFDM bands. This allows for 

more flexible channels with higher granularity [17], which gives further routing options in each node, 

also being able to divide a higher-rate MB-OFDM signal into several OFDM signals with lower-rate, 

without any conversion to the electrical domain. However, nowadays the maximum granularity an 

OADM can provide is insertion and extraction of one wavelength (which corresponds to a whole MB-

OFDM signal) in a wavelength division multiplexing (WDM) system [18]. To insert and extract a 

single band of a MB-OFDM signal, the OADM must have an additional block to insert and extract 

bands from the OADM extracted wavelength, which is proposed in [6]. Figure 2.7 shows an example 

of an OADM, with one input MB-OFDM signal in wavelength   . The OADM extracts the signal in 

wavelength     from the WDM system. After, the band insertion/extraction block extracts bands 2 and 

5 from the MB-OFDM signal and inserts a new OFDM band in the frequency of the previous band 5. 

The OADM then re-inserts the new MB-OFDM signal in wavelength    of the WDM system. 

OADM 1 3 4
Fibre Fibre

Drop

1 2 53 4
5

Add

52 5

λₒ

λₒ

λₒ

λₒ

λ λ

λ
λ

 

Figure 1.2 Illustration of OADM operation with MB-OFDM signals 

A MB-OFDM system for a MAN has several challenges the still remain for investigation. The 

bandwidth limitations of the electrical components, due to the necessity of lower costs in MAN, 
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determine the capacity and number of bands of a MB-OFDM system. The increased complexity 

caused by using band insertion/extraction blocks, and their impact on the system performance still 

needs to be investigated. The reduced selectivity of the optical filters used for insertion/extraction lead 

to inter-band crosstalk (e.g. the optical filter is not selective enough to cut-off neighbouring bands) and 

intra-band crosstalk (e.g. in figure 1.2, the extracted band 5 may still interfere with the newly inserted 

band 5 if the removal process does not entirely remove the band). Despite the technical challenges of a 

MB-OFDM system in a MAN, the possibility of higher granularity in the optical domain, which leads 

to lower bandwidth requirements of the electrical components [16] and results in a more cost-effective 

network, makes the MB-OFDM system an appropriate research topic for MAN [6]. 

1.2 Motivation 

The EAM presents the advantages of being cheaper and smaller than the MZM, with the disadvantage 

of inducing more distortion in the signal which reduces performance. The MZM is the transmitter 

common employed in for long-haul networks due to the large distances of this kind of networks. In a 

metropolitan network the distances are normally tens of kilometres, which open the possibility of 

using cheaper transmitters, such as the EAM. 

A MAN must be prepared to have high flexibility, enabling scalability, dynamic reconfiguration and 

transparency due to the protocols used to aggregate different types of traffic in access networks. MB-

OFDM provides higher granularity and transparency by having narrow and independent OFDM bands 

that can be dropped or added in each network node in the optical domain. This method reduces the 

bandwidth requirements of some electrical components, which in turn reduce the overall cost of the 

network. To have DD an optical carrier needs to be incident on the photodetector so that the 

information can be recovered. In a MB-OFDM system the extracted OFDM band is removed from the 

signal alone. Therefore, a MB-OFDM system with DD presents the necessity of using dual band 

optical filters (one band to filter the optical carrier and another for the OFDM band). Since the OFDM 

bands have small bandwidths (few GHz) and the gaps are also smalls (also a few GHz), the dual band 

optical filter needs two narrow passing bands with high selectivity and spaced by a few GHz. Filters 

with these requirements are very expensive to produce. A better solution is to use tone-assisted MB-

OFDM that can overcome this problem by adding a RF tone next to each OFDM band for DD, which 

only requires a single band optical filter and without increasing the system complexity. 

In this dissertation, the implementation of tone-assisted MB-OFDM in MAN is investigated as a 

solution for the necessity of MAN to have better granularity and transparency, while still being cost-

effective. 
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1.3 Objectives and structure of the dissertation 

The main objective of this work is to optimize and evaluate, through numerical simulation, the 

transmission performance of a SSB DD MB-OFDM system in a MAN employing an EAM as optical 

transmitter. The performance evaluation uses the required OSNR as figure of merit. 

This dissertation is composed by 5 chapters and 1 appendix. 

In Chapter 2, the basics of the OFDM signals and MB-OFDM signals are presented, along with the 

discrete Fourier transform (DFT) OFDM architecture. Also, the error vector magnitude (EVM) as a 

figure of merit to compare noiseless systems and the quadrature amplitude modulation (QAM) 

mapping are introduced. The EVM measures the scattering of the QAM symbols, which in a noiseless 

system, is only caused by system distortion. 

In Chapter 3, the equivalent model of the MAN is presented and the EAM chirp parameter and output 

characteristics are studied. The single side band (SSB) technique used to reduce the system bandwidth 

and mitigate the dispersion-induced power fading caused by the fibre is analysed. The tone-assisted 

MB-OFDM is proposed along with the study of the main system parameters. 

In Chapter 4, the performance of the SSB DD MB-OFDM is evaluated in two system configurations. 

One system with 4 OFDM bands and a maximum bandwidth of 20 GHz. Another system with 7 

OFDM bands and a maximum bandwidth of 30 GHz. The performances of the systems are firstly 

evaluated in back-to-back (B2B) operation and rectangular band selector filters as reference situation. 

These analyses are then further developed for systems including super Gaussian (SP) optical filters as 

band selector filters and considering fibre transmission. 

Chapter 5 presents the final conclusion of this dissertation and proposes future work on this subject. 

The appendix presents some parts of the MB-OFDM system in greater detail and a theoretical power 

budget of that system. 

1.4 Main original contributions 

In the author’s opinion, the main contributions of the work developed in this dissertation are: 

 Assessment of the performance of the tone-assisted SSB MB-OFDM system in MAN 

employing EAM 

 Analysis of the chirp effect of the EAM in a DD SSB MB-OFDM signal 

 Identification of main parameters of the tone-assisted SSB MB-OFDM system 

 Analysis of harmonic and intermodulation distortion of tone-assisted MB-OFDM signal 
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caused by the EAM non-linearity 

 Analysis of the impact and optimization of the carrier to band power ratio and carrier to band 

gap on the performance of the tone-assisted SSB MB-OFDM system with DD and employing 

an EAM as optical transmitter 

  Evaluation of the OSNR required to achieve a BER of 10
-3

 in a DD 40 Gbit/s SSB MB-

OFDM system employing EAM in optical MAN. 

 

Part of the results of this work were used in the paper “Direct-detection multi-band OFDM 

metro networks employing virtual carriers and low receiver bandwidth” by T. Alves, A. 

Alberto and A. Cartaxo, that was submitted to Optical Fibre Conference, S. Francisco, CA, 

March 2014. 

.
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2 System theoretical basis 

Chapter 2 

System theoretical basis 

In this chapter, the OFDM system parameters and architecture will be explained, along with the 

introduction of MB-OFDM signal generation. In section 2.1, the mathematical representation of 

OFDM signals and OFDM system parameters are presented. Section 2.2 is about the OFDM system 

architecture and OFDM signal generation. In section 2.3 the MB-OFDM parameters and signal 

generation are presented. In section 2.4, the figure of merit error vector magnitude to evaluate 

noiseless systems is showed. In section 2.5, the required EVM to obtain three different BER values for 

QAM constellations is computed and presented. In section 2.6, a brief explanation of the exhaustive 

Gaussian approach, used in place of direct error counting, is presented. 

2.1 OFDM signal 

2.1.1 Mathematical description of an OFDM signal 

OFDM belongs to a wider class of multicarrier modulation (MCM) in which a stream of data is 

divided in parallel lower capacity streams [1]. These lower capacity streams are carried on subcarriers, 

where each subcarrier has its own frequency and should not interfere with other subcarriers. For 

frequency division multiplexing (FDM), this division is made in frequency domain. The difference 

between FDM and OFDM is that, in OFDM, the subcarriers are orthogonal between themselves, 

meaning they can be packet closer together without interfering with each other. So, under optimal 

conditions, each subcarrier can be considered to be completely free from inter-carrier interference 

(ICI) while using less bandwidth than in normal FDM. 

An OFDM signal is considered to have   subcarriers, each subcarrier bearing its own information 

symbols ( ). Therefore, an OFDM signal      results from a sum of all subcarriers and can be 

expressed in the time domain as: 
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 (2.1) 

with      being the k-th mapped symbol in the n-th subcarrier,    the duration of the OFDM symbol,   

the time and    the frequency of the n-th subcarrier.       is the waveform of the n-th subcarrier with 

pulse shaping function and it can be described as: 

                   (2.2) 

     is a rectangular pulse shape given by: 

      {
          

 
          

 (2.3) 

Each subcarrier must be orthogonal to every other subcarrier in the OFDM signal to prevent ICI and 

increase the signal spectral efficiency by overlapping the subcarriers spectra. With a rectangular pulse 

shape in time domain, the spectra of the subcarriers have a sinc squared shape, with the sinc function 

defined by: 

         
        

  
 (2.4) 

 For a sinc squared shape the nulls occur every multiple of the inverse of the pulse duration, which is 

given by: 

   
 

  
      (2.4) 

So, in order to ensure the subcarriers are orthogonal to each other, the subcarrier spacing within the 

OFDM signal must be equal to the spacing between nulls of the sinc squared signals.    is the spacing 

between adjacent subcarriers and, by following the orthogonality condition of the subcarriers, it can be 

given by: 

    
 

  
      (2.5) 

To maximize the spectral efficiency, the value of   should be as small as possible, this means  

   
 

  
. With (2.5), it is ensured that the subcarriers are orthogonal and an optimal receiver with the 

perfect synchronization won’t be able to detect any other subcarrier than its own. 

In an OFDM system, there is a need to have a large number of subcarriers so that the channel affects 
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each subcarrier as a linear channel [1]. To create those subcarriers, there are two general ways to do it. 

One way is to use a large number of filters and synchronized oscillators (one for each subcarrier) with 

different working frequencies to generate the orthogonal subcarriers. The other way is to use the 

Discrete Fourier transform (DFT) to modulate the signal into various subcarriers, while the number of 

filters and oscillators used is independent of the number of subcarriers. 

To use the DFT to generate the subcarriers in an OFDM system, it is necessary to relate it with an 

OFDM signal. By inspection of an OFDM symbol from equation (2.1) and considering the sample 

period to be 
  

 
: 

      ∑    
        

 

   

   

 (2.6) 

Following the frequency orthogonal rule from equation (2.5) and since the system is still in base band, 

then: 

       
 

  
 (2.7) 

By applying equation (2.7) in equation (2.6), the OFDM symbol equation becomes identical to the 

definition of IDFT [1], mathematically showing that OFDM symbol can be created by accomplishing 

a IDFT of the mapped symbols: 

      ∑    
     

 

   

   

 (2.8) 

2.1.2 Guard interval 

When in the presence of dispersive channels, the signal spreads in time. This can be a problem if the 

OFDM symbol, when overcoming its boundary, interferes with its neighbour, causing inter-symbol 

interference (ISI). When the boundary is exceeded, the DFT window, that should contain the complete 

OFDM symbol, won’t be synchronized with the entire OFDM symbol. This will make the subcarriers 

non-orthogonal and it will result in ICI penalty. 

A guard interval (GI) was proposed to solve the problem caused by channel dispersion [19]. The 

definition of GI is to insert a time gap between consecutive OFDM symbols. This gap can be a zero 

guard or a cyclic prefix. To solve the dispersion caused by the channel, a condition for ISI-free 

transmission must be held, which is given by: 
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        (2.9) 

with     being the amount of time spreading caused by dispersion and    the GI time gap. This 

condition can be translated to: the inserted time gap must be longer than the amount of time spreading 

affecting the OFDM symbol. This spreading is related with the chromatic dispersion parameter of the 

fibre   , the fibre length    and the spectral width of the optical signal   , and is given by: 

            (2.10) 

Introducing a GI with zero guard consists in filling the time gap with zeros. It can be used for symbol 

synchronization and, if condition 2.9 holds, it also mitigates most of the ISI. However, this causes ICI 

since circular integration of the signal is no longer valid. To mitigate this, a cyclic prefix (CP) was 

proposed [19], where a portion of the last part of each OFDM symbol is copied and inserted in the 

time gap of the guard interval, as illustrated in figure 2.1. 

 

Figure 2.1 An OFDM symbol with guard time composed of a cyclic prefix 

With the inserted gap interval, the OFDM symbol duration is increased to: 

          (2.11) 

where    is the OFDM symbol duration with a GI. 

2.1.3 Peak-to-average power ratio 

High peak-to-average power ratio (PAPR) is one of the drawbacks of OFDM communication systems. 

It is caused by independent phases of the subcarriers that combine constructively, causing high peaks. 

An optical signal with high PAPR suffers from higher distortion due to optical fibre nonlinearities that 

are affected by the signal peak power. It can lead to lower signal-to-noise ratios since lower 

amplitudes are imposed on the OFDM signal to stay in the dynamic range of the converters or, if the 

lower amplitudes are not imposed, it results in clipping of the signal causing the appearance of inter-

modulation products that will interfere with neighbouring subcarriers, causing loss of orthogonality 

[20]. 

The PAPR of an OFDM signal      can be defined as 
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 (2.12) 

where         stands for the maximum value function and      for the expected value operator. 

Since the PAPR is dependent of the sequence of mapped symbols, table 2.1 shows the mean PAPR of 

a hundred OFDM symbols, after the up-conversion and with 10Gbit/s bit rate. Each OFDM symbol 

has 4096 mapped symbols. 

 

Table 2.1 PAPR of an OFDM symbol with different number of subcarriers and spectral efficiency 

PAPR [dB]                             

4-QAM 12.59 12.75 12.78 12.84 12.92 

16-QAM 12.41 12.49 12.53 12.56 12.61 

 

As shown in table 2.1, the PAPR is dependent on the signal’s spectral efficiency and number of 

subcarriers. The differences between the calculated PAPRs do not exceed 1dB, this means that the 

PAPR has low sensibility to these parameters. All PAPRs are above 12 dB, meaning that the peak is 

one order of magnitude higher than the average signal power, which is considerably high. 

There are several techniques presented in the literature to reduce PAPR of a signal. However, this 

subject won’t be addressed in this work. 

2.1.4 OFDM parameters 

Several parameters define an OFDM system. Three of these parameters, can be considered the most 

important to define the system. The first important parameter is the number of bits carried in an 

OFDM signal, which is given by: 

             (2.13) 

where   is the size of the alphabet of the modulation used to map the binary data. 

Another important parameter is the total bit rate of the system [1]: 

    
       

  
 (2.14). 

Another crucial parameter is the signal total bandwidth. Figure 2.2 shows the spectrum of a generic 

OFDM signal when the waveform shaping filter has a sync form in the frequency domain. 
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Figure 2.2 Spectrum of a generic OFDM signal when the waveform shaping filter has a sync form in 

the frequency domain 

Considering the power outside the main lobes is negligible, than a general equation for OFDM signals 

with sync waveform shaping filter in the frequency domain can be derive from figure 2.2, which is: 

            
 

  
 (2.15) 

To maximize the spectral efficiency,    should be as small as possible. Equation (2.5) takes    . 

For    , the bandwidth can be approximated by: 

    
 

  
 (2.16) 

The parameter that relates the bit rate with the allocated bandwidth of the system is the spectral 

efficiency. This parameter is used to measure the efficiency of the communication systems. 

   
  

  
 (2.17) 

Combining (2.14) and (2.16), the spectral efficiency equation (2.17) can be expressed as: 

 
  

  

  
      

 

  
  
  

      
(2.18) 

Table 2.2 shows an example of OFDM signal parameters. The table is divided into four sections, each 

with three lines. In the first line of each section, the system does not have a guard interval. In the 

second and third line of each section, the system has the same guard interval. However, in the second 

 𝑓 

 𝑁     𝑓 

 

𝑇𝑠
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line the OFDM symbol duration is higher due to having more QAM symbols, which leads to a lower 

bit rate. In the third line, the OFDM symbol duration is the same as in the first line, at the penalty of a 

higher bandwidth allocation for the system. 

Table 2.2 Example of OFDM signals with different parameters 

 
                                                         

    

128 64 12.8 0 12.8 10 5 2 

128 64 13.2 0.4 12.8 9.7 5 1.94 

128 64 12.8 0.4 12.4 10 5.15 1.94 

512 256 51.2 0 51.2 10 5 2 

512 256 51.6 0.4 51.2 9.92 5 1.98 

512 256 51.2 0.4 50.81 10 5.04 1.98 

 
        

     

256 64 25.6 0 25.6 10 2.5 4 

256 64 26.4 0.8 25.6 9.7 2.5 3.88 

256 64 25.6 0.8 24.8 10 2.58 3.88 

1024 256 102.4 0 102.4 10 2.5 4 

1024 256 103.2 0.8 102.4 9.9 2.5 3.96 

1024 256 102.4 0.8 101.6 10 2.52 3.97 

 

It can be seen in table 2.2 that increasing the number of subcarriers makes the signal more resilient to 

the penalties caused by the GI, but it does not affect the bit rate or the bandwidth of the system. It also 

shows that increasing the size of the symbol alphabet, reduces the system required bandwidth and 

increases the spectral efficiency. This, however, comes with the penalty of increasing the sensibility of 

the signal to noise ratio (SNR), which is not measured in table 2.2. 
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2.2 DFT-based architecture 

The basic functions of DFT based architecture are described in this section. Figure 2.3 is an overview 

of the OFDM transmitter and receiver. 
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Figure 2.3 Block diagram of an OFDM transmitter and receiver with IDFT modulation 

The system transmitter sends the binary data as follows: 

1. The QAM mapper and a serial-to-parallel (S/P) converter. 

 The bits are mapped into QAM symbols, like in a single carrier system, and then are 

divided into groups of   symbols with one symbol being given to one subcarrier like 

shown in figure 2.4. 

A B C D E F G H I B E H

A D G

C F I
Symbol Serial Stream

Symbol Parallel Stream

Subcarrier 1

Subcarrier 2

Subcarrier 3

 

Figure 2.4 Serial-to-parallel conversion 

2. OFDM modulator. 

 Conversion of a group of   mapped symbols into an OFDM symbol using an IFFT 

block. 

3. Insertion of the guard interval. 

 The guard interval is introduced between OFDM symbols to reduce the impact of 

channel dispersion.     is the new number of subcarriers after the GI is created. 

4. The parallel-to-serial (P/S) and digital-to-analogue converter (DAC). 

 The P/S basically makes the opposite of the S/P. 

 The real and imaginary components of the signal are separated into two independent 

channels 
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 The DAC converts the discrete signals into an analogue waveform. 

5. The low-pass filter (LPF). 

 It is used to eliminate the excessive bandwidth that is caused by the aliasing 

components. This LPF is characterized by a rectangular shape with a bandwidth equal 

to the OFDM signal bandwidth (  ). 

6. Up-conversion. 

 The two components of the signal are up-converted, in quadrature to each other, to the 

target central frequency     . 

The OFDM receiver detects and retrieves the binary data as follows: 

1. Down-conversion and LPF. 

 In the down-conversion, the received signal is multiplied by a down-conversion 

frequency (       that makes the resulting signal spectrum to be centred at zero 

frequency and at        frequency. The resulting signal spectrum is a copy of the 

original OFDM signal spectrum. 

 The in-phase and quadrature components of the signal are separated. 

 Applying the LPF eliminates the signal centred at       , leaving the zero frequency 

component. 

2. Analogue-to-Digital converter (ADC) and S/P. 

 The ADC converts the analogue signal to discrete samples. In an ideal channel, the 

samples at the ADC’s output should be equal to the samples at the DAC’s input. 

 Then the two separated components are joined together, with the in-phase component 

corresponding to the real component and the quadrature component corresponding to 

the imaginary component. 

 The S/P does the conversion shown in figure 2.4, that was already explained. 

3. Guard interval removal. 

 The guard interval is removed. 

4. OFDM demodulator. 

 It is a FFT block that converts the received OFDM symbol into the received   

mapped information symbols. 

5. Equalizer. 

 It is used a single-tap equalizer for the equalization process. The equalizer estimates 

the transfer function of the channel for each subcarrier by using training symbols, then 

it applies the inverse of the estimated channel characteristic to the received symbol in 

order to compensate for amplitude and phase distortion. The equalization process is 

described in detailed in appendix A.7. 
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6. P/S & QAM demapper. 

 The P/S does the conversion shown in figure 2.4, that was already explained. 

 The QAM demapper is where the decision process happens and the mapped symbols 

are converted into a bit stream, that ideally should be equal to the bit stream at the 

transmitter input. 

 

Figures 2.5 and 2.6 were obtain using the parameters from line 2 of table 2.2, using a developed 

simulation program in Matlab. Figure 2.5 shows an example of the waveform of an OFDM symbol, 

while figure 2.6 shows its spectrum. 

 

Figure 2.5 Time waveform of the in-phase component of an OFDM symbol 

 

Figure 2.6 Spectrum of the OFDM signal at the output of the up-converter 

From figure 2.5, it can be seen that the OFDM system developed for this work generates a waveform 

that does not show discontinuities which results in a spectrum without spreading to frequencies outside 

of the OFDM expected bandwidth. 
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2.3 MB-OFDM signal 

A MB-OFDM signal is composed by bands, with an OFDM signal in each band. The bands have 

different central frequencies so they do not interfere with each other. The OFDM signal description 

from subsection 2.1 and the DFT-based architecture from subsection 2.2 still remain valid, since the 

OFDM signal from those subsections can be considered as one band of the MB-OFDM signal. 

Each band has its own central frequency. However, their central frequencies are related to each other 

by 

             
      

 
 

    

 
                 (2.19) 

where      is the central frequency of the n-th band,      is the bandwidth of the n-th band that can be 

calculated with equation 2.15,     is the gap between bands and       is the total number of bands. 

The central frequency of the first band is determined by a predefined gap to the optical carrier 

component (         ). The impact on the system performance of the values of both this gap and     

are analysed in Chapter 3. 

The bit rate of the MB-OFDM can be described as 

            ∑     

     

   

 (2.20) 

where            is the bit rate of the MB-OFDM system and      is the bit rate of the n-th band, 

which can calculated with equation 2.14, since each band is an independent OFDM system. If all 

bands have the same parameters, then the total bit rate can be simplified to 

                    (2.21) 

with    being the bit rate of one band. Another parameter for the MB-OFDM system is its bandwidth, 

which can generally be expressed as 

                    ∑     

     

   

 ∑      

       

   

 (2.22) 

where          is the MB-OFDM system bandwidth, and       is the gap between band m and band 

m+1. When all bands have the same parameters and band gap, then the equation can be simplified to 

                           +             (2.23) 
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Figure 2.8 shows the spectrum of a MB-OFDM signal with 10 Gbit/s and 4 bands, each with 2.5 

Gbit/s and 1.25 GHz bandwidth. The gap to the optical carrier is 4 GHz and the gap between bands is 

1 GHz. The MB-OFDM signal uses more bandwidth than single-band OFDM, due to the gaps 

between each band. However, from a component point of view, each band has lower requirements for 

the components. From a network point of view, that channel has the same capacity as the one in figure 

2.6 but, since each band is independent, the signal can be separated into four different signals to four 

different destinations, without OFDM demodulation. 

 

Figure 2.7 Spectrum of a MB-OFDM signal at the output of the up-converter 

2.4 Error vector magnitude 

The EVM is a figure of merit that quantifies the quality of the digital transmission. Its value expresses 

the difference of amplitude and phase between the value of the actual received QAM symbol and its 

expected value. Figure 2.9 illustrates the concept of the EVM. 

Q
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Measured 
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Vector

 

Figure 2.8 Illustration of the concept of the EVM 

The reference vector has the information of the ideal symbol value, the measured vector has the 

information of the received symbol value, after being affect by noise and distortion, and the error 

vector is the difference between the other two vectors. Since the EVM represents the difference 

between the ideal value and the measured value, it works independently of the kind of mapping that is 

Δ𝑓𝑂𝑐 𝑏𝑎𝑛𝑑 

𝐵𝑤  𝑓𝑐 
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used or the size of the symbol alphabet chosen. 

The definition of EVM in the n-th subcarrier is given by: 

 

 

     
∑ |      ̃   |

         

   

∑ |    |
         

   

 (2.24) 

where      is the value of the EVM in the n-th subcarrier,          is the number of transmitted 

OFDM information symbols,      is the k-th transmitted QAM information symbol in the n-th 

subcarrier and  ̃    is the k-th received QAM information symbol in the n-th subcarrier. The EVM of 

the system is given by: 

     
 

 
∑     

 

   

 (2.25) 

where   is the number of subcarriers in the OFDM system. The rms value of the EVM is calculated 

with: 

        √    (2.26) 

with the        being the rms value of the EVM. 

In this work, the EVM values that are presented refer to the EVM equation (2.25). 

2.5 QAM bit-error rate performance 

QAM is a technique to easily achieve higher bit rates without increasing the bandwidth [21]. However, 

increasing the size of the alphabet results in lowering the distance between symbols, considering the 

maximum amplitude is the same (figure A.1). This causes the signal to be more sensitive to distortion 

and noise, which will increase the bit-error rate (BER). 

BER is a way to evaluate the quality of a communication system, since bit errors is what generally 

limits the distance and bit rate. A BER of       is considered good value for a fibre optic system, 

while      is acceptable. 

With the integration of forward error correction (FEC) using Reed-Solomon coding (RS), it became 

possible to achieve a desirable BER, that otherwise would be very difficult. A RS(255,239) code can 

improve the BER from      to     , with a 6.7% overhead [22]. The overhead is the fraction of bits 

that are used for error correction and have no information purpose. So to maintain a data rate of 10 
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Gbit/s, the total link rate needs to be 10.67 Gbit/s. 

Considering additive white Gaussian noise (AWGN) is the dominant cause of bit errors, it is possible 

to use closed-form expressions to compute the BER. These expressions can be found in the literature.  

From the literature, an equation used to calculate the BER for square constellations or even number of 

bits per symbol (4/16/64 QAM) [23] and it is 

      
√   

√     (√ )
     (√

        

      

 

      
        

) (2.27) 

where   is the size of the alphabet used,        is the root mean square of the error vector 

magnitude and          is the complementary error function. 

Table 2.3 shows the required EVM, in dB, to achieve a desirable BER, considering AWGN as 

dominant. 

Table 2.3 Required EVM [dB] for a desirable BER per M-QAM 

EVM [dB]                             

4-QAM -9.8 -15.6 -16.9 

16-QAM -16.5 -22.4 -23.8 

64-QAM -22.5 -28.6 -30.0 

 

The literature also demonstrates that these approximations are very close to the exact BER for high 

signal to noise ratio (SNR). In this work, the target BER is      while using RS(255,239) coding. 

2.6 Exhaustive Gaussian approach 

To obtain the BER of a communications system, analytical expressions are often inaccurate. The 

evaluation of BER through analytical expressions considers that the distortion of the received signal is 

neglected when compared to the influence of AWGN, which is usually not the case [24]. 

In simulation or experimental setups where distortion is not neglected, the BER is typically evaluated 

by direct error counting (DEC) (in simulation this is done with Monte Carlo estimates). However, the 

amount of data required to obtain an accurate BER result is considerable high, particularly when the 

BER levels are low. 

To overcome the high amounts of data that is required for DEC, an exhaustive Gaussian approach 
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(EGA) was proposed [24]. The EGA method allows obtaining BER estimation with less data and 

faster than DEC. The paper [24] demonstrates that the EGA method presents BER values with 

excellent agreement to BER values obtained from DEC. 

2.7 Conclusions 

In this chapter, the OFDM signal basic fundamentals were presented. The mathematical representation 

and parameters used to characterize general OFDM signals were shown. The DFT OFDM system 

architecture was described, as it is the system used for the electrical part of the transmitter and receiver 

in this work. The signals generated by the DFT OFDM system were analysed in the time and 

frequency domains. 

The MB-OFDM signal was also presented, as it is the main topic of study of this dissertation. Several 

parameters that characterize the MB-OFDM signal were introduced. These parameters and how they 

affect system performance are analysed in chapter 3. 

At the end of the chapter, the EVM figure of merit to evaluate noiseless systems was presented. The 

relevant points of the QAM bit-error rate were computed. Also, the EGA method to obtain the BER 

estimate of the MB-OFDM system was introduced. 
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3 Description of optical MB-OFDM system 

Chapter 3 

Description of the optical MB-OFDM system 

In chapter 3, the equivalent model of an optical MB-OFDM MAN with ring topology is presented. In 

section 3.2 and 3.3 the system components PIN and EAM are described. In section 3.4, the SSB 

system is introduced, along with the filters used to create a SSB signal. Subsection 3.4.2 shows how 

the EAM chirp combined with the SSB filter affect the MB-OFDM signal.  To finalize, the tone-

assisted MB-OFDM with RF tones scheme is introduced in section 3.5. In section 3.5, the advantages 

and disadvantages of using RF tones are also presented and new system parameters are introduced.  

3.1 Equivalent model of optical MB-OFDM MAN 

A simulator that emulates the systems working in a MAN is very complex and requires significant 

computing power. To maintain simplicity and focus on the objectives of this work, which are 

primarily about the physical layer of the MAN, a simple and valid equivalent model that focuses on 

the physical layer of the MAN is used. 

As stated in subsection 1.1.1, the optical communication system of the MAN has a ring topology. 

Figure 3.1 shows an example of a metro ring network. This figure also shows the path corresponding 

to the logical connection between two nodes, the inserting node and the extracting node. 

Figure 3.2 shows the system used to insert the MB-OFDM signal in the ring and extract one band in 

the extracting node. Figure 3.2 also shows that a link between two nodes in a ring can be simplified to 

a point-to-point topology. The Tx and Rx blocks from figure 3.1 are the MB-OFDM transmitter and 

optical OFDM receiver, respectively, shown in detail in figure 3.2. 
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Figure 3.1 Illustration of a MAN in ring topology 

The MB-OFDM transmitter creates a multi-band OFDM (MB-OFDM) signal, which will then be 

converted into the optical domain and launched in the fibre. It is considered that the MB-OFDM 

transmitter creates all OFDM bands and that the signal entering the inserting node from the ring does 

not have bands on it. The reason for having all bands created in the same MB-OFDM transmitter is 

because the EAM generates higher distortion with more bands, so it can be considered a worst case 

scenario for the insertion process. 

After the inserting node, the network is transparent until the extracting node. The extracting node will 

only extract one band at a time using the band selector filter. Since extracting one band needs more 

selective and narrow optical filters, it can be considered the worst case scenario for the extraction 

process. The extracted band is then photo detected by the MB-OFDM receiver. 
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Figure 3.2 Simplified system used to insert the MB-OFDM signal in the ring and extract one band in 

the extracting node 

The transmission system of the MB-OFDM signal operates as follows: 

1. Electrical multi-band multiplexing. 

 Each OFDM band is created in a separated electrical OFDM transmitter, each one 

with its own central frequency. Subsection 2.3.2 shows how these frequencies can be 

obtained. 

 The bands are multiplexed, still in the electrical domain. 

2. Electrical amplifier (EA), bias voltage (  ) and externally modulated laser (EML). 

 The OFDM signal at the input of the EA is amplified to set the signal power. 

 The bias voltage is added to the OFDM signal to adapt it to the requirements of the 

optical modulator. These requirements are further detailed in subsection 3.3. 

 The signal is launched in the fibre with the EML. Figure 3.3 shows the spectrum of a 

OFDM signal launched in the fibre, with the same parameters as the signal shown in 

figure 2.6. The EML is composed of a continuous-wave laser (CWL) and an EAM. 

The CWL is considered ideal and without frequency drift. The laser frequency drift 

can affect the frequency of the OFDM bands, which, in turn, may cause the OFDM 

bands to interfere or change the optical filters optimum central frequency. The effects 

of laser frequency drift are not analysed in this work. 

3. Inserting node 

 The inserting node has the objective of inserting the newly generated bands in the 
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MB-OFDM signal already in the ring. The OADM can extract bands from the MB-

OFDM signal in the ring, before adding the new bands (explained in extraction node). 

In this simplified model it is considered that ring does not have any signal before the 

inserting node. 

 The EDFA compensates for the attenuation that the signal suffers on the fibre. 

However, it does not affect the signal from the MB-OFDM transmitter. 

4. SSMF and transparent network 

 The fibre used in this optical communication system is a SSMF with a variable 

maximum distance. The fibre is explained in detail in appendix A.8. 

 The network between the inserting and extracting node is considered transparent to 

the signal. The nodes of this intermediate network do not affect the signal and do not 

extract or insert bands. 

5. Extracting node 

 The EDFA is responsible for compensating the power loss caused by the fibre 

attenuation. As a consequence, amplified spontaneous emission noise with a power 

spectral density      (see appendix A.6) is introduced. 

 To extract the target band from the MB-OFDM signal, it is required to remove the 

other bands from the signal that is going to be photodetected and to remove the target 

band from the signal that goes through the ring, which is achieved with band selector 

filter and a band blocker, respectively. 

 In the OADM, the MB-OFDM signal is divided in a splitter into two copies in the 

extraction block. One signal is photodetected by the MB-OFDM receiver after going 

through the band selector filter. The other signal goes through the band blocker, to 

remove the extracted band, and possibly adding a new band in that place (using the 

MB-OFDM transmitter in that node). 

6. Extraction block 

 The band selector filter has to cut the bands that are not extracted while having low 

attenuation on the extracted band. For higher spectral efficiency, the bands are packed 

as close as possible, in the MB-OFDM signal. Henceforth, the band selector filter 

needs to have high selectivity, to cut the neighboring bands of the extracted band. 

 A band selector filter used in this work is a commercially available filter [25] with  a -

3dB bandwidth (   ) of 4 GHz. The amplitude response of this filter is similar to a 1
st
 

order super Gaussian. Figure 3.4 (a) shows the amplitude response of the real filter. 

 Since the real filter presents a low selectivity, a 2
nd

 order super Gaussian theoretical 

filter is also used. Figure 3.4 (b) shows the amplitude response of the 2
nd

 order super 

Gaussian filter. 
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 The band blocker has to cut the extracted band while letting the rest of the MB-

OFDM signal pass through. High selectivity is also required for the band blocker, 

since it needs to attenuate the extraction band well enough so that it does not interfere 

with a new band that is added in its place. The band blocker considered in this work 

perfectly attenuates the extracted band while not affecting the rest of the MB-OFDM 

signal. 

7. Photodiode 

 The optical OFDM signal is optical-to-electrical (O/E) converted by the photodiode 

(PIN). 

 The electrical OFDM signal is then filtered by a direct current (DC) block to remove 

the DC component, resulting in the received OFDM signal that is demodulated in the 

electrical OFDM receiver. 

For more details about the system components considered in this work, see Appendix A. 

 

Figure 3.3 Spectrum of an OFDM signal at the output of the EAM 

Figure 3.3 shows the spectrum of an OFDM signal at the EAM output, when the EA input signal has a 

spectrum equal to the one shown in figure 2.6. The difference between figures 3.3 and 2.6 is the 

distortion induced by the EAM. In figure 3.3 there are distortion components with amplitudes high 

enough to degrade signal performance. 
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Figure 3.4 Amplitude response of the two band selection band selector filters 

3.2 Direct detection process 

The optical receiver converts the optical signal to an electrical signal, by using a photodiode. The role 

of the photodiode is to convert the energy of photons, in the incoming optical signal, into pairs hole-

electron. This process is basically the opposite to the one taking place in semiconductor lasers [1]. 

Common photodiodes are the positive-intrinsic-negative (PIN) photodiode and avalanche photodiode 

(APD). In this work, only the PIN is considered for the optical receiver. 

The photocurrent         at the PIN output is proportional to the power of the incident light. The 

reason between the output current and the input power is the photodiode responsivity 

    
       

    
 (3.1) 

where      is the power of the incident light. In this work, it is considered that a PIN with      

A/W is used, and so 

               |       |
 
 (3.2) 

with         being the electrical field at the PIN input. 

The PIN induces a non-linear component in the photodetected signal. This non-linear component and 

how it affects the MB-OFDM signal is analysed in subsections 3.5.1 and 3.5.2. 
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3.3 Optical transmitter 

The EAM model used in this work is based on the EAM device available in the laboratory of the 

Optical Communications Group in IT-Lisboa. 

To use the EAM as an optical modulator, its output power characteristic must be analysed. The electric 

field output of an EAM can generally be described as [26] 

               | (    )|       (3.3) 

where         is the electric field at the EAM output,        is the electric field generated by the CW 

at the EAM input,      is the transmission function of the EAM,      is the instantaneous voltage of 

the EAM signal input  and          ( (    )) is the phase shift induced by the EAM. It is possible 

to derive the general power output from: 

 |
       

  
|
 

            | (    )|
 
 (3.4) 

where    is the medium characteristic impedance,         is the output optical power of the EAM and 

    is the constant optical power from a CW at the EAM input. 

With a CW that has an input optical power of 5 mW, figure 3.5 shows the output optical power of the 

EAM as function of the input DC voltage. 

 

Figure 3.5 Input-output power characteristic of the EAM 

From figure 3.5 it can be seen that the EAM has an approximately linear characteristic when a bias 

voltage between [0.3, 1.2] V is applied.  

Another aspect to take into account is the negative slope of the characteristic, meaning there is a phase 



MB-OFDM for metropolitan networks employing EAM 

 

32 

difference of 180 degrees between the input and output signal. In order to compensate for this effect, 

an inverting electrical amplifier should be used before the EAM. 

Along with the output power characteristic, another important parameter to evaluate the best 

polarization point of the EAM, is the chirp parameter. The EAM model used in this work has the 

option to cancel the chirp parameter, but this option is not used unless specifically stated that the 

signal has no chirp. 

From equation 3.3 it can be seen that the EAM induces a phase shift to the modulated signal. This 

phase shift can be defined by the chirp parameter. For signals with low dynamic range, the general 

equation of the chirp parameter is given by [26]: 

   (    )       (    )
  (    )

     (    )
 (3.5) 

with   (    ) being the chirp parameter. By mutual integration, it is possible to obtain the phase shift 

imposed by the EAM on the signal 

      
 

 
∫

        

          

    

 

           

  
   (3.6) 

Equation 3.6 shows that the phase shift and the chirp parameter are dependent of the signal voltage. 

Since the signal voltage is time variant, the phase shift and the chirp parameter will also change with 

time. This means that, even when the EAM output signal has a chirp average of zero, it has a non-zero 

instantaneous chirp parameter due to the voltage variations from the input signal. 

Figure 3.6 shows the chirp parameter of the EAM as a function of the input voltage 

 

Figure 3.6 Characteristic of the chirp parameter of the EAM  

From the output power characteristic and the chirp parameter characteristic of the EAM, there are 2 

values of interest for the bias voltage. These values and their relevance are presented in table 3.1. 
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Table 3.1 Relevant values of the bias voltage in the EAM 

   [V] Relevance 

0.7 EAM has a more linear output power characteristic 

1 EAM has a chirp parameter of 0 

 

These values of the bias voltage are tested in chapter 3 to determine which one induces lower 

distortion for the MB-OFDM system used in this work. 

With the values of the bias voltage defined, it is necessary to analyse the dynamic component of the 

EAM input signal. For that it is necessary to impose a target root mean square voltage (    ) to the 

input signal. This is done with the EA that can amplify or attenuate the signal to the desired     . 

Figure 3.7 shows the EVM as a function of the rms voltage of the signal at the EAM input, for some 

values of the bias voltage. The system is composed by 1 OFDM band with 5 GHz gap to the optical 

carrier and 5 GHz bandwidth, while transmitting 10 Gbit/s with 128 subcarriers. The system was in 

B2B operation. The system also had high electrical noise so that the low SNR caused by very low 

values of      is better visualized. 

 

Figure 3.7 EVM of the EAM output signal as a function of       and    with electrical noise in back-

to-back configuration 

With figure 3.7 it is possible to conclude that the EVM decreases with the increase of     , by making 

the EAM response more linear. However, for very low values of      the signal gets close to the noise 

floor, leading the low SNR and increasing the EVM. 

Figure 3.7 shows also that a bias voltage of 0.7 V presents a better EVM than with 1 V. With the 

system in B2B operation, the signal is not affected by the phase shift induced on the signal by the 
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EAM, so it is still not possible to take any conclusion regarding the impact of the chirp on the OFDM 

signal. The bias voltage of 1.3 V was presented to demonstrate that going above 1 V does not have any 

benefit. 

So the trade-off from the rms voltage of the EAM input signal is high SNR but higher distortion for 

higher      or low SNR but lower distortion for lower      . This trade-off is considered in this work 

to optimize the system performance. 

Along this work, it is assumed that the EAM has no frequency limitation. However, for real EAM 

devices, the bandwidth can go up to 20-40 GHz [27].  

3.4 Optical single sideband system 

Due to the fibre dispersion differently affecting the lower sideband (LSB) and the upper sideband 

(USB) of the MB-OFDM signal, when the O/E conversion is done at the receiver, both bands will 

destructively interfere with each other causing dispersion-induced power fading [28]. To mitigate 

dispersion effects in the fibre, one solution is based on optical single sideband (SSB) transmission, 

another solution is to use optical dispersion compensation. The idea of optical dispersion 

compensation is to nullify the dispersion accumulated by the transmission in the fibre, so that the LSB 

and USB do not have destructive interference. Optical dispersion compensation involves the 

deployment of in-line dispersion compensators. The goal of network operators nowadays is to move 

the network design to the edges (transmitter and receiver sides) [6]. SSB transmission is based on 

cutting one side band and since the signal only has the other side band, they cannot destructively 

interfere with each other. Also, transmitting a digital signal in SSB format allows for the effects of 

chromatic dispersion to be reduced, since the optical phase is transferred to the electrical domain, and 

it can be relatively easier to compensate for, than for the DSB signal [29]. Another advantage of using 

SSB transmission is that it requires half the bandwidth of a double sideband (DSB) signal. 

In this section, optical SSB system effects are evaluated. The system set up is in figure 3.2.The SSB 

filter is an optical filter that suppresses the LSB of the signal while maintaining the USB. To 

evidentiate the effects of SSB filtering on the signal, all filters, except for the SSB filter, are 

considered ideal (rectangular transfer function). Also, the analysis considers a noiseless system. 

3.4.1 Single sideband filter 

To create the SSB signal, a SSB filter is use to suppress one side band. In this work, two SSB filters 

are considered. Figure 3.8 shows the experimental amplitude response of the low-pass equivalent of 

these filters, which are used by the Optical Communications Group in IT-Lisboa. Despite the different 
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filters bandwidth , the selectiveness of both filters is similar. From figure 3.8, it can be seen that the 

spacing from -3 dB to -21 dB is about 8 GHz in both filters. 

The narrower filter has a -3 dB bandwidth of 23.8 GHz. Henceforth, this filter is refered as 24 GHz 

SSB filter. The other filter has a bandwidth of 34.5 GHz and is refered as 35 GHz SSB filter. 

 

Figure 3.8 Amplitude response of the two SSB filters used in this work 

To create a SSB signal, the SSB filter needs to be centred at a frequency that cuts the LSB of the 

signal, while maintaining the USB. The criterion for selecting the central frequency of the SSB filter is 

the central frequency that maximizes the attenuation of the optical carrier, while having the USB of 

the signal suffering an amplitude reduction below 1 dB. 

Figure 3.9 shows the spectrum of a MB-OFDM signal before and after the SSB filter. Figure 3.9 also 

illustrates the criterion for selecting the central frequency of the SSB filter. 

 

Figure 3.9 PSD of a MB-OFDM signal at the input and output of the 24 GHz SSB filter 

The 24 GHz filter is centred at 13 GHz and it can be see that it has a very small effect on the 

amplitude of the bands. If the central frequency was a 1 GHz higher, the 1
st
 band of the system would 

suffer considerable attenuation. If the central frequency was 1 GHz lower, the attenuation by the SSB 

filter on the bands would be unchanged but the optical carrier would suffer less attenuation. The 

necessity to attenuate the optical carrier is explained in subsection 4.1.4. 



MB-OFDM for metropolitan networks employing EAM 

 

36 

3.4.2 Analysis of combined effect of EAM chirp and SSB filtering 

In this subsection, the combined effect of the EAM chirp and SSB filtering system is analyzed. B2B 

operation is considered. The EAM is biased with a bias voltage of 1 V, which is the bias voltage value 

with null chirp parameter. The input signal of the EAM has a rms voltage of 100 mV. The input signal 

is a MB-OFDM signal with 4 bands. Each band carries an OFDM signal with 3 GHz bandwidth and 

128 subcarriers. 

To illustrate the combined effect, figure 3.10 (a) shows the constellation of an OFDM signal in DSB 

without EAM chirp and figure 3.10 (b) shows the constellation of an OFDM signal in DSB with EAM 

chirp. 

 

Figure 3.10 Constellations in B2B of DSB signals, (a) without chirp and (b) with chirp 

As it can be seen, in DSB, the chirp has no visible effect in the signal. Since there is no fibre or filters, 

both LSB and USB are in phase and they do not interfere with each other in the photodetection 

process. The chirp from the EAM causes a phase shift in the signal that varies along the time       . 

However, the PIN only detects the power of the signal, which is the same with and without chirp.  

 

Figure 3.11 Constellations in B2B of SSB signals, (a) without chirp and with (b) chirp 
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Figure 3.11 shows a SSB signal without EAM chirp and with EAM chirp. The SSB signal is created 

with the 24 GHz SSB filter and the band selection filter is an ideal rectangular filter. 

Figure 3.11 reveals that the received constellation of the SSB signal without EAM chirp is very similar 

to both cases shown in figure 3.10. It can be concluded that the EAM chirp and the SSB filtering, 

when isolated, have a small effect on the received constellation and it is their combined effect that 

causes the constellation rotation and amplitude distortion. 

The combined effect of EAM chirp and SSB filtering can be written in mathematical expressions. 

Supposing the signal at the SSB filter input is a simplification from the EAM output signal from 

equation 3.3 

                 (3.7) 

with      being the signal at the EAM output and      the amplitude of that signal. And the SSB filter 

impulse response is given by 

                     (3.8) 

where      is the impulse response,        is the amplitude of the impulse response and       the 

phase of the impulse response of the SSB filter. The output of the SSB filter is the convolution in time 

of these two signals 

                 (3.9) 

with       being the signal after the SSB filter. In B2B, this signal is on the PIN. The PIN output is 

given by 

         |     |
 

              |[          ]  [             ]|
 
 (3.10) 

        is the signal at PIN output. The combined effect from the SSB filtering and the EAM chirp 

comes from the fact that the signal at the EAM output and the SSB filter response are both complex. 

By doing the time convolution of the SSB filtering and the EAM chirp, the multiplication of both 

imaginary components results in a real component.  

 |          |  |             |  |           |  |[          ]  [             ]|
 
 (3.11). 

This converts some of the phase component of the signal to the absolute component, resulting in some 

of the optical phase being passed to the electrical domain by the PIN. 

Since the EAM chirp varies along time, the equalizer does not have a good estimation to compensate 
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it. Figure 3.12 shows the signal constellation with and without equalization to illustrate this problem.  

 

Figure 3.12 Constellations with distinction between the QAM training symbols used to estimate the 

equalizer characteristic and the information symbols 

Figure 3.12 shows that the mean phase shift of the training OFDM symbols is too different from the 

mean phase shift of the information symbols. If the phase shift was constant or with small variations, 

the result of equalization would be closer to figure A.7 of appendix A.7, where the training symbols 

and information symbols are all in the same region. Figure 3.12 (b) proves that the equalizer is 

working properly by compensating the training symbols and centring them in the proper place. After 

applying the same correction to the information symbols, it causes them to move further away from 

the correct position, which results in worse performance than figure 3.12 (a).  

Figures 3.11, 3.12 and 3.13 are obtained considering an OFDM signal comprising 35 OFDM training 

symbols and 100 OFDM information symbols with 128 subcarriers, resulting in 4480 4-QAM training 

symbols and 128000 4-QAM information symbols. 

 

As stated in subsection 3.3, the range of the chirp parameter values are directly related with the rms 

voltage of the EAM input signal. Figure 3.13 shows what happens to the received signal when the rms 

voltage at the EAM input is increased. Figure 3.13 shows that, along with increasing the scattering, the 

increase of the rms voltage also increases the constellation rotation. This greatly limits the range of the 

possible rms voltage values at the EAM input, that have an acceptable performance. 
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Figure 3.13 Constellations for the same signal of figure 3.11 (b) with different       

Figure 3.13 also proves that the EAM chirp parameter is the main cause for the signal phase shift. 

Since the SSB filter impulse response is independent of the rms voltage, the phase shift would be 

similar in every constellation if the SSB filter was the main cause for this phase shift. 

 

Figure 3.14 Constellation with the same OFDM symbols as in figure 3.13 (c), but with mean phase 

correction using the common phase error estimator 

To solve the indicated variable phase shift problem, the conventional single-tap equalizer, obtained as 
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explained in appendix A.7, is not enough. To mitigate, in part, this issue, a common phase error 

estimator, placed before the equalizer, that works by calculating the mean phase error of the mapped 

symbols in each OFDM symbol is implemented. After that, the mean phase error is use to move the 

mapped symbols to the correct position. This method does not affect the symbols spreading or their 

amplitudes. It only corrects their mean phase, as shown in figure 3.14. The common phase error 

estimator is placed before the equalizer explained in appendix A.7. 

Figure 3.14 shows the constellation of the same OFDM symbols as in figure 3.13 (c), but using the 

common phase error estimator. The constellation shows great improvement while maintaining the 

other characteristics of the signal. 

3.5 Tone-assisted MB-OFDM signal 

In this section, the implementation of tone-assisted bands is analysed. B2B operation is considered. 

The analysis considers a noiseless system. 

When an OADM does add operations on a MB-OFDM signal, it uses an EML to launch the new MB-

OFDM signal into the fibre. As shown in figure 3.15, the optical carriers of the original MB-OFDM 

signal and the added MB-OFDM signal have the same frequencies. If they are not in phase, the optical 

carriers will interfere with each other and make direct detection very hard to perform. 

To make the photo detection, the signal incident on the PIN needs to have an optical carrier. Since the 

OADM does the drop operation in the optical domain, it needs to filter the desired band to be dropped 

and the optical carrier.  

 

Figure 3.15 OADM add/drop operation for one band, without tone-assisted bands 

Figure 3.15 shows that to do this filtering, it is necessary to have an optical dual band filter, which 

required two narrow passing bands with high selectivity and spaced by a few GHz. These 
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requirements for this kind of optical filter are very demanding to produce, which greatly increases its 

cost. Also, the filter gap between the passing bands needs to be dynamically adjusted to provide 

flexibility in the band selection process. These characteristics make the dual optical filter very 

unappealing nowadays. 

A radio frequency (RF) tone-assisted OFDM system was already proposed [30]. This proposal 

introduces the use of RF tones jointly with the OFDM signal to assist DD. The idea is adapted to the 

MB-OFDM signal to overcome the problems of the add and drop operations, mentioned before. The 

RF tone is an electrical carrier that is generated together with the OFDM signal and is then used to 

realize the photodetection. Figure 3.16 illustrates the MB-OFDM PSD when using RF tones, with one 

tone per band. Using RF tones solves the difficulties above, since the drop operation can be done with 

just one band filter. For the add operation, even if the optical carriers of the original MB-OFDM signal 

and the added MB-OFDM signal are not in phase, these carriers are not used for DD, since the RF 

tones can be used with the same purpose. 

 

Figure 3.16 Illustration of the PSD of a RF tone MB-OFDM signal 

Despite solving technical problems, using RF tones considerably increases distortion in the signal. The 

causes for this increased distortion are detailed in the next subsections. From here on, “carrier to band” 

will be referring to the RF tone of one band and that one band. 

When using RF tones, two new parameters need to be introduced. These new parameters are the 

carrier to band power ratio (CBPR) and the carrier to band gap (CBG). Figure 3.17 illustrates these 

parameters on a band and its RF tone. 
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Figure 3.17 Spectrum of a RF tone and a band to illustrate the parameters from using tone-assisted 

MB-OFDM 

      
 is the power of the RF tone and       

 is the power of the band. Controlling the values of CBPR 

and CBG directly affects the MB-OFDM signal performance. The analyses on these parameters and 

how they affect the MB-OFDM signal performance are presented in the next subsections. 

3.5.1 Carrier to band power ratio 

Carrier to band power ratio (CBPR) defines the power ratio between a RF tone and the corresponding 

band (see figure 3.17). To simplify the analysis, this subsection considers that the MB-OFDM system 

is composed only by one band and a rectangular optical filter is used as band selector filter. 

Starting by considering the electrical field at the PIN input given by 

                    (3.12) 

with         being the electrical field at PIN input and            being the output of the band 

selecting filter when selecting the n-th band. For these system conditions, with low rms voltage at 

EAM input, it is possible to despise the non-linear effects from the EAM modulation and, in B2B 

operation, get an approximation for            

                              (3.13) 

where      is the RF tone amplitude at the up-converter output and             is the corresponding 

to the n-th band at the up-converter output. The photocurrent at the PIN output is given by 

         |                 |
 

      
                      

        
     (3.14) 

with     
  being a DC component (easily  removed with a DC block).        

     is the signal-to-

signal beat interference (SSBI) caused by the PIN. 2                 is the signal            

CBG 

CBPR = 
 𝑃𝐴𝑅𝐹𝑡
𝑃𝑥𝑏𝑎𝑛𝑑
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amplified by a constant value 2      . The only way to recover the signal without significant impact 

of the SSBI term is to increase      so that the follow condition holds 

                     
        

     (3.15) 

It was shown in subsection 3.3 that there is a trade-off between the SNR and the EAM induced 

distortion and that this trade-off is related with the rms voltage of the input signal. The rms voltage of 

the signal at the EAM input can be decompose in 

                 
            

 (3.16) 

where       is the rms voltage of the EAM input signal,           
 is the rms voltage of the RF tone 

and            
 is the rms voltage of the band.  

Figure 3.18 shows a contour of the EVM as a function of the CBPR and the signal rms voltage. The 

first conclusion that can be taken from figure 3.18 is that a bias voltage of 0.7 V, despite being in a 

more linear region of the EAM characteristic, has a worse performance than a bias voltage of 1 V. 

This is due to the higher EAM chirp parameter in 0.7 V. 

It is now possible to conclude the evaluation for the EAM bias voltage that induces the lower 

distortion from section 3.3. The system now has SSB filtering, which means the phase shift induced by 

the EAM in the signal is partially detected by the PIN (as explain in subsection 3.4.2). Figure 3.18 

proves that when SSB transmission is considered, the best bias voltage is the one with lower EAM 

chirp parameter. In this case, the bias voltage of 1 V has a chirp parameter of 0. From this point 

forward, the bias voltage used in the analysis is fixed at 1 V. 

 

Figure 3.18 EVM as a function of the CBPR and      , for 2 values of bias voltage of the EAM 

The other conclusion taken from figure 3.18 is that, independently of      , the EVM does not reduce 
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significantly with the increase of CBPR above 28 dB. At this CBPR level, condition 3.15 can be 

considered valid. However, increasing the CBPR will decrease the SNR of each band. The cause for 

this can be explained with equation 3.16. For a fixed value of      , the further the CBPR is increased, 

the lower            
 gets. Since      is fixed, the distortion induced by the EAM is not reduced for 

lower values of           
. So along with the trade-off from the       at the EAM input, there is also a 

trade-off for how that       is divided between the band and its carrier. 

Figure 3.19 shows the value of              
 with increasing CBPR and a fixed       of 100 mV. 

 

Figure 3.19            
 as a function of the CBPR, for a fixed       of 100 mV 

Checking the CBPR of 25 dB in figure 3.19, the            
 is only 5 mV. Increasing the CBPR will 

set the band power closer to the noise floor. It should be stressed that, these results were done for one 

carrier-band group and, it is important to remind that the total power of the signal applied to the EAM 

must still be divided by all carrier-band groups. In case of 4 bands, the results of            
 shown in 

figure 3.19 should be divided by 4. 

3.5.2 Carrier to band gap 

Carrier to band gap (CBG) defines the frequency gap between the band and its RF tone, as illustrated 

in figure 3.17 of this section. To maintain the spectral efficiency of the MB-OFDM signal, the CBG 

needs to be as small as possible (few MHz). However, this proximity induces additional distortion due 

to non-linear effects that occur in the EAM and the SSBI from the PIN. This means that the impact of 

CBG on the distortion caused in the signal should be analyzed. To avoid other effects, it is considered 

a MB-OFDM system with only 1 band and a 3 GHz gap between the first band and the optical carrier. 

An OFDM signal with a 3 GHz bandwidth and with CBPR of 20 dB is also assumed. 

Figure 3.20 shows the EVM as a function of CBG, with a linear optical modulator (that does the E/O 

conversion without adding distortion to the signal), so that the only non-linear distortion occurring in 

the system is caused by the PIN. In figure 3.20 it can be seen that the PIN SSBI term (       
    ), 

from equation 3.14 in subsection 3.5.1) has the same bandwidth as the band.  
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Figure 3.20 EVM as a function of the CBG and PSD at the PIN output, with the PIN as the only non-

linear device in the system 

By increasing the CBG, it increases the central frequency of the band at the PIN output. This gradually 

moves the band out of SSBI frequencies, which explains the better EVM values with the increasing 

CBG. At 3 GHz gap, the signal is completely free of distortion from the PIN.  

Figure 3.21 shows the EVM as a function of the CBG, with EAM and PIN non-linearities. Due to 

EAM non-linearity, the result of increasing the CBG is not as evident as in figure 3.20. As showed in 

figure 3.21, the EVM actually gets worse with increasing CBG due to the distortion induced by the 

EAM. It can be seen in figure 3.21 that, there are distortion components around 3.5 GHz. When the 

CBG increases, the band gradually moves to the frequencies of those distortion components, 

worsening the EVM. However, when the CBG gets over 3 GHz, a considerable improvement of the 

EVM can be seen, since the signal is free of the SSBI from the PIN. When the signal is free of the 

SSBI, the CBPR does not need to be optimized, since the components in equation 3.15 do not affect 

each other. Having a large CBG can considerably improve the system performance since the CBPR 

can be as small as possible, which increases the power of the OFDM band. However, a large CBG has 

a huge impact on the spectral efficiency of the MB-OFDM system. 

CBG = 0.2 GHz 

3.2 GHz 
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Figure 3.21 EVM as function of the CBG in B2B operation and considering EAM and PIN non-

linearities 

Increasing the CBG directly increases the bandwidth of the MB-OFDM system. To maintain the MB-

OFDM system bandwidth with RF tones comparable to the system without RF tones, the CBG needs 

to be as small as possible. In this work, to have a better spectral efficiency of the MB-OFDM system, 

the CBG is fixed in 100 MHz (a small margin gap) and the CBPR is optimized in chapter 4. 

The penalty due to the distortion caused by using a small CBG can be reduced through iterative 

distortion compensation [31]. This is out of the scope of this work. 

3.5.3 Band gap 

Band gap is the frequency gap between the bands. This gap has a higher effect when using RF tones 

and non-ideal filters. Because of that, in this subsection, the band selector filter used is the non-ideal 

one, whose amplitude response is shown in figure 3.4 (a). 

In a SSB system with only one optical carrier and no RF tones, all bands are on the same side of the 

optical carrier (ex: in USB all bands have higher frequencies than the optical carrier frequency and 

vice-versa for the LSB). The result is that the bands do not interfere with each other after the PIN O/E 

conversion and highly selective electrical filters can be used to cut-off the neighbouring bands. 

However, when using RF tones, the carrier detected by the PIN is in the middle of two bands. The 

result is that bands, which do not interfere with each other at the PIN input, may have common 

frequencies at the PIN output, causing band crosstalk. This effect is shown in figure 3.22. 

Figure 3.22 shows the PSD of a MB-OFDM signal at the PIN input (figure 3.22 (a)) and output (figure 

CBG = 0.2 GHz 

3.2 GHz 
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3.22 (b)). As an example of band crosstalk, consider the signal at the PIN input has the PSD of figure 

3.22 (a). The MB-OFDM signal comprises 2 bands, with 2 GHz gap between each other and with a 

CBG of 100 MHz. Each band is an OFDM signal with 3 GHz bandwidth and 128 sub-carriers. For 

simplification, the optical carrier and the RF tone of the second band were removed and a linear 

optical modulator was used. Note that band (1) is the band that is supposed to be detected and band (2) 

is the neighbour band of higher frequency (other bands in the MB-OFDM signal can be neglected for 

this crosstalk interference, since they nevewith band (1) at the PIN output). 

 

Figure 3.22 Illustration of the band crosstalk interference caused by PIN O/E conversion 

Figure 3.22 (b) shows that if the gap between the RF tone from band (1) and band (2) is smaller than 

the bandwidth of the band (1), than band (2) will interfere with band (1) after photo detection. 

With ideal filters, this crosstalk interference does not occur, since the filter is perfectly adjusted to 

band (1). So, with ideal filters, band (2) would not appear in figure 3.22. 

Figure 3.23 shows the same signal as in figure 3.22 but with a real band selector filter (introduced in 

subsection 3.1) for band selection. While the interference is lower than in figure 3.22, it is clear that 

the optical filter is not selective enough to completely remove band (2). 

 

Figure 3.23 Crosstalk interference caused by PIN O/E, with a non-ideal band selecting filter 

It can be concluded that, to avoid crosstalk interference, when not using ideal filters, the band gap 

should be 

1.9 GHz 

1.9 GHz 
(1) 

(2) 

(1) 
(2) 
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               (3.17) 

where     is the band gap,    is the bandwidth of the bands and       is the CBG. This condition 

causes band (2) to be out of the frequencies of band (1) at PIN output. 

Figure 3.24 shows the EVM of the OFDM signal corresponding to band (1) as a function of the band 

gap. The other system parameters are the same as the ones that were specified at the beginning of this 

subsection. 

 

Figure 3.24 EVM as function of band gap, without EAM 

When condition (3.17) is verified (band gap of 3.2 GHz), figure 3.24 shows that the EVM is almost 

constant, meaning that band crosstalk no longer occurs. However, the EVM improvement from 2.5 

GHz to 3 GHz gap is about 1 dB. So, in case the system still has some EVM margin, the band gap can 

be decreased with reduced penalty, while increasing the spectral efficiency of the MB-OFDM system. 

3.5.4 Second and higher order harmonic and intermodulation distortion of 

discrete spectral components 

When a signal goes through a non-linear component, the resulting output signal has higher order 

harmonic and intermodulation distortion (IMD) components. The power of the harmonics and IMD 

components decreases as the distortion components order increases [26]. 

When using tone-assisted bands, the distortion components of the RF tones also appear on the signal 

output of a non-linear optical transmitter, which in this work is the EAM. Since the RF tones are 

discrete spectral components, their distortion components are also discrete. The frequencies of the 

distortion components are given by [32]: 

                                      (3.18) 

with          being the frequency of the n-th order distortion component (harmonic or IMD),    the 

frequency of a k-th fundamental component and    is the coefficient of the k-th fundamental 
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component. The value of the order of the resulting component is calculated with [26]: 

   ∑  

 

   

 (3.19) 

Figure 3.25 (a) shows the RF tones at the EAM input (the OFDM bands were removed to simplify the 

analysis). The signal rms voltage at the EAM input is 100 mV. Figure 3.25 (b) shows the 

corresponding signal at the EAM output. 

To help the reader, table 3.2 presents the frequencies of the discrete spectral components that appear in 

figure 3.25 (a) and (b). Distorcion components that are overlapped by lower order components are not 

presented in the table. 

Table 3.2 Frequencies of discrete spectral components created by the EAM up to the 3
rd

 order 

Order Frequency [GHz] Order Frequency [GHz] Order Frequency [GHz] 

1
st
 

4 

2
nd

 

4.5 

3
rd

 

0.5 

8.5 8 5 

13 9 12 

-- 12.5 16.5 

-- 17 17.5 

 

Since the RF tones have higher power than the OFDM bands, the distortion components generated 

from those carriers might have power levels comparable to the power of the OFDM bands leading to 

performance degradation. Figure 3.26 shows the spectrum of a MB-OFDM signal at the EAM output 

with the same RF tones of figure 3.25. The results of figure 3.26 are obtained for a rms voltage of 100 

mV and a CBPR of 15 dB at the EAM input. 

 

Figure 3.25 Spectrum of a signal with only discrete spectral components at the EAM input (a) and the 

resulting output signal (b) 

As it can be seen in figure 3.26, the 2
nd

 and 3
rd

 OFDM bands suffer from distortion induced by a 
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discrete spectral component of 2
nd

 order that falls over their frequency components. This interference 

means that the subcarriers of the OFDM bands with the same frequencies of those discrete 

components are not adequately received, since their power is overlapped by the distortion components 

power. 

 

Figure 3.26 Spectrum of a tone-assisted MB-OFDM signal with distortion components interfering on 

the bands of the signal 

To ensure that the spectral components do not degrade the signal performance, it is necessary to 

ensure that the frequencies of the distortion components are not coincident with the frequency range 

occupied by the OFDM bands. This condition greatly diminishes the flexibility to choose the best 

central frequencies for the bands. 

However, the values from table 3.2 show that the frequencies of the distortion components generated 

from the RF tones can be predicted and manipulated by carefully choosing the frequencies of the 

fundamental components. 

If all frequencies of the RF tones share the same submultiple, then the higher order components will 

also share that submultiple and will not interfere with the bands. When all RF tones share the same 

submultiple, it is addressed as the common submultiple condition. Figure 3.27 shows the same signal 

as in figure 3.25, but with all RF tones having their frequencies multiple of 4 GHz. 

 

Figure 3.27 Spectrum of a signal with only discrete spectral components (a) at the EAM input and (b) 

at the EAM output, while respecting the common submultiple condition 
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Figure 3.27 (b) shows that all higher orders components either have the same frequencies  of the 1
st
 

order components (and their power is overlapped) or have higher frequencies than the MB-OFDM 

signal bandwidth. There is a possibility that the higher order discrete components do not interfere with 

the bands, even when the RF tones do not share a common submultiple. However, the common 

submultiple condition ensures that this interference does not occur. 

3.6 Conclusions 

In this chapter, the equivalent model of the optical MB-OFDM MAN was presented. The models of 

the EAM and PIN components were introduced. Particularly, the characteristics of the chirp parameter 

and of the output optical power of the EAM have been analysed. The SSB system was introduced as a 

technique to reduce the MB-OFDM system bandwidth requirements and to overcome the dispersion 

induced power fading. The phase shift caused by the SSB filter and the chirp effect of the EAM on the 

MB-OFDM signal and a solution to mitigate this effect has been studied. To finalize, the tone-assisted 

MB-OFDM was presented as a solution to deal with the technical challenges of the OADM add and 

drop operations on a MB-OFDM signal. Two new parameters of the tone-assisted MB-OFDM system 

were introduced, the CBPR and the CBG. The penalties resulting from using tone-assisted MB-OFDM 

and how the new system parameters affect the performance of the system were analysed. 

It was concluded that the best EAM bias voltage was 1 V, the bias voltage with a null chirp parameter. 

The EAM has a trade-off of the rms voltage of the EAM input signal, that is: high SNR but higher 

distortion for higher rms voltage or low SNR but lower distortion for lower rms voltage.  

It was shown that the SSB system effectively reduces the MB-OFDM system bandwidth requirements. 

Using SSB filters, when combined with the EAM chirp, creates a variant phase shift on the signal that 

the single-tap equalizer cannot correct. However, the mean phase corrector presented in the end of 

section 3.4 has proven effective at mitigating the phase shift on the signal. 

The tone-assisted MB-OFDM was proposed as a technique to simplify the add and drop operations on 

the OADM. It was shown that it decreases the MB-OFDM signal performance. To reduce the 

distortion of SSBI caused by the PIN photodetection, the CBPR value needs to be higher or the CBG 

needs to increase (preferably to the same value as the band bandwidth). It was decided to have a small 

CBG for better spectral efficiency of the signal and optimize the CBPR in section 4. To maintain the 

distortion induced by the EAM within acceptable levels, the total rms voltage of the EAM input signal 

needs to be distributed between the bands and the RF tones. For the same total rms voltage at the EAM 

input, the tone assisted MB-OFDM bands are more sensitive to noise, which increases the required 

SNR when compared to MB-OFDM without RF tones. To close the chapter, it was shown that due to 
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the intermodulation distortion components of the RF tones, the signal performance is highly degraded 

when the RF tones frequency do not have a common submultiple. Therefore, in this work, the MB-

OFDM systems that are analysed have the RF tones frequencies with a common submultiple. 
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4 MB-OFDM system optimization and results 

Chapter 4 

MB-OFDM system optimization and results 

In Chapter 4, two MB-OFDM optical systems are analyse and their parameters, such as the CBPR, the 

band gap, the optical carrier to 1
st
 band gap and rms voltage are optimized. The systems have different 

number of MB-OFDM bands and/or different QAM modulations. All systems use tone assisted MB-

OFDM signals, described in section 3.5. The figure of merit used to compare the performance of the 

different systems is the required OSNR for a target BER of 10
-3

. The MB-OFDM systems in this 

chapter have a minimum bit rate of 40 Gbit/s. The reference value for the required OSNR of each 

system is firstly analysed. It is considered that the reference value for the required OSNR is the one 

obtained when the system is in B2B operation and with ideal rectangular band selector filters for band 

selection, so that the distortions of the EAM and PIN on the signal are the limiting factors.  The MB-

OFDM system configurations with acceptable reference values will be analysed with fibre 

transmission and real band selector filters. In the last section of Chapter 4, a final conclusion about the 

systems performance is presented. 

4.1 MB-OFDM system with 4 bands and 16-QAM modulation 

In this section, a MB-OFDM system with 4 bands is optimized. Each band has a bandwidth of 3 GHz 

and uses 16-QAM modulation, which results in a total bit rate of 48 Gbit/s. The total bandwidth of the 

MB-OFDM signal cannot exceed 20 GHz, since low component price is a necessity for MAN, the 

bandwidth should be as small as possible. The required OSNR for a BER of 10
-3

 of the overall system 

is equal to the required OSNR for a BER of 10
-3

 of the band with the worst performance. In this 

section, the explanation on how the optimization is accomplished is presented. Although the 

optimization procedure described in this section is accomplished for the MB-OFDM system 

employing 16-QAM and 4 bands, it remains valid also for the MB-OFDM employing 4-QAM and 7 

bands analysed in section 4.2. 
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4.1.1 Selection of the band gap and the optical carrier to 1
st
 band gap of the 

MB-OFDM system 

To optimize the MB-OFDM system performance, it is necessary to optimize the band gap and the 

optical carrier to 1
st
 band gap of each band, since the tone assisted MB-OFDM has high sensitivity to 

its bands frequency placement, as explained in subsection 3.5.4. In this subsection, several values of 

the band gap and the optical carrier to 1
st
 band gap are analyzed, to determine which is the pair band 

gap and the optical carrier to 1
st
 band gap with the best overall performance. 

To reduce the degrees of freedom of the analysis accomplished, all bands have same parameters and 

the band gap between the different bands is the same. The EAM bias voltage is 1 V. Each band has 3 

GHz bandwidth, a CBG of 100 MHz and a CBPR of 28 dB. 

The analyses are performed in a noiseless system and with rectangular band selector filters, since the 

objective is to find the band gap and optical carrier to 1
st
 gap that lead to the lowest level of distortion. 

These analyses evaluate the dependence of the EVM on the band gap and the optical carrier to 1
st
 band 

gap. Only after these analysis are done, the required OSNR of this system is evaluated. 

Figures 4.1 to 4.4 show the contours of the EVM for each band for two rms voltages applied to the 

EAM, 80 and 100 mV. The black areas in these contours represent the parameters range where the 

MB-OFDM system has a bandwidth larger than 20 GHz. The EVM was not evaluated in these areas. 

In each figure, there are two contours, which correspond to two rms voltages of the EAM input signal. 

It can be seen that the two contours of each figure are very similar to each other. This means that the 

best pair band gap and optical carrier to 1
st
 band gap is weakly dependent on the rms voltage level of 

the input signal. It can also be seen that the EVM levels between bands are very different, making it 

very difficult to determine the pair band gap and the optical carrier to 1
st
 band gap that allow to 

optimize the EVM simultaneously for all bands. To allow this optimization, the contours of figures 4.1 

to 4.4 were analysed together and the EVM of the band with the worst EVM was chosen. This 

procedure results in figure 4.5 that shows, for each point of the contour, the EVM of the band showing 

the worst performance (ex: a pair optical carrier to 1
st
 band gap and band gap with -20 dB of EVM in 

figure 4.5 means that the band with the worst EVM of all four bands, for that pair, has -20 dB of 

EVM). 

The contours of figures 4.1 to 4.4 show that the EVM has high sensitivity to the band gap and the gap 

between the optical carrier and the 1
st
 band. This high sensitivity is caused by the harmonic and 

intermodulation components of the RF tones when going through the EAM, as shown in subsection 

3.5.4. By changing the central frequencies of the bands by just 100 MHz, one of the bands may 

interfere with one of these distortion components and drastically increase the EVM. 
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Figure 4.1 EVM of 1
st
 band as a function of band gap and optical carrier to 1

st
 band gap, in a MB-

OFDM system with 4 bands and maximum bandwidth of 20 GHz 

 

Figure 4.2 EVM of 2
nd

 band as a function of band gap and optical carrier to 1
st
 band gap, in a MB-

OFDM system with 4 bands and maximum bandwidth of 20 GHz 

 

Figure 4.3 EVM of 3
rd

 band as a function of band gap and optical carrier to 1
st
 band gap, in a MB-

OFDM system with 4 bands and maximum bandwidth of 20 GHz 
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Figure 4.4 EVM of 4
th
 band as a function of band gap and optical carrier to 1

st
 band gap, in a MB-

OFDM system with 4 bands and maximum bandwidth of 20 GHz 

Figure 4.5 shows that there are two areas with better performance. Both areas correspond to the 

situation where all RF tones frequencies respect the common submultiple condition, explained in 

subsection 3.5.4. The first area corresponds to the frequency of the RF tone of the 1
st
 band having the 

same frequency as the common submultiple. The second area corresponds to the frequency of the RF 

tone of the 1
st
 band having twice the value of the frequency of the common submultiple. 

 

Figure 4.5 Worst EVM for all bands as a function of band gap and optical carrier to 1
st
 band gap, in a 

MB-OFDM system with 4 bands and maximum bandwidth of 20 GHz 

Figure 4.6 shows a zoom in of the 1
st
 and 2

nd
 area of the contour with 80 mV of rms voltage from 

figure 4.5. 

1
st
 Area 

2
nd

 Area 
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Figure 4.6 Zoom of the 1
st
 and 2

nd
 area of figure 4.5, showing the EVM as a function of the optical 

carrier to 1
st
 band gap and band gap  

Although it is hard to identify the best pair band gap and the optical carrier to 1
st
 band gap from figure 

4.5, it is possible to analyse directly the EVM numerical values, which composed the contours of 

figure 4.5, in the simulator. It was determined that the best performance of the system, under these 

conditions, was with a band gap of 1 GHz and an optical carrier to 1
st
 band gap of 4.9 GHz, with a 

EVM of -20.7 dB. 

4.1.2 Rms voltage optimization 

In this subsection, the rms voltage of the EAM input signal is analysed to find the rms voltage that 

leads to the lowest required OSNR for a BER of 10
-3

. The evaluation of the BER and consequently of 

the required OSNR is done using the exhaustive Gaussian method [24]. 

In this subsection, from the optimization of subsection 4.1.1, the band gap is 1 GHz and the optical 

carrier to 1
st
 band gap is 4.9 GHz. The CBPR is 28 dB, for being the lowest CBPR value where the 

EVM value began to stabilize, from subsection 3.5.1. Figure 4.7 shows the required OSNR for a BER 

of 10
-3

 for each band of the system as a function of the rms voltage of the EAM input signal. 

The SSB filter used follows the condition from subsection 3.4.1. The bandwidth and central frequency 

of the SSB filter cannot make that filter attenuate the bands more than 1 dB while cutting the optical 

carrier as much as possible. For this system this condition was validated when the SSB filter had 24 

GHz of -3 dB bandwidth and with a central frequency of 15 GHz. 

In figure 4.7, it can be seen that the required OSNR has a very small variation around the optimum 

rms voltage of the EAM input signal. The system performance is dominantly impaired by noise for 

signal rms voltage levels below the rms voltage that corresponds to a minimum required OSNR. For 

values above that rms voltage, the system performance is mainly dominated by distortion. 
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The 1
st
 band clearly presents the worst performance, due to being more attenuated by the SSB filter 

than the other bands. This means that it is the 1
st
 band that limits the overall system performance. The 

best rms voltages for the EAM input signal that allow minimizing the required OSNR are between 40 

mV and 80 mV. 

 

Figure 4.7 Required OSNR for a BER of 10
-3

 as a function of      , for all bands of a MB-OFDM 

system with 20 GHz bandwidth and 4 bands with 3 GHz bandwidth using 16-QAM 

The required OSNR value obtained for an optimized rms voltage is 45 dB, which is above the defined 

maximum of 40 dB. However, the required OSNR can possibly be reduced by optimizing the CBPR, 

since reducing the CBPR increases the power of the OFDM band at the cost of increasing the SSBI. 

4.1.3 CBPR optimization 

As it was discussed in subsection 3.5.1, the variation of the CBPR leads to a trade-off between higher 

band power and higher SSBI for lower CBPR values and vice-versa. In this subsection, after analysing 

the rms voltage of the signal, the CBPR is optimized around the best rms voltages, obtained in 

subsection 4.1.2, to find the lowest required OSNR for a BER of 10
-3

. 

 

Figure 4.8 Required OSNR for a BER of 10
-3

 as a function of the CBPR, for the 1
st
 band of a MB-

OFDM system with 20 GHz bandwidth and 4 bands with 3 GHz bandwidth using 16-QAM 
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Figure 4.8 shows the required OSNR for a BER of 10
-3

 as a function of the CBPR for the 1
st
 band of 

the system. 

It can be concluded from figure 4.8 that the lowest required OSNR for a BER of 10
-3

 is 33.8 dB with a 

CBPR of 15 dB and a rms voltage of the EAM input signal of 50 mV. This required OSNR is around 

11 dB lower than the one obtained in subsection 4.1.2, with a CBPR of 28 dB. 

Figure 4.7 shows that the 1
st
 band has the worst performance of all bands in the system. This means 

that the parameters that lead to the best performance in the 1
st
 band should also lead to the 

performance optimization of the overall system. Table 4.1 shows the required OSNR for a BER of 10
-3

 

for all bands of the system. The parameters optimized to maximize the performance of the 1
st
 band are: 

 Optical carrier to 1
st
 band gap = 4.9 GHz 

 Band gap = 1 GHz 

 CBG = 100 MHz 

 CBPR = 15 dB 

 EAM bias voltage = 1 V 

 Rms voltage of the signal at the EAM input = 50 mV 

 SSB filter with 24 GHz of -3 dB bandwidth 

 Central frequency of the SSB filter = 15 GHz 

 Central frequency of the 1
st
 band = 6.4 GHz 

 Central frequency of the 2
nd

 band = 10.4 GHz 

 Central frequency of the 3
rd

 band = 14.4 GHz 

 Central frequency of the 4
th
 band = 18.4 GHz 

Table 4.1 Required OSNR of all bands of a MB-OFDM system with 20 GHz bandwidth and 4 bands 

with 3 GHz bandwidth using 16-QAM 

Band Required OSNR for a BER of 10
-3

 [dB] 

1
st
 33.8 

2
nd

 32.9 

3
rd

 32.7 

4
th
 32.7 

 

From table 4.1, it is confirmed that the worst performing band is the 1
st
 band for this system, with the 

optimized parameters for that band. Therefore, for the tone assisted MB-OFDM system with four 

bands using 16-QAM, the required OSNR for a BER of 10
-3

 33.8 dB. 
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4.1.4 Performance comparison between MB-OFDM system and a system with 

one OFDM band            

In this subsection, the required OSNR for a BER of 10
-3

 for a MB-OFDM system with one band is 

presented. The objective of this subsection is to compare the required OSNR with the results for the 

MB-OFDM system with the four bands. The MB-OFDM system parameters, with exception to the rms 

voltage of the signal at the EAM input, are the optimized parameters from subsection 4.1.3. The power 

of the band and RF tone in this system are equal to the power of the 1
st
 band and its RF tone from 

subsection 4.1.3. Figure 4.9 shows the PSD of the MB-OFDM signal at the EDFA output of the four 

band system and one band system. It can be seen from figure 4.9 that the band power, noise power, RF 

tone power and optical carrier power are similar in both systems.  

 

Figure 4.9 PSD of a MB-OFDM signal with four bands and a MB-OFDM signal with one band at the 

EDFA output 

Table 4.2 presents the required OSNR for the system with one band. The results show an improvement 

of the required OSNR of 6.2 dB when compared to the system with four bands. Since the MB-OFDM 

signal has only one band, the total signal power is roughly 6 dB lower, which decreases the OSNR for 

the same noise power level. The lower distortion induced by the EAM due to the lower rms voltage 

value of the input signal is not noticeable, since the noise power is overlapping the power of the 

distortion components. 

Table 4.2 Required OSNR of a MB-OFDM system comprising one band with 3 GHz bandwidth using 

16-QAM 

Band Required OSNR for a BER of 10
-3

 [dB] 

1
st
 27.6 

4.1.5 System with real band selector filter 

In this subsection, the system is analysed with a real band selector filter. The filter used to make the 

analyses is the Yenista filter with an amplitude response showed in figure 3.4 (a) of section 3.1. The 
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objective of this subsection is comparison of the performance achieved by this filter with the reference 

value for the MB-OFDM system of 33.8 dB. 

Since a real filter cannot cut off perfectly the other OFDM bands and RF tones in the MB-OFDM 

system, the best pair band gap and optical carrier to 1
st
 band gap from subsection 4.1.1 is not the 

optimum one in this system. Henceforth, similar analyses to the ones of subsection 4.1.1 were done for 

the MB-OFDM system with the real band selector filter. The conclusion was that, for a band gap of 2 

GHz and an optical carrier to 1
st
 band gap of 1.9 GHz the system presented the best EVM value of -14 

dB. Considering a minimum EVM value of -16.5 dB, for a BER of 10
-3

, when using 16-QAM, the 

result of -14 dB is inadequate for an acceptable performance.  

To confirm that the central frequency of the band selector filter was adapted to the system, an analysis 

was done with the pair of the band gap and optical carrier to 1
st
 band gap the showed the best EVM in 

this subsection (the values of the other parameters remained unchanged from the optimized values). 

Figure 4.10 shows the EVM of the 2
nd

 band of the system (a middle band needs a filter the cuts off the 

bands of both sides) as a function of the central frequency of the optical filter. The reference zero 

frequency of the horizontal axis, in figure 4.10 is the frequency of the RF tone (    ) of the 2
nd

 band.  

By examining figure 4.10, it can be seen that the best central frequency of the optical filter has an 

EVM of -15 dB for the 2
nd

 band, which is an improvement of 1 dB from the central frequency used in 

the analysis. However, an EVM of -15 dB is not enough to achieve a BER of 10
-3

 with the Yenista 

filter. 

Figure 4.11 shows the spectrum of the MB-OFDM signal after the band selector filter. It can be seen 

that the Yenista filter is not selective enough to cut off sufficiently the neighbouring bands and RF 

tones.  

 

Figure 4.10 EVM as a function of the central frequency of the Yenista filter 
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Figure 4.11 PSD of the signal at the output of the Yenista filter 

Figure 4.12 shows the contours of the EVM for each band as a function of the band gap and the optical 

carrier to 1
st
 band gap. A rms voltage of 80 mV of the EAM input signal and a CBPR of 15 dB are 

considered. As seen in figure 4.12, the 1
st
 band suffers more distortion for lower values of optical 

carrier to 1
st
 band gap, while the other bands are not affected as much. 

 

Figure 4.12 EVM of all bands as a function of band gap and optical carrier to 1
st
 band gap, in a MB-

OFDM system with 4 bands using 2
nd

 order super Gaussian filter 

To confirm that the central frequency of the band selector filter was adapted to the system, the 2
nd

 

order super Gaussian filter was also analysed to find the best central frequency.  
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Figure 4.13 shows a contour with the EVM of the band showing the worst performance from the 

contours in figure 4.12. The contour in figure 4.13 is very similar to the contour of the 1
st
 band, 

showing that the 1
st
 band already presents the worse performance in general. By inspection of the 

contour in figure 4.13, it is concluded that, for a band gap of 2 GHz and an optical carrier to 1
st
 band 

gap of 1.9 GHz, the EVM is -16.7 dB. This pair band gap and optical carrier to 1
st
 band gap 

corresponds to the 1
st
 area of the contour in figure 4.5. The 2

nd
 area still respects the common 

submultiple condition, but since the 2
nd

 order super Gaussian filter is not selective enough to cut-off 

the neighbour bands when the band gap is only 1 GHz, that area is not adequate anymore. 

 

Figure 4.13 Worst EVM for all bands as a function of band gap and optical carrier to 1
st
 band gap, in 

a MB-OFDM system with 4 bands using the 2
nd

 order super Gaussian filter 

 

Figure 4.14 EVM as a function of the central frequency of the 2
nd

 order super Gaussian filter 

Figure 4.14 shows the EVM of the 2
nd

 band of the system as a function of the central frequency of the 

band selector filter. The reference zero frequency on figure 4.14 is the frequency of the RF tone of the 

2
nd

 band. It can be seen in figure 4.14 that, in the best central frequency (1.2 GHz below the frequency 

Best EVM 
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of the RF tone), the 2
nd

 band has an EVM of -17 dB. 

With the pair band gap and optical carrier to 1
st
 band gap optimized, the required OSNR for a BER of 

10
-3

 is now analysed. Figure 4.15 shows the required OSNR as a function of the rms voltage of the 

EAM input signal. The MB-OFDM signal comprises a band gap of 2 GHz, an optical carrier to 1
st
 

band gap of 1.9 GHz, a CBPR of 18 dB and the central frequency of the band selector filter is 1.2 GHz 

below the frequency of the RF tone of the extracted band. 

 

Figure 4.15 Required OSNR for a BER of 10
-3

 as a function of      , for all bands of a MB-OFDM 

system with 20 GHz bandwidth and 4 bands using the 2
nd

 order super Gaussian filter 

As expected, the 1
st
 band has a higher required OSNR due to the proximity to the optical carrier. The 

best required OSNR for the 1
st
 band is 39 dB for a CBPR of 18 dB and a rms voltage of 70 mV. By 

comparison to the required OSNR result in figure 4.8 for the same CBPR and rms voltage, the 

required OSNR has increased 3 dB with the 2
nd

 order super Gaussian filter. However, as for the 

rectangular filter this CBPR and rms voltage values are not optimized, and an analyses to optimize 

them has to be done. 

 

Figure 4.16 Required OSNR for a BER of 10
-3

 as a function of the CBPR, for the 1
st
 band of a MB-

OFDM system with 20 GHz bandwidth and 4 bands using the 2
nd

 order super Gaussian filter 
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Figure 4.16 shows the required OSNR for a BER of 10
-3

 as a function of the CBPR for the 1
st
 band of 

the system. 

From figure 4.16, it can be concluded that a CBPR of 17 dB and a rms voltage of 60 mV present the 

best performance in the 1
st
 band, with a required OSNR of 38 dB.  

The optimized parameters for the MB-OFDM system are: 

 Optical carrier to 1
st
 band gap = 1.9 GHz 

 Band gap = 2 GHz 

 CBG = 100 MHz 

 CBPR = 17 dB 

 EAM bias voltage = 1 V 

 Rms voltage of the signal at the EAM input = 60 mV 

 SSB filter with 24 GHz of 3 dB bandwidth 

 Central frequency of the SSB filter = 15 GHz 

 2
nd

 order super Gaussian filter is used for band selector filter 

 Central frequency of the band selector filter is 1.2 GHz below the reference frequency 

 Central frequency of the 1
st
 band = 3.4 GHz 

 Central frequency of the 2
nd

 band = 8.4 GHz 

 Central frequency of the 3
rd

 band = 13.4 GHz 

 Central frequency of the 4
th
 band = 18.4 GHz 

As in subsection 4.1.3, the optimized system for the worst performing band (in this case, the 1
st
 band) 

is analysed for the other bands to confirm that the optimized parameters of the worst band are the 

parameters the present the best performance of the overall system. Table 4.3 presents the required 

OSNR results for the other bands in the system. As expected the required OSNR for the other bands is 

lower than the required OSNR for the 1
st
 band. 

Table 4.3 Required OSNR of all bands of a MB-OFDM system with 20 GHz bandwidth and 4 bands 

using the 2
nd

 order super Gaussian filter 

Band Required OSNR for a BER of 10
-3

 [dB] 

1
st
 38.0 

2
nd

 37.4 

3
rd

 37.2 

4
th
 36.7 

 

With the results presented in table 4.3, it is concluded that the required OSNR for a BER of 10
-3

 is 38 

dB, which is still inside the 40 dB threshold. This value of the required OSNR means an increase of 
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the required OSNR of 4 dB when compared to the MB-OFDM system with rectangular band selector 

filters. 

4.1.6 Assessment of performance with fibre transmission 

In this subsection, the MB-OFDM system is analysed with fibre transmission to evaluate the effect of 

fibre dispersion on the system performance. It is considered that the SSMF (characteristics of the 

SSMF are explained in appendix A.8) has fixed spans of 40 km each and that the maximum 

transmission distance is 240 km, since the transmissions distances in a transparent MAN can go from 

dozens of kilometres to a few hundreds kilometres. 

Due to chromatic dispersion, the signal spreads in time along the fibre and it is necessary to introduce 

a CP to compensate the time spreading. Resorting to equation 2.10 of subsection 2.1.2, the value of the 

time spreading can be computed. Due to the MB-OFDM system architecture used, the CP is 

introduced in each band before multiplexing them. So the spectral width of the signal needed in 

equation 2.10 is the spectral width of each band. The conversion of bandwidth to spectral width is 

given by: 

    
  

 

 
   (4.1) 

where   
  is the central optical wavelength and   is the speed of light. The resulting    = 0.024 nm 

The    for the SSMF in the third window is 17 ps/nm/km and the    is 250 km (to give a margin 

above 240 km). The resulting time spreading over 250 km of SSMF fibre is 102 ps. 

An OFDM symbol with 128 subcarriers and 3 GHz bandwidth has time duration of 42.67 ns. With the 

required CP, the time duration is 42.78 ns. With equation 2.14 of subsection 2.1.4, the bit rate of each 

band with CP is 11.96 Gbit/s and the bit rate of the MB-OFDM signal is 47.84 Gbit/s. This results in a 

reduction of the bit rate of 160 Mbit/s from using CP. 

Since the dispersion induced by the fibre can mitigate the chirp effect caused by the EAM [33], the 

system was also analysed for an EAM bias voltage of 0.7 V (see table 3.1 of section 3.3). The MB-

OFDM system comprises the optimum parameters taken from subsection 4.1.5. To analyse the system 

performance around those parameters, the performance was also evaluated for two rms voltage levels 

around the optimum value of the rms voltage and for two levels of CBPR around the optimum value of 

the CBPR. 

Figure 4.17 shows the required OSNR for a BER of 10
-3

 as a function of the number of spans (0 spans 

means B2B operation) with a bias voltage of 1 V, for 5 sets system parameters (optimum parameter set 

and the values around optimum value of the rms voltage and CBPR). As a reminder, the optimum 
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parameter of the rms voltage is 60 mV and of the CBPR is 17 dB. 

Figure 4.17 shows that the required OSNR has some fluctuations but is slowly increasing with the 

fibre length. The required OSNR shows a variation below 0.5 dB for every system, showing that the 

SSB system is effectively mitigating the dispersion effects induced by the fibre. 

 

Figure 4.17 Required OSNR for a BER of 10
-3

 as a function of the number of spans of the MB-OFDM 

system with 4 bands using the 2
nd

 order super Gaussian filter and a bias voltage of 1 V 

Figure 4.18 shows the same kind of results of figure 4.16, but with an EAM bias voltage of 0.7 V. 

 

Figure 4.18 Required OSNR for a BER of 10
-3

 as a function of the number of spans of the MB-OFDM 

system with 4 bands using the 2
nd

 order super Gaussian filter and a bias voltage of 0.7 V 

The conclusions taken from figure 4.18 are the same of figure 4.17, which means that the fibre has a 
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similar effect on signal, for a different value of the EAM bias voltage. Also, the required OSNR is 4 

dB higher when compared to the MB-OFDM system with 1 V for the bias voltage. This higher value 

of the required OSNR is due to the higher chirp parameter of the EAM when the bias voltage is 0.7 V, 

which combined with the SSB system, degrades the signal performance. 

4.2 MB-OFDM system with 7 bands, in B2B configuration, with 

rectangular band selector filters and 4-QAM modulation 

In this section, a MB-OFDM system with 7 bands is optimized. Each band has a bandwidth of 3 GHz 

and uses 4-QAM modulation, which results in a total bit rate of 42 Gbit/s. It is considered that the total 

bandwidth of the MB-OFDM signal cannot exceed 30 GHz, to keep the bandwidth required by the 

electrical components as low as possible.  

4.2.1 Selection of the central frequencies of the bands in the MB-OFDM system 

The procedure in this subsection is the same as in subsection 4.1.1, but with MB-OFDM system 

comprising 7 bands. To maintain the MB-OFDM system in section 4.1 and this system comparable, 

the EAM bias voltage is 1 V and the rms voltage of the EAM input signal is 80 mV. Each band has 3 

GHz bandwidth, a CBG of 100 MHz and a CBPR of 16 dB. From the results of the system in section 

4.1, it was evident that a CBPR of 28 dB was too distant from the CBPR optimized value and that the 

CBPR used in the analysis of the impact of the central frequencies of the bands on the performance 

needed to be changed. 

Figure 4.19 shows the contours of the EVM for each band. The black areas in these contours represent 

the parameters range where the MB-OFDM system has a bandwidth larger than 30 GHz. As in 

subsection 4.1.1, the system performance was not analysed in these areas.  
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Figure 4.19 EVM of all bands as a function of band gap and optical carrier to 1
st
 band gap, in a MB-

OFDM system with 7 bands and maximum bandwidth of 30 GHz 

Due to the high EVM sensitivity to the band gap and optical carrier to 1
st
 band gap, in figure 4.19 the 
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resolution is 100 MHz for both parameters. This high resolution, however, creates contours that are 

difficult to read. 

To simplify the reading, figure 4.20 shows the contour with the EVM of the band showing the worst 

performance, in the same way of figure 4.5 in subsection 4.1.1. 

 

Figure 4.20 Worst EVM for all bands as a function of band gap and optical carrier to 1
st
 band gap, in 

a MB-OFDM system with 7 bands and maximum bandwidth of 30 GHz 

As in figure 4.5, figure 4.20 has two areas with better performance. The reason for these areas is 

exactly the same as in figure 4.5, which is due to the intermodulation distortion of the discrete spectral 

components. The two areas have almost the same performance (EVM around -19 dB). However, for a 

greater optical carrier to 1
st
 band gap, the SSB filter attuenuates more power from the optical carrier, 

which decreases the percentage of the signal power that is in optical carrier. 

The results of figure 4.20, the best performance of the system was determined. The best performance 

is achieved with a band gap of 0.7 GHz and an optical carrier to 1
st
 band gap of 4.3 GHz, reaching an 

EVM of -19.6 dB. 

Although there are more bands than in the system of section 4.1, the EVM is only 1 dB worse. 

Therefore, the distortion induced by the EAM shows low sensitivity to the number of bands 

comprising the signal. 

4.2.2 Rms voltage optimization 

In this subsection, the required OSNR for a BER of 10
-3

 is analysed as a function of the rms voltage of 

the EAM input signal. The system has the same parameters of subsection 4.2.1. Also from subsection 

4.2.1, the system has a band gap of 0.7 GHz and an optical carrier to 1
st
 band gap of 4.3 GHz, as 

Best EVM 

1
st
 Area 2

nd
 Area 
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optimized values. 

The SSB filter used follows the condition from subsection 3.4.1. The bandwidth and central frequency 

of the SSB filter cannot make that filter attenuate the bands more than 1 dB while cutting the optical 

carrier as much as possible. For this system this condition was validated when the SSB filter had 35 

GHz of -3 dB bandwidth and with a central frequency of 18.5 GHz. 

Figure 4.21 shows that required OSNR for all bands of the MB-OFDM system as a function of the rms 

voltage of the EAM input signal. 

 

Figure 4.21 Required OSNR for a BER of 10
-3

 as a function of      , for all bands of a MB-OFDM 

system with 30 GHz bandwidth and 7 bands with 3 GHz bandwidth using 4-QAM 

From figure 4.21, it can be concluded that the 1
st
 band has the worst performance, like in the MB-

OFDM system with 4 bands considered in section 4.1. This lower performance happens because the 1
st
 

band suffers from greater distortion than higher frequency bands. Also, the 1
st
 band suffers from more 

attenuation from the SSB filter due to the proximity to the optical carrier, which makes this band more 

sensitive to noise. 

4.2.3 CBPR optimization 

From subsection 4.2.2, it was seen that the band with the worst performance is the 1
st
 band and that the 

optimum rms voltage of the EAM input signal was between 40 mV and 120 mV. In this subsection, 

the CBPR of the 1
st
 band is analysed between the values 40 mV and 120 mV of the rms voltage 

Figure 4.22 shows the required OSNR for a BER of 10
-3

 as a function of the CBPR of the 1
st
 band, for 

some values of the rms voltage of the EAM input signal. 

Figure 4.22 shows that, the CBPR of 11 dB for a rms voltage of 60 mV has the lowest required OSNR 

for a BER of 10
-3

 of about 25 dB. The rms voltage of 80 mV for the same CBPR presents a very 
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similar system performance. This means that, around the optimum value of the rms voltage, the MB-

OFDM system has a considerable robustness to the variation of CBPR and rms voltage level. 

As in subsection 4.1.3, after optimizing the MB-OFDM system for the 1
st
 band, the other bands of the 

system are analysed using those optimum values of the parameters. These analyses are performed to 

confirm that the other bands have better or equal performance to the performance of the1
st
 band, 

concluding that the system has been optimized. The parameters that maximize the performance of the 

1
st
 band are: 

 Optical carrier to 1
st
 band gap = 4.3 GHz 

 Band gap = 0.7 GHz 

 CBG = 100 MHz 

 CBPR = 11 dB 

 EAM bias voltage = 1 V 

 Rms voltage of the signal at the EAM input = 60 mV 

 SSB filter with 35 GHz -3dB bandwidth 

 Central frequency of the SSB filter = 18.5 GHz 

 Central frequency of the 1
st
 band = 5.8 GHz 

 Central frequency of the 2
nd

 band = 9.5 GHz 

 Central frequency of the 3
rd

 band = 13.2 GHz 

 Central frequency of the 4
th
 band = 16.9 GHz 

 Central frequency of the 5
th
 band = 20.6 GHz 

 Central frequency of the 6
th
 band = 24.3 GHz 

 Central frequency of the 7
th
 band = 28 GHz 

 

Figure 4.22 Required OSNR for a BER of 10
-3

 as a function of the CBPR, for the 1
st
 band of a MB-

OFDM system with 30 GHz bandwidth and 7 bands with 3 GHz bandwidth using 4-QAM 
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Table 4.4 shows the required OSNR for a BER of 10
-3

 for all bands of the MB-OFDM system, with 

the optimized parameters for the 1
st
 band. 

Table 4.4 Required OSNR of all bands of a MB-OFDM system with 30 GHz bandwidth and 7 bands 

with 3 GHz bandwidth using 4-QAM 

Band Required OSNR for a BER of 10
-3

 [dB] 

1
st
 24.9 

2
nd

 24.7 

3
rd

 24.7 

4
th
 24.5 

5
th
 24.7 

6
th
 24.6 

7
th
 24.2 

The results from table 4.4 confirm that the other bands have required OSNR less than 1 dB below the 

required OSNR of the 1
st
 band, which shows that, in B2B operation and with rectangular band selector 

filters, the required OSNR of the MB-OFDM system for a BER of 10
-3

 is 24.9 dB. 

4.2.4 Performance comparison between MB-OFDM system and a system with 

one OFDM band  

In this subsection, as in subsection 4.1.4, the required OSNR for a BER of 10
-3

 for a MB-OFDM 

system with one band is presented. The MB-OFDM system parameters, with exception to the rms 

voltage of the signal at the EAM input, are the optimized parameters from subsection 4.2.3. The power 

of the band and RF tone in this system are equal to the power of the 1
st
 band and its RF tone from 

subsection 4.1.3. 

 

Figure 4.23 PSD of a MB-OFDM signal with seven bands and a MB-OFDM signal with one band, at 

the EDFA output 

Figure 4.23 shows the PSD of the MB-OFDM signal at the EDFA output of the seven band system 

and one band system. It can be seen from figure 4.23, that the band power, noise power, RF tone 

power and optical carrier power are the same in both systems.  
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Table 4.5 presents the required OSNR for the system with one band. The results show an improvement 

of 3 dB when compared to the system with seven bands. The difference of the required OSNR is 

smaller than the difference from subsection 4.1.4. The main reason for the required OSNR only being 

3 dB smaller is the optical carrier that has a higher percentage of the signal power than the one in 

subsection 4.1.4, which means the signal power with one band is only 3.5 dB lower than the signal 

with seven bands. The lower distortion induced by the EAM due to the lower rms voltage value of the 

input signal is not noticeable, since the noise power is overlapping the power of the distortion 

components. 

The required OSNR for the system with only one band is 21.8 dB. Since the distortion of the EAM is 

not noticeable, if one band was generated in a different EAM and then multiplexed with the other 

bands, the resulting required OSNR for that band should be close to 24.9 dB. 

Table 4.5 Required OSNR of a MB-OFDM system comprising one band with 3 GHz bandwidth using 

16-QAM 

Band Required OSNR for a BER of 10
-3

 [dB] 

1
st
 21.8 

4.2.5 System with real band selector filter 

In this subsection, the system is analysed with a real band selector filter. The filter used to make the 

analyses is the Yenista filter with the amplitude response shown in figure 3.4 (a) of section 3.1. 

Since a real filter cannot cut-off perfectly the other OFDM bands and RF tones in the MB-OFDM 

system, the values of band gap and optical carrier to 1
st
 band gap from subsection 4.2.1 are not the 

optimal ones in this MB-OFDM system. Henceforth, similar analyses to the ones of subsection 4.2.1 

were done for this MB-OFDM system. The best EVM presented by the system was an EVM of -5.5 

dB for a band gap of 1.2 GHz and an optical carrier to 1
st
 band gap of 1.1 GHz. Considering a 

maximum EVM value of -9.7 dB, for a BER of 10
-3

, when using 4-QAM, the EVM of -5.5 dB is too 

inadequate. 

The reason for the presented performance being so low is that the MB-OFDM system with 7 bands has 

smaller band gaps than the 4 band system in section 4.1. The biggest band gap possible for the system 

is 1.2 GHz, in which the 2
nd

 to 7
th
 bands present an EVM of -9.6 dB. However, the cost for increasing 

the band gap is decreasing the optical carrier to 1
st
 band gap, which causes the 1

st
 band to have an 

EVM of -5.5 dB. Since achieving the maximum EVM of -9.7 dB is very complicated with the Yenista 

filter, the system is analysed with the 2
nd

 order super Gaussian filter with the amplitude response 

shown in figure 3.4 (b) of section 3.1. 
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Figure 4.24 EVM of all bands as a function of band gap and optical carrier to 1
st
 band gap, in a MB-

OFDM system with 7 bands using 2
nd

 order super Gaussian filter 

Figure 4.24 shows the contours of the EVM for each band as a function of the band gap and the optical 

carrier to 1
st
 band gap. The MB-OFDM system considered in figure 4.12 has a signal at the EAM input 
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with a rms voltage of 80 mV and a CBPR of 16 dB. 

Figure 4.25 shows a contour with the EVM of the band showing the worst performance. That 

information was extracted from the contours in figure 4.24. The contour in figure 4.25 is very similar 

to the contour of the 1
st
 band, showing that the 1

st
 band presents the worst performance in general. 

By inspection of the contour in figure 4.25, it is concluded that, for a band gap of 1.2 GHz and an 

optical carrier to 1
st
 band gap of 1.1 GHz, the EVM is -15 dB. This value of the EVM is 5.5 dB lower 

than -9.5 dB of EVM required having a BER of 10
-3

. This pair band gap and optical carrier to 1
st
 band 

gap corresponds to the 1
st
 area of figure 4.20. The 2

nd
 area is not adequate anymore, despite respecting 

the common submultiple condition. This occurs because the 2
nd

 area of figure 4.20 presented 

maximum band gap of 0.7 GHz, which is not enough for the 2
nd

 order super Gaussian filter to cut-off 

the neighbouring bands and RF tones, causing heavy inter-band crosstalk at the PIN and degrading the 

signal performance. 

 

Figure 4.25 Worst EVM for all bands as a function of band gap and optical carrier to 1
st
 band gap, in 

a MB-OFDM system with 7 bands using the 2
nd

 order super Gaussian filter 

Figure 4.26 shows the required OSNR as a function of the rms voltage of the EAM input signal. The 

MB-OFDM signal comprises a band gap of 1.2 GHz, an optical carrier to 1
st
 band gap of 1.1 GHz, a 

CBPR of 16 dB and the central frequency of the band selector filter is 1.2 GHz below the frequency of 

the RF tone of the extracted band. From figure 4.26, it can be seen that the 1
st
 band shows required 

Best EVM 
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OSNR around 2 dB higher than the best performing of other band. Due to optical carrier to 1
st
 band 

gap being only 1.1 GHz, the SSB filter is not selective enough to significantly attenuate the optical 

carrier, which causes degradation of performance of the 1
st
 band. 

 

Figure 4.26 Required OSNR for a BER of 10
-3

 as a function of      , for all bands of a MB-OFDM 

system with 30 GHz bandwidth and 7 bands using the 2
nd

 order super Gaussian filter 

Figure 4.26 shows that the optimum rms voltage is between 60 mV and 120 mV. As in the MB-OFDM 

system with rectangular filter, the required OSNR can be further reduced by optimizing the CBPR. 

 

Figure 4.27 Required OSNR for a BER of 10
-3

 as a function of the CBPR, for all bands of a MB-

OFDM system with 30 GHz bandwidth and 7 bands using the 2
nd

 order super Gaussian filter 
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As expected, the 1
st
 band has the worst performance of the MB-OFDM system, so the system only 

needs to be optimized for the 1
st
 band. Figure 4.27 shows the required OSNR for a BER of 10

-3
 as a 

function of the CBPR.  

From figure 4.27, it can be concluded that a CBPR of 12 dB and a rms voltage of 90 mV lead to the 

best performance in the 1
st
 band, with a required OSNR of 28.1 dB. The optimized system for the 

worst performing band is analysed for the other bands to confirm that the optimized parameters for the 

worst band are the optimized parameters for the overall system. 

The optimized parameters for the MB-OFDM system are: 

 Optical carrier to 1
st
 band gap = 1.1 GHz 

 Band gap = 1.2 GHz 

 CBG = 100 MHz 

 CBPR = 12 dB 

 EAM bias voltage = 1 V 

 Rms voltage of the signal at the EAM input = 90 mV 

 SSB filter with 35 GHz of -3 dB bandwidth 

 Central frequency of the SSB filter = 18.5 GHz 

 2
nd

 order super Gaussian filter is used for band selector filter 

 Central frequency of the band selector filter is 1.2 GHz below the RF tone frequency 

 Central frequency of the 1
st
 band = 2.6 GHz 

 Central frequency of the 2
nd

 band = 6.8 GHz 

 Central frequency of the 3
rd

 band = 11 GHz 

 Central frequency of the 4
th
 band = 15.2 GHz 

 Central frequency of the 5
th
 band = 19.4 GHz 

 Central frequency of the 6
th
 band = 23.6 GHz 

 Central frequency of the 7
th
 band = 27.8 GHz 

Table 4.6 presents the required OSNR results for the other bands in the system. As expected the 

required OSNR for the other bands is lower than the required OSNR for the 1
st
 band. 

 

 

 

 



MB-OFDM for metropolitan networks employing EAM 

 

79 

Table 4.6 Required OSNR of all bands of a MB-OFDM system with 30 GHz bandwidth and 7 bands 

using the 2
nd

 order super Gaussian filter 

Band Required OSNR for a BER of 10
-3

 [dB] 

1
st
 28.1 

2
nd

 27.5 

3
rd

 27.6 

4
th
 27.5 

5
th
 27.5 

6
th
 27.5 

7
th
 26.8 

 

With the results presented in table 4.6, it is concluded that the required OSNR for a BER of 10
-3

 is 

28.1 dB. The penalty of using a 2
nd

 order super Gaussian filter, which is mainly caused by inter-band 

crosstalk, instead of a rectangular filter as the band selector filter, is a required OSNR 4 dB higher.  

4.2.6 Assessment of performance with fibre transmission 

In this subsection, the MB-OFDM system performance with fibre transmission is evaluated. The MB-

OFDM system uses the optimized parameters of subsection 4.2.5. As in subsection 4.1.6, spans of 40 

km each and maximum transmission distance of 240 km are considered. 

Since the bandwidth of the OFDM bands is the same as the OFDM bands in subsection 4.1.6, which is 

3 GHz, the time spreading of the signal in the fibre is the same 102 ps. 

An OFDM symbol with 128 subcarriers and 3 GHz bandwidth has time duration of 42.67 ns. With the 

required CP, the time duration is 42.78 ns. With equation 2.14 of subsection 2.1.4, the bit rate of each 

band with CP is 5.98 Gbit/s and the bit rate of the MB-OFDM signal is 41.86 Gbit/s, which is a 

reduction of 140 Mbit/s on the bit rate caused by using CP. 

As in subsection 4.1.6, the MB-OFDM system was also analysed for an EAM bias voltage of 0.7 V 

(see table 3.1 of section 3.3). To analyse the system performance around the optimum parameters, the 

system performance was also evaluated for two rms voltage levels around the optimum value of the 

rms voltage and for two levels of CBPR around the optimum value of CBPR. 

Figure 4.28 shows the required OSNR for a BER of 10
-3

 as a function of the number of spans with a 

bias voltage of 1 V. As a reminder, the optimum parameter of the rms voltage is 90 mV and of the 

CBPR is 12 dB. 
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Figure 4.28 Required OSNR for a BER of 10
-3

 as a function of the number of spans, for all bands of a 

MB-OFDM system with 7 bands using the 2
nd

 order super Gaussian filter and a bias voltage of 1 V 

Figure 4.28 shows that the variation of the required OSNR along fibre is below 0.5 dB, as in the MB-

OFDM system of section 4.1. Therefore, the required OSNR shows low sensitivity to transmission 

distance. This low sensitivity shows that the SSB system is effectively mitigating the dispersion 

effects induced by the fibre. 

 

Figure 4.29 Required OSNR for a BER of 10
-3

 as a function of the number of spans, for all bands of a 

MB-OFDM system with 7 bands using the 2
nd

 order super Gaussian filter and a bias voltage of 0.7 V 

Figure 4.29 shows the results similar to figure 4.28, but with an EAM bias voltage of 0.7 V. The 

conclusions taken from figure 4.29 are similar to those ones of figure 4.28, which means that the fibre 

has a similar effect on signal, for a different value of the EAM bias voltage. Also, the required OSNR 
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is around 2 dB higher when compared to the MB-OFDM system with 1 V for the bias voltage. This 

higher value of the required OSNR is due to the higher chirp parameter of the EAM when the bias 

voltage is 0.7 V, which combined with the SSB system, degrades the signal performance. 

4.3 Conclusions 

In this chapter, the performance of a DD SSB MB-OFDM system employing EAM as optical 

transmitter was assessed. The MB-OFDM system was analysed and optimized in B2B operation with 

a rectangular as band selector filter. The system performance with only one band was studied to 

compare the performance with the system comprising all bands. The performance of the system with 

the commercially available Yenista filter and the 2
nd

 order Gaussian filter serving as band selector 

filter was optimized and evaluated. Afterwards, the assessment of transmission performance of the 

system with fixed fibre spans (40 km each) was analysed. 

The first system is a tone assisted MB-OFDM comprising 4 OFDM bands using 16-QAM, with a total 

bandwidth of 20 GHz and a total bit rate of 47.84 Gbit/s. The second system is also a tone assisted 

MB-OFDM but comprising 7 OFDM bands using 4-QAM with a total bandwidth of 30 GHz and a 

total bit rate of 41.86 Gbit/s. 

The first system has a required OSNR of 33.8 dB with rectangular filter as band selector filter, while 

the second system has a required OSNR of 24.9 dB. This difference of the required OSNR is mainly 

caused by the different QAMs used by the systems, since the 4-QAM allows an EVM 6.8 dB higher 

than the 16-QAM for a BER of 10
-3

. 

For the first system with only one band, the required OSNR decreased 6 dB to the final value of 28 dB 

and, for the second system, the decrease of the required OSNR was of 3 dB to the final value of 22 dB. 

For both signals, the main cause of this improvement of the required OSNR for one band was the 

lower signal power for the same noise power. The difference in distortion induced by the EAM 

between the MB-OFDM systems and the, respectively, one band systems is neglectable. When the 

Yenista filter was used, for both systems, the EVM for the systems without noise had a value below 

the maximum EVM required for a BER of 10
-3

. This EVM values were due to the low attenuation on 

the neighbour bands that caused inter-band crosstalk after photo detection. With the 2
nd

 order super 

Gaussian filter used as band selector filter, the required OSNR was 38 dB and 29 dB for the first 

system and the second system, respectively. This is an increase of 4 dB for both systems, when 

compared to those systems with the rectangular filter, that is caused mainly by inter-band crosstalk. 

With transmission along the fibre, the required OSNR had a variation below 1 dB from B2B until 6 

spans of fibre (240 km) for both systems, which shows that the SSB system is effectively mitigating 
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the fibre induced power fading. 

If a system is chosen taking the performance of the signal as important, one must choose between 

higher bit rate per band or more bands to have higher granularity. If a system is chosen taking into 

account the price of their components, one must find what is cheaper, components with more 

bandwidth and higher noise figures or the components with less bandwidth and lower noise figures. 
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5 Conclusions and future work 

Chapter 5 

Final conclusions and future work 

In this chapter, the final conclusions of the work developed in this dissertation are presented. 

Suggestions for future work are also provided. 

5.1 Final conclusions 

In this dissertation, the optimization and evaluation of the transmission performance of two SSB DD 

MB-OFDM metro systems (a 4 OFDM bands 16-QAM system and a 7 OFDM bands 4-QAM system) 

employing an EAM as optical transmitter was performed. In addition, a tone assisted MB-OFDM for 

OFDM band detection is studied and the effects on the system performance were analysed. 

In chapter 2, the OFDM and MB-OFDM signal fundamentals were presented. The parameters that 

characterize these signals were shown. The DFT OFDM system architecture with DD was described, 

since it is a cost-effective solution, a key aspect in metropolitan networks. The figure of merit used to 

evaluate the MB-OFDM system without noise, the EVM, was introduced. 

In chapter 3, the models of the EAM and PIN components were introduced. Particularly the 

characteristics of the chirp parameter and of the output optical power of the EAM have been analysed. 

It was concluded that the best EAM bias voltage was 1 V, the bias voltage with a null chirp parameter. 

The EAM has a trade-off of the rms voltage of the EAM input signal, that is: high SNR but higher 

distortion for higher rms voltage or low SNR but lower distortion for lower rms voltage. The SSB 

system was presented as a technique to overcome the dispersion induced power fading and reduction 

of the MB-OFDM system bandwidth. The SSB system when combined with the chirp of the EAM 

causes a variable phase shift on the signal and a common phase error estimator was used to mitigate 

this problem. The tone-assisted MB-OFDM was presented to overcome the technical challenges of the 

OADM add and drop operations on a MB-OFDM system. Two main parameters were introduced, the 

CBPR and the CBG. The impact of these two parameters on the MB-OFDM system performance were 

analysed and it was concluded that higher values of CBPR and/or CBG reduce the SSBI caused by the 

PIN. However, greater CBG reduces the spectral efficiency of the signal, while higher CBPR reduces 
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the OFDM band power. In this work, it was decided to have a small CBG, to increase the spectral 

efficiency of the system and to optimize the CBPR. To maintain the distortion induced by the EAM 

within acceptable levels, the total rms voltage of the EAM input signal needs to be distributed between 

the bands and the RF tones. For the same total rms voltage at the EAM input, the tone assisted MB-

OFDM bands are more sensitive to noise, which increases the required SNR when compared to MB-

OFDM without RF tones. It was shown that, due to the intermodulation distortion components of the 

RF tones, the signal performance is highly degraded when the RF tones frequency do not have a 

common submultiple. Therefore, in this work, the MB-OFDM systems that were analysed had the RF 

tones frequencies with a common submultiple. 

In Chapter 4, the two DD SSB MB-OFDM systems employing EAM as optical transmitter were 

assessed. The MB-OFDM systems were analysed and optimized in B2B operation with a rectangular 

band selector filter. The required OSNR obtained in these conditions served as reference value. The 

system performance with only one band was studied to compare the performance with the system 

comprising all bands. For the 4-band MB-OFDM system with only one band, the required OSNR 

decreased 6 dB to the value of 28 dB and, for the 7-band MB-OFDM system, the decrease of the 

required OSNR was of 3 dB to the final value of 22 dB. For both systems, the main cause of this 

improvement of the required OSNR for one band was the lower signal power for the same noise 

power. The difference in distortion induced by the EAM between the MB-OFDM systems and the, 

respectively, one band systems is neglectable. The performance of the system with the Yenista filter 

and the 2
nd

 order Gaussian filter serving as band selector filters were also optimized and evaluated. 

The difference of system performance on the number of SSMF spans that interconnect the metro 

nodes (40 km each) was assessed. It was concluded that the Yenista filter was not selective enough to 

cut-off the neighbouring bands and RF tones, which heavily degrade the MB-OFDM system 

performance. The EVM of the distortion with the Yenista filter was above the EVM required for a 

target BER of 10
-3

. Therefore, the 2
nd

 order super Gaussian filter was used instead of the Yenista filter. 

Table 5.1 presents the results obtained for the optimized MB-OFDM systems with the 2
nd

 order super 

Gaussian filter as band selector filter and in B2B operation. The 4 band MB-OFDM system provides 

better spectral efficiency at the expense of requiring 38.0 dB of OSNR. The 7 band MB-OFDM 

system provides better granularity and requires 28.1 dB of OSNR at the expense of reduced spectral 

efficiency. Compared with the required OSNR reference value with rectangular optical filters, both 

systems present a required OSNR degradation of 4 dB. The causes of this degradation are the band 

crosstalk of the neighbouring bands and the attenuation of the band selector filter on the edges of the 

OFDM bands. 
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Table 5.1 Results of the optimized MB-OFDM systems with the 2
nd

 order super Gaussian filter as 

reception filter and in B2B operation 

Parameters MB-OFDM comprising 4 bands MB-OFDM comprising 7 bands 

MB-OFDM signal bit rate 47.84 Gbit/s 41.86 Gbit/s 

MB-OFDM signal bandwidth 20 GHz 30 GHz 

OFDM band bandwidth 3 GHz 3GHz 

QAM mapping 16-QAM 4-QAM 

SSB filter 24 GHz filter 35 GHz filter 

Central freq. SSB filter  15 GHz 18.5 GHz 

OSNR reference value  33.8 dB 24.9 dB 

Band selector filter 2
nd

 order SG filter 2
nd

 order SG filter 

Central freq. reception filter 1.2 GHz below RF tone freq. 1.2 GHz below RF tone freq. 

EAM bias voltage 1 V 1 V 

EAM input rms voltage  60 mV 90 mV 

Optical carrier 1
st
 band gap  1.9 GHz 1.1 GHz 

Band gap 2 GHz 1.2 GHz 

CBG 100 MHz 100 MHz 

CBPR 17 dB 12 dB 

Required OSNR in B2B 38.0 dB 28.1 dB 

OSNR penalty along 240 km SSMF <1 dB <1 dB 

 

The question that remains is: are 38 dB and 28.1 dB of required OSNR too high? To answer this 

question, Appendix A.10 presents the power budget analysis of the system and the resulting OSNR as 

a function of the number of spans. 

From the OSNR results, it can be concluded that the 4 band MB-OFDM system needs the two EDFA 

configuration and, this system, only meets the required OSNR if a metropolitan ring with two spans is 

considered. The OSNR results of table 5.2, are higher than the required OSNR detained for the 7-band 

system regardless the number of spans and the number of EDFAs employed. This means that, the 7 

band MB-OFDM system only needs one EDFA per span, which considerably reduces the cost of the 

system, and has a transmission range three times longer than the 4 band system. 

5.2 Future work 

From the work performed in this dissertation, the following topics are suggested as future work: 

 Develop digital signal processing techniques to remove SSBI at the photodetection output and 
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its impact on the DD MB-OFDM system performance 

 Study the impact of fibre non-linearities on the DD MB-OFDM system performance  

 Study of the DD MB-OFDM system performance with other symbol mapping modulation 

 Experimentally demonstrate the DD MB-OFDM systems analysed in this dissertation 

 Study of DD MB-OFDM systems employing other optical transmitter, such as the MZM 
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Appendix 1 Erro! A origem da referência não foi 

ncontrada. 

Appendix 

System Details 

In this appendix, the details of the OFDM system and the MB-OFDM optical system are presented.  

 Constellation mapping A.1

Constellations are a visual tool to help evaluating distortion and noise effects on the transmitted 

signals. This visualization is generally done using mapped symbols like QAM which are often used in 

optical OFDM signals.  

To make a constellation of a mapped QAM symbol, a complex plot, where the real and imaginary axis 

corresponds to the amplitude of the in-phase and quadrature component of the symbol, is used. 

In this work, two orders of QAM mapping, with Gray codding, are used. There constellations are 

shown in figure A.1. 

The possibility to choose the kind of symbol mapping gives flexibility to some parameters of the 

system. The bit rate, bandwidth and sensitivity of the system can be balanced accordingly to the 

system requirements. 

The constellation at the transmitter has the ideal symbol position, while at the receiver those positions 

are not ideal due to distortion effects and noise. 

To make the symbol decision at the receiver, it is calculated the Euclidean distance of each received 

symbol to all possible positions of the constellation. Then the position with the lower Euclidean 

distance is considered to be the correct one. 

The Euclidean distance is defined as the length of a line segment connecting two points in a Euclidean 

plane. Considering a transmitted symbol           and a received symbol          , than the 

Euclidean distance between T and R is given by: 
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        √                  (A.1) 

with   being the calculated Euclidean distance,   the in-phase component and   the quadrature 

component of each symbol. 

 

Figure A.1 Illustration of constellations used in the system 

 DAC and ADC A.2

To perfectly emulate analogue signal in the digital domain an infinite number of digital samples were 

necessary, which is impossible since it would require infinite memory. To make it doable in a 

computer, the analogue signal is emulated with a finite number of digital samples. 

The number of digital samples dictates the resolution of the emulation. More digital samples means 

the emulation is closer to the analogue signal, with the drawback of increasing the memory used and 

increasing simulation time. 

Figure A.2 shows the in-phase component of an OFDM signal at the output of the DAC component 

and the output of the LPF in the time domain. The OFDM signal has 4 mapped 4-QAM symbols, at 10 

Gbit/s, which means a QAM symbol every 0.2 ns. The DAC component gets this QAM symbols and 

increases the resolution of the signal by adding zeros between symbols, as shown in figure A.2. The 

DAC from figure A.2 has a resolution of 16 digital samples, which means 15 zeros between QAM 

symbols. The frequency range of the simulator is related to the spacing between samples, since 

variations that occur in less time than the time spacing between samples are undetectable for the 

simulator. The resolution used in this work is 128 digital samples, because of the harmonic distortion 

components caused by the discrete spectral components, that need higher frequency ranges to keep the 

digital emulation reliable. 

To create a continuous signal in time from the signal at the output of the DAC, a LPF is used. 

Examining the signal at the output of the DAC in figure A.2, it can be seen that the signal has abrupt 
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variations, like a digital signal. This results in higher frequency components than the 5 GHz required 

by the OFDM signal. By cutting these excess frequency components with a LPF with 5 GHz 

bandwidth, the signal does not lose any information and it requires much less bandwidth. 

 

Figure A.2 OFDM symbol at the DAC output and transmitter LPF output with 16 samples 

The LPF, before the ADC, is used to reduce the power of the noise and interference in the received 

signal. The ADC has the opposite function of the DAC. It recovers the digital samples that correspond 

to the information and rejects the samples used to construct the analogue signal at the DAC. 

 Up-converter and down-converter A.3

The up-converter and down-converter are respectively a complex-to-real converter and a real-to-

complex converter. As the base band OFDM signal is usually represented as a set of complex values 

and the channel transports real signals, the up-converter does the conversion from complex to real. At 

the receiver, the opposite operation is done. Mathematically, such conversions involve a complex 

multiplier, which at the up conversion can be expressed as: 

              (             )          (             ) (A.2) 

where      is the real-value signal at the up-converter output,    is the up-converter frequency,       is 

the baseband in-phase signal (corresponds to the real component),       is the baseband quadrature 

signal (corresponds to the imaginary component), and         and         are the different phases of 

the cosine and the sine functions at the up-converter, respectively. 

At the down-conversion, the reverse process is applied, and the signals at the end of the down 

converter are given by: 

 
             (                  )

              (                  )
 (A.3) 
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where      is the received band-pass signal at the PIN output,      and      are the, respectively, 

received in-phase and quadrature signals at the down-converter output,       is the down-converter 

frequency, and           and           are the different phases of the cosine and the sine functions at 

the down-converter, respectively. When using tone-assisted MB-OFDM system, the value of       is 

not equal to   , as in conventional up/down conversion methods. Independently of the    of the OFDM 

band, the       is given by: 

       
  

 
      (A.4) 

where    is the selected OFDM band bandwidth and      is the CBG. 

 Signal Synchronization A.4

When considering a dispersive channel that induces a variable phase shift in the signal, this phase shift 

causes different delays to the information symbols. The way to compensate for these delays is to use a 

phase synchronizer, after the LPF at the receiver to align the OFDM symbol at the OFDM modulator 

output with the OFDM symbol at the OFDM demodulator input. Figure A.3 shows the phase shift, 

caused by a dispersive channel with fibre, and posterior synchronization of an OFDM symbol with 64 

subcarriers 
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Figure A.3 Phase shift correction due to signal synchronization 

With signal synchronization, it is ensured that the received signal is synchronized with the DFT 

window. Synchronization with a DFT window is imperative for the OFDM demodulation to be 

correct, because if the DFT window is not correctly synchronize, the signal will suffer additional ICI 

and ISI [1]. 

 Electrical noise A.5

Electrical noise is present in every electrical component of a system. For simplicity, it is considered 

that all contributions of the electrical components are added once at the output of the PIN. The one-

sided power spectral density of the electrical noise is given by: 

       
     

     
     (A.5) 

where    is the Bolzmann’s constant                       ,    is the room temperature which is 

considered to be 290 K,       is the bias resistance of the receiver considered to be 50 Ω and      is 

the noise figure of the electrical part of the receiver. 
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The noise n(t) is additive white gaussian noise (AWGN) with a standard deviation   given by: 

   √
     

 
      (A.6) 

where      is the frequency range of the simulation. 

Down 

Converter

P

I

N

n(t)

 

Figure A.4 Illustration of the insertion of electrical noise into the system 

The generated noise is added in the time domain to the received signal, as illustrated in figure A.4. 

 Optical noise A.6

Optical noise has multiple origins, being the EDFA amplified spontaneous emission (ASE) noise the 

dominant noise generator. In this work, the optical noise generated by the EDFA is the only optical 

noise considered. The power spectral density of the ASE noise (    ) is given by : 

                           (A.7) 

where      is the noise figure of the optical amplifier,       is the optical amplifier gain,  =6.626×10
-

34
 J•s is the Planck’s constant and    the optical frequency. The noise figure of the EDFA considered 

in this work is 3 dB. 

The optical fibre has two polarizations that are orthogonal to each other. It is assumed that one 

polarization has the direction  ̂  and the other polarization has direction  ̂ . A signal traveling 

exclusively in direction  ̂  does not interfere with a signal traveling exclusively in direction  ̂ . The 

ASE noise power is equally divided by both polarizations. 

Like a signal, the noise also has an in-phase and quadrature component. This means that, the ASE 

noise in each polarization has an in-phase and quadrature component. The ASE noise power is equally 

divided by both components in each polarization. Concluding that the noise can be divided into 4 

independent directions ( ̂   ,  ̂   ,  ̂    and  ̂   ), which results in the spectral density ASE noise of 

each component (       ⁄    ⁄     ), given by: 
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        ⁄    ⁄      
        

 
 (A.8) 

If assumed that the signal optical field travels in  ̂ , the electrical field at the EDFA output is given by: 

                          ̂    (              ) ̂    (         ) ̂    (         ) ̂    (A.9) 

where          is the electrical field at the EDFA output,      and      are the electrical fields of the 

signal in the in-phase and quadrature components respectively, and          ,           ,            and 

          are the electrical fields of the ASE noise in every component. Considering the EDFA is a 

pré-amplifier, the PIN output current is then given by: 

         |                             |
 
 |                   |

 
 (A.10) 

with         being the PIN output current. 

To conclude, the power of the ASE noise at the EDFA output is given by: 

                  (A.11) 

where       is the power of the ASE noise and    is the bandwidth of the noise (in this work it is 

considered to be 0.1 nm).   

 Equalizer A.7

In order to compensate for the distortion caused by the transmission channel in each OFDM symbol, it 

is necessary to use an equalizer that estimates the distortion induced by the channel. The equalizer is 

implemented at the receiver side and its transfer function is evaluated by using training symbols. The 

equalizer transfer function is calculated as: 

      
    

    
 (A.12) 

where      is the complex value at the output of the OFDM demodulator and      is the complex value 

at the input of the OFDM modulator, with   being the  -th subcarrier of the  -th OFDM training 

symbol. 

The equalizer is a single tap equalizer that uses the mean of the estimated channel transfer function for 

each subcarrier, by applying it to the received symbol in order to compensate for the induced 
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distortion. 

    
 

 
 

∑     
 
   

 (A.13) 

  ̃             (A.14) 

with    being the equalizer transfer function of the k-th subcarrier and  ̃     the received symbols after 

equalization. Figure A.5 illustrates the phase and amplitude correction that the equalizer makes to a 

received OFDM signal with 1 training symbol and 8 information symbols, using 64 subcarriers. 

 

Figure A.5 Constellation of the received symbols in a linear channel without equalizer (a) and with 

equalizer (b) 

If looked closely, the constellation with equalization has more spreading than before, this is because 

each training symbol is affected by white Gaussian noise and the mean of the estimated channel 

transfer function is also used to calculate the noise’s average, which will tend zero.  

One training symbol is insufficient to calculate a mean, causing the equalizer to equalize the signal 

plus noise, which is incorrect. Because of that, the number of training symbols necessary to get a good 

estimate of the noise average should be optimized. This was done in figure A.6, with a fix number of 

100 OFDM training symbols, 64 subcarriers and in B2B system. 
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Figure A.6 Mean of EVM results as a function of OFDM training symbols 

Since white Gaussian noise is a random process, the simulation that originated figure A.6 was done a 

hundred times to eliminate random peaks. From examination of figure A.6, after 20 training symbols 

the EVM has a very low variation and after 35 training symbols, it gets fairly constant. With this 

information it was decided to use 35 training symbols, independently of the number of information 

symbols. This will allow the equalizer transfer function to be close to a noiseless channel. 

 

Figure A.7 Constelation under same system parameters of figure A.1.6 (b) with more  OFDM training 

symbols 

Figure A.7 was done in the same system parameters as figure A.5 (b), but with 35 training symbols 

and 8 information symbols. The spreading is visibly lower in figure A.7 and there was an 

improvement of the EVM of around 2dB, close to the predictions of figure A.6. This shows the effect 

of increasing training symbols to average the noise, since in a normal system the number of 

information symbols is greater than the number of training symbols. 
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 Optical fibre A.8

Optical fibres serve as the foundation of an optical transmission system because they transport optical 

signals from source to destination [1]. 

There are two types of optical fibres: multi_mode fibres (MMF) and single-mode fibres (SMF). In the 

literature, the optical fibre usually considered is the SSMF, as it is a low-cost solution and for this 

reason, in order to keep the results of this work comparable to what has been published in the 

literature, it has been decided to use SSMF as the optical transmission medium. 

An optical fibre is a non-linear transmission medium. However, it is assumed for simplification and as 

good approximation, that the optical fibre has a linear behaviour. This means that fibre non-linear 

effects, such as self-phase modulation (SPM), four-wave mixing (FWM) and cross-phase modulaton 

(XPM) [1], are not considered in this work. 

One important aspect to take into account in optical fibres is the fibre dispersion (the effect wherein 

different components of the transmitted signal travel at different velocities in the fibre, arriving at 

different times at the receiver), which causes temporal distortion of the transmitted signals and, 

therefore, ISI. Another aspect characteristic in the fibre are the fibre losses, which attenuate the signal 

power. Yet, compared with other mediums of transmission such as copper, the SSMF has quite low 

losses (in the third window the attenuation is around 0.2 dB/km). 

The optical fibre model used in this work accounts the losses and the fibre dispersion using the 

following equivalent baseband transfer function for the SSMF [1]: 

          
    

              (A.15) 

where the first term accounts for the fibre losses and the second term accounts for the fibre dispersion. 

The variable    stands for the fibre length,   is the fibre attenuation coefficient in dB/km,    is the 

propagation constant in rad/m and             is the equivalent baseband frequency, that 

represents the deviation from the optical frequency    in Hz. 

Although   depends on the optical frequency  , its value almost do not vary within the C-band (the 

frequency band of interest comprised from 1530 to 1565 nm, with a band of 4.4 THz), as it presents an 

optical loss of approximately 0.2 dB/km. Therefore, it is a good approximation to assume that the fibre 

losses are independent of the frequency within the C-band. In this work,    is assumed to be 193.1 

THz, which in wavelength is    = 1552.52 nm. 

Another parameter dependent on the optical frequency is   , that cannot be exactly calculated [1] and 

is responsible for pulse broadening. An approximation based on the Taylor series around the optical 

carrier frequency    is usually done for signals with        , and is given by: 
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      (A.16) 

The first two terms (   and   ) are neglected in this analysis, as they do not impose temporal 

broadening to the signal. The other two terms (   and   ) define the fibre dispersion behaviour of the 

fibre. The parameter    is the group velocity dispersion (GVD) parameter and    is the 2
nd

 order GVD 

parameters. They are given by: 

 

    
  

    

   
 

   (
  

 

   
)

 

   
 

  
    

     

 (A.17) 

with    
 as the dispersion parameter of the optical fibre,    

 as the dispersion slope parameters and 

 =299792458 m/s as the speed of light. The SSMF in the C-band has    
 = 17 ps/nm/km and with 

   
= 70 fs/nm

2
/km. Hence, the equivalent model for the optical fibre can be written as: 

 

          
    

   
  (

  
 

      
  
 

     )  
 (A.18) 

 This approximation is valid, as the optical signal with bandwidth    in this work is limited to 60 

GHz, which is much less than   . 

  Optical amplifier A.9

To compensate fibre losses in distances longer than a few dozens of kilometres in SSMF, optical 

amplifiers are used. In this work, the optical amplification is accomplished by an EDFA. They are 

fibre based, consisting in a small erbium-doped fibre pumped with a laser beam. The amplification is 

achieved through an absorption and spontaneous emission mechanism of erbium ions [19].  

The EDFA will be set to have an average signal optical power of -2 dBm, independently of the input 

signal optical power. An optical power around 0 dBm is the general threshold of the PIN components.  

Figure A.8 shows the spectrum of two MB-OFDM signals at the EDFA input and output. Both MB-

OFDM signals have 4 bands. Each band has a CBPR of 28 dB, a band gap of 1 GHz and a bandwidth 

of 3 GHz. The difference between the MB-OFDM signals is their rms voltages at the EAM input, 

where one has 50 mV and the other has 200 mV (12 dB higher power than the first signal). 
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Figure A.8 PSD of the signals at the EDFA input and output, of two MB-OFDM signals with different 

      at the EAM input 

 

In figure A.8, when the input signal of the EDFA has a rms voltage of 200 mV, the PSD level is 

roughly 12 dB higher than the one of the 50 mV signal, which is expected. Figure A.8 also shows that 

the optical carrier level is similar for both signals and the distortion induced by the EAM increases 

more than 20 dB, while the signal only increases by 12 dB. It is considered as distortion every 

component whose frequencies are not frequencies allocated by the four bands, their RF tones or the 

optical carrier (the stripe at 4 GHz is also considered as distortion). 

However, figure A.8 shows that, at the output signal of the EDFA, the bands and the RF tones have 

practically the same PSD level for the two signals, while the distortion components are higher for the 

200 mV signal.  

As stated before, the EDFA average signal optical power is -2 dBm, independently of the input signal 

optical power. And since most of the signal’s optical power is in the RF tones and the bands, their 

power at the EDFA output will be very similar. The EDFA gain necessary to amplify the 50 mV signal 

is higher, which results in a lower OSNR at the EDFA output. The signal 200 mV although it has a 

better OSNR at the EDFA output, it also has a higher distortion level. So, it is necessary to optimize 

the power of the input signal at the EDFA, to balance the noise and distortion levels. 
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 MB-OFDM system power budget A.10

To have a OSNR value as comparison with the required OSNR results in this work, a power budget of 

the system was done. Figure A.9 shows a simplified model of a span of SSMF that connects 2 nodes. 

Each span corresponds to 40 km of SSMF with 0.25 dB/km of attenuation (taking connectors into 

account) and an OADM. The OADM has 6.5 dB of insertion lost [18].  For simplicity it is considered 

that, for the node that generates the signal, the output mean power of the OADM is the same of an 

OADM that is transparent to the signal. The EDFA always have an output mean power of -2 dBm, 

since is a value of power around the PIN threshold and sensitivity.  
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Figure A.9 Simplified model of each span of the MB-OFDM system 

The OSNR of a signal is given by: 

      
  

  
 (A.19) 

where    is the mean power of the signal and    is the mean power of the noise. The mathematical 

expressions of the noise are in appendix A.6. The power of the signal (  ) at the OSNR measuring 

point is -2 dBm. The power of the noise introduced by each EDFA is given by: 

                  (A.20) 

It is considered that the EDFA has a noise figure of 3 dB. For spans where the EDFA only 

compensates the power loss along that span and the power loss is same for every span (as for the 

considered system in figure A.9), the noise power after       spans is: 

         
           (A.21) 

where       is the number of spans,      is the noise mean power after one span and         
 is the 
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noise mean power after       spans. The mean noise power at the output of the first span is: 

            (
      

   
)         (A.22) 

where         is the mean noise power introduced by the EDFA after the OADM,        is the mean 

noise power introduced by the EDFA after the fibre,        is the gain of that EDFA and     is the 

attenuation along the fibre.  

Table A.1 presents the computed OSNR for two EDFA configurations. The 1
st
 line is the system with 

only one EDFA at the end of each span. The 2
nd

 line is the system with two EDFA, like shown in 

figure A.9 

Table A.1 OSNR theoretical results of the MB-OFDM system per number of spans 

OSNR [dB]                                                 

1 EDFA 36.58 33.57 31.80 30.55 29.59 28.80 

2 EDFA 42.02 39.01 37.25 36.00 35.03 34.24 

 


