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Abstract
Multi-band (MB) orthogonal frequency division multiplexing (OFDM) has been
proposed for next generation optical metropolitan networks due to the increased bandwidth
allocation flexibility, high spectral efficiency, high tolerance to fiber dispersion and the
capability to provide a higher level of granularity. A MB-OFDM system employing directdetection (DD) and an electroabsorption modulator (EAM) has been appointed as the most
cost-effective solution for metropolitan networks. However, when DD is employed, there is
the necessity of implementing a technique to mitigate the signal-signal beat interference
(SSBI) caused by the photodetection process.
In this work, a 112 Gb/s MB-OFDM system employing EAMs and a digital postdistortion (DPostD) algorithm based on memory polynomials (MPs) is evaluated. The MBOFDM signal is composed by 12 bands occupying a total bandwidth of 37.5 GHz. It is
demonstrated that the use of DPostD based on MP can improve the error vector magnitude by
3 dB compared with the case where no mitigation technique is employed. A required optical
signal-to-noise ratio (OSNR) of 40.5 dB is demonstrated to achieve a bit error ratio of 4×10-3 .
A transmission distance of 400 km is achieved without a significant OSNR penalty relative to
the back-to-back case.

Keywords: Digital post-distortion, electroabsorption modulator, memory polynomial,
metropolitan network, multi-band, orthogonal frequency division multiplexing, signal-signal
beat interference.
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Resumo
Sinais multi-banda (MB) com multiplexagem por divisão ortogonal na frequência
(OFDM) foram propostos para a nova geração de redes ópticas metropolitanas, devido à
maior flexibilidade na alocação de largura de banda e à elevada eficiência espectral. Além
disso, estes sistemas são capazes de fornecer uma maior granularidade e são mais tolerantes à
dispersão da fibra. Um sistema MB-OFDM que utilize detecção directa (DD) e um modulador
de electro-absorção (EAM) é a solução mais atractiva para estas redes onde o custo é uma
prioridade. No entanto, quando se utiliza DD, a interferência do batimento sinal-sinal (SSBI)
é introduzida. O SSBI é responsável por uma degradação no desempenho do sistema. Deste
modo, uma técnica para mitigar o efeito do SSBI no sinal tem de ser implementada.
Neste trabalho, um sistema MB-OFDM a 112 Gb/s que utiliza um algoritmo de pósdistorção no domínio digital (DPostD) baseado em polinómios com memória (MP) para
mitigar o efeito do SSBI é avaliado. O sinal MB-OFDM é composto por doze bandas e ocupa
uma largura de banda de 37.5 GHz. Demonstra-se que, com a implementação de DPostD
based on MP, consegue-se uma melhoria na magnitude do vector de erro de 3 dB
relativamente ao caso onde nenhuma técnica de mitigação do SSBI é implementada. O
sistema MB-OFDM a 112 Gb/s apresenta uma relação sinal ruído óptica (OSNR) requerida de
40.5 dB e uma distância de transmissão de 400 km sem penalidade de OSNR relativamente ao
caso de costas-com-costas.

Palavras-chave: Interferência do batimento sinal-sinal, modulador de electro-absorção,
multi-banda, multiplexagem por divisão ortogonal na frequência, pós-distorção no domínio
digital, polinómios com memória, rede metropolitana.
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Chapter 1 - Introduction
In this chapter, the work to be developed during the dissertation and a brief
introduction to optical communication history are presented. In section 1.1, the scope of the
work is presented, along with an introduction to optical communication systems and metro
networks. In section 1.2, the motivation to develop this dissertation and the objectives of the
dissertation are presented. In section 1.3, the structure of the report is presented. Finally, in
section 1.4, the main contributions of this dissertation are discussed.

1.1 Scope of the work
Multi-band (MB) orthogonal frequency division multiplexing (OFDM) has raised a
great interest in the optical communication community. This recent interest in MB-OFDM is
due to its advantages, such as increased bandwidth allocation flexibility, high spectral
efficiency, higher capacity provisioning granularity and high tolerance to fiber distortion
effects. One of the disadvantage of using MB-OFDM systems employing direct-detection
(DD) is the signal-signal beat interference (SSBI), that results from the signal beat performed
by the photodetector. The SSBI is responsible by a reduction in the spectral efficiency of the
system. This dissertation aims to study the performance of a 112 Gb/s single sideband (SSB)
MB-OFDM system employing electroabsorption modulators (EAMs) while using digital postdistortion algorithms (DPostD) based on memory polynomials (MPs) to mitigate the SSBI
term. The system performance is evaluated through simulation in MATLAB.

1.1.1 Optical communication systems
Internet traffic in core and metro networks has been increasing at a rate of 45% per
year [1] demanding more bandwidth and higher data rates. In order to keep up the pace,
technologies are continuously rising, but let us start from the beginning.
When the first data transmissions were deployed, the data was transported in coaxial
cables. Because coaxial cables are limited to a rate of 200 Mb/s and need regeneration every 1
km, this solution became too costly. In 1966, Kao and Hockman proposed the use of optical
fiber as lightwave transmission medium [2], but at the time, the loss in the optical fiber was
unacceptable. They argued that the fiber loss was caused by impurities, which could be
removed. Nowadays, a loss of 0.2 dB/km is the standard value for a single-mode fiber (SMF).
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As new technologies were developed, such as amplifiers [3], it was possible to
transmit a massive number of wavelength division multiplexing (WDM) signals in a fiber
throughout thousands of kilometers instead of transmitting one wavelength per fiber. Since
then WDM has been widely used in optical systems. However, WDM systems are limited by
polarization mode dispersion (PMD), chromatic dispersion and interchannel and intrachannel
nonlinearities. To overcome this limitations, new technologies are constantly being
investigated. As we enter a new era in optical communication, the new goal is to transmit a
total bit rate of 100 Gbit/s per WDM channel, but after increasing the number of WDM
channels to more than a hundred per fiber, the focus now is on exploiting optical bandwidth
more efficiently.
With the advances on microelectronics, such as digital-to-analog converter (DAC),
analog-to-digital converter (ADC) and digital signal processor (DSP), OFDM has raised
interest in the optical system community. OFDM was proposed by Chang in 1966 [4]. OFDM
offers a good spectral efficiency and has been triumphant in almost all the major radio
frequency (RF) communication standards. Wireless communication systems are using OFDM
because it is an effective solution to mitigate intersymbol interference (ISI) caused by a
dispersive channel and it has been proved that optical OFDM can be used for the electronic
compensation of chromatic dispersion and PMD in SMF [5]-[8] and for mode dispersion in
multimode systems [9]. OFDM has been proposed as an attractive lo ng- haul transmission
format in coherent detection [10] and DD [11], [12].
The WDM spectral efficiency can be further improved and the level of granularity
enhanced by dividing the WDM channel spectrum into several independent OFDM bands,
this concept is called MB-OFDM. The MB-OFDM was first proposed for ultra-wideband
communication [13], since then it has been widely studied. The use of MB-OFDM not only
relaxes the demand on the DAC and ADC bandwidth, which is a problem when increasing the
bit rate of OFDM signals. It also allows to optically switch at the sub-band level, increasing
the granularity of the system [14].

1.1.2 Optical metropolitan networks
Metropolitan (metro) area networks are responsible for aggregating the traffic from the
access networks and, when necessary, deliver the traffic to the core networks. Typically,
metro networks have a maximum connection length between 200 and 300 km [15]-[17].
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In Fig. 1.1, the typical topology of a metro network is represented. The use of a metro
ring topology is due to its reliability [17], but the use of a ring topology has its disadvantages.
For example, each node has to manage all the traffic passing through it, even if the traffic is
not directed to this node. This implicates a huge waste of energy in opaque networks, where
all the traffic passing through the node has to suffer optical-electrical-optical (O-E-O)
conversion [17], [18]. Nowadays, with the development of optical add-drop multiplexers
(OADMs) the traffic that is not directed to the node can be routed in the optical domain. This
is a great advantage for nodes that do not need to manage traffic because they do not need to
have O-E-O conversion making the node less expensive. This way, it can be concluded that
the nodes in a ring can have different functions. Some nodes are responsible for the
aggregation and extraction of traffic, others by interconnecting metro rings and some are
bypass nodes where the traffic is only passing through. Due to the amount of different traffic
that is transported by the rings, they must be designed with high flexibility, enabling
scalability, dynamic reconfiguration and transparency. Also, since the infrastructure of a
metro network is shared among fewer people than in the case of long- haul networks, they
have to be cost effective [17], [18].

Fig. 1.1 Schematic illustration of a typical metro area network architecture of
two rings each with four nodes.
At first, metro networks were used to transport synchronous optical networking
(SONET) or synchronous digital hierarchy (SDH) traffic based on time-division multiplexing
(TDM) technique and the traffic was transported only by one wavelength per fiber. The nodes
include add-drop multiplexers (ADMs) and digital cross-connects (DXCs) used to aggregate
traffic from access networks and interconnect rings, respectively [17]. In that network all the
nodes presented O-E-O conversion, which was a great disadvantage. Currently, metro rings
use WDM technology which allows the transmission of several wavelengths simultaneously
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in a single fiber leading to high network capacity. The nodes are composed by OADMs and
optical cross-connects (OXC) that make possible to route the traffic at each node of the metro
network at the wavelength level and without the need for O-E-O conversion. This means that
the network architecture is independent of the service transported.
Still, this kind of metro network presents some disadvantages [16]-[18]: (i) WDM
systems require multiplexers, demultiplexers and optical amplifiers that increase the cost and
complexity of the system. (ii) The noise introduced by the amplifiers, the in-band crosstalk
and the fiber nonlinearity reduce the system performance. (iii) The number of nodes and fiber
distance between nodes are important parameters when designing the network due to fiber
dispersion and the filter concatenation effect. (iv) Nodes with wavelength routing and without
O-E-O conversion are unable to manage, process and adjust the traffic with the target of
system capacity optimization. Also, the access to tighter granularity levels is still performed
by an aggregation layer in the electric domain.
To overcome some of these disadvantages, MB-OFDM has been proposed for metro
networks, since the level of granularity is increased and high data rates can be achieved [19].
It is important to address the issue of higher data rates, since these types of networks have to
be able to transport data at a bit rate of 40 Gbit/s [20]. After that, a network supporting 100
Gbit/s is targeted to accommodate standards such as the 100 GbE [20].

1.2 Motivation and objectives of the dissertation
MB-OFDM systems have been proposed as an attractive solution for optical networks
[19]. These systems provide high granularity and spectral efficiency. Since metro networks
must be cost effective, DD has been appointed as the suitable choice. By using an EAM at the
transmitter the overall cost of the network is further reduced. However, this is achieved at the
cost of reducing the spectral efficiency, since the beat performed by the PIN creates the SSBI
term that degrades the system performance. To overcome this constraint, several approaches
have been proposed [6], [11], [21]-[23]. However, they are computationally heavy or need
devices that are too expensive or have not been developed.
Digital distortion based on MP has been used to compensate some nonlinearities of the
transmission system [24]-[29]. Digital distortion has proven to be one of the most cost
effective solution because of its high flexibility, high precision and low cost. The fact that MP
are easily implemented makes digital distortion based on MPs an attractive solution to
compensate for the SSBI term in metro networks employing DD.
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The objectives of this dissertation are:


Study and characterization of the MB-OFDM system in metro networks employing an
EAM, including the MB-OFDM signal.



Evaluation of the performance degradation introduced by the SSBI in the MB-OFDM
signal.



Implementation of a DPostD algorithm based on MP to mitigate the SSBI term.
Evaluation of the system performance improvement provided by such algorithm.



Assessment of the maximum transmission distance and identification of the minimum
optical signal-to- noise ratio (OSNR) required to achieve a bit error ratio (BER) of
4×10-3 in 112 Gb/s SSB MB-OFDM metro system employing EAMs and DPostD
algorithm to mitigate the SSBI term.

1.3 Structure of the dissertation
This dissertation is composed by 5 chapters and 4 appendixes.
In chapter 1, a brief introduction to optical communication history is presented.
Current metro networks are presented and the challenges presented in these networks are
discussed. The motivation and objectives of this dissertation are also presented.
In chapter 2, the fundamentals of the OFDM systems are presented. The DD-OFDM
system is discussed and techniques to mitigate the SSBI term are presented. The concept of
MB is introduced and the MB-OFDM signal with virtual carries is presented. The parameters
that characterize the MB-OFDM signal with virtual carriers are introduced. The impact of the
distortion caused by the EAM on the system is evaluated. Finally, the signal parameters for
the 112 Gb/s MB-OFDM system are calculated.
In chapter 3, DPostD theory based on MP is introduced. The MB-OFDM system
employing DPostD is presented. After, the MP structures more suitable for the system are
investigated. The relevance of each of the MP coefficients is studied, in order to reduce the
complexity of the system. The system performance for different relaxation constants is
evaluated. Finally, the system performance, for a single band signal, over fiber transmission is
evaluated when a 2-nd order super Gaussian filter is used as a band selector (BS).
In chapter 4, the minimum OSNR required to achieve a BER of 4×10-3 and the
maximum transmission distance allowed by the 112 Gb/s 12-band MB-OFDM metro system
are assessed.
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In chapter 5, the final conclusions of the dissertation and proposals for future work in
this subject are presented.
In appendix A, details about the simulator developed, such as the thermal noise and
fiber characteristics, are presented.
In appendix B, the results presented in section 2.4.1 concerning the EAM performance
are discussed.
In appendix C, the system performance for different set of symbols is evaluated. The
results concerning the relevance of each one of the MP coefficients are discussed. Finally, the
required OSNR needed for different symbols is discussed.
In appendix D, the number of bands that the EAM can modulate simultaneous ly is
evaluated.

1.4 Main original contributions
The main original contributions of this dissertation are:


Implementation and evaluation of a DPostD algorithm based on MP to mitigate the
SSBI term;



Determination of the system performance improvement provided by such algorithm;



Evaluation of the minimum OSNR required to achieve a BER of 4×10-3 in a 112 Gb/s
SSB MB-OFDM system employing an EAM and a DPostD algorithm to mitigate the
SSBI term;



Assessment of the maximum transmission distance achieved with such system.
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Chapter 2 - General principles of MB-OFDM system
employing DD and EAMs
In this chapter, the basics concepts of the MB-OFDM system proposed are explained.
In section 2.1, the general principles of an OFDM system are presented, such as mathematical
representation of the OFDM signal and components of the OFDM system. In section 2.2, the
DD-OFDM system is discussed. The MB-OFDM signal is characterized in section 2.3. In
section 2.4, the EAM used in the work is studied and its effect on the system performance is
analyzed. Finally, in section 2.5, the 112 Gb/s MB-OFDM signal is characterized.

2.1 Fundamentals of OFDM
OFDM is a modulation and multiplexing scheme where the data information is carried
in subcarriers, with a lower data rate, overlapping each other in an OFDM symbol. This is
possible because of the condition of orthogonality among them. Fig. 2.1 illustrates the
spectrum of an OFDM signal. Since the subcarriers are orthogo nal to each other, they can be
demodulated with a matching filter without interfering with the others. This brings numerous
advantages such as more spectral efficiency and a low ISI, since the symbol period is much
longer than those in conventional systems. OFDM has disadvantages as well. For instance, the
sensitivity to frequency offset, phase noise and high peak-to-average power ratio (PAPR).

Fig. 2.1 Illustration of the subcarriers overlapping each other in an OFDM symbol.
OFDM in optical fiber communications can be divided into two types depending on
the reception technique used: coherent optical (CO)-OFDM and DD-OFDM. CO-OFDM has
better receiver sensitivity, spectral efficiency and it is more robust to PMD than DD-OFDM
[30]. Such characteristics are possible at the expense of increasing the cost and complexity of
the receiver, since it requires a local oscillator to generate the optical carrier. In DD-OFDM
only a photodetector is needed, because the optical carrier is transmitted along with the signal.
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Due to its advantages, CO-OFDM is more suitable for long- haul applications, whereas DDOFDM can be used in metro [31] and access networks [32] where cost is a priority.

2.1.1 Mathematical representation of OFDM signals
The OFDM signal can be represented as
s (t ) 

 N sc

  c s  t  iT 

i  k 1

ki k

s

sk  (t )e j 2 fk t ,


1,
 t   

0,

 0  t  Ts 
 t  0, t  Ts 

(2.1)
(2.2)
(2.3)

where cki is the ith information symbol at the k th subcarrier, Nsc is the number of subcarriers,
Ts is the symbol period, f k and sk are the frequency and the waveform of the k th subcarrier,
respectively, and, finally,   t  is the pulse shaping function.
As explained before, the subcarriers in an OFDM signal are orthogonal to each other.
This orthogonality is verified when the signals from the k th and lth subcarriers are not
correlated. This only happens if the space between the central frequency of the k th and lth
subcarriers is a multiple of the inverse of the symbol period [30]. So, if the condition
f k  fl  m

1
Ts

(2.4)

where m is an integer, is satisfied for all subcarriers the signal can be demodulated without
intercarrier interference (ICI) despite the subcarrier overlapping.

2.1.2 Modulation and demodulation of the OFDM signal
As previously stated, since the subcarriers in an OFDM symbol are orthogonal to each
other they can be demodulated with a matching filter. However, if a large number of
subcarriers are used, the architecture of the system becomes very complex and expensive
since it requires a large number of oscillators and filters at the transmitter and receiver.
However, it has been demonstrated that the modulation and demodulation of an OFDM signal
can be implemented in the digital domain by using inverse discrete Fourier transform (IDFT)
and the discrete Fourier transform (DFT), respectively [33]. This can be supported by
studying the modulation of an OFDM symbol as follows.
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If only one OFDM symbol is considered and the sampling interval is equal to Ts N sc ,
then the mth sample of s  t  is given by
N sc

sm   ck e

j 2 f k

 m 1Ts
N sc

.

(2.5)

k 1

Using the orthogonality condition from Eq. (2.4) and the convention that
fk 

k 1
Ts

(2.6)

in Eq. (2.5), we get
N sc

sm   ck e

j 2

 k 1 m 1

k 1

N sc

 IDFT ck 

(2.7)

where m is an integer from the interval 1, N sc  . In a similar manner, at the receiver, we have

ck  DFT{rm } , where rm is the mth sample of the received signal r  t  .

2.1.3 Cyclic prefix
OFDM signals are transmitted in dispersive channels. This means that the subcarriers
are going to suffer different delays. So, if we select a DFT window that contains a complete
OFDM symbol for a specified subcarrier, the symbol in the others subcarriers is not
completed. For this reason, ISI occurs. Moreover, because the condition of orthogonality is
not verified, it will cause ICI. To prevent the ICI and the ISI to occur, a cyclic prefix (CP) is
added to the OFDM symbol [34].
In Fig. 2.2, the concept of cyclic prefix is demonstrated. In Fig. 2.2 a), two subcarriers,
at the transmitter side, are represented. At the transmitter, they are aligned, but during the
transmission, the subcarriers suffer from different delays, due to chromatic dispersion. Fig.
2.2 b) shows the two subcarriers, at the receiver, where the DFT window contains a complete
symbol of the k th subcarrier, but not from the (k+1)th subcarrier. This happens because it exists
a delay, t d , between the arrival of the k th and (k+1)th subcarrier. This means that the DFT
window at the (k+1)th subcarrier, aside from not having an entire OFDM symbol, it has part of
the preceding symbol, thus creating ISI. Because the symbol is incomplete the orthogonality
condition is lost, thus, resulting in ICI as well.
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Fig. 2.2 OFDM signals a) without CP at the transmitter, b) without CP at the
receiver, c) with CP at the transmitter, d) with CP at the receiver.
To overcome this problem, a CP is added to the beginning of the symbol, as shown in
Fig. 2.2 c). This means that we have a guard interval ΔG containing a copy of the ending part
of the symbol. Now, observing Fig. 2.2 d), it can be seen that, at the receiver, both symbols
are complete, because part of the CP of the (k+1)th is on the DFT window replacing the
missing part. This way the signal can be properly recovered, although it has an additional
phase shift.
For the CP technique to work properly, the delay between the two subcarriers cannot
be longer than the guard interval, td   G , and the DFT window has to be properly selected.
Since the delay, in an optical systems, is caused, primarily, by chromatic dispersion, it can be
estimated as

td  D L f 

(2.8)

where Dλ and Lf are the chromatic dispersion parameter and the length of the fiber,
respectively, and Δλ is the half-power spectral width of the optical signal.
With the addition of the CP, Eq. (2.3) is modified so that it includes the CP. Now, the
pulse chapping function is given by [30]
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1,  G  t  ts 
 t   

0,  t  G , t  ts 

(2.9)

where ts  Ts   G is the DFT window observation period. Whilst the insertion of the CP
eliminates ICI and ISI, it implies a lower data rate, as demonstrated in section 2.1.4.

2.1.4 Spectral efficiency of the OFDM signal
Among other things, OFDM has been appointed as a good solution for next generation
of optical networks due to its high spectral efficiency. The high spectral efficiency in OFDM
systems is due to the fact that subcarriers spectrum can overlap one with another because they
are orthogonal to each other. The spectral efficiency of a signal is the ratio between the bit
rate and the bandwidth of the signal. If we consider an ideal OFDM system, without guard
interval, and assuming that all the subcarriers are transmitting information, the total bit rate of
the OFDM signal is [30]
Rb,OFDM 

N sc
log 2 M ,
Ts

(2.10)

where M is the size of the alphabet of the modulation used.
Now, in a real system, the guard interval and the training symbols, used for channel
estimation, have to be considered. As a consequence, the bit rate of the system is reduced.
Knowing that, only some symbols transport information, the bit rate is a percentage of the bit
rate given in Eq. (2.10). In that case, the system bit rate is given by
Rb,OFDM 

N si N sc log 2 M
,
( N si  N st )Ts

(2.11)

where Nsi is the number of information symbols and Nst is number of training symbols.
The OFDM bandwidth is given by [30]
BOFDM 

2 N sc  1

.
Ts Ts  G

(2.12)

For a system with a large number of subcarriers and considering that G  0 , the bandwidth
of the OFDM signal can be estimated by
BOFDM 

N sc
.
Ts

(2.13)

Now, using Eq. (2.11) and Eq. (2.12) the spectral efficiency of an OFDM system,  spt ,
is given by
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 spt 

Rb
BOFDM



N si N sc
Ts  G

 log 2 M .
( N si  N st ) 2(Ts  G )  Ts ( N sc  1)

(2.14)

Analyzing Eq. (2.14) we conclude that the spectral efficiency of the OFDM system
can be improved with high order modulation schemes or by reducing the guard interval or the
number

of

training

symbols.

Making

the

same

assumptions

as

previous,

N sc  1, N si  N st and G  0 , and applying them in Eq. (2.14), the spectral efficiency can
be approximated by
 spt  log 2 M .

(2.15)

From Eq. (2.15) it can be concluded that the spectral efficiency depends mainly on the
modulation used. However, higher modulation formats are more sensitive to distortion, so a
compromise between high spectral efficiency and system performance is needed.

2.1.5 Transmitter and receiver of an OFDM system
In Fig. 2.3, the structure of the transmitter and receiver of the OFDM system is
illustrated. Considering the scheme illustrated in Fig. 2.3, the OFDM signal is constructed at
the transmitter using the following procedure:


The data is first mapped into a constellation modulation, as QAM, for the achievement
of high spectral efficiency, as explained in section 2.1.4. Then, the mapped signals are
converted to a serial- to-parallel (S/P) format to enter the inverse fast Fourier transform
(IFFT) block as Nsc individual signals.



Then the data enters the IFFT block where the subcarriers are modulated and
multiplexed to an OFDM symbol.



The CP is added to prevent ISI and ICI, as discussed in section 2.1.3.



The data is converted to the analog domain with a DAC. To eliminate the aliasing
components introduced by the DAC, a low pass filter (LPF) is used. The LPF is a ideal
rectangular filter with the same bandwidth as the OFDM band.



At the end, the baseband signal is up-converted to a higher frequency, f RF, with a IQ
mixer/modulator. In an optical communications system, the signal has to be converted
to the optical domain, this can be accomplished by a continuous wave (CW) laser and
an intensity modulator.
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Fig. 2.3 Block diagram of an OFDM communication system.
The OFDM receiver performs all the inverse functions, though it needs an equalizer to
compensate for the amplitude and phase distortion caused by the transmission channel. The
equalizer is inserted after the fast Fourier transform (FFT) block and uses training symbols to
estimate the channel characteristic. A more detailed information about the equalizer can be
found in Appendix A.2.

2.1.6 Drawbacks of OFDM
The OFDM system has some disadvantages, namely, the high PAPR, the sensitivity to
frequency offset and phase noise. They can be reduced at the expense of more signal
processing and a complex architecture.
Starting by explaining the PAPR, we have seen that the subcarriers in a n OFDM
symbol are overlapped, so they can constructively add in the time domain causing high
amplitude peaks. The ratio between the peak power and the average power of the signal is the
PAPR. The PAPR can be written as [30]
PAPR 



max s(t )



E s(t )



where max s (t )

2

2

2





(2.16)

 is the peak power of the signal, E  s(t )  is the average power of the
2

signal and t   0, ts  .
Since some fibers are sensitive to nonlinear effects that are proportional to the power
in the fiber, the PAPR becomes a challenge for optical fiber communications [35], [36]. It can
be seen by the results in [30], that high values of PAPR are remote events, but still have to be
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taken into account, and, also, that the PAPR increases with the number of subcarriers used.
One way to reduce the PAPR is by clipping the OFDM signal but this will increase the BER
[37], [38].
Frequency offset and phase noise causes ICI. Frequency offset and phase noise can be
mitigated through frequency estimation and compensation [39]-[41] and by carefully
designing the local oscillator, respectively. The impact of phase noise on the OFDM s ymbol
is enhanced by the increase of the symbol period and with a higher order modulation, as
shown in [30].

2.2 OFDM system employing direct-detection
As explained before, section 2.1, there are two main optical detection schemes, COOFDM and DD-OFDM. Fig. 2.4 illustrates the block diagram for a DD receiver. As shown in
Fig. 2.4, in DD-OFDM only a photodetector is necessary at the receiver. Since it does not
need a laser at the receiver side, because the carrier is transported along with the signal, DDOFDM is less sensitive to phase noise and frequency offset. This way, a DD-OFDM system
has a lower cost compared to a CO-OFDM system, where an oscillator is also needed at the
receiver. Consequently, DD systems are an attractive solution for metro and access networks
in which cost is a primary concern. Due to this fact, DD-OFDM systems have been widely
studied [19], [43]-[45].

Fig. 2.4 Simplified block diagram of a DD receiver for a baseband OFDM signal.
DD systems have some disadvantages, such as the limitation caused by chromatic
dispersion induced power fading (CDIPF) [46] effect. The impact of CDIPF effect on the
signal is illustrated in Fig. 2.5. If a double sideband (DSB) signal is transmitted, at the PIN
input, the signal has two sidebands that are symmetric over the optical carrier. So, after the
PIN, due to the square law characteristic of the photodetector and because the fiber is a
dispersive medium causing different phase shifts, the two sidebands can destructively
interfere with each other causing the CDIPF effect. To overcome this problem a SSB signal
should be used, this means that one of the sidebands is eliminated at the transmitter. This way,
14

the destructive beat performed by the photodetector is avoided. Although the CDIPF effect is
resolved, another problem of DD-OFDM can no longer be ignored, this problem is discussed
in the following.

Fig. 2.5 Schematic illustration of the CDIPF effect on the DSB-OFDM
signal spectrum.
In Fig. 2.6 the SSB-OFDM spectrum at the PIN input and PIN output is represented.
At the PIN input, the signal is represented by

sB (t )  A  s(t )

(2.17)

where A is the amplitude of the optical carrier. At the PIN output, due to PIN square law
characteristic, the photocurrent is given by

iPIN  t   A2  2 A  Re s  t   s  t  .
2

(2.18)

The first term is a direct current (DC) component that can be removed with a filter. The
second term contains the information signal that needs to be recovered. The third term is the
SSBI that has to be removed, since it affects the signal performance. The most common way
to eliminate completely the SSBI effect from the signal performance is to reserve a frequency
gap between the optical carrier and the OFDM band with the same bandwidth as the OFDM
band. However, the use of this gap reduces the spectral efficiency, so other approaches have
been proposed. The following approaches have been proposed to reduce the SSBI effect on
the signal performance.

Fig. 2.6 Schematic illustration of a SSB-OFDM signal
spectrum at the PIN input and output.
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2.2.1 Offset SSB-OFDM
Offset OFDM, proposed in [11], eliminates the SSBI by up-converting the signal to a
higher RF frequency. The RF frequency has to be chosen such that a frequency gap, with the
same bandwidth as the OFDM band, is reserved to accommodate the SSBI term. This
technique was analyzed in [6]. The architecture used in [6] can be seen in Fig. 2.7.

Fig. 2.7 OFDM system block diagram used in [6].
The technique works as follows. The data information is fed to a quadrature amplitude
modulator, in [6] it was used 4-QAM. Then, the output of the modulator goes to the IFFT
block, zero padding of the IFFT inputs is used. After the IFFT block, the real and imaginary
parts of the OFDM signal are converted to the analogue domain by two DACs. Finally, the
signal is up-converted to a RF frequency (f RF), reserving a frequency gap in the spectrum to
accommodate the SSBI, and modulated to the optical domain. At the output of the modulator
the signal has two sidebands that are symmetric over the main optical subcarrier. The signal is
then fed to a filter to eliminate one of sidebands. At the PIN input, the signal is composed by
the optical carrier and one signal sideband separated by a gap with the same bandwidth as the
OFDM band, as illustrated in Fig. 2.6. This way, after the photodetector, the SSBI will fall in
the gap not interfering with the signal and can be easily removed with a RF filter. The need of
a gap not only reduces the spectral efficiency but also wastes DAC and ADC capabilities.
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2.2.2 RF tone-assisted OFDM
RF tone-assisted OFDM was proposed in [21] to relax the constrains on the receiver
bandwidth. RF tone-assisted OFDM has two variations that depend on the way the data is fed
to the transmitter. For both systems, one RF tone is inserted at the left edge of the signal band.
In Fig. 2.8, the OFDM signal spectrum in both systems is illustrated.
For the gapped OFDM, blank subcarriers with no power between the RF tone and the
data subcarriers are inserted. The number of blank subcarriers is the same as data subcarriers.
This way the SSBI falls in the blank subcarriers not interfering with the signal. For the
interleaved OFDM, odd subcarriers relative to the RF tone are filled with data and the even
subcarriers are left in blank. Now the SSBI will fall in the subcarriers interleaved with the
data.

Fig. 2.8 Schematic representation of RF tone assisted gapped OFDM and
interleaved OFDM system.

2.2.3 Iterative detection technique
To overcome the spectral inefficiency of the previous approaches, an iterative
cancelation technique that mitigates the effect of SSBI was proposed in [22]. Fig. 2.9 shows
the schematic representation of the iterative technique.
The iterative technique consists in the following steps: first the signal with the SSBI is
processed and a primary reconstruction of the SSBI is perform. The reconstruction consists in
sending the decisions of the interfered signal throughout the feedback loop. The loop has
three blocks, the first is a channel de-equalizer, after that is the IFFT block and, at the end, a
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square- law operator that models the photodiode. Then, the SSBI is subtracted from the
original signal, and another iteration is perform. Since in the second iteration the SSBI
estimation has been removed from the signal, this leads to a decision with fewer errors
improving the SSBI estimation of the second iteration. However, if there are too many error
symbols in the first decision, the SSBI may not be reduced no matter how many iterations are
conducted. By using the iterative technique to mitigate the SSBI, the frequency gap can be
removed or, at least, reduced improving the spectral efficiency.

Fig. 2.9 Block diagram for iterative estimation and cancellation technique.

2.2.4 Beat interference cancellation receiver
The iterative detection technique reduces the frequency gap necessary, increasing the
spectral efficiency. However, this approach requires a high comp utationally-efficient
algorithm. To overcome this constrain, beat interference cancelation receiver (BICR) was
proposed in [23]. This approach reduces the frequency gap necessary without the need for
computationally heavy algorithms. The architecture of the BICR is shown in Fig. 2.10 along
with the illustration of the signal spectrum in different points of the system.

Fig. 2.10 BICR technique proposed in [23].
The BICR works as follows. When signal arrives at the receiver is split into two
branches. The upper branch is directly connected to a PIN, so, after the PIN, the signal is
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composed by the DC component, the desired signal and the SSBI term. The lower branch is
connected to an optical filter (OF) that removes the optical carrier. Then, the signal is fed to a
PIN resulting in the SSBI term only. After, the signals from the two branches are subtracted.
So, at the end, the desired signal is obtained without the SSBI. The signal quality strongly
depends on the degree of the SSBI removal, so high selective filters are needed.

2.3 MB-OFDM concept
MB-OFDM consists in transmitting several wavelengths with each wavelength
carrying several OFDM bands. The spectrum of the MB-OFDM system is illustrated in Fig.
2.11 a). High spectral efficiency is achieved when a MB-OFDM system is implemented.
Also, when implementing MB-OFDM, the granularity of the system can be increased.
Nowadays the maximum granularity provided by an OADM is at the wavelength level. If
MB-OFDM is used, the add and drop functions can be performed at the OFDM band level.
Fig. 2.11 b) illustrates the add and drop functions performed in a MB-OFDM signal by the
OADM. In Fig. 2.11 b), a MB-OFDM signal composed of 3 OFDM bands enters the OADM.
Then the bands 2 and 3 are drop and a new band is inserted in the empty space belonging to
the previous third band. The implementation of the add and drop function is far more complex
that was previously explained and have some challenges, such as the high selectivity of the
filters used for band extraction.
Another challenge when employing OFDM is the realization of the DAC and ADC
needed at the transmitter and receiver when the bit rate increases. MB-OFDM overcomes the
limitations of the bandwidth necessary for the ADC and DAC. In [47], it was demonstrated
that the required bandwidth for ADC and DAC is reduced by the number of ba nds used in the
MB signal, compared with single band OFDM. However, this is done by increasing the
complexity of the transmitter and receiver. It is also shown that the number of DAC -ADC
pairs increases with the number of bands used, since it requires several single band generation
and reception, making the system more expensive.
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Fig. 2.11 a) Schematic illustration of the MB-OFDM spectrum, b)
illustration of OADM operation to the MB-OFDM signal.

2.3.1 MB-OFDM signal with virtual carriers
This dissertation is inserted in the MORFEUS project, that has the objective of
demonstrating the new paradigm related to the increase of flexibility and granularity of the
transmission capacity in metro optical networks [19]. This is done by implementing metro
networks based on MB-OFDM signals employing WDM. The signal and the node structure
proposed in project MORFEUS are presented in the following.
The signal used in [19] is represented in Fig. 2.12. The process of deciding the signal
to be implemented in the project took into consideration several aspects of a MB-OFDM
system employing DD. First, since DD process is used, due to CDIPF effect, it is mandatory
to have a SSB signal, as discussed in section 2.2. So, a frequency gap between the optical
carrier and OFDM signal has to be left in blank to accommodate the SSBI, leading to huge
spectral inefficiency. To overcome the spectral inefficiency caused by the use of a frequency
gap and to avoid the need for a dual band optical filter to select the band and optical carrier, a
virtual carrier (VC) is used close to each OFDM band to assist in the detection process of the
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band. This virtual carrier is generated in the electrical domain together with the corresponding
OFDM band. Although, a frequency gap is still necessary, it can be reduced by increasing the
power of the virtual carrier compared with the power of the corresponding OFDM band
or/and by the implementation of digital signal processing algorithms, at the receiver, to
reconstruct the SSBI term and remove it from the signal. Also, if more than one band is
assigned to a client it only needs a virtual carrier after the last band, as shown in Fig. 2.12,
increasing the spectral efficiency.

Fig. 2.12 Illustration of the SSB MB-OFDM optical signal
spectrum with virtual carriers proposed in [19].
As explained before, currently the maximum granularity that the OADM can provide
is at the wavelength level. When using MB-OFDM signals the granularity of the system can
be increased. For that to happen the OADMs have to be redesigned. Each node of the metro
ring has to be able to insert, extract and pass-through a band of the MB-OFDM signal. Fig.
2.13 shows the schematic diagram of the node proposed in [19]. In the following, a brief
explanation of the OADM proposed in the MORFEUS project is presented.

Fig. 2.13 Schematic diagram of the node proposed in [19].
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When the WDM MB-OFDM signal arrives at the OADM, it is demultiplexed. Then
the output of the demultiplexer is connected to a switch, that connects the demultiplexer to the
other three devices needed, in the node, to perform the insertion and extraction of a band.
Depending on the function to be realized in the signal, the signal can be transmitted to the
input of a multiplexer (bypass function), meaning that the signal does not suffer any changes,
or to the MORFEUS extraction block (MEB). At the MEB the signal is divided in two. The
first half of the signal goes to an OF where the desired OFDM band is extracted. Then the
band can be routed to another ring, to the access network or delivered to the client. The other
half is sent to a band blocker to eliminate the band from the signal. The band blocker is
connected to the MORFEUS insertion block (MIB) where a new band can be inserted in the
empty slot. In the MIB, the band can be in the optical domain, if it is routed from another ring
or it can be electrically generated in the MIB. Fig. 2.14 shows the spectrum of the MB-OFDM
signal in different points of the MORFEUS node.

Fig. 2.14 Spectrum of the MB-OFDM signal a) at the MEB input b) at the
tunable OF output, c) at the MIB input.
When inserting or extracting a band, the remaining OFDM bands cannot be affected.
So, the node has to fulfill some requirements. In the MIB, the new band has to be inserted in
an unoccupied slot. Also, the MIB has to be able to produce a SSB signal and eliminate the
optical carrier of the SSB signal, since the photodetection process is accomplished using the
virtual carrier. In the MEB, the filter used to select the OFDM band has to present high
selectivity.
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2.3.2 MB-OFDM system archictecture
As explained in chapter 1, metro networks commonly have a ring topology. However,
the link between two nodes can be seen as a point-to-point (P2P) connection. By analyzing
the system as a P2P link, the system is simplified reducing the computing power necessary to
describe it, without losing important information. From here on, it is assumed that all bands
are inserted in one node and all bands are extracted in the same node, since the insertion and
extraction of the bands is not the focus of this work.
In Fig. 2.15, the path between two nodes in a MB-OFDM system is illustrated. The
MB-OFDM system operates as follows:


First each band is generated in an OFDM transmitter with its own central frequency.
The OFDM transmitter is represented in section 2.1.5. The virtual carrier is added to
each OFDM band and all bands are multiplexed creating a MB-OFDM signal.



The MB-OFDM signal goes through an electrical amplifier (EA) so a target root mean
square (RMS) voltage is achieved and a bias voltage is added to the signal to adapt it
to the requirements of the EAM. These requirements are discussed in section 2.4. The
EAM is fed by a CW laser.



The signal is converted to the optical domain with the EAM. At the output of the
modulator we have a DSB signal, so a SSB filter is used to remove one of the
sidebands. The SSB filter is an ideal rectangular filter, since the impact of the SSB
filter is not the focus of this work. After, the system has an optical amplifier (OA) to
compensate for the power loss due to EAM and the SSB filter.



The signal is then launch in to the fiber. During the transmission the signal can go
through several nodes. After the fiber, the signal enters another OA to compensate for
the fiber loss.



In the last node, the BS extracts the desired band and eliminates the others.



The optical OFDM signal is then converted to the electrical domain by a
photodetector. After the PIN, the DC component is removed by a DC blocker.



Finally, the signal is demodulated in the electrical OFDM receiver. The OFDM
receiver was introduced in section 2.1.5.
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Fig. 2.15 Block diagram of the MB-OFDM system as a P2P connection.

2.3.3 MB-OFDM signal parameters
The MB-OFDM signal can be characterized in terms of the frequencies occupied by
the bands and virtual carriers, bit rate and bandwidth of the MB-OFDM signal. In Fig. 2.16,
some of the parameters needed to describe the MB-OFDM signal are illustrated. It is assumed
that all the bands present the same parameters, excluding the frequencies. To characterize the
signal in terms of the OFDM bands frequencies, the central frequency of the first OFDM
band, f c,1 , has to be defined. After that, the central frequencies of the nth OFDM band and
virtual carrier are given by
f c ,n  f c ,1  (n  1)f
f vc ,n  f c ,n 

BOFDM
 VBG
2

(2.19)

where Δf is the band spacing, that can be defined has being the frequency gap between the
central frequencies of consecutive bands, BOFDM is the bandwidth of one OFDM band given
by Eq. (2.12) and the virtual carrier-to-band gap (VBG) is the gap between the band and the
virtual carrier.
The total bit rate of a MB-OFDM signal is calculated as
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Rb,MBOFDM  Nb Rb,OFDM

(2.20)

where Rb,OFDM is the bit rate of one OFDM band, given by Eq. (2.11) and Nb is the number of
bands of the MB-OFDM signal.
Finally, the bandwidth of the MB-OFDM signal, at the fiber input, is given by
BMB OFDM  Nb BOFDM   Nb  1 BG  VBG  Nb f

(2.21)

where the band gap (BG) is the frequency gap between two consecutive bands.

Fig. 2.16 Illustration of the parameters that define a
MB-OFDM signal.
Another important parameter to describe the MB-OFDM signal with virtual carriers is
the virtual carrier-to-band power ratio (VBPR), given by

vbpr

pvc
pb

(2.22)

where pvc is the average power of the virtual carrier and pb is the average power of OFDM
band. The VBPR is an important parameter, since it gives an estimate of how much higher is
the power of the recovered signal compared to the SSBI term. This can be observed in Eq.
(2.18), where, now, A is the amplitude of the virtual carrier, which is proportional to the
optical power.
Although the use of virtual carriers brings some advantages (for instance, it eliminates
the need for a dual band optical filter and increases the spectral efficiency of the signal), it can
also degrade the system performance. So the effect of the parameters illustrated in Fig. 2.16
on the system performance has to be studied. This analysis is performed in section 3.5.

2.4 Optical modulation
As explained in subsection 2.1.5, the signal has to be converted to the optical domain.
This can be accomplished by direct modulation, where the optical source component directly
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modulates the light, or by external modulation, where a n optical modulator is used after the
optical source component. Direct modulation has the adva ntage of not increasing the price of
the transmitter, but it imposes a large frequency chirp to the signal that limits the transmission
distance at high bit rates [48]. Because of that, external modulation is common used for
networks at high bit rates. Usually with external modulation, the chirp is reduced. The most
common modulators used are: the Mach- Zehnder modulator (MZM) and the EAM.
The MZM is an electro optic modulator [48], [49]. A simplified illustration of the
MZM structure is presented in Fig. 2.17. At the MZM input, the optical signal is split equally
between the two branches of the MZM. In one of the branches, the RF signal is applied
producing a refractive index variation, which introduces a phase change in the signal
travelling that branch. Then the two branches are rejoined [48], [50]. The relation between the
input and output power of the MZM is given by [50]

Pout 

  V (t )  
Pin 
1  cos 
 
2 
 V  

(2.23)

where Pout and Pin are the output and input power, respectively, V(t) is the applied RF input
signal and Vπ is the switching voltage.

Fig. 2.17 Schematic illustration of the MZM
structure.
On the other hand, the EAM is based on electro absorption effect, which is a change
on the material absorption in the presence of an electrical field [48], [50]. Since the EAM can
be built in the same substrate as the one in a semiconductor, it has a lower cost compared with
the MZM, making it a suitable choice for metro networks where cost is a priority. Also,
nowadays, EAMs with a bandwidth exceeding the 40 GHz can be found [51].
To properly estimate the EAM effect on the system performance, models that
accurately describe its properties are necessary. These models are, generally, too complicated
and computationally heavy for computer simulation [52], [53]. A simple approach to
characterize the EAM is to develop a model using actual device measurements. For an EAM,
by measuring the dependence of the absorption and the chirp on the bias voltage, the effect of
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the EAM on the system performance can be studied [52]. That being said, the electrical field,
at the EAM output, is given by [53], [54]

eout V  t    Pout V  t   exp  j   V  t  

(2.24)

where  is optical phase at the modulator output and V  t  is the voltage applied to the EAM
at the time instant t. The phase of the electrical field is obtained from the chirp parameter and
optical output power. The chirp can be characterized in terms of the small- signal α-parameter
as [53], [54]

 2

d V  t  



d ln Pout V  t  



.

(2.25)

From Eq. (2.25), the phase shift is given by

 V  t   

t





1
  V t  d ln Pout V t  .
2 

(2.26)

The EAM model used, in this dissertation, is based on an EAM available in the
laboratory of the Optical Communication Group and Photonics in IT-Lisbon. The
measurements made to describe the EAM properties were obtained for an input voltage
interval of [-0.5,3] V. To guarantee that the model is used under adequate conditions, the
signal should not be outside this interval. In appendix B.1, the solution used to guarantee that
the signal is in that range is described. Fig. 2.18 and Fig. 2.19 show the optical output power
and chirp characteristic of the EAM has a function of the input voltage when the EAM is fed
by a CW signal having an input optical power of 5 mW. With these two figures, the voltage
interval where the EAM has a better performance can be estimated.

Fig. 2.18 Output power of the EAM as a function of the input voltages
when fed by a CW signal having an input optical power of 5 mW.
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Fig. 2.19 Characteristic of the chirp parameter of the EAM as a
function of the input voltage.
From Fig. 2.18, it can be seen that the EAM output power has an approximately linear
characteristic for an input voltage in the interval [0.1,1.2] V, meaning that the signal in this
zone will suffer from less distortion. From Fig. 2.19, it can be seen that the EAM has zero
chirp for the input voltage of 1V.

2.4.1 Analysis of the system performance when an EAM is employed
To adapt the signal to the requirements of the EAM, the signal has to present some
characteristics. This means that a bias voltage, Vb , and a RMS voltage, VRMS, have to be
imposed to the signal. The target bias voltage is accomplished by adding a DC component to
the signal and the RMS voltage is imposed by an EA, as illustrated in Fig. 2.15. It can be
concluded from the previous analysis to the output power and chirp parameter of the EAM
that the bias voltage of the signal should be 0.7 V, that is in the middle of the interval w here
the output power characteristic is more linear, or 1 V, which is where the EAM has a chirp
parameter of zero. The system performance as a function of the RMS voltage for the bias
voltage of 1 and 0.7 V was analyzed in order to choose the most suitable bias voltage.
The system architecture used to perform this analysis is illustrated in Fig. 2.15, but in a
back-to-back (BtB) operation, meaning without fiber, and for a single OFDM band. For that
reason the second OA is not needed. The SSB filter and the BS have a bandwidth of,
approximately, 5.0 GHz and the gain of the OA is 30 dB. The signal parameters used are
presented in Table 2.1. Thermal noise and the corresponding optical noise caused by the
amplifier were imposed, so high values of EVM caused by very low values of RMS voltage
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are better visualized. Fig. 2.20 and Fig. 2.21 show the error vector magnitude (EVM) as a
function of the RMS voltage for the bias voltage of 0.7 and 1 V in a BtB operation. In Fig.
2.20, the chirp parameter was neglected. Contrary to Fig. 2.20, Fig. 2.21 considers the effect
of the chirp on the signal.
It is concluded, for both situations, that for very low values of RMS voltage the signal
is affected by noise, leading to an increase of the EVM value. For high RMS voltages, the
system performance is affected by the EAM distortion Also, Fig. 2.20 and Fig. 2.21 show
that a better system performance is achieved with a bias voltage of 1 V than with Vb =0.7 V. In
addition, Fig. 2.20 and Fig. 2.21 show that the system performance is worse when the chirp is
considered. These results are analyzed with more detail in appendix B.2.
Parameter
Value
Parameter
Value
Bit rate [Gb/s]
10
Nº of subcarriers
128
Bandwidth [GHz]
2.50
Nº of information symbols
100
VBG [GHz]
2.50
Nº of training symbols
100
Symbol period [ns]
66.0
Modulation sche me
16-QAM
Guard interval [ns]
14.8
Input powe r fed to the EAM [mW]
1
VBPR [dB]
7
Central frequency of the band [GHz]
3.75
Table 2.1: Signal parameters used to evaluate the system performance when an EAM is
employed.

Fig. 2.20 EVM as a function of the RMS voltage for the bias voltage
of 0.7 and 1 V in a chirpless system.
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Fig. 2.21 EVM as a function of the RMS voltage for the bias voltage
of 0.7 and 1 V when the chirp parameter of the EAM is considered.

Until now, all the analysis of the EAM properties on the system performance were
presented for a signal composed only by one OFDM band. When using a MB-OFDM signal
with virtual carriers, since the EAM is a non- linear component, the signal, at the EAM output,
has higher order harmonic and intermodulation distortion components. Beca use the virtual
carriers are discrete spectral components, their distortion components are, also, discrete and
their frequencies are given by [55].

f norder  m1 f1  m2 f 2  mk f k

(2.27)

where f n-order is the frequency of the nth order distortion component, f k is the frequency of the
k th fundamental component, that in the MB-OFDM signal is the frequency of the k th virtual
carrier. Finally, mk is the coefficient of the k th fundamental component.
Fig. 2.22 shows the MB-OFDM signal spectrum at the EAM input and output. The
signal has the same parameters used in Table 2.1, except the central frequency of the first
band, that in this case is 1.5 GHz, and VBG, that is 90 MHz. The RMS voltage of the signal at
the EAM input is 0.1 V and the bias voltage is set to 1 V. The signal is composed of three
OFDM bands with a band spacing of 3.125 GHz.
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Fig. 2.22 MB-OFDM signal at the EAM a) input and b) output when no criteria is used to
chose the frequencies of the virtual carriers. c) Third band of the MB-OFDM signal after
the PIN.
From Fig. 2.22, it can be seen that some of the distortion components fall in the
frequency range occupied by the bands, leading to a performance degradation. To ensure that
the distortion components do not interfere with the bands, it is necessary that the frequencies
of the distortion components are outside the range of the frequencies occupied by the bands.
One way to guarantee this is if the virtual carriers freque ncies are all multiples of a reference
frequency (f ref). This way the higher order components will also share the same submultiple
and it is possible, by carefully choosing the frequencies of the virtual carriers, to ensure that
they do not interfere with the bands. Fig. 2.23 shows the signal spectrum at the EAM input
and output, now with the virtual carriers frequencies being a multiple of a reference
frequency. From Fig. 2.23, it can be seen that the distortion components due to the virtual
carriers do not interfere with the bands.

Fig. 2.23 MB-OFDM signal at the EAM a) input and b) output when the virtual carriers
frequencies are a multiple of a reference frequency. c) Third band of the MB-OFDM signal
after the PIN.
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2.5 MB-OFDM system at 112 Gb/s
This dissertation aims to demonstrate that is possible to transmit a MB-OFDM signal
with virtual carriers at 112 Gb/s when DPostD algorithm based on MP is used to mitigate the
SSBI effect. In this section, the parameters needed to describe the signal are calculated using
the equations from subsections 2.1.4 and 2.3.3. At the beginning of this work, a set of
parameters were established, these parameters can be found in Table 2.2.
Parameter
Value
Bit rate [Gb/s]
112
Bandwidth of the MB-OFDM signal[GHz]
37.5
Band s pacing [GHz]
3.125
Mapping
16-QAM
Nº of subcarrier
128
Table 2.2: System parameters established at the beginning of this work.
These parameters were established considering that the proposed MB-OFDM signal
[19] has a capacity of 100 Gb/s, accounting for 12% of overhead (7% for forward error
correction (FEC) [56] and 5% for management overhead and stuffing [57]) the total bit rate of
the MB-OFDM signal is 112 Gb/s. The bandwidth of the signal is limited to 75% of the 50
GHz channel spacing in order to avoid interference between adjacent channels, so the
bandwidth of the MB-OFDM signal cannot be larger than 37.5 GHz. The maximum BER
required for the MB-OFDM system for 7% of FEC is 4×10-3 =10-2.4 . After the FEC decoder,
the BER improves from 4×10-3 to 10-16 as defined in ITU- T recommendation G975.1/I.9 [56].
Taking into account the parameters of Table 2.2, the number of OFDM bands needed
in the MB-OFDM signal is calculated using Eq. (2.21)
Nb 

BMB OFDM
 12 bands.
f

(2.28)

Knowing that the signal can comprise twelve bands and that the total bit rate of the MBOFDM signal is given by Eq. (2.20), the bit rate of each OFDM band is
Rb ,OFDM 

Rb, MB OFDM
Nb

 9.33 GHz.

(2.29)

Now, it is possible to estimate the symbol period using Eq. (2.10)
Ts 

N sc
Rb ,OFDM

log 2 ( M )  54.88 ns,

(2.30)

the bandwidth of each OFDM band can be estimated using Eq. (2.13)
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BOFDM 

N sc
 2.33 GHz.
Ts

(2.31)

The guard interval is given by Eq. (2.8), where Δλ is calculated using
 

02
c

BOFDM

(2.32)

where λ0 =1555.52 nm is the optical wavelength of the MB-OFDM signal and c is the speed of
light in the vacuum. Now, considering Dλ =17 ps/nm/km and Lf=400 km which is an adequate
value since the maximum connection length of a metro network is between 200 and 300 km,
the guard interval has to be at least

G  129.2 ps.

(2.33)

Finally, the frequencies of the bands and virtual carriers are set. The virtual carriers
frequencies have to be a multiple of a reference frequency. The band spacing as to be multiple
of the reference frequency as well. So, for simplicity, the reference frequency is equal to the
band spacing, f ref =Δf. Fig. 2.24 shows the spectrum of the MB-OFDM system for f vc,1 =f ref and
f vc,1 =3f ref. It is observed, from Fig. 2.24, that if f vc,1 = f ref the first band has more distortion that
if f vc,1 =3 f ref. So, the frequency of the first virtual carrier is set to 9.375 GHz.
The frequencies of the virtual carriers and the bands are calculated by recombining the
equations in Eq. (2.19). This been said, the frequencies of the virtual carriers and bands are
given by
f vc ,n  f vc ,1  (n  1)f
f c ,n  f vc ,n 

BOFDM
 VBG.
2

(2.34)

In order to achieve high spectral efficiency, the VBG is set to 90 MHz. The frequencies of
each band and virtual carrier are:


f vc,1 =9.375GHz, f c,1 =8.119 GHz;



f vc,2 =12.500 GHz, f c,2 =11.224 GHz;



f vc,3 =15.625 GHz, f c,3 =14.369 GHz;



f vc,4 =18.750 GHz, f c,4 =17.494 GHz;



f vc,5 =21.875 GHz, f c,5 =20.619 GHz;



f vc,6 =25.000 GHz, f c,6 =23.744 GHz;



f vc,7 =28.125 GHz, f c,7 =26.869 GHz;



f vc,8 =31.250 GHz, f c,8 =29.994 GHz;



f vc,9 =34.375 GHz, f c,9 =33.119 GHz;
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f vc,10 =37.500 GHz, f c,10 =36.224 GHz;



f vc,11 =40.625 GHz, f c,11 =39.369 GHz;



f vc,12 =43.750 GHz, f c,12 =42.494 GHz.
The other parameters needed to characterize the system, such as the VBPR, are

analyzed in chapter 3 in order to achieve the best system performance.

Fig. 2.24 Spectrum of the MB-OFDM signal a) f vc,1 =3.125 GHz, b) f vc,1 = 9.375 GHz.

2.6 Conclusions
In this chapter, the principles of OFDM systems and DD systems were studied, along
with an analysis of the EAM used in this dissertation. It has been concluded that a SSB signal
needs to be used in a DD-OFDM system to avoid the CDIPF effect. Also, a technique to
mitigate de SSBI term has to be implemented so high spectral efficiency is achieved. In this
work, a technique to mitigate the SSBI term using MP is investigated.
Since a MB-OFDM signal with virtual carriers is used, the system performance needs
to be evaluated in order to find the best values for the parameters illustrated in Fig. 2.16. This
analysis is performed in chapter 3.
After analyzing the EAM characteristics and the performance of the system when a
EAM is used as an optical modulator, it was concluded that a bias voltage of 1 V presents the
best performance along with the RMS voltage of 0.1 V when the chirp is considered.
Finally, the number of bands in the 112 Gb/s MB-OFDM signal and the bandwidth
occupied by each OFDM band were calculated using the equations from section 2.1.4 and
section 2.3.3. The system proposed in this work has to accomplish a total bit rate of 112 Gb/s
in a bandwidth of 37.5 GHz. Table 2.3 summarizes the parameters that enable verifying these
requirements.
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Parameter
Value
Number of bands
12
Bit rate per band [Gb/s]
9.33
Symbol period [ns]
54.88
Bandwidth of one OFDM band [GHz]
2.33
Guard interval [ps]
123.2
Frequency of the first virtual carrier [GHz] 9.375
Table 2.3: Parameters of the 112 Gb/s MB-OFDM system proposed.
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Chapter 3 - Distortion compensation with MP in a single
band transmission
In this chapter, the mitigation of the SSBI term using DPostD based on MP is
analyzed. First, in section 3.1, the concepts of DPostD and MP are reviewed. In section 3.2
and section 3.3, the MP structures more suitable for the system are found and the importance
of each of the MP coefficients to the mitigation of the SSBI term is discussed. In section 3.4,
the performance of the DPostD algorithm when different symbols are transmitted is
discussed. In section 3.4, it is analyzed how the MP responds when the system parameters
change.

3.1 Digital post-distortion using memory polynomials
As mentioned before, OFDM signals are sensitive to the distortion induced by the
transmission channel, such as nonlinear distortion (NLD) induced by the electro-optical and
optical-electrical conversions. However, the NLD can have other causes. Some previous
researches tried to compensate the NLD by linearising the transmission channel, S, with an
approximate inverse system S-1 . The inverse system S-1 is a nonlinear function build in the
digital domain that is the inverse of the distortion function exhibited by the system S. Several
attempts were proposed in order to implement system S-1 [24]-[29], [58]-[60]. The earlier
implementations were memoryless, meaning that they only try to compensate for the
instantaneous behavior of the system. However, the accuracy of this implementation
decreases when the bandwidth of the signal increases, since the impact of memory effects on
the nonlinearities of the system can no longer be neglected. So, in order to exploit the full
potential of digital distortion compensation, the memory effects must be taken into account.
In an optical communication system the memory can b e attributed, for example, to the
electro-optical conversion, to the filters or to the fiber chromatic dispersion effect. To that
end, implementations using digital distortion with MP are the focus of the research done
nowadays [24]-[29].

3.1.1 Memory polynomials
The MP used in this work was derived from the universal discrete time domain
Volterra series, that can be expressed as [58]
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where v[n-m q ] is a delayed version by mq samples of the input signal, z[n] are the samples of
the output signal, and hp (m1 ,m2,...,mp ) are the Volterra kernels. For the MP used in this work
some terms of Eq. (3.1) were discarded, so the MP is given by
K a Qa

Kb Qb M b

z  n    akq  v k  n  q    bkqm  v  n  q   v k  n  q  m  
k 1 q  0
Kc
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+ ckqm  v  n  q   v  n  q  m 
k

k 1 q  0 m 1

where each akq , bkqm and ckqm corresponds to a coefficient of the MP. This way, the total
number of coefficients is the summation of the coefficients for: i) the aligned signal (akq ),
K a   Qa  1 ; ii) the signal and the lagging terms (bkqm ), Kb   Qb  1  M b ; iii) the signal and

leading terms (ckqm ), Kc   Qc  1  M c . The order of the MP is the highest value between Ka ,
Kb +1 and Kc+1. Fig. 3.1 a) shows the schematic representation of the MB-OFDM system
(Fig. 2.15) with DPostD based on MP.
The estimation of the coefficients is performed in four steps:
1. Capture Ns samples of the reconstructed transmitted (x[n]) and received (v[n]) signals
in the electrical domain;
2. Affect the reconstructed transmitted signal with the inverse of the gain G, given by

G

x 2  n
v 2  n

(3.3)

where <∙> stands for the average. This way, the MPs are only compensating the
distortion and not the difference in power between the signals;
3. Construct the matrix V, given by
V   Va

Vb

Vc  ,

(3.4)

where each matrix Va , Vb and Vc is calculated using the received signal according to
 v  0
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(3.5)
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4. Calculate the MP coefficients using the expression given by [24], [26]

w   VH V  VH x
1

(3.6)

where x   x 0 x 1  x  N s  1 ,    denotes the transpose operation and
T



H

T

denotes the complex conjugate transpose operation. Saving them in vector w

according to
w   a10  aKaQa

b101  bKbQb Mb

c101  cKcQc Mc  .

(3.7)

Fig. 3.1 a) Block diagram of the MB-OFDM system employing DPostD based on MP.
b) Scheme used to obtain the transmitted signal at frequency f vc - fc.
The MP coefficients must be updated because the parameters of the system may vary
with time. If we consider that the system is almost time invariant, meaning that the
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coefficients are valid for some time, but not forever, they can be updated as indicated in [52].
So the vector w for the (i+1)th estimation is given by

wi+1  wi  μ   V H V  V H  x  Vwi 
1

(3.8)

where μ is the relaxation constant.

3.1.2 Digital post-distortion
The MP is implemented in the DSP. The DSP can be placed in the transmitter (digital
pre-distortion (DPD)), or at the receiver (DPostD). In [29], both techniques were tested and it
was demonstrated that DPostD can compensate better the NLD of the system, since it can
achieve lower values of EVM.
In the DSP, the transmitted and received signal are compared in order to estimate the
coefficients. The transmitted signal is reconstructed in the receiver using the training, for each
the receiver has knowledge. The received signal has to be at the same frequency as the
transmitted signal in order to compared the two signals. However, as explained in appendix
A.1, after the PIN, the received signal is center in f vc - fc. In order to obtain the transmitted
signal at the same frequency as the received signal, the scheme presented in Fig. 3.1 b) is
used. The reconstructed signal is divided in two branches. In the upper branch, the signal
passes through a filter that eliminates the OFDM band. At the filter output, we only have the
virtual carrier. The lower branch is connected to a filter that removes the virtual carrier. After,
the signals of the two branches are multiplied and the outcome goes through another filter that
recovers the signal at the frequency f vc - f c.

3.2 Searching for the MP structures more suitable for the system
After implementing the DPostD, the impact of the MP on the system performance was
studied. This was accomplish by performing four different tests that consist in implementing a
MP that only takes into account: i) the coefficients corresponding to the signal (akq ); ii) the
coefficients for the signal and lagging terms (akq and bkqm ); iii) the coefficients for the signal
and leading terms (akq and ckqm ); iv) all the coefficients. The study consists in identifying
which coefficients are important and how they affect the system performance. This way, the
best MP structure is a tradeoff between EVM improvement and complexity of MP (number of
coefficients of the MP). The test are accomplished using one OFDM band. The characteristics
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of the system and signal are presented in Table 3.1. In this study, the noise of the system was
neglected.
Parameter
Value
Bit rate [Gb/s]
10
Bandwidth [GHz]
2.50
Symbol period [ns]
66
Guard interval [ns]
14.8
Nº of subcarriers
128
Central frequency of the band [GHz]
2
Bias voltage [V]
1
Nº of information symbols
100
Nº of training symbols
100
Nº of samples of the signal
1056000
Modulation sche me
16-QAM
RMS voltage [V]
0.1
Input powe r fed to the EAM [mW]
1
VBPR [dB]
7
VBG [MHz]
90
Nº samples used in the estimation of MP
528000
Table 3.1: Parameters that characterize the system for the study of finding the MP structure
that leads to the best improvement of the system performance.

3.2.1 MP comprising only the coefficients for the aligned signal
The first test consists in implementing a MP with only the coefficients for the aligned
signal, coefficients akq . So, the MP in the first test is given by
Ka Qa

z  n   akq  v k  n  q 

(3.9)

k 1 q 0

where Ka =1,...,7 and Qa =0,...,20. A total of 147 MPs were tested.
In order to analyze the system performance improvement accomplished by the DPostD
algorithm, the EVM for a system without mitigation of the SSBI was computed. The EVM
obtained was -10.2 dB.
From the total MPs tested, a set of MP structures were chosen to corroborate the
following conclusions. These structures are presented in Table 3.2. When analyzing the
results obtained, it was concluded that for an order higher than 5 the system performance
stops improving, meaning that the MP only needs to have maximum order of 5. This can be
seen from the two last lines of Table 3.2. Now, taken a closer look at the two first lines of
Table 3.2, we conclude that the distortion is only compensated when the MP order is higher
than 1. Also, it was concluded that to achieve a significant improvement in the system
performance a high number of delays need to be considered. However, this leads to an
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increase of the number of coefficients. For that reason, delays higher than 5 were discarded in
the other tests.
Structure of the MP
Nº of coefficients
EVM [dB]
Ka -Qa
1-10
11
-10.2
2-0
2
-11.9
2-1
4
-11.9
2-2
6
-12.2
2-15
32
-12.3
4-0
4
-12.1
5-0
5
-12.3
6-0
6
-12.3
Table 3.2: Structure, number of coefficients and EVM of the MPs chosen when considering a
MP with only the coefficients for the aligned signal.

3.2.2 MP comprising the coefficients for the aligned signal and lagging
terms
The performance improvement due to SSBI mitigation when the signal and the lagging
terms are considered is assessed. The MP is the given by
Ka Qa

Kb Qb M b

z  n   akq  v  n  q    bkqm  v  n  q   v k  n  q  m
k

k 1 q 0

(3.10)

k 1 q 0 m1

where Ka =Kb =1,...,5, Qa =Qb =0,...,4 and Mb =1,...,5. A total of 3125 MPs were tested.
From the MP tested, the ten best performing MP structures were chosen and are shown
in Table 3.3. They may not be the ones that lead to the best system performance, but give us a
better compromise between performance and complexity of the system. For example,
comparing the first and the last MP of Table 3.3, it is concluded that the last has a better
system performance than the first. However, it requires more coefficients. So, it is better to
sacrifice 0.2 dB of system improvement to reduce the number of coefficients by 60.
From Table 3.3, it can be concluded that the order of the MP has to be 5, since the
order of all the MPs is 5. Table 3.3 shows that the delay of the lagging terms as to be at the
maximum. Another conclusion made with this test, but is not shown in the results of Table
3.3, is that the improvement of the system performance stops for a Kb =4, leading again to a
MP of order 5. From this test, a maximum improvement of 4.6 dB was achieved.
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Structure of the MP
Ka -Qa -Kb-Qb -M b
5-2-1-4-5
5-2-2-4-5
5-2-3-4-5
5-3-1-4-5
5-3-2-4-5
5-3-3-4-5
5-4-1-4-5
5-4-2-2-5
5-4-2-4-5
5-4-3-4-5

Nº of coefficients

EVM [dB]

40
65
90
45
70
95
50
55

-14.6
-14.7
-14.7
-14.7
-14.7
-14.7
-14.7
-14.6

75
100

-14.8
-14.8

Table 3.3: Structure, number of coefficients and EVM for the ten best performing MPs when
considering a MP with the coefficients for the aligned signal and lagging terms.

3.2.3 MP comprising the coefficients for the aligned signal and leading
terms
The system performance with a MP that considers the signal and its leading terms was
studied. So the MP is given by
Ka Qa

Kc Qc M c

k 1 q 0

k 1 q 0 m1

z  n   akq  v k  n  q    bkqm  v  n  q   v k  n  q  m

(3.11)

where Ka =Kc=1,...,5, Qa =Qc=0,...,4 and Mc=1,...,5. A total of 3125 MPs were tested.
In Table 3.4, the ten best performing MP are presented. The conclusions for this tests
are the same as the ones where the MP considers the coefficients for the aligned signal and
lagging terms. Comparing Table 3.3 and Table 3.4, it can be seen that we have practically the
same structures of MP and with basically the same improvement.
Structure of the MP
Ka -Qa -Kc-Qc-M c
5-2-1-4-5
5-2-2-4-5
5-2-3-4-5
5-3-1-4-5
5-3-2-4-5
5-3-3-4-5
5-4-1-4-5
5-4-2-4-4
5-4-2-4-5
5-4-3-4-5

Nº of coefficients

EVM [dB]

40
65
90
45
70
95
50
65

-14.7
-14.7
-14.7
-14.7
-14.7
-14.8
-14.8
-14.6

75
100

-14.8
-14.8

Table 3.4: Structure, number of coefficients and EVM for the ten best performing MPs when
considering a MP with the coefficients for the aligned signal and leading terms.
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So, from this two last tests, it can be concluded that, regardless if only the lagging or
only the leading terms are employed, similar results are obtained.

3.2.4 Complete MP
Finally, the complete expression for the MP was implemented, this expression is given
in Eq. (3.2) with Ka =Kb =Kc=1,...,4, Qa =Qb =Qc=0,...,4 and Mb =Mc=1,...,5 making a total of
200000 MP. From the 200000 MP, the ten best performing MP were chosen and are
represented in Table 3.5.
Structure of the MP
Ka -Qa -Kb-Qb -M b -Kc-Qc-M c
2-4-1-4-5-4-1-4
2-4-2-4-5-4-1-4
2-4-2-4-5-4-1-5
2-4-2-4-5-4-2-4
3-2-2-4-5-4-2-4
3-4-1-4-5-4-1-4
3-4-2-4-5-4-1-4
3-4-2-4-5-4-1-5
4-4-1-4-5-4-1-4
4-4-2-4-5-4-1-4

Nº of coefficients

EVM [dB]

67
92
100
108
107
72
97
105

-14.9
-15.0
-15.0
-15.0
-14.9
-14.9
-15.0
-15.0

77
102

-14.9
-15.0

Table 3.5: Structure, number of coefficients and EVM for the ten best performing MPs when
all the coefficients are considered.
From Table 3.5, it was concluded that there is not any benefit in using all the MP
coefficients when considering a system in these conditions. Since, it does not lead to a
significant improvement compared with using the lagging and leading terms separately. The
difference between the maximum improvement obtained from the tests that considered the
lagging and leading terms separately and the one that takes into account both terms is 0.2 dB.

3.3 Relevance of each one of the MP coefficient
After finding the MP structures that lead to the best system performance, it is
important to understand the contribution of each one of the MP coefficients and if they can be
removed, which improves the complexity of the system. From the tests performed in section
3.2, three MP structures were chosen to study the relevance of the coefficients. These MP
structures were chosen based on a compromise between complexity and system performance.
The MP structures chosen are presented in Table 3.6. Table 3.6 contains one structure that
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only considers the coefficients for aligned signal and lagging terms, another that only onsiders
the coefficients aligned signal and leading terms and one that considers all the coefficients.
Structure of the MP
EVM[dB]
Nº of coefficients
Ka -Qa -Kb-Qb -M b -Kc-Qc-M c
-14.7
5-3-1-4-5-0-0-0
45
-14.7
5-3-0-0-0-1-4-5
45
-14.9
2-4-1-4-5-4-1-4
67
Table 3.6: Structure and number of coefficients of the MPs chosen to analyze the relevance of
each coefficient for the complete MP structure.
In section 3.1.2, the vector w was introduced (Eq. (3.7)). The vector w contains all the
MP coefficients. In a first approach, each coefficient was set to zero and the corresponding
EVM degradation obtained for each case was evaluated. So, to study the importance of the
coefficient a10 , its position in the vector w was set to zero. In this case, the vector w is given
by

w  0 a11  aKaQa

b101  bKbQb Mb

c101  cKcQc M c 

(3.12)

In Fig. 3.2 the EVM as a function of the coefficient set to zero is represented
considering the three MP structures of Table 3.6. From Fig. 3.2, it can be seen that vat least
two coefficients can be neglected in all three MPs as they do not change the system
performance achieved with the DPostD algorithm. However, when analyzing the value of
these coefficients, it was concluded that they were already zero. In the others cases, the EVM
increases and in some cases the EVM is worse than the one when no mitigation technique is
employed. This way, it can be concluded that all the coefficients, that are different from zero,
are important and cannot be removed from the MP. It has been concluded that all the MP
coefficients are important to achieve a good system performance improvement. However,
why the EVM degradation is so high when a coefficient is eliminated has to be explained.
In Fig. 3.3 and Fig. 3.4, the spectrum of the signal, after the DSP, when considering
the MP structure [2-4-1-4-5-4-1-4], and the correspondent constellation at the receiver,
respectively, are shown for three different situations. First, in Fig. 3.3 a), the spectrum of the
OFDM signal when the third position of the vector w is zero is represented (EVM= -10.2 dB).
It can be seen from the spectrum of the signal that the SSBI term was not mitigated. However,
Fig. 3.4 a) shows that the symbols can still be recovered but with a huge error. In Fig. 3.3 b),
the spectrum of the signal when the position twenty three of the vector w is zero (EVM = 1.0
dB) is shown. It can be seen that the spectrum of the OFDM signal is highly deformed leading
to a degradation in the system performance. Fig. 3.4 b) shows that, in this case, the symbols
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cannot be recovered. Finally, when analyzing the spectrum of the signal in Fig. 3.3 c), where
the coefficient fifty three was already zero (EVM = -14.9 dB), we see that the SSBI term has
been mitigated and the spectrum of the signal is not deformed. Although, it has a component
DC that has to be eliminated with a DC filter. Fig. 3.4 c) shows the recovered constellation
when the coefficient fifty three is zero. It can be seen that the symbols can be recovered with
less errors than in the case where the third position of the vector w is zero.

Fig. 3.2 EVM as a function of the coefficient set to zero for the a) MP[5-3-1-4-5-0-0-0], b)
MP[5-3-0-0-0-1-4-5], c) MP[2-4-1-4-5-4-1-4].

In order to analyze with more detail the importance of each coefficient, a test that
verifies if a term of the MP (where term is for example a10 ∙x[n]) for the sample nth is less than
1% of the value of this sample, at the output of the DSP, and, because of that, it can be
neglected, was performed. From this test, it was concluded that all the coefficients are
important. It was demonstrated that a coefficient can be neglected for the calculation of the nth
sample of the output signal. However, this same coefficient may be important for the
calculation of the m th sample of the output signal. A more detailed information about the test
performed can be found in appendix C.1.
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Fig. 3.3 Spectrum of the OFDM signal, at the DSP output, for the MP [2-4-1-4-5-4-1-4]
when a) w[3] = 0, b) w[23] = 0 and c) w[53] = 0.

Fig. 3.4 Constellation at the receiver when a) w[3] = 0, b) w[23] =0 and c) w[53] = 0
considering the MP[2-4-1-4-5-4-1-4].
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3.4 Performance of the DPostD algorithm when different
symbols are transmitted
Until now, the same symbols used to find the best MP structure for the system since
the system does not present the same system performance improvement when different
symbols are transmitted and same MP structure is considered, as shown in appendix C.2. Fig.
3.5 shows the EVM when different symbols are transmitted considering the MP[2-4-1-4-5-41-4]. From here on, an iteration of the system is when different symbols are transmitted and
the system performance is evaluated. It can be seen that the EVM when different symbols are
transmitted can vary almost 10 dB. Because of that, and as mention in section 3.1.2, the MP
coefficients need to be updated. The coefficients are updated using Eq. (3.8). Therefore, the
relaxation constant, μ, more suitable for the system has to be studied. Fig. 3.6 shows the
average EVM and the difference between the maximum and minimum EVM achieved as a
function of the relaxation constant when 200 iterations are performed.

Fig. 3.5 EVM for different symbols when considering the MP[2-4-1-4-5-4-1-4].
From Fig. 3.6 a), it can be seen that the relaxation constant that leads to the low value
of the average EVM is 0.02 for all the three MP structures presented in Table 3.6. Although
the variation of the average EVM (Fig. 3.6 a)) for different relaxation constants is lower than
0.3 dB. Fig. 3.6 b) shows a EVM variation of 4 dB in the difference between the maximum
and minimum EVM when the relaxation constant changes from 0.02 to 0.5 for the MP[2-4-14-5-4-1-4]. For that reason, the relaxation constant is set to 0.02.
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Fig. 3.6 a) Average EVM and b) difference between the maximum and minimum EVM
obtained as a function of the relaxation constant for the MP structures of Table 3.6.

Since, the EVM can vary for different sets of symbols, as observed in Fig. 3.5, the
average EVM must be used to evaluate the system performance. To calculate the average
EVM it is necessary to know how many iterations need to be performed in order to achieve a
good estimate of the average EVM. Fig. 3.7 shows the average EVM as a function of the
number of iterations performed for μ=0.02. Fig. 3.7 shows that a good estimative of average
EVM is achieved with 15 iterations for all the MPs. Although some fluctuations can be seen
when the number of iterations is above 120, the difference between the average EVM is
residual

Fig. 3.7 Average EVM as a function of the number of iteration performed considering the
MP structures in Table 3.6 and μ=0.02.
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3.5 Tolerance of the SSBI mitigation to system parameters
variation
In section 2.3.3, the parameters of a MB-OFDM system were introduced. In the
following, it is analyzed how a change in some of the system parameters affects the system
performance. This analysis is performed by using a signal with the parameters presented in
Table 3.1, an OSNR of 18 dB and varying the parameter for which the analysis is conducted.
Also, the system improvement when SSBI term is mitigated and when it is not is studied. In
this analysis, thermal and optical noise are added.
Fig. 3.8 shows the EVM as a function of the VBPR when no mitigation is used and
when the three MP structures of Table 3.6 are used. From Fig. 3.8, it can be concluded that
the best value for the VBPR decreases when DPostD is employed. So, for a system without
SSBI mitigation, the optimum VBPR is around 12 dB. When DPostD is used to mitigate the
SSBI, the optimum VBPR is between 8 dB and 10 dB. Also, it can be seen that the MPs
improve the system performance. For example, an improvement of 3 dB is achieved in the
system performance for a VBPR=9 dB in comparison with the case without SSBI mitigation.
From Fig. 3.8, it can be seen that the three MP structures have the same behavior and that for
high values of VBPR the system performance is the same as the one without DPostD. This
happens because most of the signal power is transported by the virtual carrier. Since the same
power is being imposed, meaning the OFDM band presents a lower power, and the same
noise is being added, the signal-to-noise ratio (SNR) decreases.

Fig. 3.8 Average EVM as a function of the VBPR when no mitigation technique is used and
when DPostD based on the MP structures in Table 3.6 is used to mitigate the SSBI term.
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Now, it is analyzed the system performance when the RMS voltage, imposed to the
signal at the EAM input, changes in order to evaluate the optimum RMS voltage when
DPostD is employed. It was observed in section 2.4 that the system performance decreases
when increasing the RMS voltage. It is to expect that, when DPostD is used, the system
presents the same behavior. Fig. 3.9 shows the EVM as a function of the RMS voltage
imposed to the signal when no mitigation technique is used, when BICR technique is used,
and when DPostD is used to mitigate the SSBI effect. To study the degradation on the system
performance for different RMS voltage a gain of 30 dB is used in the OA after the SSB filter
(Fig. 3.1).

Fig. 3.9 Average EVM as a function of the RMS voltage imposed to the signal, at the EAM
input, when no mitigation technique is used, when the BICR technique is used and when
DPostD considering the MP structures presented in Table 3.6 is used to mitigate the SSBI.
term.
For low values of RMS voltage the system is affected by noise, so it presents high
values of EVM. As the RMS voltages increases, the EVM decreases until the optimum RMS
voltage (around 0.1 V). An system performance improvement of approximately 3.5 dB is
achieved for VRMS =0.1 V in comparison with the case where no mitigation technique is used.
After, the system performance starts to be affected by the distortion caused by the EAM. So,
the EVM increases as the RMS voltage increases. This behavior is observed for when the
SSBI term is mitigated and when is not. It is also observed that the MPs present the same
performance since the curves are overlapped. However, the difference between the
improvement achieved with DPostD and the BICR techniques show that the DPostD
technique cannot mitigate all the SSBI term. For high values of RMS voltage the curves start
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to approximate because the main distortion affecting the system is the one caused by the
EAM.
Fig. 3.10 shows the EVM as a function of the VBG when no mitigation technique is
used and when DPostD considering the MP structures of Table 3.6 is used to mitigate the
SSBI. As explained in section 2.2, to eliminate completely the effect of the SSBI term the
VBG has to equal to bandwidth of the OFDM band. Fig. 3.10 shows that when VBG is zero
the DPostD algorithm cannot mitigate the SSBI term. Also, it can be seen that an
improvement of 3.5 dB in the system performance is achieved when MPs are used for a
VBG=90 MHz, which is the value considered in this work. However, this improvement
decreases when the VBG increases, as expected, since the SSBI term is less intense in the
frequency range occupied by the OFDM band. When the SSBI is completely out of the
OFDM band (VBG = 2.5 GHz) the system performance is almost constant.

Fig. 3.10 Average EVM as a function of the VBG when no mitigation technique is used and
when DPostD considering the MP structures in Table 3.6 is used to mitigate the SSBI term.

Until now, half of the samples (528000 samples corresponding to 100 OFDM
symbols) of the received signal were used to estimate the MP coefficients, which means that a
great amount of memory is necessary. The number of samples needed to obtain an accurate
approximation of the average EVM was studied in order to reduce the memory necessary in
the DSP. Fig. 3.11 shows the EVM as a function of the number of samples used in the
estimation of the MP coefficients for the MPs structures of Table 3.6. From Fig. 3.11, it can
be seen that if less than 100000 samples (19 OFDM symbols) are used, the MP coefficients
cannot be estimated correctly, leading to high EVMs. However, if more than 200000 samples
are used, the variation in the average EVM is less than 1 dB. So, it can be concluded that if
52

more than 40 OFDM symbols are used a good estimate of the average EVM is obtained.
However, for the next tests half of the samples were still used.

Fig. 3.11 Average EVM as a function of the number of samples used to estimate the MP
coefficients for the MP structures of Table 3.6.
The BS used in section 3.2 was an ideal rectangular filter. This means that the BS does
not affect the system performance. However, this kind of filters are impossible to develop in
real systems. This means that the distortion caused by the BS has to be taken into account
when analyzing the system performance. For that reason a 2- nd order super Gaussian optical
filter is used as the BS. Fig. 3.12 shows the amplitude response of the 2-nd order super
Gaussian optical filter. The performance of the system will depend on the BS passband
bandwidth and its central frequency. The central frequency of the BS is the central frequency
between the lowest subcarrier frequency of the OFDM band and the virtual carrier, in this
case is f c= 2.045 GHz. Fig. 3.13 shows the EVM as a function of the BS bandwidth.

Fig. 3.12 Amplitude response of the 2-nd
order super Gaussian optical filter with a -3
dB bandwidth of 1.8 GHz.
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Fig. 3.13 EVM as a function of the BS bandwidth when no mitigation technique is used and
when the MP structures in Table 3.6 are used to mitigate the SSBI term.

From Fig. 3.13, it can be seen that for a BS bandwidth higher than the bandwidth of
the OFDM band (2.50 GHz) the EVM does not varies much. For lower values it can be seen a
degradation in the system performance, as expected, since the band is being cut ted in the
sides. Fig. 3.14 shows the spectrum of the signal after the BS when the BS bandwidth is a) 1.8
GHz, b) 2.50 GHz and c) 3 GHz. Fig. 3.14 a) shows the spectrum of the signal when the BS
bandwidth is 1.8 GHz were the spectrum of the signal is obviously distorted compared with
the other two situations. Comparing Fig. 3.14 b) and Fig. 3.14 c), it can be seen, although is
less evident, that the OFDM band is still slightly distorted.
Fig. 3.13 shows that the MPs structures have the same performance. Also, it can be
concluded that even if the BS bandwidth is higher that the band some distortion is still
introduced, since the EVM when the ideal filter was used is approximately -14.5 dB and now
the minimum EVM is close to -13 dB. This happens because some distortion is always
introduced due to the BS shape.

Fig. 3.14 Spectrum of the OFDM signal when the BS bandwidth is a) 1.8 GHz, b) 2.50 GHz
c) 3 GHz.
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In [61], it was studied the optimum par of BS bandwidth and detuning for a 112 Gb/s
MB-OFDM system comprising 12 bands. The BS detuning is defined as d  f c  f BS where
f BS is the central frequency of the BS and f c is the central frequency between the lowest
subcarrier frequency of the OFDM band and the virtual carrier. The optimum par obtained
was a BS bandwidth of 2.2 GHz and 300 MHz of detuning, these will be the parameters used
in chapter 4.
Finally, the system performance is analyzed considering optical fiber transmission.
The study is performed in order to evaluate the system tolerance to chromatic dispersion
introduced by the fiber. For that reason, the only effects taken into consideration are fiber
attenuation and fiber dispersion. More details about the fiber model used can be found in
appendix A.6. The OSNR used, in this test, is 25 dB in order to obtain a valid EVM when
DPostD is used, as explained in appendix A.3. Two situations were tested. First, the system
performance is evaluated when an ideal filter is used as BS and, second, when the Bs is a 2-nd
order super Gaussian filter with the parameters established in [61]. This way the impact of the
filter in an optical fiber transmission can be studied. Fig. 3.15 and Fig. 3.16 show the EVM as
a function of the fiber length when the BS is an ideal filter and when it is a 2-nd order super
Gaussian filter, respectively.

Fig. 3.15 Average EVM as a function of the fiber length using an ideal optical filter as a BS
when no mitigation technique is used and when considering the MP of Table 3.6.
Fig. 3.15 shows that the MP[5-3-1-4-5-0-0-0] and the MP[5-3-0-0-0-1-4-5] have the
same behavior and that the improvement in the system performance decreases with the fiber
length. On the other hand, the MP[2-4-1-4-5-4-1-4] shows an almost constant behavior. So, it
can be concluded that MP[2-4-1-4-5-4-1-4] is more robust to the fiber dispersion. From Fig.
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3.16 the same conclusions can be drawn. Furthermore, Fig. 3.16 shows that the degradation in
the system performance when the 2-nd super Gaussian filter is used does not exceed 1 dB.

Fig. 3.16 EVM as a function of the fiber length using a 2-nd super Gaussian optical filter
with the parameters established in [61] as a BS when no mitigation technique is used and
when considering the MP structures of Table 3.6.
In section 3.2, we saw that using the lagging and leading terms separately leads to
almost the same improvement of using all the MP coefficients. In section 3.2, the memory
effects were attributed to the chirp of the EAM since ideal filters were used and the dispersion
of the fiber was not considered. In this section, it was shown that the MP structure that takes
into account all the coefficients has a better performance than the other ones, so it can be
concluded that the memory effects are more relevant when the chirp of the EAM and the fiber
dispersion effects are considered simultaneously.

3.6 Conclusions
In this chapter, a DPostD algorithm based on MP was introduced and the MB-OFDM
system employing DPostD was presented. The MP used in this work was described and
studied. The MP structures that lead to the best system performance improvement were found.
It was concluded that to mitigate the SSBI term the MP needed a minimum order of two and
for an order higher than five the system does not present any more improvement. Also, it was
concluded that, in a BtB transmission, the use of leading and lagging terms separately leads to
the same results and together the improvement is not substantial.
From the best MPs, three MP structures were chosen to study the relevance of each
one of the MP coefficients. The MP structures chosen can be found in Table 3.6. It was
concluded that all the MP coefficients are important to the system, since the removal of one
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coefficient, with a value different from zero, means that the SSBI term is not mitigated and, in
some cases, the signal spectrum can be deformed, as shown in Fig. 3.3.
In section 3.3, it was demonstrated that the same MP structure does not lead to the
same system performance symbols are transmitted. This means that the coefficients have to be
updated for each data information transmitted and that the average EVM has to be used in
order to evaluate the system performance. It was concluded that the relaxation constant that
leads to the smaller difference in system performance when different symbols are transmitted
is 0.02. In order to calculate the average EVM, a set of iterations, where a iteration is the
transmission of a set of symbols, has to be performed. It was demonstrated that 15 iterations
are enough to achieve a good estimation of the average EVM.
Finally, the system performance when a system parameter changes was studied. It was
concluded that the optimum VBPR is between 8 and 10 dB and that a improvement of 3 dB is
achieved when DPostD is used compared with the case where no mitigation technique is
implemented. The RMS voltage that leads to the best system performance is 0.1 V. It was also
shown that the system only needs 40 OFDM training symbols to estimate the MP coefficients
correctly, which reduces the complexity of the system. In order to approximate the study to a
real system, a 2- nd order super Gaussian optical filter was introduced as a BS and the
distortion caused by it was studied. The system performance after fiber transmission was
evaluated. It was shown that, although the MP structures using only leading terms or lagging
terms lead to approximate the same results as the complete MP, in a BtB operation, when the
fiber dispersion is introduced, the MP structure that accounts for all the terms is more robust
to fiber dispersion and after 400 km of fiber an improvement of 3.5 dB in the system
performance is still accomplished when DPostD is implemented in comparison with the case
where no mitigation technique is used.
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Chapter 4 - MB-OFDM system with DPostD based on MP
The results obtained until now considered a single band transmission. In this chapter,
the transmission of a 12-band 112 Gb/s MB-OFDM signal employing DPostD based on MP
theory is evaluated in order to assess the maximum transmission distance and the required
OSNR to achieve a BER of 4×10-3 . In section 4.1, the transmission of the MB-OFDM signal
using only one EAM to modulate the optical signal is evaluated in order to verify if a BER of
4×10-3 can be achieved. In section 4.2, the system performance is evaluated when one EAM
for the electro-optic conversion of each group of 3 bands is employed. Finally, in section 4.4,
the required OSNR to achieve a BER = 4×10-3 and the maximum transmission distance are
assessed when DPostD based on MP is used.

4.1 MB-OFDM system employing one EAM
As shown in section 2.4, the EAM causes some distortion in the signal. This distortion
increases when the number of bands used by the same EAM to modulate the optical signal
increase. Increasing the number of bands used by the EAM decreases the complexity and the
cost of the system. However, the distortion caused by the electro-optic conversion process is
higher. The optimum solution would be all bands being modulated by the same EAM since
the cost and complexity of the system is the lowest. In the following, this solution is evaluated
in order to check if it is possible to achieve a BER of 4×10-3 . The signal with the
characteristics established in section 2.5 is used. A RMS voltage of 0.15 V and a bias voltage
of 1 V are imposed to the signal before the EAM, since they are the ones that lead to the best
system performance in a MB-OFDM signal. The OFDM signal has 100 training symbols and
100 information symbols. However, only 40 training symbols are needed to estimate the MP
coefficients, as seen in section 3.4. A VBPR of 11 dB is used. Thermal and optical noise are
added. Table 4.1 and Table 4.2 show the average BER obtained for each band of the MBOFDM signal when DPostD considering the MP structures of Table 3.6 is employed
considering two situations: an OSNR of 40 dB and neglecting the noise of the system,
respectively. The system represented in Fig. 3.1 is used in a BtB operation. The BER is
calculated using the exhaustive Gaussian approach (EGA) method with 50 noise runs,
introduced in appendix A.4. The average BER is obtained using 15 iterations.
From Table 4.1, it can be concluded that is not possible to achieve the desired BER
with an OSNR of 40 dB when the signal at the EAM input comprises twelve bands.
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Moreover, from Table 4.2, it can be seen that even if the noise of the system is neglected the
desired BER cannot be achieved.
Band
number

MP[5-3-1-4-5-0-0-0]
log(BERav)

EVM av
[dB]
-12.10
-11.87
-11.03
-10.09
-10.97
-10.81
-14.31
-14.25
-13.21
-13.45
-13.88
-14.53

MP[5-3-0-0-0-1-4-5]
log(BERav)

EVM av
[dB]
-12.29
-11.80
-10.97
-10.57
-11.03
-10.69
-14.31
-14.30
-13.20
-13.42
-13.91
-14.51

MP[2-4-1-4-5-4-1-4]
log(BERav)

EVM av
[dB]
-12.29
-11.89
-11.32
-9.85
-10.72
-10.88
-14.36
-14.37
-13.33
-13.54
-13.86
-14.70

1
-1.48
-1.51
-1.51
2
-1.41
-1.40
-1.41
3
-1.25
-1.24
-1.28
4
-1.13
-1.17
-1.11
5
-1.25
-1.26
-1.23
6
-1.29
-1.27
-1.28
7
-1.98
-1.99
-1.99
8
-2.02
-2.03
-2.06
9
-1.75
-1.75
-1.79
10
-1.82
-1.81
-1.85
11
-1.94
-1.95
-1.94
12
-2.14
-2.13
-2.16
Table 4.1: log(BERav ) and EVMav of each band of the MB-OFDM signal considering the
three MP structures of Table 3.6 for an OSNR of 40 dB when the signal at the EAM input
comprises 12 bands.

Band
number

MP[5-3-1-4-5-0-0-0]
log(BERav)

EVM av
[dB]
-12.23
-11.92
-11.18
-10.19
-10.85
-10.43
-14.56
-14.47
-13.31
-13.52
-14.02
-14.75

MP[5-3-0-0-0-1-4-5]
log(BERav)

EVM av
[dB]
-11.93
-11.99
-11.04
-10.40
-11.03
-11.23
-14.54
-14.50
-13.36
-13.65
-14.08
-14.66

MP[2-4-1-4-5-4-1-4]
log(BERav)

EVM av
[dB]
-12.41
-12.15
10.86
-9.78
-10.99
-10.75
-14.61
-14.55
-13.45
-13.66
-14.12
-14.82

1
-1.51
-1.51
-1.54
2
-1.42
-1.42
-1.44
3
-1.27
-1.26
-1.24
4
-1.15
-1.15
-1.11
5
-1.25
-1.26
-1.26
6
-1.29
-1.33
-1.28
7
-2.05
-2.05
-2.05
8
-2.08
-2.10
-2.12
9
-1.77
-1.78
-1.82
10
-1.85
-1.88
-1.88
11
-1.97
-2.00
-2.01
12
-2.20
-2.18
-2.23
Table 4.2: log(BERav ) and EVMav of each band of the MB-OFDM signal considering the
three MP structures of Table 3.6 when the signal at the EAM input comprises 12 bands and
the noise of the system is neglected.
Fig. 4.1 shows the spectrum of the MB-OFDM signal after the SSB filter. From Fig.
4.1, it can be seen that the first bands have more distortion than the last ones. In order to
reduce the distortion introduced by the EAM, the number of bands at the EAM input needs to
be reduced. So, the maximum number of bands that can be modulated simultaneously by the
same EAM was evaluated in appendix D. It was shown that if the signal at the EAM input
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comprises only three bands the required BER is achieved. Table 4.3 shows the BER and EVM
achieved when the signal only comprises three bands.

Fig. 4.1 Spectrum of the MB-OFDM signal after the SSB filter when one EAM modulates the
twelve bands.
MP[5-3-1-4-5-0-0-0]
MP[5-3-0-0-0-1-4-5]
MP[2-4-1-4-5-4-1-4]
EVM av
EVM av
EVM av
log(BER av)
log(BER av)
log(BER av)
[dB]
[dB]
[dB]
-16.81
-16.87
-16.91
1
-2.60
-2.57
-2.60
-17.51
-17.49
-17.69
2
-2.60
-2.61
-2.63
-18.30
-18.31
18.23
3
-2.75
-2.75
-2.71
Table 4.3: log(BERav ) and EVMav of each band of a 3-band MB-OFDM signal for the MP
structures of Table 3.6 for an OSNR of 40 dB.

Band
number

Table 4.3 shows an improvement of at least 4.5 dB in the system performance when
the signal comprises three bands in comparison with the 12-band MB-OFDM signal. It also
can be seen that the performance between the bands is more uniform when a MB-OFDM
system comprising three bands is transmitted.

4.2 MB-OFDM system employing four EAMs
In section 4.1, it was concluded that to achieved a maximum BER=4×10-3 the signal,
at the EAM input, needs to comprise less than four bands. Since some of distortion is caused
by the number of bands at the EAM input, by reducing the number of bands at the EAM input
the 12-band MB-OFDM system can be implemented. This means that at least four EAMs are
needed at the transmitter, increasing the cost and complexity of the system. In the following,
the system performance of the 12-band MB-OFDM signal is evaluated in order to evaluate the
performance degradation and the distortion introduced by the transmission of the twelve
bands. Fig. 4.2 shows the architecture of the transmitter when more than one EAM is used.
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Fig. 4.2 Architecture of the 12-band MB-OFDM transmitter when each EAM
modulates n bands.
Fig. 4.3 a) shows the EVM as a function of the RMS voltage imposed to the signal at
the EAM input and Fig. 4.3 b) shows the EVM as a function of the VBPR when DPostD
considering the MP structures of Table 3.6 is used to mitigate the SSBI. The system
performance is evaluated in a BtB operation and the signal at the EAM input comprises three
bands. The results presented are for the first band of the 12-band MB-OFDM signal, since it is
the one with the worst performance. The first band presents the worst performance because is
the one that suffers more distortion as shown in section 2.5. The signal used to evaluate the
system performance is the same as the one in section 4.1. However, Fig. 4.3 a) uses a VBPR =
9 dB and Fig. 4.3 b) uses a RMS voltage of 0.15 V. Fig. 4.3 a) and Fig. 4.3 b) show that a
VBPR of 11 dB and a RMS voltage of 0.15 V lead to the best system performance,
respectively. Also, it can be seen that the results for the three MP structures are overlapped,
meaning that the three MP structures lead to same improvement when the fiber dispersion is
not considered.
Fig. 4.4 shows the spectrum of the MB-OFDM signal at the fiber input. Fig. 4.4
indicates that the bands should have similar distortion, contrary to Fig. 4.1 where the first
bands had more distortion. Table 4.4 shows the BER of each band for the MP structures of
Table 3.6 when the signal at the EAM input comprises three bands considering an OSNR of
40 dB. Studying Table 4.4, we conclude that the required BER is achieved in all the bands.
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Fig. 4.3 a) Average EVM as a function of the RMS voltage imposed to the signal at the
EAM input, b) EVM as a function of the VBPR for the first band when DPostD considering
the MP structures of Table 3.6 is used.

Fig. 4.4 Spectrum of the MB-OFDM signal at the fiber input when one EAM
modulates three bands.
Band
number

MP[5-3-1-4-5-0-0-0]

MP[5-3-0-0-0-1-4-5]

EVM av
[dB]
-16.46
-16.99
-17.17
-17.24
-17.02
-17.08
-17.06
-16.95
-17.16
-17.07
-16.96
-17.58

EVM av
[dB]
-16.36
-17.02
-17.05
-17.23
-17.11
-17.12
-17.13
-16.91
-17.10
-17.12
-16.98
-17.60

log(BERav)

log(BERav)

MP[2-4-1-4-5-4-1-4]
log(BERav)

EVM av
[dB]
-16.33
-16.98
-17.05
-17.46
-17.12
-17.30
-17.37
-17.09
-17.29
-17.29
-17.07
-17.79

1
-2.47
-2.44
-2.45
2
-2.47
-2.47
-2.47
3
-2.49
-2.48
-2.49
4
-2.48
-2.47
-2.57
5
-2.47
-2.49
-2.46
6
-2.46
-2.48
-2.50
7
-2.45
-2.47
-2.52
8
-2.43
-2.42
-2.45
9
-2.52
-2.47
-2.51
10
-2.48
-2.51
-2.51
11
-2.46
-2.46
-2.46
12
-2.58
-2.56
-2.65
Table 4.4: log(BERav ) and EVMav of each band of the MB-OFDM signal for the three MP
structures of Table 3.6 when the signal at the EAM input comprises three bands considering
an OSNR=40 dB.
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Table 4.5 presents the EVM of each band of the 11 2Gb/s MB-OFDM signal when
DPostD is used to mitigate the SSBI, when it is not and difference between the two cases. It
can be seen that the improvement in system performance varies between 3.18 and 3.8 dB
when DPostD is implemented.
W/o SSBI
DPostD
ΔEVM [dB]
mitigation
-16.33
1
-13.21
3.13
-16.98
2
-13.79
3.19
-17.05
3
-13.79
3.26
-17.46
4
-14.03
3.43
-17.12
5
-13.71
3.41
-17.30
6
-13.75
3.54
-17.37
7
-13.95
3.41
-17.09
8
-13.82
3.27
-17.29
9
-13.77
3.52
-17.29
10
-13.91
3.38
-17.07
11
-13.63
3.44
-17.79
12
-13.99
3.80
Table 4.5: EVM of each band of the 112 Gb/s MB-OFDM signal when DPostD considering
the MP[2-4-1-4-5-4-1-4] is used, without SSBI mitigation and the difference between both for
an OSNR of 40 dB.
Band numbe r

4.3 Required OSNR and maximum transmission distance
In section 4.2, it was concluded that the system needs one EAM for each group of
three bands so the required BER can be achieved. The BER obtained in Table 4.4 considered
an OSNR of 40 dB. In the following, the required OSNR to achieve a BER = 4×10-3 for 7% of
FEC is assessed. The signal used has the same characteristics as the one in section 4.1.
Fig. 4.5 to Fig. 4.7 show the required OSNR to achieve a BER of 4×10-3 for the twelve
bands when DPostD considering the MP structures of Table 3.6 is used. The noise and the
QAM symbols are the same for the different fiber lengths. This way we can focus on the
degradation due to the fiber dispersion, since different symbols can lead to a variation in the
system performance. However, the bands have different QAM symbols, this means that some
difference between bands can be assigned to this fact. After further analysis, it was concluded
that the difference in required OSNR between bands when the same symbols are used in the
bands is less than 2 dB. The system performance is evaluated using the average BER that is
calculated using fifteen iterations.
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First, it can be seen that the band 12 is the one that presents the best results, since it is
the one that requires the lowest OSNR for the three MP structures and for all distances. The
required OSNR for the system is imposed by the band 9 for 50 km of fiber for the three MP
structures. The required OSNR for the 112 Gb/s MB-OFDM system is 40.5 dB. In section 4.2,
it was shown that the distortion after the EAM is almost the same for all the bands. So, it was
expected that the bands had the same performance. However, the bands have different set of
symbols, which will implicate some difference in system performance after DPostD.
Moreover, the distortion due to crosstalk is different for the bands.

Fig. 4.5 Required OSNR for the 12 bands of the 112 Gb/s MB-OFDM signal when
DPostD considering the MP[5-3-1-4-5-0-0-0] is used.

Fig. 4.6 Required OSNR for the 12 bands of the 112 Gb/s MB-OFDM signal when
DPostD considering the MP[5-3-0-0-0-1-4-5] is used.
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Fig. 4.7 Required OSNR for the 12 bands of the 112 Gb/s MB-OFDM signal when
DPostD considering the MP[2-4-1-4-5-4-1-4] is used.
Fig. 4.8 shows the spectrum of the band 1, 6 and 12 after the BS. Since an ideal
rectangular filter is not being used, the adjacent bands will interfere with the band that is
being selected creating some distortion in the photodetection process. Fig. 4.8 b) shows that
the band 6 suffers interference from band 5 and 7 after photodetection. Fig. 4.8 a) and c) show
that bands 1 and 12 only have one band interfering with them. So, it is expected that they had
a better performance compared to the band 6 and similar performances compared to each
other. However, when comparing the spectrum of this two bands, it can be seen that the first
band has part of the band 2 while the band 12 has the virtual carrier belonging to the band 11.
After photodetection, the distortion caused in band 12 by the virtual carrier of the band 11
does not affect the performance of the band. However, the distortion caused by band 2 affects
the performance of band 1. This is the reason way the band 12 presents the best performance.

Fig. 4.8 Spectrum of the a) band 1, b) band 6 and c) band 12 after the BS.
Table 4.6 shows the required OSNR for 50 and 300 km of fiber when the BS is an
ideal rectangular filter, when the BS is a 2- nd order super Gaussian filter and the difference
between the two when DPostD considering the MP[5-3-1-4-5-0-0-0] is used to mitigate the
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SSBI. From Table 4.6, it can be seen that band 12 presents the lowest penalty due to the BS
shape and that the penalty is different for all bands and for different fiber lengths.
OSNR req for 300
Band
ΔOSNR
km[dB]
ΔOSNR
number
[dB]
[dB]
Rect. 2-nd Gaussian
Rect.
2nd Gaussian
filter
filter
filter
filter
1
32.9
39.6
6.7
32
37.1
5.1
2
31.8
37.4
5.6
31.9
37.3
5.4
3
31.3
35.4
4.1
31.6
35.6
4.0
4
31.7
36.9
5.2
31.7
35.9
4.2
5
31.8
36.3
4.5
31.8
36.6
4.8
6
31.6
36.7
5.1
31.3
35.9
4.6
7
34.0
38.4
4.4
33.7
37.8
4.1
8
33.1
37.2
4.1
33.3
37.3
4.0
9
34.0
40.3
6.3
32.5
37.4
4.9
10
31.9
37.7
5.8
31.8
37.1
5.3
11
32.6
39.1
6.5
32.1
38.1
6.0
12
31.5
33.6
2.1
31.2
33.3
2.1
Table 4.6: Required OSNR for 50 and 300 km of fiber when the BS is an ideal rectangular
filter, when the BS is a 2-nd order super Gaussian filter and the difference between the two
when DPostD considering the MP[5-3-1-4-5-0-0-0] is used.
OSNR req for 50 km[dB]

The OSNR required for the 112 Gb/s MB-OFDM system employing EAMs and
DPostD based on MP is 40.5 dB and transmission distances of 400 km are still accepted. In
order to assess the penalty due to the transmission of the twelve bands, the required OSNR to
achieve a BER of 4×10-3 in a single band transmission was evaluated. The parameters of the
system are the same as the ones used to study the 112 Gb/s MB-OFDM system, this includes,
for example, the BS and VBPR used. However, since the signal comprises only one band the
bit rate of the signal is equal to the bit rate of one band of the 112 Gb/s MB-OFDM signal
(9.33 Gb/s). Fig. 4.9 shows the required OSNR has a function of the fiber length considering
the MP structures previous studied for two situations: i) signal comprising 1 band; ii) band 9
of the 112 Gb/s MB-OFDM signal. The fifteen sequences of QAM symbols used to estimate
the BER, in a single band transmission, and the noise of the system are the same for all three
MP structures and for different distances. First, it can be concluded that the required OSNR of
the system is around 20.5 dB. The required OSNR is imposed by the MP [5-3-1-4-5-0-0-0] at
400 km .
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Fig. 4.9 Required OSNR as a function of the fiber length considering the MP structures
of Table 3.6 for two situations: i) signal comprising 1 band; ii) band 9 of the 112 Gb/s
MB-OFDM signal.
Comparing the OSNR required in a single band transmission with the transmission of
the twelve bands, it can be seen that the penalty is around 20 dB. 11 dB of the 20 dB of
penalty are due to the power of the signal being divided by the twelve bands and, from Table
4.6, it can be seen that around 6 dB are due to crosstalk and the shape of the BS. The
remaining 3 dB can be attributed mainly to the EAM distortion and fiber dispersion.
It is important to have in mind that these results are for a set of symbols. It was
demonstrated, in section 3.4, that 15 iterations were enough to estimate the average EVM.
However, it was also shown that the average EVM can vary 0.5 dB. Appendix C.4 shows the
required OSNR for two different set of symbols when the BS is a n ideal rectangular filter. It
can be seen that the required OSNR for both cases is different. However, this difference is
less than 0.5 dB.

4.4 Conclusions
In this chapter, the performance of the 112 Gb/s MB-OFDM system employing EAMs
and a DPostD technique based on MP is evaluated. Firstly, it has been demonstrated that if the
signal, at the EAM input, comprises twelve bands the maximum BER of 4×10-3 cannot be
achieved. Since the system performance was limited by the distortion caused by the
modulation of the twelve bands simultaneously by the EAM, the maximum number of bands
that the signal at the EAM input can comprise was studied in order to evaluate the number of
EAMs necessary in the 112 Gb/s MB-OFDM system. It was concluded that to achieve the
desired BER the system needed an EAM for each group of three bands.
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The required OSNR to achieve a BER of 4×10-3 was assessed when considering the
three MP structures of Table 3.6. It was concluded that the band 12 is the one that presents the
best system performance, since it has the lowest required OSNR (around 33.5 dB). However,
the required OSNR of the system is 40.5 dB established by band 9 at 50 km of fiber length. It
was demonstrated that the required OSNR for the 112 Gb/s MB-OFDM signal is 20 dB higher
than the one needed in a single band transmission. This difference is mainly because of the
power of the signal being divided by the 12 bands and due to the shape of the BS. It was also
demonstrated that for 400 km of fiber a BER of 4×10-3 is achieved without a significant
OSNR penalty relative to the BtB case.
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Chapter 5 - Conclusion and future work
In this chapter, the final conclusions of the work developed in this dissertation and
suggestions for future work are presented.

5.1 Final conclusions
In this dissertation, the evaluation of a 112 Gb/s SSB MB-OFDM metro system
employing EAMs and a DPostD algorithm based on MP to mitigate the SSBI term is
performed.
In chapter 2, the DD MB-OFDM system was discussed. It was explained that in order
to achieve high spectral efficiency, a SSB signal has to be implemented. Also, it was seen that
a technique to mitigate the SSBI term must be used in order to achieve high spectral
efficiency. The impact of the EAM distortion on the system performance was analyzed. In
order to reduce the distortion introduced by the EAM, a bias voltage of 1 V and a RMS
voltage of 0.1 V must be imposed to the signal at the EAM input. It was also shown that the
virtual carriers frequencies of the MB-OFDM signal have to be multiple of the band spacing.
This way, the distortion components due to the virtual carriers do not interfere with the
OFDM bands. Finally, the 112 Gb/s MB-OFDM signal was characterized. The signal
comprises 12 bands in a bandwidth of 37.5 GHz. The bit rate of each band is 9.33 GHz.
In chapter 3, the DPostD algorithm based on MP was introduced and implemented.
The MB-OFDM system employing DPostD was presented and the system performance
improvement due to the implementation of DPostD was evaluated in a BtB single band
transmission. Three MP structures that lead to the high system performance improvement
were chosen in order to assess the system performance of the 112 Gb/s MB-OFDM system. A
4.8 dB of improvement in the system performance was achieved in comparison with the case
where no mitigation technique is used when the noise of the system is neglected. Aiming at
reducing the system complexity, the relevance of each one of the MP coefficients was
evaluated. It was concluded that none of the coefficients could be removed, since this would
deform the signal spectrum. It was also shown that the same MP structure does not lead to the
same improvement when different symbols are transmitted. It is shown that a 10 dB
difference in system performance is achieved for different symbols. So, the performance of
the system had to be evaluated using the average EVM. It was demonstrated that the
relaxation constant that leads to the lowest difference in system performance when different
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symbols are transmitted is 0.02, and 15 iterations were enough to achieve a good estimation
of the EVM. In order to study the best values for the system parameters, the tolerance of the
system to the parameters variation was evaluated. The following conclusions were drawn: i)
the optimum VBPR value is between 8 and 10 dB; ii) the best RMS voltage is 0.1 V; iii) when
the VBG=90 MHz, an improvement of 3.5 dB in the system performance is achieved when
using the DPostD technique based on MP in comparison with the case where no mitigation
technique is employed; iv) the system only needs 40 OFDM symbols to estimate the MP
coefficients. The impact of fiber dispersion was evaluated and it was concluded that the MP
that considers all the coefficients is more robust to the fiber dispersion.
In chapter 4, the 112 Gb/s MB-OFDM system was evaluated. It was demonstrated that
to achieve the maximum BER, the signal at the EAM input cannot comprise 12 bands.
Therefore, it was verified that at least one EAM per three bands is needed and that, in this
case, an improvement of at least 3 dB in system performance is achieved in comparison with
the case without mitigation of the SSBI. Afterwards, it was concluded that an OSNR = 40.5
dB is required to achieve a BER = 4×10-3 and that even if the transmission distance is 400 km
the required BER is still achieved since it does not present a significant OSNR penalty
relative to the BtB case. It was demonstrated that the required OSNR for the 12-band MBOFDM signal is 20 dB higher than the one needed for a single band transmission. This
difference is mainly attributed to the distortion caused by the BS and due to the fact that the
power of the signal is being divided by the twelve bands.

5.2 Future work
Since this dissertation had a limited time duration, some topics could not be
investigated. So, some topics are suggested for future work:


Study the impact of fiber nonlinearities on the system. Evaluate if the DPostD
algorithm MP can mitigate some of these nonlinearities.



Evaluate the system performance when the EAM distortion is higher, for example
when the signal at the EAM input does not have the optimum characteristics of RMS
and bias voltage, in order to assess if the DPostD algorithm can mitigate the EAM
distortion. This may involve searching different MP structures.



Experimental demonstration of the system performance improvement in the 112 Gb/s
MB-OFDM signal when DPostD based on MP is employed to mitigate the SSBI term.
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Appendix A - Simulation details
All the results presented in this report were obtained through simulation in MATLAB.
When implementing the system some considerations where taken into account. In the next
sections some of this considerations are discussed.

A.1

Up- and down-conversion

An important part of the MB-OFDM system is the up-conversion and downconversion. Without it it would be impossible to construct a MB-OFDM signal. The upconversion/down-conversion can be achieved using an IQ modulator/demodulator or a
complex multiplier. In the following, each process is explained individually, starting with the
up-conversion of the signal.
Before the up-conversion, we have a baseband signal that is represe nted in form of
complex value. At the output of the IQ modulator we have a real value signal with a central
frequency f RF,. Mathematically, the IQ modulator is represented as
SRF  t   Re S  t cos  2 f RF t  up   Im S  t sin  2 f RF t  up 

(A.1)

where S  t  is the baseband signal, f RF is the central frequency of the passband signal
S RF  t  , and up is the phase introduced by the IQ modulator that, in this work, is considered
up  0 .

The IQ demodulator performs the reverse process. The signal after the downconversion is given by
S  t   S I  t   SQ  t 

(A.2)

where

 t  down  ,
S I  t   S RF  t cos  2 f RF
 t  down  ,
SQ  t    S RF  t sin  2 f RF

(A.3)

f'RF and down are the frequency and the phase difference for down-conversion process.

 , but when using virtual carriers this is not true. Using the expressions for
Usually f RF  f RF
the electrical field of the linearized MZM around the minimum bias point
eout  t  


2V

S RF (t ).

(A.4)

The photocurrent, at the PIN output, is given by
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iPIN  R ePIN

2

(A.5)

where R is the PIN responsivity and ePIN is the optical field incident on the PIN. Now,
assuming that the modulator is directly connected to the PIN, the optical field at the MZM
output is equal to optical field incident on the PIN. By combining Eq. (A.4), Eq. (A.5) and Eq.
(A.1), the current, at the PIN output, is given by

1 1

iPIN  I 2  t    cos  2 f RF t    I  t  Q  t  sin(4 f RF t )
2 2



2 A  Q  t   cos  2  f


 t 

 2 2 A  I  t  cos  2  f vc  f RF  t   cos  2  f vc  f RF  t 
2

vc

 f RF  t   cos  2  f vc  f RF

(A.6)

1 1

 Q 2  t    cos  2 f RF t    A2 1  cos(4 f vct ) 
2 2

where I(t) and Q(t) are the in-phase and quadrature component of the signal, respectively.
From Eq. (A.6), we conclude that the terms to be recovered are in the frequency f vc  f RF or

f vc  f RF . This equation is for a DSB signal, when using a SSB signal we only can recover the
terms in frequency f vc  f RF . As explained in section 2.4 there is not a simple expression to
describe the EAM but the conclusion made using the MZM is still valid.

A.2

Equalizer

An equalizer is used to compensate the distortion introduced by the channel. In this
work, the equalizer is estimated using training symbols. Training symbols are symbols chosen
at the beginning of the transmission and for which the receiver has knowledge of their value.
More than one OFDM training symbol is need to properly remove the noise from the
estimates. The equalizer is implemented after the IFFT block and works as explained below.
First, it calculates the transfer function of the channel. Each subcarrier has its one transfer
function, that is given by
TFchn,k

1

N st

N st

Yk ,n

X
n 1

(A.7)

k ,n

where Yk,n and Xk,n are the received and transmitted mapped symbols at the k th subcarrier of
the nth symbol. The transfer function of the equalizer is calculated as

TFeq ,k 

1
.
TFchn ,k

(A.8)
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Each mapped symbol after the equalizer is given by
Yk,n  Yk ,n  TFeq,k .

A.3

(A.9)

Error vector magnitude

The EVM is used to evaluate the performance of the system. Fig. A.1 illustrates the
EVM concept. The EVM calculates the difference, in phase and amplitude, of the received
mapped symbol at the k th subcarrier of the nth symbol and its expected value in the ideal
constellation. The EVM is calculated, for each subcarrier, as

EVM k 

1
N si

N si

 Y

k ,n

n 1

1
N si

 X k ,n

(A.10)

N si

X
n 1

2

2
k ,n

The EVM of a band is given by

EVM 

1
N sc

N sc

 EVM .
k 1

k

(A.11)

Fig. A.1 Schematic illustration of the
EVM concept.

A.4

Bit error ratio

BER is a performance metric that gives the probability of a bit being wrong in the
receiver. It is common to use this metric since bit errors limit the distance and bit rate of a
system. Commonly the symbols are mapped in a M-QAM modulation since it allows us to
increase the system bit rate without increase the bandwidth [62]. However, by increasing the
modulation order, the distance between adjacent symbols decreases making the symbols more
sensitive to noise and distortion. So, by increasing the size of the alphabet, the BER also
increases. In this work the BER is evaluated in two different ways.
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BER evaluated from EVM
Assuming a Gaussian distribution for the distortion and a M-QAM modulation
format of a square constellation, M  22 n where n is an integer, the BER per subcarrier can be
computed as

1
 3log
M
2
1
M
BER  k   2
erfc 
2
log 2 M
M 1
EVM RMS  k  log 2 M





1









(A.12)

where EVM RMS  k  is the RMS value of the EVM of the k th OFDM subcarrier and erfc(.) is
the complementary error function. If all subcarriers have similar bit rate the BER of one
OFDM band can be evaluated as

BER 

1
N sc

N sc

 BER k .

(A.13)

k 1

Fig. A.2 presents the curves given by Eq. (A.12) for 4-QAM and 16-QAM. From Fig.
A.2 it can be seen that for the same EVM value the BER for 4-QAM is lower as expected. As
mention in section 2.5, the BER target is 4×10-3=10-2.4 . This means that for 16-QAM the
maximum EVM acceptable should be around -15 dB.

Fig. A.2 BER as a function of the EVM for
different M-QAM modulation.
Exhaustive Gaussian approach
The evaluation of the BER from the EVM assumes that all distortion have a Gaussian
distribution, but since ISI and ICI are not accurately modeled by a Gaussian distribution this
leads to a poor BER accuracy when the impact of this effects cannot be neglected. For a
simulation were the distortion cannot be neglected, the BER is typically evaluated b y direct
error counting (DEC). DEC is a good solution in terms of BER accuracy, but for low values
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of BER the computation time is unacceptable. To overcome the limitations of the EVM and
DEC method, the EGA method was proposed in [63] for systems using square and cross
QAM modulation, it was demonstrated that the EGA method presents BER values similar to
the ones obtain from DEC in useful time.
The EGA method assumes that the BER of the in-phase and quadrature components of
an OFDM subcarrier, at the receiver, are described by a Gaussian distribution, so the BER of
each component of the subcarrier can be evaluated from the subcarrier mean and standard
deviation values. These values are computed from a set of different noise runs, so the number
of noise runs to obtain an accurate BER have to be estimated. It was concluded that number of
noise runs necessary to obtain an accurate estimation of the BER is 50.

A.5

Thermal noise

To approximate the simulation of the real system, it is necessary to add the thermal
noise. The thermal noise, in this work, is generated by the bias resistance, Rbias , and electrical
preamplifier of the photodetector. Fig. A.3 illustrates a simplified scheme of the receiver
front-end. The two sided power spectral density (PSD), S n , of the current of noise is given by

Sn 

2kBT  f n,e
Rbias

(A.14)

where kB  1.38 1023 J/K is the Boltzmann's constant, T  290 K is the room temperature,

g e is the gain of the preamplifier and f n,e is the preamplifier noise factor. A typical value for
the square root of PSD, and the one used in this dissertation, is 1 pA/ Hz.

Fig. A.3 Receiver front-end.
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A.6

Optical fiber

An optical fiber is used as the transmission medium in optical communication system
due to the low cost, low attenuation and capacity to transport high bit rates provided.
However, the fiber is a nonlinear medium. For simplicity the nonlinear effects of the fiber
such as self-phase modulation, four-wave mixing and cross-phase modulation are neglected.
So, in this work, it is assumed that the fiber has a linear behavior. So, the effect that are taken
into account are the fiber losses (responsible for attenuating the signal power) and the fiber
dispersion (that describes the effect where different components of the signal propagate at
different velocities).
An equivalent baseband transfer function for the fiber is give n by [30]
L 

H f     exp   j      L f   exp   f f 
2 


(A.15)

where the first term corresponds to the fiber dispersion and the second to the fiber losses, β is
the propagation constant, αf is the fiber power loss coefficient,   2   0  is the
equivalent baseband angular frequency and ν 0 is the carrier optical frequency.
The propagation constant β depends on the optical frequency ν, so it cannot be exactly
calculated. However, an approximation based on the Taylor series around the optical carrier
frequency can be used for signals with a bandwidth much lower than ν 0 . So, propagation
constant β is given by
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(A.16)

where β0 and β1 account for the propagation constant at the carrier frequency and the
propagation delay, respectively, β2 corresponds to the group velocity dispersion (GVD)
parameter and β3 corresponds to the second-order GVD parameter. β0 and β1 are neglected in
this work since they do not impose a temporal broadening to the signal. β2 and β3 are
calculated using the expressions
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(A.17)

2

(A.18)

where λ0 is the wavelength corresponding to the optical carrier, D0 and S0 are the
chromatic dispersion parameter and slope of the dispersion parameter of the optical fiber at
84

wavelength λ0 , respectively, and c = 299792458 m/s is the speed of the light in vacuum. The
values considered

in this dissertation are:  0  193,1 THz, D0  17 ps/nm/km and

S0  7 fs/nm2 /km which are the common values for a SMF fiber operating in the third

window.
The fiber power loss parameter depends on the frequency, as well. However, it is
almost constant within the C-band (   1530  1565 nm) and is approximately 0.2 dB/km,
this is the value considered in this work.
Combining Eq. (A.15) and Eq. (A.16), the equivalent model for the optical fiber can be
written as
L 
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A.7

(A.19)

Optical noise

In optical communication systems some of the components introduces losses, such as
the fiber and filters. So optical amplifiers are used to compensate these losses. However, in
the amplification process of the signal, noise is added as well. The optical noise is caused by
the spontaneous emission generated in the amplifier. The PSD of the amplified spontaneous
emission (ASE) noise is given by
S ASE  0   f n,OA  gOA  1 h 0

(A.20)

where f n,OA and gOA are the noise figure and gain of the OA, respectively, h  6.626 10 34 J
is the Planck constant and ν 0 is the optical frequency. The ASE power at the OA output is
given by

pASE  en,  t   en,  t   S ASE  0  B0
2

2

(A.21)

where B0 is the reference optical noise bandwidth of the optical receiver, en,  t   nI ,  jnQ ,
is the optical noise field in the parallel direction and en,  t   nI ,  jnQ , is the optical noise
field in the perpendicular direction.
Since the fiber has two polarization that are orthogonal to each other, the signal in the
fiber can travel in each of them. So the signal can be travelling in the parallel or in the
perpendicular direction. Also, the noise has an in-phase and a quadrature component.
Therefore, the ASE noise power is equally divided by both components in each direction,
meaning that
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S ASE ,nI ,  0   S ASE ,nQ ,  0   S ASE ,nI ,  0   S ASE ,nQ ,  0  

S ASE  0 
.
4

(A.22)

If we assume that the OFDM signal travels in the parallel direction and the noise in both
directions, the optical field at the OA output can be written as

eout ,OA  t   [ein,OA  t   en,  t ]ê  en,  t  ê


(A.23)

where ein,OA is the optical field at the OA input. Considering that the OA is directly connected
to the PIN, the current at the PIN output is given by
2
2
2
iPIN  t   R ePIN  t   R  ein,OA  t   en,  t     en,  t    .



(A.24)
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Appendix B - Electroabsorption modulator
B.1

Voltage limitation for the EAM

As explained in section 2.4, the EAM model used is only defined for the input voltage
interval of [-0.5, 3] V. For that reason, before the EAM, the signal is clipped to the voltage
range of the device. To impose that the signal does not cross the limits of the EAM, a function
was created. Fig. B.1 shows the function characteristic. The clipping of the signal creates
more distortion. So, the more the signal is outside the voltage range of the EAM the greater
the distortion induced by the clipping of the signal.

Fig. B.1 Characteristic of the clipping function.

B.2

Analysis of the EAM performance with Vb = 0.7 V and

Vb = 1 V
It was concluded in section 2.4 that the bias voltage that leads to the best system
performance is equal to 1 V. This is true regardless of whether the chirp parameter is
considered or not. After analyzing Fig. 2.18 it was expected that the bias voltage of 0.7 V had
a better performance than the bias voltage of 1 V in a system without chirp, since it is in a
more linear zone. However, this is not what happens. Fig. B.2 shows the spectrum of the
signal after the PIN for both bias voltages when the chirp parameter of the EAM is considered
and when it is not. The signal is the same used to study the EAM performance in section
2.4.1. The RMS voltage is 0.2 V so the difference between the signal performance for both
bias voltages is better visualized.
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Fig. B.2 Spectrum of the signal, at the PIN output, for the bias voltage of 0.7 and 1
V with and without considering the chirp introduced by the EAM.
It can be seen from Fig. B.2 that the signal with a bias voltage of 1 V has a higher
power regardless of the chirp parameter. However, when analyzing the spectrum for the same
bias voltage with chirp and chirpless, we see that the output power is the same. So it can be
concluded that the better performance of the signal biased in 1 V is due to the difference of
optical power. Fig. 2.20 shows that the EVM difference between the two bias voltages is 10
dB and Fig. 2.21 shows that same difference is 4 dB when the chirp introduced by the EAM is
considered. Fig. B.2 shows that approximately 3 dB of this difference is caused by the
difference of optical power. The rest should be caused by the combined effect of the chirp and
the distortion induced by the modulator.
Fig. B.3 shows the spectrum of one of the sidebands of the signal, after the PIN, for
both bias voltages when the chirp parameter of the EAM is considered and when is not. To
see the in-band distortion some subcarriers were left in blank. From Fig. B.3, it can be seen
that the difference between the distortion and the signal is lower for the bias voltage of 0.7 V,
meaning that the SNR is lower too, leading to a worse performance compared with the bias
voltage of 1 V. Now comparing the signal without chirp for both bias voltages, they have a
difference of 6 dB in the SNR due to distortion. The same conclusion is made when the chirp
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parameter of the EAM is considered, but now the same difference is only 3 dB, as observed in
Fig. B.3.

Fig. B.3 Spectrum of one of the sidebands of the signal, at the PIN output, for the
bias voltage of 0.7 and 1 V when the chirp introduced by the EAM is considered
and when is not. Some subcarriers were left in blank so the in-band distortion could
be visualized.
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Appendix C - MP analysis
C.1

Test of the coefficients importance

In section 3.2.5, it was concluded that all the coefficients of the MP are important,
meaning that none of them can be removed. This was proved, in section 3.2.5, by setting one
of the coefficients to zero and seeing that leads to a deformation of the signal spectrum and, in
consequence, to a degradation in the system performance.
As mention, in section 3.2.5, another test was performed to evaluate the relevance of
each one of the coefficients. The test consists in evaluating if the value of each term of the
MP, for the nth sample, is less that 1% of the value of the nth sample of the output signal. From
this test, it was concluded that none of the coefficients could be removed, since, although they
are not important for all the samples of the signal they are important at least for one of the
samples.
Fig. C.1, Fig. C.2 and Fig. C.3 show the terms of the MP and the output value for two
different samples for the three MPs of Table 3.6. Focusing on Fig. C.1 a), it can be observed
that some terms have high absolute values. For example, the term in position 27 has an
absolute value is approximated 1000. This may lead us to think that terms with very low
values can be neglected (for example the term in position 45). However, this is not true
because the output value of this sample is very low too, z[100000] = 0.00019. Comparing Fig.
C.1 a) and b), we see that the term in position 11 can be neglected for the sample 100000
since is less that 1% of the output value of the same sample. However, this is not true for the
sample 5000000. The same conclusion can be drawn for the other two MPs.

Fig. C.1 Value of each term of the MP[5-3-1-4-5-0-0-0] that contributes for the
output value (continuous line) of the sample a) 100000 and b) 500000.
90

Fig. C.2 Value of each term of the MP[5-3-0-0-0-1-4-5] that contributes for the
output value (continuous line) of the sample a) 100000 and b) 500000.

Fig. C.3 Value of each term of the MP[2-4-1-4-5-4-1-4] that contributes for the
output value (continuous line) of the sample a) 100000 and b) 500000.

C.2

MP performance for different set of symbols

A set of symbols are used to estimate the coefficients of the MP. So, when the
information symbols change the coefficients estimated may not be the more suitable. Because
of that, the improvement in the system performance for different sets of symbols may not be
the same. To minimize this issue, the coefficients are updated using Eq. (3.8). In section 3.4,
it was concluded that the optimum relaxation constant for the system is 0.02, because it leads
to the smalls difference between the maximum and the minimum EVM achieved with
different symbols. Fig. C.4, Fig. C.5 and Fig. C.6 show the EVM achieved with each iteration,
for the relaxation constants of 0.02 and 0.5, for the MP structures of Table 3.6 and the
respectively coefficients value. The same set of symbols was used in the same iteration for the
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different relaxation constant. So, from Fig. C.4, Fig. C.5 and Fig. C.6, it can be concluded that
the set of symbols that lead to a worse system performance is remote. Comparing the three
MP we see that if a set of symbols leads to a worse system performance when the MP [5-3-14-5-0-0-0] is used, the same happens for the other two MPs. It also can be seen that the
relation constant of 0.02 leads to a better system performance that when μ = 0.5, as concluded
in section 3.4.
Now, observing the evolution of the coefficients along the iterations, it can be seen
that for μ=0.5 the value of the coefficient vary more than for μ = 0.02. So, we can say that the
coefficients for μ = 0.02 are converging.

Fig. C.4 a) EVM as a function of the iteration for μ = 0.02 and 0.5 for the
MP[5-3-1-4-5-0-0-0] and the evolution of the coefficients for b) μ = 0.02 and
c) μ = 0.5.
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Fig. C.5 a) EVM as a function of the iteration for μ = 0.02 and 0.5 for the MP[53-0-0-0-1-4-5] and the evolution of the coefficients for b) μ = 0.02 and c) μ = 0.5.

Fig. C.6 a) EVM as a function of the iteration for μ = 0.02 and 0.5 for the MP[2-4-14-5-4-1-4] and the evolution of the coefficients for b) μ = 0.02 and c) μ = 0.5.
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C.3

Required OSNR

In section 4.3, it was concluded that the required OSNR for the system was 40.5 dB.
This value accounts for the distortion due to crosstalk and the distortion caused by the shape
of the BS since the BS is a 2-nd order super Gaussian filter. Fig. C.7 shows the required
OSNR for the 12 bands of the MB-OFDM signal when an ideal rectangular filter is used as a
BS for different fiber lengths considering the MP [5-3-1-4-5-0-0-0]. The signal is the same as
the one used in section 4.3.Meaning the set of symbols used in the calculation of the average
BER is the same. A VRM S=0.15 V and Vb=1 V are imposed to the signal at the EAM input.
The signal is composed by 100 training symbols and 100 information symbols and has a
VBPR=11 dB.

Fig. C.7 Required OSNR for the 12 bands of the MB-OFDM signal when an ideal rectangular
filter is used as a BS considering the MP [5-3-1-4-5-0-0-0].
It can be seen that the required OSNR is 34 dB if a ideal filter is used. In this case, the
required OSNR is 6.5 dB lower than the one were the BS is a 2-nd order super Gaussian filter.
So, it can be concluded that the crosstalk and the distortion introduced by the BS account for
6.5 dB of the required OSNR. However, the crosstalk is not the same for all bands, this issue
was addressed in section 4.3.
However, if the symbols used to estimate the BER change, the required OSNR may
change as well. This happens because, although 15 iterations are enough to estimate the
average EVM, the BER cannot be estimated with only 15 iteration. Fig. C.8 shows the
required OSNR for the 12 bands of the MB-OFDM signal when an ideal rectangular filter is
used as a BS considering the MP[5-3-1-4-5-0-0-0] and different set of symbols.
It can be seen that the required OSNR is now imposed by the first band and is 33.6 dB.
So, a difference between the required OSNR in both cases is less than 0.5 dB. It can also be
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seen that the required OSNR is still imposed by the transmission distance of 50 km and that
the band 12 is no longer the one with the best performance.

Fig. C.8 Required OSNR for the 12 bands of the MB-OFDM signal when an ideal
rectangular filter is used as a BS considering the MP[5-3-1-4-5-0-0-0] and different
set of symbols.
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Appendix D - Maximum number of bands at the EAM
input
Section 4.1 showed that it is impossible to achieve a BER = 4×10-3 when all twelve
bands are used to modulate the optical signal. This happens due to the EAM characteristic that
induces interference between bands. So, if less bands are used by the EAM, the optical signal
will present less distortion. In the following, the maximum number of bands that can be used
simultaneously by an EAM in order to achieved the required BER is evaluated. The signal
used has the same parameters as the one used in section 4.1. However, the number of bands
transmitted is different. Table D.1 to Table D.4 show the BER and EVM for each band for the
three MP of Table 3.6 when 6, 4, 3, 2 bands are transmitted. Fig. D.1 shows the spectrum of
the MB-OFDM signal, after the SSB filter, when 6, 4, 3, 2 bands are transmitted.
MP[5-3-1-4-5-0-0-0]
MP[5-3-0-0-0-1-4-5]
MP[2-4-1-4-5-4-1-4]
EVM av
EVM av
EVM av
log(BER av)
log(BER av)
log(BER av)
[dB]
[dB]
[dB]
-2.32
-15.44
-2.31
-15.45
-2.34
-15.51
-2.30
-15.49
-2.31
-15.55
-2.33
-15.60
-2.30
-15.75
-2.33
-15.76
-2.33
-15.92
-2.27
-15.73
-2.31
-15.86
-2.31
-15.87
-2.33
-15.84
-2.30
-15.78
-2.35
-15.93
-2.46
-16.20
-2.45
-16.20
-2.47
-16.23
D.1: log(BERav ) and EVMav of each band of the MB-OFDM signal for the three MP of
Table 3.6 when six bands are transmitted.

Band
number
1
2
3
4
5
6
Table

MP[5-3-1-4-5-0-0-0]
MP[5-3-0-0-0-1-4-5]
MP[2-4-1-4-5-4-1-4]
EVM av
EVM av
EVM av
log(BER av)
log(BER av)
log(BER av)
[dB]
[dB]
[dB]
-15.82
-15.80
-15.81
-2.42
-2.39
-2.40
-16.42
-16.49
-16.66
-2.47
-2.45
-2.47
-17.12
-16.82
-17.14
2.54
-2.46
-2.49
-16.91
-16.90
-16.98
-2.57
-2.57
-2.63
D.2: log(BERav ) and EVMav of each band of the MB-OFDM signal for the three MP of
Table 3.6 when four bands are transmitted.

Band
number
1
2
3
4
Table
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MP[5-3-1-4-5-0-0-0]
MP[5-3-0-0-0-1-4-5]
MP[2-4-1-4-5-4-1-4]
EVM av
EVM av
EVM av
log(BER av)
log(BER av)
log(BER av)
[dB]
[dB]
[dB]
-16.81
-16.87
-16.91
-2.60
-2.57
-2.60
-17.51
-17.49
-17.69
-2.60
-2.61
-2.63
-18.30
-18.31
18.23
-2.75
-2.75
-2.71
D.3: log(BERav ) and EVMav of each band of the MB-OFDM signal for the three MP of
Table 3.6 when three bands are transmitted.

Band
number
1
2
3
Table

MP[5-3-1-4-5-0-0-0]
MP[5-3-0-0-0-1-4-5]
MP[2-4-1-4-5-4-1-4]
EVM av
EVM av
EVM av
log(BER av)
log(BER av)
log(BER av)
[dB]
[dB]
[dB]
-18.21
-18.42
-18.35
1
-2.74
-2.78
-2.75
-18.80
-18.80
-18.86
2
-2.79
-2.82
-2.84
Table D.4: log(BERav ) and EVMav of each band of the MB-OFDM signal for the three MP of
Table 3.6 when two bands are transmitted.
Band
number

Fig. D.1 Spectrum of the MB-OFDM signal, after the SSB filter, comprising: a) six bands; b)
four bands; c) three bands; d) two bands.
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From Table D.1, we concluded that when six bands are transmitted the desired BER
cannot be achieved. Fig. D.1 a) shows that the distortion introduced by the EAM in the first
bands is higher than in last ones. When four bands are transmitted the required BER is
achieved in all the bands for two of the three MP. However, it does not leave any margin
when the fiber distortion is taken into account. So, in order to achieve the desired BER an
EAM for each group of three bands has to be used. Fig. D.1 c) shows that the distortion
introduced by the EAM in the bands is similar when the signal comprises three bands and is
smaller in comparison with the distortion introduced by the EAM when the signal comprises
six bands.
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