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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 direct-detection 

(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 digital post-distortion (DPostD) algorithm based on 

memory polynomials (MPs) is evaluated. The MB-OFDM signal 
is composed by 12 bands occupying a total bandwidth of 37.5 

GHz. A required optical signal-to-noise ratio (OSNR) of 40.5 dB 

is demonstrated to achieve a bit error ratio (BER) of 4×10-3 in the 

112 Gb/s MB-OFDM system. However, in a single band 

transmission only an OSNR of 20.5 dB is necessary to achieve the 
same BER. The 20 dB difference in required OSNR is mainly 

caused by the power of the signal being divided by the twelve 

bands and the shape of the band selector. A transmission distance 

of 400 km is achieved without a significant OSNR penalty relative 

to the back-to-back case. 

 
Index Terms— Digital post-distortion, electroabsorption 

modulator, memory polynomial, metropolitan network, multi-

band, orthogonal frequency division multiplexing, signal-signal 

beat interference. 

I. INTRODUCTION 

ETROPOLITAN (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 [1]-[3]. Due to the amount of 

different traffic that is transported by these networks, they 

must be designed with high flexib ility, 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 [3], [4]. Currently, metro networks use 

wavelength division multiplexing (W DM) technology which 

allows the transmission of several wavelengths simultaneously 

in a single fiber leading to high network capacity. The nodes 

are composed by optical add-drop mult iplexers (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 optical-electro-optical (O-E-O) 

conversion. This means that the network arch itecture is 

independent of the service transported.  

 Still, this kind of metro network presents some 

disadvantages [2]-[4]: (i) W DM systems require multip lexers, 

demult iplexers 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 d istance between nodes are important parameters  when 

designing the network due to the filter concatenation effect 

and fiber dispersion. (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 perfo rmed by an aggregation layer in the electric do main. 
To overcome some of these disadvantages, multi-band (MB) 

orthogonal frequency division multiplexing (OFDM) has been 

proposed for next generation metro networks, since the level 

of granularity is increased and high data rates are achieved [5]. 

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 offers a good 

spectral efficiency and has been triumphant in almost all the 

major radio frequency (RF) communicat ion standards. 

Wireless communicat ion 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 polarization mode 

dispersion (PMD) in single-mode fiber (SMF) [6]-[9] and for 

mode dispersion in mult imode systems [10]. OFDM has been 

proposed as an attractive long-haul transmission format in  

coherent detection [11] and direct-detection (DD) [12], [13]. 

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. 

Since metro networks must be cost effective, DD has been 

appointed as the suitable choice. By using an electroabsorption 

modulator (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 signal-signal beat 

interference (SSBI) term that degrades the system 

performance. To overcome this constraint, several approaches 

have been proposed [7], [12], [14]-[16]. However, they are 

computationally heavy or need devices that are too expensive 

or have not been developed.  

 Dig ital distortion based on memory polynomials (MP) 

Cancellation of signal-signal beat interference in multi-band 

orthogonal frequency division multiplexing metropolitan 

networks employing an electroabsorption modulator 

M 

Cátia R. C. Pereira 



Dissertation on Electrical and Computer Engineering, March 2016 

 

2 

 
Fig. 1 Block diagram of an OFDM communication system. 

has been used to compensate some nonlinearit ies of the 

transmission system [17]-[22]. Dig ital distortion has proven to 

be one of the most cost effective solution because of its high 

flexib ility, h igh precision and low price. The fact that MP are 

easily implemented makes digital distortion based on MPs an 

attractive solution to compensate the SSBI term in metro  

networks employing DD. 

This paper is structured as follows. In section II, the DD 

MB-OFDM system is presented and the MB-OFDM signal 

employing virtual carriers is described. In section III, the 112 

Gb/s MB-OFDM signal is characterized. In section IV, the 

digital distortion algorithm based on MP is presented and the 

system performance improvement for a single band 

transmission is assessed. In section V, the required optical 

signal-to-noise ratio (OSNR) for the 112 Gb/s MB-OFDM 

system employing DPostD based on MP and EAMs is 

assessed. In section VI, the final conclusions of this work are 

drawn. 

II. GENERAL PRINCIPLES OF A DD MB-OFDM SYSTEM 

This dissertation is inserted in the MORFEUS pro ject.  

MORFEUS project has the objective of demonstrating the new 

paradigm related to the increase of fle xibility and granularity 

of the transmission capacity in metro optical networks [5]. 

This is done by implementing metro networks based on MB-

OFDM signals employing virtual carrier assisted DD. The 

network proposed in [5] takes advantage of the strengths of 

OFDM and the concept of mult i-band. 

A. Fundamentals of OFDM 

OFDM is a modulation and mult iplexing 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. 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 in optical 

fiber communications can be divided into two types depending 

on reception technique used: coherent optical (CO)-OFDM 

and DD-OFDM. CO-OFDM has better receiver sensitivity, 

spectral efficiency and is more robust to PMD than DD-

OFDM. 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 carrie r is transmitted along with the signal. Due to its 

advantages, CO-OFDM is more suitable for long-haul 

applications, whereas DD-OFDM can be used in metro [23] 

and access networks [24] where cost is a priority. 

 The bandwidth of the OFDM signal can be estimated by  

 
sc

OFDM

s

N
B

T
   (1) 

where Nsc is the number of subcarriers in the OFDM symbol 

and Ts is the OFDM symbol period. The bit rate of the OFDM 

signal is estimated by [25] 

 , 2logsc

b OFDM

s

N
R M

T
    (2) 

where M is the size of the alphabet of the modulation used.  

In Fig. 1, the structure of the transmitter and receiver of the 

OFDM system is illustrated. Considering the scheme 

illustrated in Fig. 1, 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. 

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.  

 A cyclic prefix (CP) is added to the beginning of the 

OFDM symbol to prevent ISI and intercarrier interference. 

 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, fRF, with a IQ mixer/modulator. In an optical 

communicat ions 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.  

 

 

 

 

 

 

 

 

 

 

 

 

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. 

 

B. OFDM system employing direct-detection 

DD-OFDM system are a suitable choice for metro networks 

since it is the most cost-effective solution. DD systems only 

need photodetector at the receiver. Since it does not need a 

laser at the receiver side because the carrier is transported 

along with the signal, DD-OFDM 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 a good solution for metro and access networks in 
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Fig. 2 Schematic illustration of the CDIPF effect on the DSB-

OFDM signal spectrum. 

 
Fig. 3 Schematic illustration of an SSB-OFDM signal spectrum 

at the PIN input and output. 

 
Fig. 4 Illustration of the SSB MB-OFDM optical signal spectrum 

with virtual carriers proposed in [5]. 

which cost is a primary concern. However, DD systems have 

some disadvantages, such as the limitation caused by 

chromatic d ispersion induced power fading (CDIPF) effect 

[26]. The impact of CDIPF effect on the signal is illustrated in 

Fig. 2. If a double sideband (DSB) signal is transmitted, at the 

PIN input, the signal has two sidebands that are symmetric  

over the optical carrier. 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 single sideband 

(SSB) signal should be used, this means that one of the 

sidebands is eliminated at the transmitter. Th is way, 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.  

 

 

 

 

 

 

 

 

 In Fig. 3, the SSB-OFDM spectrum at the PIN input and 

PIN output is represented. At the PIN input, the signal is 

represented by 

   ( )Bs t A s t    (3) 

where A is the amplitude of the optical carrier and s(t) is the 

OFDM signal. At the PIN output, due to PIN square law 

characteristic, the photocurrent is given by 

       
22 2 Re .PINi t A A s t s t      (4) 

 

 

 

 

 

 

 

 

 

 

 The first term is a direct current (DC) component that can 

be removed with a filter. The second term contains the 

informat ion 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 [7], [12], [14]-[16]. 

C. MB-OFDM concept 

MB-OFDM consists in transmitting several wavelengths 

with each wavelength carrying several OFDM bands. The 

implementation of a MB-OFDM signals allows high spectral 

efficiency and increasing the granularity of the system. The 

MB-OFDM signal used during the dissertation was proposed 

in [5]. Fig. 4 illustrates the spectrum of the signal proposed in 

[5]. It is assumed that all bands have the same parameters. The 

parameters that characterize the signal are the central 

frequencies of the bands and virtual carriers, the virtual 

carrier-to-band gap (VBG), the virtual carrier-to-band power 

ratio (VBPR), the band gap (BG) and the band spacing.  

 

 

 

 

 

 

 

 

 

 

 

The central frequencies of the n
th

 OFDM band and virtual 

carrier are given by 
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where fc,1 is the central frequency of the first band, 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 (1) and VBG is 

the gap between the band and the virtual carrier.  

The VBPR is given by 

 vc

b

p
vbpr

p
   (6) 

where pvc is the power of the virtual carrier and pb is the power 

of the 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 (4), where, now, A  is the amplitude of the virtual 

carrier, which is proportional to its optical power.  

The total bit rate of a MB-OFDM signal is calculated as  

 , , ,b MB OFDM b b OFDMR N R    (7) 

where Rb,OFDM is the bit rate of one OFDM band given by (2) 

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 

  1MB OFDM b OFDM b bB N B N BG VBG N f         (8) 

where the BG is the frequency gap between two consecutive 

bands. 

In Fig. 5, the path between two nodes of the 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 Fig. 1. The virtual carrier is added to each 

OFDM band and all bands are multip lexed creating a MB-
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Fig. 5 Block diagram of the MB-OFDM system. 

 

 
Fig. 6 Spectrum of the 112 Gb/s MB-OFDM signal at the fiber input. 

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. The 

system performance when an EAM is employed was 

analyzed. The VBG was equal to the bandwidth of the 

OFDM band. It was concluded that the RMS and bias 

voltage that lead to the best system performance are 

VRMS=0.1 V and Vb =1 V. 

 The signal is converted to the optical domain with a 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 into 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 band selector (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 is represented in Fig. 1. 

III. 112 GB/S MB-OFDM SYSTEM 

The proposed MB-OFDM signal [5] has a capacity of 100 

Gb/s, accounting for 12% of overhead (7% for forward error 

correction (FEC) [27] and 5% for management overhead and 

stuffing [28]) the total bit rate of the MB-OFDM signal is 112 

Gb/s. The BER required for the 112 Gb/s MB-OFDM system 

is 4×10
-3

=10
-2.4

 [28]. The bandwidth of the signal is limited to 

75% of the 50 GHz channel spacing in order to avoid 

interference between adjacent channels. Each band comprises 

128 subcarriers and the modulation used is 16-QAM. 

Taking into account that the MB-OFDM signal bandwidth 

cannot exceed 37.5 GHz, the number of OFDM bands needed 

in the MB-OFDM signal is calcu lated using (8) 

 12 bandsMB OFDM

b

B
N

f

 


  (9) 

where Δf=3.125 GHz. Knowing that the signal comprises 

twelve bands and that the total bit rate of the MB-OFDM 

signal is given by (7), the bit rate of each OFDM band is  

 
,

, 9.33 GHz.
b MB OFDM
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The bandwidth of each OFDM band is 

 2.33 GHz.sc

OFDM

s

N
B

T
    (11) 

where Ts= 54.88 ns was calculated using (2). 

The virtual carriers need to be a multip le of a reference 

frequency in order to avoid that the higher order harmonic and 

the intermodulation distortion components interfere with the 

signal. The band spacing has to be multip le of the reference 

frequency as well. So, the reference frequency is set to be 

equal to the band spacing. The frequency of the first virtual 

carrier is set to 9.375 GHz in o rder to reduce the EAM 

distortion in the first band. The frequencies of the virtual 

carriers and the bands can be calculated using (5). In order to 

achieve high spectral efficiency the VBG is set to 90 MHz.  

Fig. 6 shows the spectrum of the 112 Gb/s MB-OFDM signal. 

 

 

 

 

 

 

 

 

 

 

IV. DPOSTD BASED ON MP 

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 made in order to implement system S
-1

 

[17]-[22], [29]-[31]. The earlier implementations were 

memoryless, meaning that they only try to compensate for the 

instantaneous behavior of the system. In order to exp loit the 

full potential of dig ital d istortion compensation, the memory  

effects must be taken into account. To that objective, 

implementations using digital distortion with MP are the focus 

of the research done nowadays  [17]-[22].  
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Fig. 7 Block diagram of the MB-OFDM system employing DPostD 

based on MP. 

 
 

A. Digital distortion and MP theory 

The MP used in this work was  derived from the universal 

discrete time domain Vo lterra series, that can be expressed as 

[29] 

    
1

1

1 1

, , ,
p

p

p p q

p m m q

z n h m m v n m
  

   

          (12) 

where v[n-mq] 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 (12) were discarded, so the MP is 

given by 
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 (13) 

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), 

Ka∙(Qa+1); ii) the signal and the lagging terms  (bkqm), 

Kb∙(Qb+1)∙Mb; iii) the signal and leading terms  (ckqm), 

Kc∙(Qc+1)∙Mc. The order of the MP is the highest value 

between Ka, Kb+1 and Kc+1. Fig. 7 shows the schematic 

representation of the MB-OFDM system (Fig. 5) with digital 

post-distortion (DPostD) based on MP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  The estimat ion of the coefficients is performed in four 

steps: 

1. Capturing Ns samples of the reconstructed transmitted 

(x[n]) and received (v[n]) signals in the electrical domain; 

2. Affecting the reconstructed transmitted signal with the 

inverse of the gain G, given by  

 
 

 

2

2

x n
G

v n
   (14) 

where <∙> stands for the average. This way, the MPs are 

only compensating the distortion and not the difference of 

power between the signals. 

3. Constructing the matrix V, g iven by 

  ,
a b c

V V V V   (15) 

where each matrix Va, Vb and Vc is calculated using the 

received signal according to 
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4. Calculate the MP coefficients using the expression given 

by [24], [26] 

  
1

H H x


w V V V   (17) 

where      
T

x  0 1 1 ,sx x x N      
T

  denotes the 

transpose operation and  
H

  denotes the complex 

conjugate transpose operation. Saving them in vector w 

according to 

 10 101 101 .
a a b b b c c cK Q K Q M K Q Ma a b b c c   w      (18) 

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 

coefficients are valid fo r some t ime, but not forever, they can 

be updated as indicated in [30]. So the vector w fo r the (i+1)
th

 

estimation is given by 

    
1

H H

i+1 i iμ x ,


   w w V V V Vw   (19) 

where μ is the relaxation constant. 

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 [22], 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  

symbols. The received signal has to be at the same frequency 

as the transmitted signal in order to compare the two signals . 

However, after the PIN, the received signal is center in  fvc - fc. 

In order to obtain the transmitted signal at the same frequency 

as the received signal, the scheme presented in Fig. 7 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 
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the virtual carrier. After, the signals of the two branches are 

combined and the outcome goes through another filter that 

recovers the signal at the frequency fvc - fc. 

 

B. MP structures more suitable for the system 

After implementing the DPostD, the impact of the MP on 

the system performance was studied. This was accomplished 

by performing four different tests that consist in implementing 

a MP that only takes into account the coefficients for: i) the 

aligned signal (akq); ii) the aligned signal and lagging terms 

(akq and bkqm); iii) the aligned 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. Th is way the best MP structure is a 

tradeoff between EVM improvement and complexity of MP 

(number of coefficients of the MP).  

The study is conducted using the system illustrated in Fig. 7 

in a back-to-back (BtB) operation. The signal is composed by 

an OFDM band with a bit rate of 10 Gb/s and a bandwidth of 

2.5 GHz. The central frequency of the band is 2 GHz and the 

VBG is 90 MHz. The RMS and bias voltage imposed to the 

signal are 0.1 V and 1 V. The signal has 100 informat ion 

symbols and 100 training symbols modulated in 16-QAM. The 

VBPR is 7 dB and the noise of the system is neglected. 

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. When analyzing the results when the 

MP only considers the coefficients for the aligned signal, it 

was concluded that for an order higher than 5 the system 

performance stops improving, meaning that the MP only needs 

a maximum order of 5, and 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 increase of the number 

of coefficients. For that reason, delays higher than 5 were 

discarded in the other tests.  
When the coefficients for the leading and lagging terms are 

considered separately, a maximum improvement of 4.6 dB 

was achieved in both cases. So it can be concluded that, 

regardless if only the lagging or only the leading terms are 

employed, similar results are obtained. From the test where all 

the coefficients are considered, 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. Fig. 8 shows 

the spectrum of the received signal at the DSP input and 

output. It can be seen that the SSBI term is reduced. 

 

 

 

 

 

 

 

 

 

 

 

After finding the MP structures that lead to the best system 

performance, it is important to understand the contribution of 

each MP coefficient and if they can be removed, which 

improves the system complexity. Three MP structures were 

chosen to perform the study. These MP structures were chosen 

based on a compromise between complexity and system 

performance improvement. The MP structures chosen are 

presented in Table I.  
 

Structure of the MP 

Ka-Qa-Kb-Qb-Mb -Kc-Qc-Mc 
Nº of coefficients EVM[dB] 

5-3-1-4-5-0-0-0 45 -14.7 

5-3-0-0-0-1-4-5 45 -14.7 

2-4-1-4-5-4-1-4 67 -14.9 

Table I: Structure, nº of coefficients and EVM of the MP used in this 

work.  

To study the importance of the MP coefficients , each 

coefficient was set to zero and the corresponding EVM 

degradation obtained for each case was evaluated. In Fig. 9, 

the EVM as a function of the coefficient set to zero is shown 

for the three MPs. From Fig. 9, it can be seen that at least two 

coefficients can be neglected in all three MPs as they do not 

change the system performance. However, when analyzing the 

value of these coefficients, it was concluded that they were 

already zero. In the other cases, the EVM increases and in 

some cases the EVM obtained is worse than the one obtained 

when no mitigation technique is used. In the cases where the 

performance is worse than the one obtained without SSBI 

mitigation, the spectrum of the OFDM signal was deformed, 

which leads to a degradation in the system performance. So, it  

can be concluded that all the coefficients, that are different 

from zero, are important and cannot be removed from the MP.  

 

C. Performance of the DPostD based on MP when different 

symbols are transmitted 

The symbols used to find the best MP structure for the 

system were always the same. Since, different symbols lead to 

different system performance improvement when considering 

the same the MP structure. Considering that an iteration of the 

system is when different symbols are transmitted and the 

system performance is evaluated. Fig. 10 shows the EVM for 

1000 iterations when DPostD considering the MP[2-4-1-4-5-

4-1-4]. It can be seen that the EVM when different symbols 

are transmitted can vary almost 10 dB. Because of that , the 

coefficients of the MP have to be updated. The coefficients are 

updated using (19). Therefore, the relaxat ion constant, μ, more 

suitable for the system was studied. Fig. 11 shows the average 

EVM and the difference between the maximum and min imum 
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Fig. 9 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]. 

 
 

 
Fig. 10 EVM for different set of symbols considering the MP 

structure [2-4-1-4-5-4-1-4]. 

 

 

EVM achieved as a function of the relaxat ion constant when 

200 iterations are performed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It can be seen from Fig. 11 a) that the relaxation constant 

that leads to the lowest value of average EVM is 0.02 for all 

the three MP structures. Although the variation of the average 

EVM obtained for different relaxation constants is lower than 

0.3 dB. Fig. 11 b) shows a EVM difference of 4 dB in the 

difference between maximum and minimum EVM obtained  

when the relaxat ion constant changes from 0.02 to 0.5 for the 

MP[2-4-1-4-5-4-1-4]. For that reason, the relaxation constant 

is set to 0.02. After further analysis, it was concluded that 

good estimate of average EVM is achieved with 15 iterat ions 

for all the MPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D. Performance evaluation in a single band transmission 

 In order to achieve the best system performance, an analysis 

is conducted when some of the system parameters change. 

Also, the system improvement when SSBI term is mitigated 

and when it is not is assessed. In this analysis, the thermal and 

optical noise are added. The study is conducted using the 

system illustrated in Fig. 7 in a BtB operation. The signal is 

composed by an OFDM band with a bit rate of 10 Gb/s and a 

bandwidth of 2.5 GHz. The central frequency of the band is 2 

GHz and the VBG is 90 MHz. The RMS and bias voltage 

imposed to the signal are 0.1 V and 1 V. The signal has 100 

informat ion symbols and 100 training symbols modulated in 

16-QAM. The VBPR is 7 dB and the OSNR is 18 dB. The one 

sided power spectral density of the current of noise is 1×10
-24

  

A
2
/Hz. 

 Fig. 12 shows the EVM as a function of the VBPR when no 

mitigation is used and when DPostD considering the three MP 

structures of  Table I is used to mit igate the SSBI. The first 

conclusion is that the best value for the VBPR decreases when 

DPostD is used. For a system without SSBI mitigation, the 

optimum VBPR is around 12 dB. However, 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. 

 Fig. 13 shows the EVM as a function of the RMS voltage 

imposed to the signal when no mit igation technique is used 

and when DPostD is used to mit igate the SSBI effect. To 

study the degradation on the system performance for d ifferent 

RMS voltage, a gain of 30 dB is used in the OA after the SSB 

filter (Fig. 5). 
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Fig. 13 Average EVM as a function of the RMS voltage imposed 

to the signal when no mitigation technique is  used and when 

DPostD considering the MP structures in Table I is used to 

mitigate the SSBI term. 

 
 

 
Fig. 14 Average EVM as a function of the number of samples 

used to estimate the MP coefficients for the MP structures of 

Table I. 

 
Fig. 15 EVM for different set of symbols considering the MP 

structure [2-4-1-4-5-4-1-4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 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 improvement of 

approximately 3.5 dB is achieved for this voltage when 

DPostD is employed in comparison with the case without a 

SSBI mit igation technique. For higher voltages , 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 when the SSBI term is 

mitigated and when is not. It is also observed that the all MP 

structures present the same performance since the curves are 

overlapped.  

 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 implicates 

that a great amount of memory is needed. The number of 

samples needed to obtain a good estimat ion of the average 

EVM was studied in order to reduce the memory necessary in 

the DSP. Fig. 14 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 I. From Fig. 14, 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 

EVM values. However, if more than 200000 samples are used, 

the variation in the average EVM is less than 1 dB. 

V. MB SYSTEM ANALYSIS  

 This work aims to study the performance of a 112 Gb/s 

MB-OFDM employing DPostD based on MP and EAMs. This 

is accomplish using the signal presented in section III. A 2-nd 

order super Gaussian filter with a bandwidth of 2.2 GHz and 

300 MHz of detuning is used. These correspond to the 

optimum values determined in [33]. The OFDM signal has 

100 training symbols and 100 informat ion symbols. However, 

only 40 training symbols are used to estimate the MP 

coefficients, as seen in section IV. A VBPR of 11 dB is used. 

Thermal and optical noise are added. To evaluate the system 

in the presence of fiber transmission, the model for a standard 

SMF (SSMF) was used. The SSMF model only considers fiber 

attenuation and chromatic dispersion. The following 

parameters were considered for the optical fiber: an 

attenuation coefficient of 0.2 dB/km, a dispersion parameter of 

17 ps/nm/km, a d ispersion slope parameter of 70 fs/nm
2
/km 

and a maximum fiber length of 400 km. Because of the 

distortion introduced by the EAM, the system needs one EAM 

for each group of three bands. Fig. 15 shows the transmitter of 

the MB-OFDM system when more than one EAM is used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In a MB trans mission the optimum VBPR and RMS voltage 

may change, since the EAM distortion is higher. Fig. 16 a) 

shows the EVM as a function of the VBPR  for VRMS=0.1 V 

and Fig. 16 b ) shows the EVM as a function of the RMS 

voltage imposed at the EAM input for a VBPR=9 dB 

considering the MP structures of Table I. The system 

performance is evaluated in a BtB operation when 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 is 

the one with the worst performance. Fig. 16 a) and b) show 

that a VBPR of 11 dB and a RMS voltage of 0.15 V lead to 

the best system performance, respectively.  

 Fig. 17 shows the required OSNR for BER = 4×10
-3

 for all 

the bands in the 112 Gb/s MB-OFDM signal as a function of 

the fiber lengths when DPostD is used considering the MP 

structures of Table I. The noise and the QAM symbols are the 
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Fig. 18 Required OSNR as a function of the fiber length considering 

the MP structures of Table I for: i) a signal comprising 1 band; ii)  

the band 9 of the 112 Gb/s MB-OFDM signal.  

 
Fig. 16 a) Average EVM as a function of the VBPR, b) EVM as 

a function of the RMS voltage imposed to the signal at the EAM 

input for the first band of the 12-band MB-OFDM signal 

considering the MP structures of Table I. 

 
Fig. 17 Required OSNR for the 12 bands of the 112 Gb/s MB-
OFDM signal when DPostD considering 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]. 

 

 

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 the required OSNR for d ifferent 

bands can be assigned to this fact. After further analysis , it has 

been concluded that the difference in required OSNR between 

bands when the same symbols are used in all bands is less than 

2 dB. The system performance is evaluated using the average 

BER that is calcu lated using fifteen different set of symbols. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 First, it can be seen that the band 12 is the one that presents 

the best results, since it requires the lowest OSNR for the three 

MP structures and for all distances. Second, the required 

OSNR for the system is imposed by the band 9 for 50 km of 

fiber for the three MP structures. Third, it can be seen that a 

distance of 400 km is achieved without a significant OSNR 

penalty relative to the BtB case. So, the required OSNR for the 

112 Gb/s MB-OFDM signal employ ing EAMs and DPostD 

based on MP is 40.5 dB. 

 It was expected that the bands had the same performance. 

However, the bands have different set of symbols, which 

means that some difference in system performance may 

appear after DPostD. Moreover, the distortion due to the shape 

of the BS is different for the bands. Since an ideal rectangular 

filter is not being used, the adjacent bands will interfere with 

the band that is being selected creating some distortion. For 

exemple , band 6 suffers interference from band 5 and 7 while 

the 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, in the spectrum of the band 1 it will appear 

part of the band 2 while in the spectrum of band 12 it will 

appear 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. 

  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. Fig. 18 shows the 

required OSNR as 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 single band system presents the same 

characteristics as the 112 Gb/s system. However, the total bit 

rate is equal to the bit rate of one OFDM band. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 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 
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the twelve bands and 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. 

VI. CONCLUSION 

 In this work, 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 was  performed. A 
DPostD algorithm based on MP was introduced and 

implemented. It was concluded that an OSNR = 40.5 dB is 

needed 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 MB-OFDM signal is 20 dB higher than 

the one needed for a single band signal. 
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