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Resumo 

 

A multiplexagem por divisão no espaço usando fibras ópticas multi-núcleo tem sido 

extensivamente proposta para conseguir transmissão de capacidade ultra-elevada e lidar 

com o facto de que fibra composta por um núcleo estar perto de atingir o seu limite. Já 

foram demonstradas transmissões com capacidades na ordem dos petabit por segundo 

usando fibras multi-núcleo. O desempenho destes sistemas, é, no limite, imposto pela 

diafonia entre núcleos e por isso é feita uma análise da diafonia em sistemas coerentes 

que utilizam a grelha flexível na banda C. A capacidade do sistema é dada pelo número 

de núcleos permitidos nas fibras multi-núcleo fracamente acopladas para cada formato de 

modulação que é imposta pela potência média máxima da diafonia entre núcleos para uma 

dada distância. Os constrangimentos da ligação, como a dependência do comprimento de 

onda da potência da diafonia entre núcleos na banda de transmissão e o efeito da 

interferência não linear, são considerados. A capacidade de redes metropolitanas, 

regionais e de longa distância são avaliadas para as fibras multi-núcleo de perfil 

fracamente acopladas. Considerando os constrangimentos da ligação como a dependência 

do comprimento de onda da potência da diafonia entre núcleos na banda de transmissão 

e os efeitos não lineares, a capacidade total de 483.84 Tb/s usando o formato de 

modulação 32-QAM , 430 Tb/s usando o formato de modulação 32-QAM  e 206.08 Tbs/s 

e usando o formato de modulação 4-QAM é alcançada para as redes metropolitanas (50 

km), regionais (500 km) e de longa distância (5000 km), respectivamente.  

 

Palavras-chave: Diafonia, Fibras multi-núcleo,  Formatos de modulação, Multiplexagem 

por divisão no espaço, Redes ópticas.  

 

  



iv 

 

 

  



v 

 

Abstract 

 

Space division multiplexing (SDM) is mainly seen as a way to increase data 

throughput and handle the fact that the data capacity of single mode single core fiber (SM-

SCF) is reaching its limit. Transmissions with capacities in the order of petabit per second 

have already been demonstrated using multi-core fibers (MCFs) with single mode 

transmission in each core. The performance of these systems is limited by the intercore 

crosstalk (ICXT). This dissertation analyzes the impact of the ICXT as a constraining 

element of the capacity of coherent detection optical communication networks that use 

the flexible grid over the C-band. The total capacity of the link, which is given by the 

number of cores allowed of a weakly-coupled (WC) MCF for each modulation format, is 

imposed by the maximum mean ICXT power acceptable for the connection. Link 

impairments such as the wavelength dependence of ICXT power over the transmission 

band and the nonlinear interference (NLI) noise due to MCF non-linear effects are also 

considered in the analysis. The total data capacities for metro networks, regional networks 

and long-distance networks are assessed for a W-profile MCF supported communication 

links. Considering the impairments of the link as the wavelength dependence of ICXT 

power over the transmission band and the NLI effects, the total capacities of 483.84 Tb/s 

by 32-QAM, 430 Tb/s by 32-QAM and 206.08 Tb/s by 4-QAM are achieved for the metro 

(represented with a link distance of 50 km), regional (represented with a link distance of 

500 km) and long-distance networks (represented with a link distance of 5000 km), 

respectively.  

 

 

Keywords: Intercore crosstalk, Modulation formats, Multi-core fiber, Optical 

networks, Space division multiplexing. 
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Chapter 1   

 

Introduction 

  

1.1 Motivation and context 

 

 The worldwide-experienced traffic growth is of up to 24% each year [1]. Optical 

networks have a fundamental role supporting this trend. The transmission capacity limits 

of conventional single-mode single core fiber (SM-SCF) has increased enormously over 

time, due to the combination of coherent detection, dense wavelength division 

multiplexing (DWDM), digital signal processing and enhancement of the spectral 

efficiency, reaching its limit around 100 Tb/s over a distance of 240 km [2, 3]. However, 

this limit may no longer support the future worldwide traffic demands. In order to face 

this issue and achieve ultra-high capacity transmission, space-division-multiplexing 

(SDM) has been proposed [4, 5]. Over the years, SDM technologies have demonstrated 

great potential to produce ultra-high capacity long-haul communication transport systems 

[6]. For example, the trans-oceanic class ultra-long-haul transmission using multi-core 

fiber (MCF) has achieved the capacity-distance product exceeding 1 Eb/s·km, using a 7-

core MCF over a distance of 7326 km [7]. 

In SDM transmission systems, several independent signals are transmitted 

simultaneously by providing multiple spatial channels along a single fiber, and can be 

accomplished, with a multi-mode fiber (MMF), a MCF or a few-mode multi-core fiber 

(FM-MCF) [2].  The simplest form of realizing SDM is to aggregate SM-SCF in a bundle 

or SM-SCF ribbon cables. In the MMFs, multiple spatial paths along a single fiber are 

achieved with the use of multiple different modes inside the fiber [2]. The MCFs have 
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multiple separate cores in the cladding and each core operates as an independent 

waveguide. The FM-MCF consists in a combination of both, where only a small number 

of modes is propagated in each core. The FM-MCF is an attractive way to achieve dense 

SDM since it can increase the capacity using the multiplicity of the core and mode. A 

capacity around 3 Pb/s was demonstrated using a 12 cores with 3 modes FM-MCF [8].  

SDM using MCF is one of the most investigated solutions to accomplish future 

worldwide traffic demands [7, 9-12]. MCF have been proposed as a way to reach the 

demanded capacity for ultra-long-haul transmission [7], radio access networks [10], 

optical access networks [11] and inter-data center optical communication networks [12]. 

Space on the undersea cable is limited and for this reason MCFs can be attractive to 

increase capacity. In this work, homogeneous weakly-coupled (WC) MCFs are 

considered. WC-MCFs are fibers with a low core density and distance between two 

neighbouring cores around 40 µm [2]. In homogeneous WC-MCFs, all the cores are 

nearly identical which simplify the design of the transmitter and receiver [13]. The 

homogeneous WC-MCFs support high spectral efficiency modulation formats and 

wideband operation and they do not need of complex high-order multiple-input multiple-

output (MIMO) based receivers [14]. In short term, homogeneous WC-MCFs using 

coherent detection may offer the simplest migration path for adoption of high-capacity 

SDM technology since they require less drastic changes to transmitter and receiver 

hardware [14, 15]. 

The transmission of several parallel signals inside the fiber leads to intercore crosstalk 

(ICXT) between cores. The ICXT effect is a potential limitation of SDM systems [14, 16-

18]. In order to allow high capacity and long distance, ICXT suppression has become a 

prime concern in WC-MCF coherent systems [9, 16-19]. Since the SM-SCF may no 

longer support the traffic demands and being the MCFs systems one of the more 

promising solutions, the performance of these systems is at the limit imposed by ICXT, 

so it is very important to investigate the limits of the capacity of the WC-MCF coherent 

systems imposed by the ICXT, in particular, their dependence on the location of the cores, 

distance between cores as well as the best modulation format in order to have higher data 

rates networks.   
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1.2 Goals and research questions 

 

The main goal of this dissertation is to study the capacity limits of ICXT-limited WC-

MCFs coherent systems. In conventional SM-SCF, the core is placed at the center of the 

cladding with 125 µm cladding diameter (CD). In MCFs, the core layout, the core design, 

the number of cores, the cladding thickness (CT) (which is the distance between 

outermost core center and the cladding edge [20]) and CD can be optimized from the view 

point of optical and mechanical properties in order to minimise the ICXT level and 

maximise the capacity of the link [21]. So, it is imperative to understand the physical 

parameters as the distance between neighbour cores, number of cores and refractive index 

of the MCFs that affect the ICXT level and its impact on the transmission capacity, 

distance and performance. 

When the number of cores increases, the capacity of the transmission increases but the 

ICXT also increases. So, it is necessary to realize in what extent this relationship works 

to maximise the transmission capacity for different distances for a given CD. The number 

of cores in the cladding depends on the core arrangement, distance between neighbour 

cores and CT [2, 21].  

In this dissertation, WC-MCFs are considered. To minimize ICXT, it is necessary to 

analyse and optimize the cores location regard the MCF physical parameters. After that 

optimization, the ICXT power and the ICXT threshold level are calculated and the 

number of cores in the fiber, as well as the best modulation format for different link 

distances, are assessed in order to maximise the total capacity. Beyond this, the 

impairments of the link as the wavelength dependence of ICXT power over the 

transmission band and the nonlinear interference (NLI) effect are also considered and the 

total capacity is found.   

To accomplish this, a software will be developed in MATLAB, which will enable the 

evaluation of the system capacity impaired by ICXT by varying the MCF physical 

parameters. The objectives of this dissertation are: 

• Study and implementation of a software that allows the core location in the 

cladding for a given CD, which maximises the distance between cores; 
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• Estimation of the ICXT power and assessment of the total capacity for 

different link distances; 

• Evaluation of the total capacity for different links distances considering the 

impairments of the link. 

With the objectives set out, the following questions arise: 

1. How the main physical parameters (core arrangement, CT, distance between 

neighbour cores) determine the ICXT magnitude? 

2. What is the maximum ICXT allowed in communication systems supported by 

MCF considering the maximum transmission capacity and distance?  

3. What is the variation of the ICXT magnitude using W-profile and trench-assisted 

WC- MCFs and its dependence on the fiber physical parameters? 

4. How does the cores arrangement and other physical parameters of the MCF affect 

the performance (bit error rate (BER)) of the optical communication system? 

 

1.3 Dissertation organization 

 

The dissertation is structured as follows. In chapter 2, the review of the literature of 

the most important concepts used in this work is presented. The different types of MCF 

for SDM application and the impairment in the use of MCF, as known as ICXT are 

presented. Chapter 2 also describes the coherent detection technique and the flexible grid 

as well as its advantages.  

In chapter 3, the methodology followed to estimate the mean ICXT power for W-

profile MCFs is presented. Firstly, the strategy and the method used to obtain the optimum 

core layout of the W-profile MCF are presented. Secondly, the mode coupling coefficient 

for homogeneous TA-MCF is calculated and the mean ICXT level is estimated. 

Afterwards, the mode coupling coefficient and the ICXT level are estimated for the W-

profile MCFs.  

In chapter 4, the impact of the ICXT power in the capacity of the link is assessed. The 

number of cores and the modulation format that lead to the maximum capacity are 

assessed. Additionally, the evaluation of the capacity of the link is made considering the 
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wavelength dependence of ICXT power over the transmission band and the nonlinear 

fiber effects.  

Chapter 5 concludes this dissertation by presenting the main conclusions of this work 

and suggestions of future work related to the subject of the dissertation.  

 

1.4 Main original contributions 

 

 This work presents the following contributions: 

• Assessment of the coupling coefficient and analysis of the mean ICXT power 

for the W-profile MCF. 

• Analysis of the sensitivity of the mean ICXT power to the propagation constant 

variation. 

• Analysis of the transmission capacity and link reach for different M-QAM 

modulation formats in ideal conditions, i.e., where ICXT, NLI effects and 

ICXT wavelength dependence are not being considered. 

• Assessment of the total capacity for different network link distances in the 

presence of ICXT.  

• Assessment of the total capacity considering the NLI effects and the ICXT 

wavelength dependence.  
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Chapter 2  

 

Literature Review  

 

The fact that the capacity of SM-SCF will be soon exhausted and with the continuous 

grow of the worldwide traffic, SDM networks are a good candidate to the future 

worldwide traffic demands. In this chapter, the review of the literature about SDM 

networks is presented. The different types of MCF are presented in section 2.2. In section 

2.3, the main limiting factor that arises with the use of a MCF, the ICXT, is characterized. 

The coherent detection technique and its advantages are presented in section 2.4. In 

section 2.5, the flexible grid and the corresponding frequency grid are presented and the 

advantages of the use of a flexible grid are described.  

 

2.1 SDM networks 

 

The infrastructure that supports the communications all around the globe has been 

involving continuously during the last decades and optical networks proved to be the ideal 

candidate to accommodate the growing demand so far [15]. The world needs to set the 

bar of network capacity even higher with the appearance of “Big Data”, real time gaming, 

high definition audio-video streaming and other demanding bandwidth applications [15]. 

However, the physical limits of the SM-SCF capacity will soon be exhausted [2, 3, 15, 

22]. Nowadays, the researchers consider SDM as a mean to overcome the capacity crunch 

[4, 5, 15] and, with that in mind, the first concern was exceeding the capacity limit around 

100 Tb/s [22, 23]. The first record capacity achieved was 109 Tb/s over a 16.8 km using 
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a 7-core MCF [24]. The transmitted signal was 86 Gb/s QPSK with 97 WDM channels. 

The manufacture of the MCF and SDM multiplexed/demultiplexer devices, which are the 

connection between the SM-SCFs with the MCF, were the technologies that allowed the 

record at the time [23]. Free space optics was adopted for WC-MCFs since it is high 

power capable, adjustable, have low insertion losses and low ICXT. In the same year, the 

capacity of 112 Tb/s was also achieved [25]. After that achievement, the challenge was 

to increase the number of cores in the fiber and a capacity of 305 Tb/s over 10.1 km with 

a 19-core MCF was reached [26]. The research to achieve the greatest capacity and 

distance have not stopped since then and recently, a capacity of 1.51 Eb/s×km and 4.59 

Eb/s×km was reached with a 12-core MCF [27, 28].  

The basic concept of SDM is based on placing numerous spatial channels in a given 

fiber structure or fiber arrangement [15]. The simplest form of realizing SDM is to 

aggregate SM-SCF in a bundle or SM-SCF ribbon cables and it is already commercialized 

[15]. The SM fiber ribbon consists in the aggregation of many conventional SM-SCF 

ranging from tens to hundreds creating a fat fiber bundle or ribbon cable. The diameter 

of these bundles ranges from 10 mm to 27 mm. Fiber ribbons can transmit over hundreds 

of parallel links due to its large dimension, which makes it less space efficient [15]. For 

example, ribbon cables with a diameter of 16 mm and 25 mm can carry 144 (12×12 fiber 

ribbons) and 864 (36×24 fiber ribbons) SM-SCFs, respectively [29]. This method has 

already been adopted in current optical fiber infra-structure [15]. 

Since, for long-haul, core and metro networks, amplification is an essential aspect of 

a network, integrated SDM amplifiers are an absolute key element towards spatially 

multiplexed future networks [15]. There are two kinds of pumping scheme in the case of 

multi-core amplifier: core pumping or cladding pumping. The core pumping is the 

conventional pumping scheme used for a conventional single core erbium-doped fiber 

amplifier (EDFA) and provide high pumping efficiency [30]. The challenges to be faced 

include the integration of optical components to reduce the amplifier size, cost and energy 

consumption [30]. In the cladding pumping scheme all the cores are pumped by first 

cladding propagation pump light [30]. The challenges are to improve the pumping 

efficiency and to develop optical components for launching the pump and multiple signal 

lights and to adjust the gain of the cores to obtain pump power with high-speed control 

[30]. The SDM amplifiers, in particular, those that use cladding pump are more energy 

efficient in contrast to deploying parallel conventional EDFAs for amplification [15]. The 
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capacity of 110.9 Tb/s over a 6 370 km long link was achieved using a full C band seven 

core EDFA [31]. 

Fan-in/Fan-out is the process of coupling a MCF into a SM-SCF or vice-versa and it 

is one of the aspects that impacts the viability and performance of SDM network [15]. 

Fan-in/Fan-out can be achieved using direct and indirect coupling methods. The direct 

method consists in connecting directly the MCF with the SM-SCF with a waveguide-

optics interface. The indirect method relies on a lens system and requires sophisticated 

optomechanics [15].  

In order to SDM technology be a viable solution it is necessary to go against the 

different types of network requirements. Core and metro networks need to be scalable in 

order to accommodate higher traffic load, to be highly reconfigurable, changing the 

parameters of the routing and to be resilient , i.e. those networks should be capable of 

react and provide backup solutions to restore the connections after any failure [15]. In 

order to face the scalability requirement, SDM reconfigurable optical add/drop 

multiplexers (ROADM) experimental prototypes have been already demonstrated. Since 

ROADMS are crucial elements of those networks, these solutions have to be solid. SDM 

networks are resilient and failure recovery through the many spatial channels that 

compose the network, i.e., if one channel fails their adjacent can replace it 

instantaneously. Concerning long-haul networks, the challenges are ICXT as well as 

amplification, so it is a lot of work on going to reduce the ICXT.  

 

2.2 Classification of multi-core fibers 

 

MCFs for SDM application were firstly proposed in 1979; however, due to their high 

cost, they were kept out of the market for many years [32]. Nowadays, the future data 

capacity crunch became an issue, and the SDM approach with MCFs has been widely 

proposed as a cost effective solution [2, 32, 33] to increase the capacity per cross-sectional 

area of the fiber, and overcome the foreseen data capacity crunch [32].  

MCFs can be classified from the fiber design point of view as: 
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• Homogeneous MCFs - These fibers have identical cores. All the cores have the 

same structure, i.e., identical refractive indices, core radius and propagation 

properties between cores [2, 34].  

• Quasi-homogeneous MCFs - A MCF that exhibits cores with slight differences 

between them regarding the effective refractive indices and propagation 

constants due to fabrication issues [34]. 

• Heterogeneous MCFs - A MCF designed to have different propagation 

constants and refractive indices between the cores which leads to the reduction 

of the ICXT level [2, 34].  

 
Figure 2.1- a) WC-MCF and b) Strongly-coupled MCF. 

 

MCFs can also be classified int two different categories: WC and strongly-coupled 

(SC) MCFs, as illustratively shown in Figure 2.1. WC-MCFs are fibers with a distance 

between two neighbouring cores, defined in the literature as core pitch Ʌ, around 40 µm 

and with a low core density [2]. In WC-MCFs, the coupling coefficient between 

neighbouring cores should be lower than 10
-2

m-1. SC-MCFs are fibers with a distance 

between neighbouring cores shorter than 30 µm which results in a core density increase. 

In SC-MCFs, the coupling coefficient is around 10
-1

m-1 [2]. In this case, MIMO digital 

signal processing (DSP) with low complexity is required at the receiver side to recover 

the transmitted signals increasing the complexity of the system [2, 35]. When compared 

with SC-MCF, WC-MCF is more competitive for cost-sensitive scenarios [35], such as 

fronthaul for 5G [10], optical access network [11] and inter-data center optical 

communication networks [12], as MIMO DSP at the receiver side for recovering the 

signals is not required [2]. Nonetheless, SC-MCF  is  more  advantageous  in  long-haul 

transmission  scenarios  because  of  their  enhanced  nonlinear tolerance [35]. Even so, 

several WC-MCFs have been developed in several works to accomplish high-capacity 
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long-distance transmission [2, 24, 25, 31, 36]. In this work, the capacity limits are 

assessed only for WC-MCFs. 

 
Figure 2.2- Structure of a 7 core WC-MCF with the cores represented in white and 

cladding represented in grey. 

 

Figure 2.2 shows the structure of a 7-core WC-MCF with a step-index structure, it is 

composed with cores represented in white and cladding represented in grey in which the 

cladding has a lower refractive index than the cores. MCFs, typically, have a value of the 

cladding diameter (CD) ranging from 125 µm to 260 µm which corresponds to the CD of 

a conventional SM-SCF and to CD that allows the maintenance of the mechanical 

reliability, respectively [37]. The core pitch, is the distance between two neighbouring 

cores, Ʌ, which in this 7-core fiber layout is the same between all cores [16]. The CT is 

the distance between the outermost core center and the cladding edge as shown in Figure 

2.2 [20].  

 

 
Figure 2.3- Cross sectional view of a homogeneous trench-assisted 7-core MCF, 

with the cores represented in white, the trenches in black and the inner and outer 

claddings in grey. 
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Figure 2.3 shows the structure of a homogeneous 7-core trench-assisted (TA) WC-

MCF. The TA-MCF are composed for the cores represented in white, and the inner 

cladding which is the layer around the core represented in grey, the trenches represented 

in black around the inner cladding and the outer cladding represented in grey. These fibers 

have a lower-index trench layer around the inner cladding that surrounds each core [2], 

as shown in Figure 2.3, which results in a reduction of the coupling coefficient and, 

consequently, in a reduction of the ICXT level due to the overlap of the electromagnetic 

fields between cores. TA-MCFs have been widely proposed to reduce the ICXT level 

compared with a step-index MCF [2, 17].  

 

Figure 2.4- Cross sectional view of a W-profile 7-core MCF, where the cores are 

represented in white and the trenches are represented in black. 

 

Figure 2.4 shows the structure of a W-profile MCF. The W-profile fiber emerged to 

improve the limitations of a SM-SCF, such as it larger attenuation, smaller core radius 

and higher dispersion [38].  The W-profile MCF consists in a fiber with an index layer 

around each core with the refractive index lower than the core and the cladding [38]. The 

W-profile MCFs can achieve the highest spatial spectral efficiency ever fabricated in SM 

MCFs for a transmission distance up to 4000 km [39]. The W-profile MCF structure was 

used to achieved a throughput of 2.15 Pb/s over 31 km with 22 cores reported in [36]. 

 

2.3 Intercore crosstalk  

 

The ICXT is a critical transmission issue in MCF supported links [40] because the 

transmission of a signal inside a core induces interference on the signal in other core. The 

ICXT has a stochastic behaviour, i.e., the ICXT varies randomly over time and 
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wavelength [14] and can be understood as a residual amount of the optical signal power 

transmitted in one of the fiber cores that is coupled to adjacent cores along propagation 

in the MCF[16].  

In WC-MCFs, the ICXT level depends mainly on the distance between neighbouring 

cores [14], i.e., the ICXT level increases with the decrease of the distance between two 

neighbouring cores. Moreover, a higher core count is desirable in order to increase the 

capacity of the link. However, for a given CD, higher core counts lead to lower distances 

between neighbouring cores, which leads to a higher ICXT level in WC-MCFs [16]. 

Therefore, there is a trade-off relationship between low ICXT level and high core count 

[41]. Thus, the core layout and the maximum number of cores have to be carefully 

designed based on the suitable ICXT level [2]. Also, in WC-MCFs, the core-to-core ICXT 

is directly dependent on the fiber length and wavelength , i.e., the ICXT level increases 

for longer distances and for higher values of wavelength [16]. 

The suppression of ICXT is a critical issue for MCF implementation [41] and has 

become a major concern in WC-MCF research, in order to achieve the desired high 

capacity and long distance transmission [17-19, 42]. In order to reduce the ICXT level, 

TA-MCFs have been proposed [17, 41]. In TA-MCFs, the ICXT level is reduced by the 

trench layer around each core (with the refractive index lower than the refractive index 

of the cladding), hence, alleviating the trade-off between low ICXT level and higher core 

count. Heterogeneous MCF is another effective way to reduce the ICXT level through the 

differences between the propagation constant, refractive index and radius of different 

cores. The technique of propagation-direction interleaving was also proposed to suppress 

ICXT in WC-MCFs [18], which consists on transmitting signals in opposite propagation 

directions assigned to neighbouring cores and the amount of ICXT suppressed depends 

significantly on the core arrangement [18].  

 The performance of SDM transmission systems using WC-MCFs may be limited by 

the ICXT, which is related to the distance between neighbouring cores, the cores location 

and transmission distance [43]. Thus, in WC-MCFs, the optimization of the core layout 

performs a significant role in ICXT suppression and, simultaneously, in maximizing the 

capacity through the increase of the number of cores.  
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2.4 Coherent optical communications 

 

Coherent transmission and DSP provided over the past few years a huge advance in 

higher spectral efficiency and capacity [44, 45]. MCF transmission with coherent 

detections allows to improve significantly the transmission capacities of the actual long-

haul communications and therefore is a very promising transmission technology [46]. 

Coherent detection is a detection technique where the optical signal recovered contains 

the amplitude and the phase information, allowing the greatest flexibility in modulation 

formats used [47]. High order modulation formats are supported in optical coherent 

detection systems, such as M-ary quadrature amplitude modulation (QAM) or M-ary 

phase shift keying signals, since the information can be encoded in both in-phase and 

quadrature components, which consequently, increases the spectral efficiency without 

increasing the spectral bandwidth [44, 48]. The spectral efficiency report how efficient 

the bandwidth is utilized in terms of transmitted information and it is expressed in b/s/Hz 

[44]. The coherent receiver is composed by a local oscillator (LO) in which the signal is 

coupled with the incoming signal [45]. There are three types of coherent detection: 

homodyne detection, intradyne detection and heterodyne detection. The homodyne 

technique is the most complex, requires the exact synchronization of the incoming signal 

frequency and the LO. In intradyne detection, the frequency of the incoming signal is 

very similar with the frequency of the LO. In this case, it is necessary the use of a free-

running LO in order to synchronize the signals. In heterodyne detection, the incoming 

signal and the LO have different frequencies and the optical signal is demodulated to an 

intermediate frequency. This technique requires a wider bandwidth although the 

implementation is simpler than the homodyne detection.  

Coherent detection combined with polarization-division multiplexing (PDM) 

technique, which consists in transmitting two modulated signals in the same optical 

carrier frequency but with orthogonal polarizations, doubles the spectral efficiency of a 

given modulation format without requiring additional optical signal noise ratio (OSNR) 

[48, 49]. The signals in the two polarizations can be recovered through a coherent detector 

receiver by digitizing the received signal and processing it in the digital domain. [48, 49].  

Coherent detection increases the receiver sensitivity when compared with direct 

detection. Since both amplitude and phase of the optical signal are recovered, it is possible 
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to compensate for linear transmission effects. So, with coherent detection, the receiver 

can digitally compensate for transmission impairments such as chromatic dispersion and 

polarization mode dispersion, which are limiting factors for higher bit rate in optical fiber 

transmission [44, 49].  

As optical coherent detection allows higher order modulation formats and it can be 

combined with PDM, this technique is the chosen one for the implementation of higher 

data rates networks [45, 48]. Most MCF-based SDM systems have so far considered 

coherent detection. For example a capacity of 112 Tb/s was achieved by a 9-core MCF 

over 76.8 km with PDM-QPSK signals [25] and also a capacity of 2 Pb/s with a 22-core 

homogenous MCF over a 31 km was reached using coherent detection [36].  

The optical coherent transmission systems are limited by the generation of nonlinear 

interference (NLI) as well as the amplified spontaneous emission (ASE) noise 

accumulation [50]. The NLI occurs due to the Kerr effect in the fiber which induce 

nonlinear waveform distortion and limit the maximum distance of high-order modulation 

formats [45, 50]. The ASE noise results from the use of optical amplifiers, since they 

produce ASE with signal amplification [51]. 

 

2.5 Flexible Grid 

 

The capacity requirements of optical networks are characterized for the emerging 

heterogeneous and bandwidth intensive applications. It is of the most importance to make 

advantage of the low network resources, as the fiber bandwidth, and accommodate the 

dynamic traffic demands  [52].  In order to do that, the flexible optical grid networking 

concepts has been proposed [52]. 
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Figure 2.5 – a) the 50 GHz fixed grid spacing and an b) example of flexible grid 

 

Figure 2.5 shows the 50 GHz fixed grid spacing and an example of the use of the 

flexible grid. The 50 GHz wavelength grid divides the optical spectrum range of 1530–

1565 nm (C-band) into fixed 50 GHz spectrum slots [53]. In conventional wavelength 

division multiplexing (WDM) based networks, the fixed bit rates are of 10, 40 and 100 

Gb/s. The channels are modulated with a fixed modulation format [52]. Flexible grid 

networks are able to adjust its resources, such as the optical bandwidth and the modulation 

format according to the requirements of each connection, which leads to an efficient 

utilization of the spectrum resources [52, 54]. The grid spacing can be flexible and not 

limited to the fixed 50 GHz spacing as shown in Figure 2.5.  Nowadays, the flexible 

grid/SDM network scenario is more and more appealing given its huge bandwidth 

capacity and its ability to efficiently accommodate low bit rates light paths and high bit 

rate super-channels together [55]. The flexible optical grid enables the formation of super 

channels, which consist of several densely packed subcarriers [52]. 

In this work, the flexible grid is considered. The capacity of the optical fiber is 

increased with the use of the flexible grid due to the optimization of the usable bandwidth 

[56]. Following the recommendation given by the Telecommunication Standardization 

Sector of International Telecommunication Union  (ITU-T) [56], the allowed frequency 

slots for a flexible DWDM grid have a nominal central frequency (in THz) given by  

193.1 0.00625i in = +   [THz]   (2.1) 
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where ni is an integer and 0.00625 is the nominal central frequency granularity in THz. 

The slot width, Bs, (in GHz) is given by [56]: 

12.5s iB m=   [GHz]    (2.2) 

where mi is a positive integer and 12.5 is the slot width granularity in GHz.  

The capacity-distance product exceeding 1 Eb/s×km was achieved using a 7 core 

homogeneous WC-MCF with a transmission capacity of 140.7 Tb/s over a 7326 km using 

a flexible grid over the C-band [57]. 
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Chapter 3 

 

Estimation of the mean crosstalk power in 

WC-MCFs 

 

In this chapter, the core arrangement and the estimation of the mean ICXT power for 

TA-MCF and W-profile MCF are presented. In section 3.1, the strategy for the 

distribution of the cores in the cladding is described. The method to obtain the optimum 

core layout for a different number of cores is presented in section 3.2. In section 3.3, the 

minimum and maximum distances between neighbouring cores are calculated. In section 

3.4, the structure of a TA-MCF is presented. In section 3.5, the mode coupling coefficient 

as well as the propagation constant are calculated for homogeneous TA-MCFs. In section 

3.6, the mean ICXT power level for TA-MCFs is estimated. Sections 3.7, 3.8 and 3.9 

repeat the procedures shown in sections 3.4, 3.5 and 3.6 for the structure of a W-profile 

MCF, respectively. 

 

3.1 Packing circles inside a container 

 

The ICXT level in a WC-MCF is highly dependent on the distance of the neighbouring 

cores. Therefore, the core arrangement has a preponderant role on the capacity limits of 

the link [43]. In order to maximise the distance between neighbour cores and obtain the 

minimum ICXT level, the distribution of the cores in the cladding should be carefully 

designed. As the core layout design is a similar problem than the well-known problem of 
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packing circles in a circle [58], in the present work, the distribution of the cores in the 

cladding follows the one proposed in [59].  

The problem of circular packing that consists on the arrangement of a finite number of 

circles inside a container without overlapping is addressed in [59]. This approach consists 

in maximising the density of the inner circles by maximising their radius given that the 

container (the outer circle) area is fixed. The density of the inner circles is the ratio 

between the total area occupied by the inner circles and the container area. The solutions 

for the packing problem presented in [59] are defined in a bi-dimensional space (x,y). The 

container has a fixed-sized radius (roc) equal to one and its center is located at (0,0). The 

number of inner circles (Nc) is comprised between 1 and 2604. In this work, values for Nc 

between 2 and 50, which are typically the ones found in MCFs [43] are considered. 

For each  Nc, the solution to the packing problem presented in [59] returns 

• the inner circle coordinates (xj,yj
), where j is the index of the circles ranging 

between 1 and Nc; 

• the radius of the inner circles (ric); 

• the ratio defined as the inverse of the radius (1/ric);  

• the density of the inner circles;  

• the number of loose circles, which is the number of circles that still have 

degrees of freedom for movement inside the container, i.e., the number of 

circles which do not have contact with any other circle; 

• the boundary, which is the number of inner circles in contact with the container; 

• the number of contacts which corresponds to the boundary plus the number of 

contacts between the inner circles themselves; 

 

Figure 3.1- Optimum packing of 8 circles. 
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As an example, Figure 3.1 shows the optimum packing of 8 circles, as presented in 

[59]. Moreover, when Nc is equal to 8, there is one loose circle, the pink circle, which has 

some degree of freedom for movement in the container, as shown in Figure 3.1. The value 

of ric is equal to 0.3025933 and the value of roc is equal to 1. For this case the boundary 

is 7, the number of contacts is 14, the density of the inner circles is 0.7325021 and the 

ratio is 3.3047649 as indicated in [59]. 

 

3.2 Transformation of the coordinates of the inner circles centers into the 

coordinates of the corresponding cores of a real WC-MCF 

 

In order to obtain the structure of a WC-MCF with an optimal layout of cores following 

the locations presented in [59], it is necessary to transform the coordinates of the centers 

of the inner circles in the container in metric coordinates corresponding to the centers of 

the cores inside a WC-MCF with a given cladding diameter.  

 

Figure 3.2-Container packing with 6 inner circles and its centers representation as well 

as the center of the container Cc. 

 

The inner circles center coordinates (Figure 3.2) are converted to the coordinates of 

the center of the cores of a real WC-MCF as follows:  
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i) Using the inner circles center coordinates ( ),j jx y  taken from [59], the distance 

( jR ) between each inner circle and the center of the container is computed by 

2 2

j j jR x y= +      (3.1) 

ii) The next step consists in finding the maximum distance jR , i.e., the 
maxR  as 

shown in Figure 3.2. In this work, the parameter 
maxR  ranges from 0.5 to 

0.8142, corresponding to 2cN =   and 50cN = , respectively. 

 

Figure 3.3- Structure of a 6-core WC-MCF.  

Figure 3.3 shows the core layout of a 6-core WC-MCF. The parameter ,i WC MCFR − , 

which corresponds to the distance between the center of the fiber and the outermost core 

center, as shown in Figure 3.3 is given by 

,
2

i WC MCF

CD
R CT− = −    (3.2) 

where CD is the cladding diameter and the CT is the thickness of the cladding.  

In the structure of a WC-MCF, the distance ,i WC MCFR −  (Figure 3.3) corresponds to 
maxR  

(Figure 3.2). We define the proportionality constant KNc
 between 

maxR  and ,i WC MCFR −  as 

max

,

c

i WC MCF

N

R
K

R

−
=     (3.3) 
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Using KNc
, we can obtain the coordinates of the cores ( , )j jX Y  from the coordinates 

of the inner circles ( , )j jx y  by: 

( , ) ( , )
cj j N j jX Y K x y=  , 1,..., cj N=   (3.4) 

The physical parameters of the homogeneous WC-MCFs considered in this work are 

summarized in Table 3.1. 

Table 3.1- Physical parameters of WC-MCFs. 

Parameters Acronym Value Units 

Cladding diameter CD 260 µm 

Cladding thickness CT 33 µm 

Core radius 
1a  5.5 µm 

 

The values of the physical parameters presented in Table 3.1 were taken from [43] in 

order to compare the results obtained. 

 

 

Figure 3.4- a) Packing with 6 inner circles and its coordinates representation b) 

representation of a WC-MCF with 6 cores and their respective coordinates. 

 

Figure 3.4 shows the transformation of the coordinates of the 6 inner circles given by 

[59] (Figure 3.4- a)) into the coordinates of the centers of the cores of a real WC-MCF 
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structure (Figure 3.4- b)). Figure 3.4- b) is an example of an optimal core layout for a 

WC-MCF with 6 cores achieved with the method described in this chapter.  

 

3.3 Determination of minimum and maximum distances between neighbour cores  

 

The distance between core n and m, 
,m n  is given by 

( ) ( )
2 2

,m n n m n mx x y y = − + −    (3.5) 

where ( ),n nx y  and ( ),m mx y  are the center coordinates of core n and m, respectively. This 

distance is particularly important when core n and m are neighbours. Neighbour cores are 

the closest cores, i.e, given core n, its neighbour cores are the cores that are at the shortest 

distance when compared to the others, denoted by ,min m n . The minimum distance, often 

defined as core pitch in the literature, between neighbour cores in a WC-MCF is given by  

 min ,min min m n
m

d =       (3.6) 

where n and m represent all the cores in a WC-MCF with n ≠ m.  

The maximum distance between neighbour cores in a WC-MCF is given by  

    max ,max min m n
m

d =       (3.7) 

where n and m represent all the cores in a WC-MCF with n ≠ m. 

 

Figure 3.5- Representation of some cores that suffer the maximum (cores in red) and the 

minimum (cores in blue) mean power of ICXT from a cross section view of a WC-MCF 

with a) 7 and b) 19 cores whereas dmin=dmax.. 
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Figure 3.5 shows the optimum core arrangement for a WC-MCF with 7 (Figure 3.5 a)) 

and 19 (Figure 3.5 b)) cores as, indicated in [59]. The physical parameters used are 

summarized in Table 3.1 and the distance between the cores was calculated using 

Equation (3.5). In both fiber layouts, the distances between neighbour cores are equal. 

Therefore, dmin is equal to dmax. In a 7-core WC-MCF (Figure 3.5 a))  
mind  and 

maxd  are 

equal to 92 µm and in a 19-core WC-MCF (Figure 3.5 b)) )) 
mind  and 

maxd  are equal to 

47.62 µm. Although the distances between neighbouring cores are equal, in these fibers 

it is expected that the cores coloured in red suffer more ICXT power since they have more 

adjacent neighbours in comparison with the other cores in that fiber. For example, in a 7-

core WC-MCF (Figure 3.5 b)), the red core has six neighbours in comparison with the 

outer cores that have only three. In Figure 3.5, the blue cores are an example of the cores 

that suffer less ICXT power in that fiber. Since 
mind  and 

maxd are equal the cores that suffer 

less ICXT power are the ones that have less adjacent neighbours.  

 

Figure 3.6- Structure of a 21-core WC-MCF with maximum and minimum distances 

between neighbour cores represented. 

 

Figure 3.6 shows the optimum core arrangement for a WC-MCF with 21 cores with 

the maximum and minimum distances between neighbour cores represented. Core 

number 1 is the one that is at longest distance from their neighbours with 
max 51.7d =  µm. 

Core number 2 is one of the cores that have the minimum distance from their neighbours, 

with 
mind  around 45.6 µm. 
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The smaller is the distance between neighbour cores, the higher is the coupling 

coefficient and, consequently, the higher is the mean ICXT power. Considering the 

distance between neighbour cores and the layout of the cores on a homogeneous WC-

MCF, it is possible to know which cores suffer the maximum and minimum ICXT power. 

It is expected that the core (or cores), that suffers the maximum mean ICXT power is the 

one with the minimum distance (
mind ) from its neighbours and the maximum number of 

neighbours at this distance. The core (or cores) that suffers the minimum mean ICXT 

power corresponds to the core with the maximum distance (
maxd ) from its neighbours and 

the minimum number of interfering cores at this distance.   

 

Figure 3.7- a) Minimum and maximum distances between neighbour cores as a function 

of the core count using the physical parameters of  WC-MCFs presented in Table 3.1 b) 

Zoom in of the previous plot for the core count higher than 20. 

 

Figure 3.7 shows the relation between the minimum and maximum distances between 

neighbour cores as a function of the core count, for a WC-MCF with the physical 

parameters presented in Table 3.1. As expected, the distance between neighbour cores is 

lower for higher core counts. For each core of a particular core count (or core layout), the 

distance between that core and all the other cores inside the MCF was calculated using 

Equation (3.5). Afterwards, the minimum and maximum distances between neighbour 

cores were calculated according to Equations (3.6) and (3.7). The more significant 

difference between the maximum and minimum distances between neighbour cores 

occurs when the number of cores is equal to 8, 9, 20, 21 and 40 as shown in Figure 3.7 a) 

and b). Therefore, these are the cases that is expected to have a higher difference between 

the minimum and maximum mean powers of ICXT. Figure 3.7 shows that different core 

counts can lead to the same minimum and maximum distances between neighbour cores. 
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For example, the structures with 6 and 7 cores, have the same maximum and minimum 

distance between neighbour cores, equal to 97 µm. This happens because, in these cases, 

the cladding follows a perfect hexagonality design for the optimal core layout and the 

difference between those two core distributions is a core in the middle of the cladding, 

keeping the distance between neighbour cores unchanged. Even though the distance is 

the same, it is expected that the mean ICXT power to be different because in the 7-core 

WC-MCF, since the number of interfering cores is higher than in the 6-core WC-MCF.  

 

3.4 Structure of a homogeneous TA-MCF 

 

In a TA-MCF, each core is surrounded by a trench layer with refractive index lower 

than the cladding. The overlap of electric field between neighbour cores is lower because 

the electric field distribution in each core is suppressed by the index trench [17] which 

results on a reduction of the mean power of ICXT compared with a step-index structure. 

TA-MCFs have been highly proposed for reducing the coupling coefficient and 

consequently reducing the mean power of ICXT [2, 17]. 

 

Figure 3.8- a) Refractive index profile around a core of a TA-MCF and b) its cross 

sectional view. 

 

Figure 3.8 shows the structure around a core of a TA-MCF. The refractive indices of 

the cladding, the core and the trench are n0, n1 and n2, respectively. The inner cladding is 

the part of the cladding that surrounds each core as shown in Figure 3.8-b) and have the 

same refractive index than the outer cladding which is the cladding around the trench. 

The relative refractive index difference between the core and the cladding is Δ1. The 
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relative refractive index difference between the trench and the cladding is Δ2. The 

refractive index is given by ( ) 01x xn n= +  with 1x =  or 2. The core radius, the distance 

from the outer edge of the inner cladding to the core center (inner cladding radius), the 

distance from the outer edge of the trench to the core center and the trench thickness are 

a1, a2, a3 and wtr, respectively. The trenches of neighbour cores should be carefully 

designed, so they do not overlap [60]. For the design of TA-MCF, it is important to 

consider the ratio between a1 and a2, since there is a trade-off in the placement of the 

trench (a3 = a2 + wtr) [60]. On one hand, the effective area of each core will be reduced 

if the trench is placed too close to the core [60]. On the other hand, the trench should be 

placed as close as possible to the core to reduce the distance between neighbour cores to 

increase the MCFs core density [60]. 

A TA-MCF is homogeneous when all the cores have the same structure, i.e., when all 

the cores have the same values of a1, a2,  a3 and wtr, as well as the corresponding 

refractive indices. However, the process of the fabrication of an optical fiber leads to 

minor fluctuations of its structure originating a quasi-homogeneous TA-MCFs. These 

imperfections produce a variation of the propagation constant that affects the mean power 

of ICXT. 

 

3.5 Mode coupling coefficient and propagation constant calculation for 

homogeneous TA-MCFs  

 

The mode coupling coefficient in TA-MCFs is written as [60]: 

1
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    (3.8) 

where 2 /k  =  is the wave number and   is the wavelength of light in vacuum. In 

Equation (3.8), ( )2 2 2 2

1 1 0W a k n= − ; ( )2 2 2 2

1 1 1U a k n = −  ; β is the propagation constant; 

1/2

1 1 1 1(2 )V ka n  and determines the number of modes propagating in the cores; 1( )J x  is 
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the first order Bessel function of the first kind, 0 ( )J x  is the zero order Bessel function of 

the first kind and 0 ( )I x  is the zero order modified Bessel function of the first kind.  

The parameters Lq, P1, P2, Y1, Y2 can be expressed as [60] 

 
1 1 1 1 2 1 1 2 3 1

1 1 1 2 2 1 1 1 3 1

( ) ( / ) ( / )

( ) ( / ) ( / )
q

J U K W a a K W a a
L

K W K W a a K W a a
=

 

(3.9) 

 
, 3

1 1

1

m n a
P W

a

 −
=  (3.10) 

 
, 3

2 2

1

m n a
P W

a

 −
=  (3.11) 

 
, 2

1 2

1

m n a
Y W

a

 −
=  (3.12) 

 
, 2

2 1

1

m n a
Y W

a

 −
=  (3.13) 

 ( ) ( )3 2
1 2 1 2 2 1 2 1

1 1

tra a w
P P Y Y W W W W

a a

−
− + − = − = −

 

(3.14) 

where K1(x) is the first order Bessel function of the second kind and ( )
1/2

2 2

2 2 1W V W= + , 

in which ( )
1/2

2 2

2 1 0 2V ka n n= − . 

The mode coupling coefficient in TA-MCF can be further approximated as (these 

calculations are presented in Appendix A): 

( )2
1 , 2 11 1 1

3 2

1 1 1 1 1 , 1

2
exp

( )

m n tr

mn

m n

W W W wU a
k

a V K W W a

  + −  
− 

  
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where 
1

1 2 1 ,( ) /tr m n

W

W W W w
 =

+ − 
  . 

The statistical mean of the ICXT power ( mnx ) is given by [60] 

2

,

2 mn b
mn

m n

k R
x L





    (3.16) 

where Rb is the bending radius and L is the fiber length.  

The value of parameter β is calculated accordingly with [42]. Taking into account that 

the wave number in the cladding along the transversal direction is given by 
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2 2 2

1 0n k = −     (3.17) 

The normalized frequency ( 1V ) is given by [42]  

( )2 2

1 1 1 0V ka n n= −     (3.18) 

The normalized transverse wave number in the cladding ( 1W ) can be expressed as follows 

[42]:  

1 1 1 11.1428 0.996W a V= −     (3.19) 

Combining Equation (3.19) and Equation (3.17), the parameter β is given by 

2

2 2 2 2 21
1 0 0

1

1.1428 0.996V
n k n k

a
 

 −
= + = + 

 
   (3.20) 

The parameters of the TA-MCFs used in this work are summarized in Table 3.2, with 

β calculated using Equation (3.20). 

Table 3.2- Parameters of the TA-MCFs for mean ICXT power calculation. 

Parameters Values Units 

a1 4.5 µm 

a2/a
1
 2 - 

a3/a
1
 3 - 

wtr  a1 - 

n0 1.45 - 

Δ1 0.35 % 

Δ2 -0.35, -0.7 % 

Rb 140 mm 

       Β  5.8928×10
6
 1/m 

 

The parameters presented in Table 3.2 for the TA-MCFs are taken from [60] in order 

to confirm the results obtained with the software developed in Matlab. Since, we consider 

homogeneous TA-MCFs all the cores are identical, i.e., the values of the parameters a1, 

a2, a3, wtr, n0, Δ1 and Δ2 are equal for all cores.  
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3.6 Estimation of the mean crosstalk power level for TA-MCFs  

 

In order to ensure the proper calculation of Equations (3.8) and (3.15) the coupling 

coefficient was computed under the same conditions considered in [60], particularly, 

those considered to obtain Figure 3 of  [60]. The TA-MCF parameters considered to 

compute the coupling coefficient are presented in Table 3.2. 

  

Figure 3.9- Mean ICXT power in dB as a function of the distance between neighbour 

cores in a TA-MCF for the parameters presented in Table 3.2 for a total fiber length of 

100 km. 

 

Figure 3.9 shows the mean ICXT power as a function of the distance between 

neighbour cores for the TA-MCF with parameters presented in Table 3.2. Equations (3.8) 

and (3.15) are correctly implemented given that the results shown in Figure 3.9 are in 

agreement with the Figure 3 presented in [60]. The slight difference between the results 

presented in Figure 3.9 and Figure 3 of [60] is due to the different values of the 

propagation constants. In this work, the propagation constant is calculated accordingly 

with [42], while in [60], the value of the propagation constant is not explicitly presented. 

However, this difference is not relevant, since it is below 1 dB. Figure 3.9 shows a 

decrease of the mean ICXT power of 3 dB/µm with the increased distance between 

neighbour cores. 

 



32 

 

3.7 Structure of a homogeneous W-profile MCF  

 

A W-profile structure is used in order to compare the results obtained with the results 

presented in [43]. 

 

Figure 3.10 – a) Refractive index profiles around a core of a W-profile MCF and b) its 

cross sectional view. 

 

A W-profile fiber is composed of the core, the trench and the outer cladding, as shown 

in Figure 3.10. A W-profile MCF is homogeneous when all the cores have the same 

structure, which means that all the cores have the same values of a1, a3 and wtr, as well 

as the same refractive indices. 

 

3.8 Calculation of mode coupling coefficient for homogeneous W-profile MCFs  

 

For a W-profile MCF, 
1 2a a=  and  

3 1trw a a= − . Thus, the mode coupling coefficient 

of a W-profile MCF can be written, approximately, as: 

( )( )2
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− 

  

  (3.21)  

The parameters of the W-profile MCFs used in this work are summarized in Table 3.3. 
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Table 3.3- Parameters of a W-profile MCF for the mean ICXT power calculation. 

Parameters Values Units 

a1 5.5 µm 

a2  a1 µm 

a3 12 µm 

wtr 6.5 - 

n0 1.44 - 

Δ1 0.4 % 

Δ2 -0.13 % 

Rb 140 mm 

         L 1 km 

 

The parameters presented in Table 3.3 for the homogeneous W-profile MCFs are taken 

from [43] in order to compare the results obtained with the ones presented in Figure 1 b) 

of  [43]. 

 

 

Figure 3.11- Mean ICXT power per unit of length in dB/km as a function of the distance 

between neighbour cores of a W-profile MCF with the parameters presented in Table 

3.3. 

 

Figure 3.11 shows the mean ICXT power as a function of the distance between 

neighbour cores in a W-profile MCF for different values of β. The parameter 

65.8928 10 =   1/m was calculated through Equation (3.20) and is represented by the 

red line. In order to assess the influence of parameter   in the relationship between the 

mean ICXT power and the distance between neighbour cores, two different values of β, 

65.890 10 =   1/m and 65.894 10 =   1/m, which correspond to a decrease of 0.0475% 
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and to an increase of 0.0203 % of the β, respectively have been considered. As shown in 

Figure 3.11, for equal distances between neighbour cores, lower values of β lead to higher 

mean ICXT power, whereas higher values of β lead to lower mean ICXT power. For 

instance, when the distance between neighbour cores is equal to 30 µm, the difference of 

the mean ICXT power between 
65.89 10 =  and 65.8928 10 =   is around 7 dB and 

when the distance between neighbour cores is equal to 45 µm this difference is around 13 

dB. So, the slight variation of β induces a significant variation of the mean ICXT power. 

As shown in Figure 3.11, it is possible to observe the sharp decrease of the mean ICXT 

power when the distance between neighbour cores increases. For 65.8928 10 =  , 

Figure 3.11 shows a decrease of the mean ICXT power of 4 dB/µm with the distance 

between neighbour cores increase.  

 

Figure 3.12- Mean ICXT power in dB/100km as a function of the distance between 

neighbour cores of a W-profile MCF with the parameters presented in Table 3.3. 

 

 

Figure 3.12 shows the mean ICXT power as a function of the distance between 

neighbour cores in a W-profile MCF for a link distance of 100 km with the structural 

parameters presented in Table 3.3 in order to compare with the TA-MCF represented in 

Figure 3.9 with the structural parameters presented in Table 3.2. For the distances 

between neighbour cores considered in both Figures, a TA-MCF with 
2 0.7% = −  shows 

better results, i.e., presents lower values of the mean ICXT power for the same distances 

between neighbour cores than a W-profile MCF.  The TA-MCF with a 
2 0.35% = −  
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have the same value of the mean ICXT power of 0 dB for a distance between neighbour 

cores of 30 µm. However, the W-profile MCF shows better results when the distance 

between neighbour cores increases. For example, when the distance between neighbour 

cores is equal to 45 µm, the mean ICXT power for a W-profile MCF is -58 dB, whereas 

for a TA-MCF it is around -48 dB. 

 

3.9 Estimation of the crosstalk level for a W-profile MCF 

 

The mean ICXT power given by Equation (3.16) considers only the interference 

between two cores. The total mean power of ICXT in core n takes into account the 

contributions from all the cores of the MCF and is given by 

,N m n

m n

X x


=      (3.22) 

 

Figure 3.13- a) Maximum and minimum total mean ICXT powers in dB/km as a 

function of the core count for W-profile MCF using the structural parameters presented 

in Table 3.3 b) Zoom in for the previously plot for core count higher than 25. 

 

Figure 3.13 shows the maximum and minimum total mean ICXT powers in a W-profile 

MCF as a function of the number of cores ranging from 2 to 50, using the parameters 

presented in Table 3.3. For each core, the distance between core n and any other core was 

calculated using Equation (3.5), followed by the calculation of the corresponding 

coupling coefficient using Equation (3.21). Afterwards, the mean ICXT power induced 

on that core by another core is calculated using Equation (3.16). Finally, through Equation 

(3.22) the total mean ICXT power induced on that core is calculated. Figure 3.13 is, then, 
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a representation of the maximum and minimum total mean ICXT power as a function the 

core count. The total mean ICXT power increases with the core count as expected. As 

shown in Figure 3.11, the mean ICXT power for a distance between neighbour cores 

around 39.5 µm is, approximately, -57 dB. This distance occurs when 
cN  is around 27, 

as shown in Figure 3.7. The ICXT power is around -57.28 dB for a distance between 2 

neighbour cores of 39.5 µm calculated using Equation (3.16) which are in accordance 

with Figure 3.11. Furthermore, the cores that suffer the maximum mean ICXT power 

have 4 neighbour cores distanced by 39.5 µm. Thus, the ICXT power for this case is 

around -51.22 dB calculated using Equation (3.22) which are in accordance with Figure 

3.13 since the maximum mean ICXT power when cN  is equal to 27 is around -51.4 dB. 

In comparison with the Figure1 1. b) in [43], there are slight differences between Figure 

3.13, namely, when 10cN = , the maximum total mean ICXT power obtained is around   -

165 dB whereas in Figure 1. b) in [43], it  is around -140 dB. When 23cN = , the 

maximum total mean ICXT power obtained is around -63.5 dB, whereas in Figure 1. b) 

of [43], it is around -50 dB. Finally, when 50cN = , the maximum total mean ICXT power 

obtained is around -5 dB, whereas in Figure 1. b) of [43], it is around 1 dB. Since Equation 

(3.15) is in agreement with [60], and the physical parameters are equal to the ones used 

in [43], the differences between the figures may likely result from the different β used, 

because this is the only parameter that is not presented in [43]. Taking this into account, 

the parameter β was changed in order to obtain a plot with more similarity to the one 

presented in [43]. The total maximum mean ICXT power is -174 dB for 10cN =  and -8 

dB when  50cN = , as shown in Figure 3.13 a) and b), respectively. 

 
1 The first author of [43] gave the information that the mean ICXT power per km shown in Figure 1. b) 

of [43] was in dB/km instead of dB/100km. 
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Figure 3.14- Maximum and minimum mean ICXT power in dB/km as a function of the 

core count with β= . 

 

In order to obtain a mean ICXT power closer to the one presented in [43], the parameter 

β is decreased to 5.89×10
6
 m-1. With this value of β, the results presented in Figure 3.14 

are obtained. These results are much more similar to the ones presented in Figure 1. b) of 

[43]. A reduction of 0.0475 % on β results in a difference of 22 dB and 7 dB, when cN  is 

equal to 10 and 50, respectively. Further simulations have shown that when the parameter 

β is increased to 5.894×10
6
 1/m (an increase of 0.0203 %), for each cN , the total mean 

ICXT power decreases in comparison with Figure 3.13 moving away from the values 

presented in [43]. This reveals that the mean ICXT power is highly sensitive to a variation 

of the propagation constant. 

 

3.10 Conclusions 

 

In this chapter the method used to pack the cores in the fiber that maximizes the 

distance between two neighbour cores were presented in order to achieve an optimal core 

layout. Moreover, the distance between two neighbour cores was evaluated, i.e., this 

distance decreases with the increase of the core count in the fiber.  

Furthermore, the calculation of the coupling coefficient was validated for the TA-

MCF. The methodology used to assess the coupling coefficient for the TA-MCF was 

5.89×10
6
 m-1 
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adapted for the structure of a W-profile MCF. The maximum and minimum ICXT power 

for a W-profile MCF were assessed and validated by the works presented in the literature 

review. The factors that influence the ICXT power in a core are the distance between the 

neighbour cores and the number of interfering cores. As expected, the main conclusion 

about the ICXT power behaviour is that for higher core counts the mean ICXT power is 

higher due to the lower distance between neighbour cores and the higher number of 

interfering cores.  

Additionally, a study was made on the effect that the variation of the propagation 

constant has on the ICXT power. Our results indicate that the total mean ICXT 

power is highly sensitive to a variation of the propagation constant.   
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Chapter 4  

 

Assessment of the networks total capacity 

 

In this chapter, the best modulation format and suitable number of cores that lead to 

the maximum capacity for metro, regional and long-distance networks are assessed for a 

W-profile MCF. It is important to evaluate how the impairments affect the capacity of 

each link. In section 4.1, the achievable transmission capacity is calculated for different 

modulation formats as a function of the number of cores of the MCF considering only the 

bandwidth limitation of the C-band. Section 4.2 presents the method used in this work to 

calculate the required OSNR under ideal and real transmission conditions. In section 4.3, 

for each distance of the transmission link, the most suitable modulation is determined. In 

section 4.4, the ICXT threshold level for each modulation format is estimated. In section 

4.5, the achievable total capacities for links with distances of 50 km, 500 km and 5000 

km are estimated in presence of ICXT. In section 4.6, the relative mean ICXT power for 

homogeneous W-profile MCFs is calculated considering the wavelength dependence. In 

section 4.7, the total capacities for link distance of 50 km, 500 km and 5000 km, 

respectively, considering the relative mean ICXT power dependence on the wavelength 

are found. In section 4.8, the optimal launch power and the modified OSNR are computed 

for each modulation format and for different link distances in presence of nonlinear 

interference noise. 
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4.1 Transmission capacity calculation for different M-QAM modulation formats 

 

M-ary QAM is a multilevel modulation format which exploits the capability of a 

coherent receiver of detecting the phase and amplitude of the received electric field. In 

this work, coherent detection with PDM is assumed and the modulation formats 

considered are 4, 8, 16, 32 and 64. The goal of this section is to find the optimum M-

QAM that maximises the capacity of a specific link. The bit rate for each single channel, 

C, is considered to be 112 Gb/s. In a QAM modulation format, the number of bits 
bN

carried in each symbol is given by 

2log ( )bN M=    (4.1) 

where M is the number of symbols.  

The symbol rate, Rs, is given by [9] 

22log ( )
s

C
R

M
=     (4.2) 

where the factor 2 stands for the two signal polarizations [9].  

The total bandwidth per WDM channel, Btot , is assumed equal to the symbol rate since 

it is considered a Nyquist-shaped PDM carrier [9] and the number of slots per channel 

(Ns) is given by [9] 

tot
s GB

s

B
N N

B

 
= + 
 

    (4.3) 

where Bs is the bandwidth of the slot frequency and is assumed equal to 12.5 GHz [9]. 

The parameter NGB defines the number of slots for the guard-band per connection and it 

has a bandwidth of  12.5 GHz [9].  

The total number of slots 
,s totN  available for a particular core is given by  

,
av

s tot

s

B
N

B
=      (4.4) 

where the parameter Bav is the total available bandwidth per core, which is set to 4 THz 

(C-band) [9]. 
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The number of channels Nch available per core is given by 

Nch=
Ns,tot

Ns
     (4.5) 

and the total capacity Ctot per core is given by  

Ctot=Nch×C     (4.6) 

In this work, the flexible grid is considered. Following the recommendation given by 

ITU-T presented in Equation (2.1) and considering that, in this work, the bandwidth of 

the slots used are 12.5 GHz, the possible nominal central frequencies considered in this 

work are given by:  

193.1 0.0125i in = +   [THz]   (4.7) 

where 
in  is an integer ranging from -110 to 209, given that the total bandwidth available 

per core is 4THz and the bandwidth of the slots are 12.5 GHz which results in 320 slots 

available per core calculated accordingly to Equation (4.4). The lower bandwidth limit 

was set to 1531.8 nm and corresponds to ni=209 and the upper bandwidth limit was set to 

1564.8 nm and corresponds to ni=-110. 

 

Figure 4.1- Frequency slots and corresponding nominal central frequencies per core. 

 

The upper plot of Figure 4.1 represents the possible frequency slots in a core with a 

width of 12.5 GHz, whereas the lower plot shows the corresponding nominal central 

frequencies within the C-band (1531.8 – 1564.8 nm) given by Equation (4.7) anchored to 

0 193.1 =  THz. 
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a) 

 
b) 

Figure 4.2- Representation of the bandwidth occupied by each channel and their central 

frequencies for a) 4-QAM and for b) 16-QAM. 

 

Figure 4.2 shows an example of the bandwidth and frequency slots occupied by each 

WDM signal, nominal frequencies and slot widths for a) 4-QAM channels and b) 16-

QAM channels as its central frequencies. The nominal central frequencies for each 

channel follow the ITU-T recommendation for the flexible grid. The central channel, for 

each modulation format, was set to Nch/2+1. The symbol rate was calculated using 

Equation (4.2). The number of slots that each WDM channel occupies was calculated 

using Equation (4.3). The channel spacing (Δvch) corresponds to the bandwidth of the 

number of slots that each WDM channel occupies. The nominal central frequencies for 

each modulation format considered in this work are presented in Appendix B. Table 4.1 

summarizes, for each modulation format, the symbol rate, number of WDM channels and 

the number of slots per channel in the C-band.  
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Table 4.1- Symbol rate, number of WDM channels and number of slots per channel for 

each modulation format. 

Modulation 

format 

Rs [GHz] Nch Ns 

4-QAM 28 80 4 

8-QAM 18.67 106 3 

16-QAM 14 106 3 

32-QAM 11.2 160 2 

64-QAM 9.33 160 2 

 

Figure 4.3 – Maximum achievable transmission capacity per core for different M-QAM 

formats. 

 

In Figure 4.3, the total transmission capacity per core is plotted for different M-QAM 

formats. For each modulation format, the total transmission capacity is calculated using 

Equations (4.2) -(4.6). The modulation formats 32-QAM (
2log ( 5)M = ) and 64-QAM (

2log ( 6)M = ) lead to the same total capacity, 18 Tb/s, because these modulations achieve 

the same number of channels in Equation (4.5), 160 WDM channels, since they have the 

same number of slots per channel, for the system parameters considered. The same 

explanation applies to the modulation formats 8-QAM and 16-QAM with 106 channels. 

As shown in Figure 4.3, when M increases, the total capacity per core also increases due 

to the fact that higher order modulation formats allow using more WDM channels. Figure 

4.3 only considers the available bandwidth limitation and does not take into account the 
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effects that limit the capacity of the link such as the ASE noise, the acceptable level of 

ICXT power, the wavelength dependence of ICXT power over the transmission band or 

the NLI.  

 

Figure 4.4- Transmission capacity as a function of the number of cores for the different 

M-QAM formats. 

 

Figure 4.4 plots the total capacity of a MCF as a function of the number of cores for 

the different modulation formats. Figure 4.4 represents the transmission capacity in ideal 

conditions, i.e., absence of the ICXT power, the ASE noise, and the NLI. When the 

number of cores increases, the capacity scales linearly with the number of cores. As 

shown in Figure 4.4 and according with Figure 4.3, for a core count of 25 and 50 the 

modulation formats 32-QAM and 64-QAM reach the same total capacity of 448 Tb/s and 

900 Tb/s, respectively, where the latter represents the maximum capacity that can be 

attained with the parameters used in this work. In order to maximise the capacity of the 

link, the optimal modulation format for this system seems to be the 32-QAM, because it 

achieves the highest capacity and, when compared with the 64-QAM, allows a greater 

OSNR margin [61].  
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4.2 Required OSNR calculation  

 

The required OSNR under ideal conditions, i.e., fluctuations in the network 

environmental conditions such as temperature, stress and the ICXT effect are not being 

considered, in linear units, is given by [9] 

,
2

b
req i

ref

C snr
osnr

B


=


     (4.8) 

where snrb is the required signal-to-noise ratio per bit (in linear units) and refB  is the 

reference bandwidth typically equal to 12.5 GHz [9, 51] . The analytical bit error 

probabilities of the M-QAM modulation formats considered in this work are given by [47, 

61]  
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with erfc(x) defining the complementary error function [47]. 

The required electrical signal-to-noise ratio per bit snrb is calculated for the target line 

BER of 3.8×10
-3

, which corresponds to the line bit error probability when using hard-

decision forward error correction [9, 62]. The values of  snrb are calculated through 

Equations (4.9)-(4.13) for this target BER. The required OSNRs under ideal conditions 

are calculated through Equation (4.8).  
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In order to compute the required OSNR under real conditions, several sources of 

performance degradation should be taken into account [9]. An OSNR margin of 3 dB is 

added to account the fluctuations in network environmental conditions such as 

temperature, stress and other effects [9]. An OSNR penalty of 1 dB is added to the 

required OSNR under ideal conditions to ensure a margin for the ICXT effect. The 

required OSNR under real conditions, in dB, is, thus, given by 

, 4req req iOSNR OSNR= +     (4.14) 

The values of snrb, the required OSNR under ideal and real conditions, in dB, for the 

different modulation formats considering a target BER of 3.8×10
-3

 are presented in Table 

4.2. These values are in complete agreement with the ones presented in [9]. 

Table 4.2- Required snrb, the required OSNR under ideal and real conditions, in dB, for 

the different modulation formats considering a target BER of 3.8 ×10-3. 

Modulation 

Format 

 bSNR [dB] ,req iOSNR  [dB] reqOSNR [dB] 

4-QAM 5.52 12.03 16.03 

8-QAM 7.83 14.34 18.34 

16-QAM 9.17 15.68 19.68 

32-QAM 11.23 17.74 21.74 

64-QAM 13.34 19.85 23.85 

 

The osnr, in linear units at the optical receiver input, is given by [9, 51] 

totASE ref

P
osnr

S B
=


     (4.15) 

where P is the average signal power at the end of the fiber link summed over the two 

states of polarizations [51], 
totASES is the total ASE noise power spectral density (PSD) in 

the two states of polarizations at the optical receiver input given by [9] 

1

amp

tot k

N

ASE ASE

k

S S
=

=      (4.16) 

where Namp is the number of amplifiers in the link. In this work, it is assumed that each 

fiber section has an optical amplifier every 50 km. According to [43], the link distances 

considered, which are representative of typical network links, are 50 km for metro or 
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access networks, 500 km for regional networks and 5000 km for long-distance networks. 

The PSD of the ASE noise of the k-th amplifier output SASEk
 over the two states of 

polarization is defined by [9]: 

( 1)
kASE n k iS f g h =  −       (4.17) 

Where 
nf  is the amplifier noise figure, kg  is the gain of the optical amplifier, h is the 

Planck constant equal to 6.62607004×10-34 J.s and i  is the channel optical frequency. It 

is assumed that each amplifier compensates exactly the losses of the previous fiber link. 

The OSNR given by Equation (4.15), at the end of each connection, i.e., at the optical 

receiver input, should exceed or be equal to the minimum acceptable OSNR, given by 

Equation (4.14), i.e., to comply with the target BER of 33.8 10− . 

reqosnr osnr      (4.18) 

The physical parameters used in this work to assess the link performance and 

feasibility are presented in Table 4.3. 

Table 4.3-Values of physical parameters. 

Parameter Value Units 

Bav 4 THz 

Bs 12.5 GHz 

Bref 12.5 GHz 

damp 50 km 

NGB 1  

P 0.3 mW 

Fn 5 dB 

Α 0.2 dB/km 

 

In Table 4.3, the parameter 
ampd  is the distance between optical amplifiers and α is the 

fiber loss coefficient. The parameter α is usually equal to 0.2 dB/km at the wavelength of 

1550 nm. The parameter P is the average signal power at the optical fiber input and it is 

assumed low, since a first analysis, the fiber non-linear effects are not taken into account 

[9]. The values of the physical parameters presented in Table 4.3 are taken from [9]. 
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4.3 Link reach for each modulation format 

 

In order to find the best M-QAM modulation format for each distance of the link (or 

type of network), it is necessary to calculate the required OSNR under real conditions 

using Equation (4.14) and the OSNR that reaches the optical receiver input, using 

Equation (4.15), and, then, analyse the modulation formats that accomplish the operating 

condition given by Equation (4.18), for the parameters presented in Table 4.3. 

 

Figure 4.5- OSNR that reaches the optical receiver input as a function of total distance 

of the link and required minimum OSNRs for the different M-QAM modulation 

formats. 

 

In Figure 4.5, the OSNR that reaches the optical receiver input is depicted as a function 

of total distance of the link and the required OSNR for each modulation format are also 

plotted for the different M-QAM formats. As shown in Figure 4.5, for 64-QAM, the 

operating condition is fulfilled up to a total distance of the link of 1358 km, whereas for 

32-QAM, 16-QAM and 8-QAM, it is accomplished up to 2208, 3550 and 4830 km, 

respectively. The modulation format 4-QAM has always the required OSNR lower than 

the OSNR that reaches the optical receiver, hence, accomplishing the condition presented 

in Equation (4.18) for the total distance of the link of 5000 km. Taking into account that 

the total distances of links representing the network types considered in this work are 50 

km, 500 km and 5000 km, through the analyses of Figure 4.5, it can be concluded that for 

a total distance of the link between 50 and 500 km, corresponding to access, metro or 
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regional networks, all the modulation formats can be used. The best modulation format 

for these distances is the 32-QAM, since it reaches the same capacity as 64-QAM, but 

with a higher OSNR margin. 

 

4.4 Determination of ICXT threshold level 

 

For the long term impact of ICXT, it is imposed that the maximum mean ICXT power 

acceptable for a connection is such that it does not exceed the ICXT threshold level 

corresponding to the outage probability of 10
-5

 [9]. The ICXT level, in decibel, for a 

maximum allowed OSNR penalty, ΔOSNR, is defined as 

10 10 ,
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  (4.19) 

where OSNRreq,i is given by Equation (4.14).  The ICXT level for a maximum allowed 

OSNR penalty given by Equation (4.19) is a theoretical result derived in [62].  

The ICXT threshold level, in decibel, for a 1OSNR = dB, can be approximated by 

[9] 

0
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4
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 
   (4.20) 

where P0 is the target outage probability. 

The ICXT threshold levels presented in Table 4.4, are obtained for a target outage 

probability of 10
-5

 and maximum allowed OSNR penalty of 1 dB, for the different 

modulation formats and for the bit rate per WDM channel equal to 112 Gb/s. 

Table 4.4- ICXT threshold levels, in dB, for the outage probability of 1× 10-5 for 

different modulation format for a bit rate equal to 112 Gb/s. 

Modulation format XTµ,thres [dB] 

4-QAM -20.7 

8-QAM -24.77 

16-QAM -27.36 

32-QAM -30.39 

64-QAM -33.29 
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4.5 Determination of the total capacity for different link distances 

 

The modulation format and the number of cores which lead to the maximum capacity 

for different link distances are assessed in this section. Considering the outage probability 

of 10
-5

, the total capacity of the link is imposed by the maximum mean ICXT power 

acceptable for a connection that does not exceed the ICXT threshold level. The maximum 

mean ICXT power is obtained from the results presented in section 3.9, for a W-profile 

MCF.  

 

Figure 4.6- Maximum mean ICXT power in dB/50 km as a function of the core count 

and the crosstalk threshold level for the different modulation formats.  

 

The maximum mean ICXT power in dB/50 km as a function of core count is 

represented in Figure 4.6, as well as the ICXT threshold levels for 4-QAM, 8-QAM, 16-

QAM, 32-QAM and 64-QAM modulation formats, shown in Table 4.4. As mentioned in 

section 4.3, all the modulations formats accomplished the operating condition given by 

Equation (4.18) for a total distance of the link equal to 50 km. Table 4.5 summarizes the 

possible number of cores and the corresponding total capacity, for each modulation 

format, considering that the ICXT threshold has to be higher than the maximum mean 

ICXT power. The maximum allowed number of cores is extracted from Figure 4.6. 
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Table 4.5- Allowed number of cores for a WC-MCF for each modulation format for a 

fiber length of 50 km considering the crosstalk threshold given in Table 4.4 and the 

corresponding capacity.  

Modulation 

format 

Number of 

cores 

Capacity Units 

4-QAM 31 277.76 Tb/s 

8-QAM 30 356.16 Tb/s 

16-QAM 28 332.4 Tb/s 

32-QAM 27 483.84 Tb/s 

64-QAM 27 483.84 Tb/s 

 

As shown in Table 4.5, the highest capacity of 483.84 Tb/s is achieved by the 32-QAM 

and the 64-QAM with 27 cores in the W-profile MCF. For a length of 50 km, our results 

indicate that the best modulation format is the 32-QAM since it presents a greater OSNR 

margin than the 64-QAM modulation format and reaches the highest total capacity. The 

results presented in [43] reveal that for metro access networks the optimal core count 

ranges from 23 to 30 cores, being in agreement with our results. However, since the ICXT 

power considered in this work is lower than the one presented in [43], the optimal core 

count is 31 for the 4-QAM modulation format. 

 

 

Figure 4.7- Maximum mean ICXT power in dB/500 km as a function of the core count 

and the ICXT threshold level for the different modulation formats. 
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The maximum mean ICXT power in dB/500 km as a function of core count is 

represented in Figure 4.7 as well as the ICXT threshold levels for 4-QAM, 8-QAM, 16-

QAM, 32-QAM and 64-QAM modulation formats shown in Table 4.4. All the 

modulations formats accomplished the operating condition given by Equation (4.18) for 

a total distance of the link equal to 500 km (as shown in section 4.3). The number of cores 

allowed for each modulation format, considering that the ICXT threshold level has to be 

higher than the maximum mean ICXT power, are summarized in Table 4.6 and these 

values are taken from Figure 4.7. Table 4.6 also shows the total capacity attained for the 

different modulation formats that corresponds to the maximum number of cores for a fiber 

length equal to 500 km. 

Table 4.6- Allowed number of cores for a WC-MCF for each modulation format for a 

fiber length of 500 km taking into count the ICXT threshold and the correspondent 

capacity. 

Modulation 

format 

Number of 

cores 

Capacity Units 

4-QAM 27 241.92 Tb/s 

8-QAM 26 308.67 Tb/s 

16-QAM 25 296.8 Tb/s 

32-QAM 24 430 Tb/s 

64-QAM 23 412.16 Tb/s 

 

As shown in Table 4.6, the highest capacity of 430 Tb/s is achieved with the 32-QAM 

modulation format with 24 cores in the MCF for a length of 500 km. The SNR for the 4-

QAM modulation format and link distance of 500 km, is 24 dB. In Figure 3 a) in [43] for 

the same value of SNR and link distance the optimal core count is 21. However, for 4-

QAM modulation format, Table 4.6 shows that he allowed number of cores is 27. This 

difference in comparison with [43] is due to the different propagation constant considered 

which, in our case, produces lower values of the ICXT power.  
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Figure 4.8- Maximum mean ICXT power in dB/5000 km as a function of core count 

and the crosstalk threshold level for 4-QAM. 

 

The maximum mean of ICXT power in dB/5000 km as a function of core count is 

represented in Figure 4.8 as well as the ICXT threshold level for 4-QAM shown in Table 

4.4. For a fiber length of 5000 km, the only modulation format that accomplished the 

operating condition given by Equation (4.18), is the 4-QAM, as concluded in section 4.3. 

As shown in Figure 4.8, the core count must be equal to 24 in order to maximise the total 

capacity. For a 4-QAM with 24 cores, the total capacity is equal to 215 Tb/s, as shown in 

Figure 4.4. The value of SNR, for a link distance of 5000 km and 4-QAM modulation 

format is 14 dB. For this SNR value in [43] Figure 3 a) the optimal core count is 19, as 

stated before, these differences occur due to the lower values of the mean ICXT power 

considered in comparison with the ones considered in [43].  

 

4.6 Estimation of the relative mean ICXT power for homogeneous W-profile MCFs  

 

One important issue in MCF transmission is the wavelength dependence of ICXT 

power over the transmission band. This dependence has not been taken into account in 

the analysis provided in the previous sections of chapter 4. In order to validate the 

calculation of the relative mean ICXT power considering the wavelength dependence, 

which is denominated relative mean ICXT power, the analysis presented in [63] is 

followed with the goal of obtaining Figure 3 of [63]. 
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The relative mean ICXT power is defined as the ICXT difference between the 

wavelength   and the lower wavelength of C band (
0 ) [63]. The relative mean ICXT 

power, in dB, is given by [63] 

dBICXT S =       (4.21) 

where 
0   = −  is the difference between the wavelength   and the reference 

wavelength 
0  and the parameter S is the slope of relative mean ICXT power (in dB/nm) 

for TA-MCFs over the transmission band. The slope of relative mean ICXT power is 

given by [63] 

,10
1 1
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1.7510log
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m n b trA wK
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 +
= + 


  (4.22) 

where 4(1 0.001256 )K = −   and bA  is an b-dependent coefficient and it is 0.309, 0.607 

and 0.867 for b=1, 2 and 3, respectively, with 
2 1/b =   . 

The parameters of the TA-MCFs used to validate the calculation of relative mean 

ICXT power are summarized in Table 4.7. 

Table 4.7- Parameters of TA-MCFs for the slope of relative ICXT power calculation. 

Parameter Value Units 

0  1530 nm 

,m n  35, 40, 45 µm 

trw  4.5 µm 

0n  1.444 - 

1  0.35 % 

2  -0.7 % 

2 1/b =    2 - 

bA  0.607 - 

 

The parameters presented in Table 4.7 for TA-MCFs are taken from [63] in order to 

confirm the results obtained. In Table 4.7, the parameter 
0 1530 =  nm is the shortest 

wavelength of the transmission band (i.e. C+L bands) [63]. 
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Figure 4.9- Relative mean ICXT power in dB as a function of wavelength in TA-MCFs 

with the parameters presented in Table 4.7 for distances between closest cores of  35 

µm, 40 µm and 45 µm. 

 

The relative mean ICXT power in dB as a function of wavelength in TA-MCFs with 

the parameters presented in Table 4.7 for distances between closest cores of 35 µm, 40 

µm and 45 µm is shown in Figure 4.9. As can be seen from Figure 4.9, the maximum 

relative mean ICXT power is around 8.8 dB for a distance between cores of 35 µm in TA-

MCFs. The results shown in Figure 4.9 are in agreement with Figure 3 of [63]. This allows 

to conclude that Equation (4.21) is correctly implemented. The distances between closest 

cores of 45 µm and 35 µm present the higher and the lower values of the relative mean 

ICXT power, respectively. Hence, the greater the distance between closest cores, the 

higher is the relative mean ICXT power [63]. 

Table 4.8 summarizes the parameters of W-profile MCFs used in this work, in order 

to calculate the relative mean ICXT power and its influence on the total achievable 

capacity.  
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Table 4.8- Parameters of the W-profile MCFs considered in this work for the relative 

mean ICXT power calculation. 

Parameter Value Units 

0  1550 nm 

,m n  [27.9;194] µm 

trw  6.5 µm 

0n  1.444 - 

1  0.4 % 

2  -0.13 % 

2 1/b =    0.13/0.4=0.3250 - 

bA  0.0864 - 

 

In Table 4.8, the parameter 
,m n  is a vector ranging from 27.9 µm to 194 µm which 

corresponds to the distances between closest cores of a core count between 50 and 2, 

respectively, for a CD of 260 µm and CT of 33 µm. The parameter   ranges from 
0  to 

1563.7 nm which corresponds to the nominal frequency of 191.725 THz that has the 

highest relative ICXT power since it corresponds to the longest wavelength of the 

transmission band used in this work. The value of parameter 
bA  is extrapolated for 

b=0.3250 from the values b=1, 2 and 3 already known (0.309, 0.607 and 0.867, 

respectively) using spline interpolation.  

 

Figure 4.10- Relative mean ICXT power in dB as a function of the distance between 

closest cores for a W-profile MCF with the parameters presented in Table 4.8 for  

λ=1563.7 nm. 
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Figure 4.10 shows the relative mean ICXT power in dB as a function of the distance 

between closest cores in a W-profile MCF for λ=1563.7 nm. The relative mean ICXT 

power (in dB) depends linearly on the distance between closest cores [63]. As this 

distance increases, the relative mean ICXT power (in dB) also increases, as shown in 

Figure 4.10, and reaches a maximum of 3.85 dB. 

 

Figure 4.11- Relative mean ICXT power in dB between closest cores as a function of 

the core count for W-profile MCFs with the parameters presented in Table 4.8. 

 

Figure 4.11 shows the relative mean ICXT power in dB between closest cores as a 

function of the core count in a W-profile MCF. The minimum distance between two cores 

of the W-profile MCF dmin, for each core count was calculated using Equation (3.6) and 

the relative mean ICXT power was calculated using Equation (4.21) considering these 

values of dmin for each core count. As expected, the relative mean ICXT power in dB 

decreases with the increase of the core count. As shown in Figure 4.10, the relative mean 

ICXT power increases with the cores distance increase. Thus, the relative mean ICXT 

power is higher for lower core count, as shown in Figure 4.11, due to the fact that lower 

core counts exhibit higher distances between closest cores. 

In order to evaluate the impact of the wavelength dependence of ICXT power over the 

link it is necessary to add the relative mean ICXT power calculated through Equation 

(4.21) to the mean ICXT power between two cores calculated through Equation (3.16). 
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Thus, the mean ICXT power considering the relative mean ICXT power (in dB) in core 

m induced by core n is given by  

, , ,x ( 1563.7)m n ICXT m nx ICXT  = + =   (4.23) 

where the parameter ( 1563.7)ICXT  = is the relative mean ICXT power (in dB) for a 

1563.7 = nm relative to 
0 1550 =  nm, for which, the calculations in chapter 3 have 

been made for. 

The total mean ICXT power considering the relative mean ICXT power in core m, for 

1563.7 =  nm, considering the contributions from all the cores of the MCF is given by  

, ,xM m n ICXT

m n

X 



=      (4.24) 

 

4.7 Determination of the total capacity for different link distances considering the 

relative mean ICXT power 

 

The modulation format and the number of cores that lead to the maximum capacity for 

the distances of 50 km, 500 km and 5000km, considering the impact of the dependence 

of the wavelength on the ICXT power are assessed in this section. 

 

Figure 4.12- Maximum mean ICXT power in dB/50 km considering the relative mean 

ICXT power as a function of the core count and the ICXT threshold level for different 

modulation formats. 
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The maximum mean ICXT power in dB/50 km considering the relative mean ICXT 

power as a function of the core count is represented in Figure 4.12 as well as the ICXT 

threshold levels for 4-QAM, 8-QAM, 16-QAM, 32-QAM and 64-QAM modulation 

formats shown in Table 4.4. The maximum mean ICXT power considering the relative 

mean ICXT power is calculated through Equation (4.24) with the parameters presented 

in Table 4.8. Table 4.9 summarizes the achievable number of cores and the corresponding 

total capacity, for each modulation format, considering that the ICXT threshold has to be 

higher than the maximum mean ICXT power considering the relative mean ICXT power. 

The number of cores is extracted from Figure 4.12. 

Table 4.9- Allowed number of cores and the corresponding capacity  for a WC-MCF for 

each modulation format for a fiber length of 50 km considering the crosstalk threshold 

and the relative crosttalk. 

Modulation 

format 

Number of 

cores 

Capacity Units 

4-QAM 30 268.8 Tb/s 

8-QAM 29 344.28 Tb/s 

16-QAM 28 332.41 Tb/s 

32-QAM 27 483.84 Tb/s 

64-QAM 26 465.92 Tb/s 

 

 As expected, the number of allowed cores is reduced and, consequently, the total 

capacity also decreased in comparison with the results that do not consider the relative 

mean ICXT power (Table 4.5). The maximum allowed number of cores has decreased 

one core only for the modulation formats 4-QAM, 8-QAM and 64-QAM. As shown in 

Table 4.9, the highest capacity of 483.84 Tb/s is achieved by the 32-QAM with 27 cores 

in the MCF. Hence, considering the relative mean ICXT power, for a length of 50 km, 

our results indicate that the best modulation format is the 32-QAM.  
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Figure 4.13- Maximum mean ICXT power in dB/500 km considering the relative mean 

ICXT power as a function of the core count and the ICXT threshold level for different 

modulation formats. 

 

The maximum mean ICXT power in dB/500 km considering the relative mean ICXT 

power as a function of the core count is represented in Figure 4.13, as well as the ICXT 

threshold levels for 4-QAM, 8-QAM, 16-QAM, 32-QAM and 64-QAM modulation 

formats. Table 4.10 summarizes the maximum allowed number of cores and the 

corresponding total capacity, for each modulation format, considering that the ICXT 

threshold has to be higher than the maximum mean ICXT power that take into account 

the relative mean ICXT power dependence on the wavelength. The number of cores is 

extracted from Figure 4.13. 

 

Table 4.10- Allowed number of cores and the correspondent capacity for a WC-MCF 

for each modulation format for a fiber length of 500 km considering the ICXT threshold 

and the relative ICXT.  

Modulation 

format 

Number of 

cores 

Capacity Units 

4-QAM 27 241.92 Tb/s 

8-QAM 25 296.8 Tb/s 

16-QAM 24 285 Tb/s 

32-QAM 24 430 Tb/s 

64-QAM 23 412.16 Tb/s 

 

In comparison with the results that do not consider the relative mean ICXT power 

(Table 4.6), the number of allowed cores has decreased only one core and, consequently, 

the total capacity also been reduced for the modulation formats 8-QAM and 16-QAM. 



61 

 

Even though, the highest achievable capacity stays the same as when the relative ICXT 

power is not being considered, i.e., the highest capacity of 430 Tb/s is achieved with 32-

QAM and 24 cores in the fiber.  

 

 

Figure 4.14- Maximum mean ICXT power in dB/5000 km considering the relative mean 

ICXT power as a function of the core count and the ICXT threshold level for 4-QAM. 

 

The maximum mean ICXT power in dB/5000 km considering the relative mean ICXT 

power as a function of the core count as well as the ICXT threshold level for the 4-QAM 

format is represented in Figure 4.14. The maximum mean ICXT power considering the 

relative mean ICXT power is calculated through Equation (4.23) with the parameters 

presented in Table 4.8. For a fiber length of 5000 km, as previously shown, the only 

modulation format that accomplishes the operating condition given by Equation (4.18) is 

the 4-QAM. As shown in Figure 4.14, the core count must be equal to 23 in order to 

maximise the total link capacity. For a 4-QAM with 23 cores, the total capacity is equal 

to 206.08 Tb/s. Figure 4.14 shows a decrease of one, core which represents a total capacity 

reduction around 8.9 Tb/s, in comparison with the results that do not consider the relative 

mean ICXT power shown in Figure 4.8. 
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4.8 OSNR, link reach and capacity in presence of nonlinear interference noise  

 

In uncompensated coherent systems, due to the large dispersion accumulated along 

transmission, large signal decorrelation occurs during propagation which is recorrelated 

at the receiver by the electronic dispersion compensation. At the same time, electronic 

dispersion compensation decorrelates non-linear effects, “averaging” the non-linear 

effects contributions [64]. Due to this averaging, NLI can be modelled as excess additive 

Gaussian noise, at least for low-to-moderate NLI, even in the absence of added ASE noise 

in the link [49, 50].  This assumption on NLI noise is valid only when the non-linearity 

has a “mild” effect on the link performance [50]. Considering this, the system 

performance can be evaluated by correcting the OSNR that reaches the optical receiver. 

The modified OSNR, also so called non-linear OSNR, in linear units, is given by [64] 

,

modified

n ASE NLI

P
osnr

p p
=

+
    (4.25) 

where P is the average signal power at fiber input per polarization for channel t, ,n ASEp  is 

the power of ASE noise given by Equation (4.16) in which is calculated at the bandwidth 

of the signal t , Δft, and per polarization (i.e divided for 2) and 
NLIp  is the NLI power. 

The 
NLIp  for channel t can be written as [64] 
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where ft is the central frequency of channel t, the symbol rate, Rs, is given by Equation 

(4.2) and ( )NLI tG f  is the PSD of NLI noise of channel t over multiple fiber spans given 

by [64] 

( ) ( ) ( )lspan lspan

NLI t spans SCI t XCI tG f N G f G f = +     (4.27) 

where Nspans is the number of spans of the link, ( )lspan

SCI tG f  is the PSD of self-channel 

interference (SCI) of channel t over a span, which is the interference caused by channel t 

on itself and ( )lspan

XCI tG f  is the PSD of cross-channel interference (XCI) of channel t over 
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a span, which is the interference caused by other channels on channel t. The PSD of SCI 

of channel t, ( )lspan

SCI tG f , is given by [64] 

( )
22

23 2

2

3
arcsinh

2 2

lspan

SCI t t tG f G f
 

  

 
=  

 

  (4.28) 

where /t tG P f=   is the signal PSD of channel t per polarization, Δft is the bandwidth of 

channel t, which for Nyquist spectrum shaping is equal to Rs,   is the fiber nonlinearity 

coefficient, in this work set as 1.3 W-1km-1 [49] and β2 is the chromatic dispersion given 

by ( )
02 0 / 2D c  = − , in which 

0  corresponds to  the wavelength of the central 

frequency of the WDM signal and 
0

D  is the fiber dispersion parameter equal to 16 

ps/nm/km [49].  

The PSD of XCI of channel t, ( )lspan

XCI tG f , is given by [64] 

( )
'

2
2 ' '
'

12 ' '
'

/ 23
ln

2 / 2

chN
lspan tt t
XCI t t t

t tt t
t t

f f
G f G G

f f



  =


 + 
=  

− 
    (4.29) 

 where Nch is the number of WDM channels and is given by Equation (4.5) and 

' 'tt t tf f f= − . 

The power that maximizes the modified OSNR, i.e., the optimal launch power, chp , 

is given by [64] 

,
3

2

n ASE

ch

p
p


=     (4.30) 

Where  ( )
3

/NLIp P = , is a parameter that is specific for a particular fiber link. The 

modified OSNR, in linear units, which considers the optimal launch power is given by 

[64] 

3

,

ch
modified

n ASE ch

p
osnr

p p
=

+
    (4.31) 
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Figure 4.15-  The PSD of NLI, XCI and SCI as a function of channel index for a) 4-

QAM and b) 64-QAM modulation formats 

 

Figure 4.15 shows the PSD of NLI, XCI and SCI as a function of channel index for a) 

4-QAM and b) 64-QAM modulation formats. The PSD of NLI, XCI and SCI was 

calculated according to Equations (4.27), (4.28), (4.29), respectively. The average signal 

power P considered for each channel t was 0.3 mW. The nominal central frequencies 

considered in this work for the 4-QAM and 64-QAM modulation format are summarized 

in Appendix B. The 80 WDM channels for the 4-QAM modulation format have a 50 GHz 

channel width. For the case of 64-QAM modulation format, 160 WDM channels with 25 

GHz spacing were considered. The zero channel index represents the WDM central 

channel considered for each modulation format. As shown in Figure 4.15, the central 

channel represents the worst-case scenario, i.e., has a higher value of ( )NLI tG f , as 

expected [64]. As shown in Figure 4.15 b), the 64-QAM modulation format has a higher 

value of NLI than the 4-QAM modulation format in Figure 4.15 a). 
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Figure 4.16- Optimal channel launch power as a function of the number of WDM 

channels for a link distance of 50 km for 4-QAM and 64-QAM, for the WDM central 

channel. 

 

The optimal launch power for the two signal polarizations as a function of the number 

of WDM channels for 4-QAM and 64-QAM modulation formats and a link distance of 

50 km is plotted in Figure 4.16. The optimal channel power was calculated using Equation 

(4.30) and the WDM frequency grids are the ones considered in Appendix B. The optimal 

power decreases with the increase of the number of WDM channels as shown in Figure 

4.16. However, the optimal channel power remains practically the same for a number of 

channels above 100, the decrease of the optimal power is not much significant, which 

means that from this point onwards the channels added to the system do not have a 

significant impact in central channel. That means that the 100 channels near the central 

channel have greater preponderance in NLI power. The modulation formats 4-QAM and 

64-QAM show practically the same behaviour for the optimal launch power as the number 

of channels increase. However, the 64-QAM modulation format presents lower values of 

the optimal launch power as expected due to the different channel width considered [50]. 

The optimal power decreases with the increase of the modulation format due to the more 

significant NLI in the fiber (as shown in Figure 4.15) and in order to decrease this effect, 

the optimal launch power is decreased.  

In order to compute the modified OSNR, the optimal launch power was calculated 

using Equation (4.30). The optimal launch power was calculated for the central channel 

which represents the worst-case scenario, i.e., has a higher contribution of ( )lspan

XCI tG f  as 
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shown in Figure 4.15. The optimal channel power and the value of  parameter   obtained 

for each modulation format are summarized in Table 4.11 and are independent of the 

number of fiber sections considered [64]. 

Table 4.11- Optimal power for the two signal polarizations for each modulation format 

and the value of parameter η.  

Modulation format Optimal power 

[mW] 

   

4-QAM 0.312 6.72×103 

8-QAM 0.218 1.29×104 

16-QAM 0.182 1.67×104 

32-QAM 0.136 3.24×104 

64 QAM 0.120 3.85×104 

 

The modified OSNR was calculated using Equation (4.31) for the optimal launch 

power and its values are summarized in Table 4.12. 

Table 4.12- Modified OSNR, in dB, for each modulation format and for the link 

distances of 50, 500 and 5000 km. 

Modulation Format Ltot=50 km Ltot=500 km Ltot=5000 km  Units 

4-QAM 33.0862 23.0862 13.0862 dB 

8-QAM 33.3075 23.3075 13.3075 dB 

16-QAM 33.7684 23.7684 13.7684 dB 

32-QAM 33.4592 23.4592 13.4592 dB 

64-QAM 33.7383 23.7383 13.7383 dB 

 

The modified OSNR decreases with the increase of the total distance of the link, as 

shown in Table 4.12, due to the increase of the total power of ASE noise, since longest 

link distances have more spans. The values of the required OSNR under ideal and real 

conditions, in dB, for each modulation format are summarized in Table 4.13 

Table 4.13- Required OSNR under ideal and real conditions in dB for each modulation 

format. 

Modulation Format 
,req iOSNR  [dB] OSNRreq [dB] 

4-QAM 8.53 12.53 

8-QAM 12.60 16.60 

16-QAM 15.19 19.19 

32-QAM 18.22 22.22 

64-QAM 21.12 25.12 
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Since the bandwidth considered for calculation of the 
NLIp  is equivalent to the symbol 

rate, the required OSNR was recalculated using Equation (4.8), but considering the 

symbol rate of each modulation format instead of the reference bandwidth Bref. The 

required OSNR under real conditions was calculated using Equation (4.14). These values 

are shown in Table 4.13.  

Through the analyses of the Table 4.12 and 4.13, it is possible to conclude that for a 

link distance of 50 km, every modulation format can be used since the operating condition 

presented in Equation (4.18) is always accomplished. For a link distance of 500 km, the 

64-QAM modulation format should be excluded, since it does not satisfy the operating 

condition. In the absence of NLI, the 64-QAM format was able to accomplish the 

operating condition for the 500 km distance, as described in section 4.2. For a link 

distance of 5000 km, only the modulation 4-QAM can be used.  

Since the bandwidth considered for the calculation of the 
NLIp  is equivalent to the 

symbol rate, the threshold level was again calculated. The ICXT level, in decibel, for a 

maximum allowed OSNR penalty considering that the bandwidth of the channel is equal 

to the symbol rate, is given by  

10 ,

10

1
( ) 10log 1

10

req iOSNR
XT OSNR OSNR



 
  = − −
 
 

  (4.32) 

where the values of OSNRreq,i are summarized in table 4.13. The ICXT threshold level is 

given by Equation (4.20).  The values of the recalculated ICXT threshold levels are 

summarized in Table 4.14. 

Table 4.14- ICXT threshold levels, in dB, for different modulation format considering 

the bandwidth of the channel equal to the symbol rate 

Modulation format XTµ,thres [dB] 

4-QAM -20.7 

8-QAM -24.77 

16-QAM -27.36 

32-QAM -30.39 

64-QAM -33.29 
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The values presented in Table 4.14 are equal to the values presented in Table 4.4, as 

expected. Since in Equation (4.32) the term 1010log s

ref

R

B

 
  
 

 was withdraw which converts 

the OSNR of the reference bandwidth in the OSNR of the signal.  

Since for a link distance of 50 km, all the modulation formats can be used, the reached 

capacities are the same as the ones found in the absence of NLI (Figure 4.6 and Figure 

4.12, including the wavelength dependence of the ICXT power over the transmission 

band). So, for a length of 50 km, our results indicate that the best modulation format is 

the 32-QAM since it reaches the highest capacity of 483.84 Tb/s with 27 cores in the 

fiber.  

 

Figure 4.17- Maximum mean ICXT power in dB/500 km as a function of core count 

and the ICXT threshold level for different modulation formats considering the NLI. 

 

Figure 4.17 presents the maximum mean ICXT power in dB/500 km as a function of 

core count for the modulation formats that accomplish the condition presented in 

Equation (4.18). The number of allowed cores in the fiber extracted from Figure 4.17 is 

the same that in the case when the NLI is not being considered (as shown in Figure 4.7). 

The best modulation format is the 32-QAM since it reaches the highest capacity of 430 

Tb/s with the 32-QAM with 24 cores. Although the modulation format 64-QAM does not 

comply with the required OSNR, the total capacity is the same as when the NLI is not 

being considered. Figure 4.17 do not consider the wavelength dependence of ICXT power 

over the transmission band. 
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Figure 4.18-Maximum mean ICXT power in dB/500 km considering the relative mean 

ICXT power and the presence of the NLI as a function of the core count and the ICXT 

threshold level for different modulation formats.   

 

Figure 4.18 considers the relative mean ICXT power and the presence of the NLI. 

Figure 4.18 presents the maximum mean ICXT power in dB/ 500 km as a function of the 

core count for the modulation formats that accomplish the condition presented in 

Equation 4.18. The number of the allowed cores for the modulation formats that 

accomplish the condition presented in Figure 4.18 are the same that the ones presented in 

Figure 4.13, where the NLI is absent. So, the highest capacity of 430 Tb/s is achieved 

with the 32-QAM modulation format with 24 cores in the fiber when the NLI and the 

wavelength dependence of ICXT power are being considered.   

For a link distance of 5000 km, the total capacity is also the same that when the NLI 

is not being considered (Figure 4.8), since there are no changes in the allowed modulation 

format. So, the total capacity of 215 Tb/s is achieved by the 4-QAM modulation format 

with 24 cores in the fiber. Considering both the presence of the NLI and the wavelength 

dependence of the ICXT power over the transmission band, the total capacity of 206.08 

Tb/s is achieved with 23 cores in the fiber, and this result is the same that the one 

presented in Figure 4.14. 
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4.9 Conclusions 

 

In this chapter, the total capacity was assessed for different modulation formats for 

coherent detection optical communication systems that use flexible grid over the C-band. 

Firstly, considering only the bandwidth limitation of the C-band, the results obtained 

show that the maximum total capacity of 900 Tb/s is achieved for a core count of 50 with 

the modulation formats 32-QAM and 64-QAM. 

In order to consider the ICXT impairment in the link, the best modulation format for 

metro or access networks, regional networks and long-distance networks was assessed, 

considering the required OSNR under real conditions and the OSNR that reaches the 

optical receiver input. For our parameters, all the modulation formats can be used for 

metro and regional networks, whereas for long-distance networks, only the 4-QAM can 

be used.  

The ICXT threshold level corresponding to the outage probability of  10
-5

 was 

calculated for each modulation formats considered, and the total capacity of the link was 

maximised based on the designed threshold levels. We have found that for metro or access 

networks (50 km) with a W-profile with 27 cores, a capacity of 483.84 Tb/s is achieved 

by 32-QAM and the maximum mean ICXT power is -34.5 dB. For regional networks 

(500 km), the total capacity of 430 Tb/s is achieved by 32-QAM with 24 cores in the W-

profile fiber and the maximum mean ICXT power of -32.75 dB. Finally, for long-distance 

networks (5000 km), the capacity achieved for a 4-QAM is around 215 Tb/s with 24 cores 

in the MCF and the maximum mean ICXT power of -22.75 dB.  

One of the impairments in MCF transmission assessed in this chapter was the 

wavelength dependence of ICXT power over the transmission band. This dependence was 

calculated and validated by the works in the literature and the impact on the link was 

studied. Our results indicate that the relative mean ICXT power decreases with the 

increase of the core count. For 50 km links, the capacity was decreased for the modulation 

formats 4-QAM, 8-QAM and 64-QAM, but the highest capacity of 483.84 Tb/s is still 

the same than when this effect is not being considered. It is achieved using 32-QAM with 

27 cores in the MCF.  For the distance of 500 km, the relative mean ICXT power 

decreases the total capacity for the modulation formats 8-QAM and 16-QAM. The highest 

capacity of 430 Tb/s is achieved with 32-QAM and 24 cores in the fiber. For a link 
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distance of 5000 km, the relative mean ICXT power decrease the number of allowed cores 

to 23, which represents a decrease of 8.9 Tb/s in the total capacity of 206.08 Tb/s with 4-

QAM modulation format.  

Finally, in order to consider the NLI impairment, the OSNR that reaches the optical 

receiver was corrected and the optimal launch power was calculated for each modulation 

format. Our results have shown that for a link distance of 500 km, the 64-QAM 

modulation format could not be used. Otherwise, in terms of the total highest capacity of 

the link, the results obtained are equivalent to the ones obtained when the NLI is not being 

considered.  
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Chapter 5  

 

Conclusions and future work 

 

In this chapter, the main final conclusions achieved in this work are presented as well 

as some suggestions for future work. 

 

5.1 Final conclusions 

 

In Chapter 2, the different types of MCFs that allow the SDM approach as a promising 

solution to increase the capacity per cross-sectional were described. The ICXT power as 

an impairment of the SDM networks was presented. The flexible grid and coherent optical 

communications were also described as a way to achieve higher bit rate in optical 

transmission.  

Chapter 3 described the method used to obtain the optimum core layout for different 

number of cores which maximises the distance between two neighbour cores presented 

in [59], since the core layout design is similar to the well-known problem of packing 

circles in a circle in order to reduce the mean ICXT power. The mean ICXT power was 

calculated for a TA-MCF in order to validate the equations implemented in MATLAB 

and a good agreement was achieved. To estimate the mean ICXT power for a W-profile 

MCF, the methodology used was changed to correspond to the structure of the W-profile 

MCF. Furthermore, a study was accomplished in order to assess the impact of the 

propagation constant on the mean ICXT power. Our results show that the mean ICXT 
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power is very sensitive to the slight variations of the value of the propagation constant. 

An increase of 0.0203% of the propagation constant produces a variation on the mean 

ICXT power of 7 dB and 13 dB for a distance between neighbour cores of 30 µm and 

45µm, respectively. 

Chapter 4 assessed the total capacity of the system considering different impairments 

in the transmission such as the bandwidth limitation of the C-band, the ICXT power and 

its wavelength dependence over the transmission band and the NLI effect. Our results 

indicate that for a metro access network (represented with a link distance of 50 km) 

supported by a W-profile MCF with 27 cores the capacity of 483.84 Tb/s is achieved by 

the 32-QAM modulation format considering the wavelength dependence and the NLI 

effect. For regional networks (represented with a link distance of 500 km), the highest 

capacity of 430 Tb/s is achieved with 32-QAM and 24 cores in the fiber. Finally, for long-

distance networks (represented with a link distance of 5000 km), the total capacity of 

206.08 Tb/s is achieved with 23 cores with 4-QAM modulation format.   

 

5.2 Future work 

 

SDM is a promising technology to overcome the capacity crush; however, there are 

many requirements that should be deeply investigated in order to make SDM with WC-

MCF a reliable solution. Additional studies are needed to justify the benefits and establish 

the requirements for different types of network relating with the different solutions given 

by SDM. With that in mind some future work proposals are presented: 

• Optimization of the core layout and estimation of the ICXT level for W-profile 

MCFs with cladding diameter compatible with the standard SM-SCF diameter 

of 125 µm; 

• Analysis of the total capacity and maximum link reach for several QAM 

modulation formats, for networks supported by W-profile MCFs with 125 µm 

cladding diameter; 

• Estimation of the ICXT level, and analysis of the total capacity and maximum 

link reach for networks with TA-MCFs proposed in the literature; 
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• Estimation of the ICXT level, and analysis of the total capacity and maximum 

link reach for networks with TA-MCFs with 125 µm cladding diameter. 
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Appendix A. – Coupling coefficient 

approximation  

For large arguments of ( )a b x+ , the modified Bessel function of the first kind can be 

approximated as [60]: 

( )  0

1
[ ] exp ( )

2 ( )
I a b x a b x

a b x
+  +

+
   (A.1) 

Where a>b>0. If b is relatively small compared to a, the modified Bessel function of the 

first kind 0[( ) ]I a b x+  can be related to 0 ( )I ax by the following expression 

0 0[( ) ] ( )exp( )
a

I a b x I ax bx
a b

+ 
+

   (A.2) 

Typical values of ,m n  (around 30 µm) can be more than 5 times larger than the typical 

trench width (around 4.5 µm), thus 

( ) ( )1 2 1 2 , 2 1 1 ,( ) / ( ) / [ ] 0m n tr m nP P Y Y r W W w a r− + −  − = −  −   is much smaller than W1/a1. 

Considering Equation (A.2), the expression 
1 1 2 1 2

0

1 ,m n
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a r

  − + −
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 can be written 

as [60]: 

1 1 2 1 2 1 1 2 1 2
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  (A.3) 

Since ( ) ( )1 2 1 2 ,/ m nP P Y Y r− + −  −  is much smaller than 1 1/W a  and r is much smaller than 

,m n , the dependence on the parameter r can be eliminated  and the parameter   can be 

simplified to 

( )
1 1 1

1 1 1 2 1 2 , 1 2 1 ,
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The mode coupling coefficient for a step index structure can be expressed as [60] : 
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Comparing Equation (A.5) with Equation (3.8), the ratio between the two structures is 

given by  
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Substituting Equation (A.3) into Equation (A.6), the ratio between the mode coupling 

coefficients for the two structures is given by [60] 
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(A.7) 

Solving Equation (A.7) the ratio between the mode coupling coefficients for the two 

structures becomes [60]: 
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Assuming n=1 in the dispersion Equation (3.71) in [65] for step index fiber, then [60] 
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Substituting Equation (A.9) into Equation (A.8) the ratio between the two structures is 

simplified to 
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For x ≥ 2, the modified Bessel function of the second kind can be approximated as [60] 
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So, the parameter qL  can be simplified to  
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The ratio between the mode coupling coefficient for the two structures becomes  

 1 2 1 2 2 1 2 1'

1 1

exp ( ) exp ( ) exp 2( )mn tr tr

mn

k w w
P P Y Y W W W W

k a a

   
=  − − + − − − =  − −   

   

(A.13) 

The mode coupling coefficient for a step index structure can be simplified as [60] 
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Replacing 
'

mnk  given by Equation (A.14) into the ratio given by Equation (A.13), the 

mode coupling coefficient mnk  between two neighbouring cores with trench-assisted 

structures can be expressed as [60] 
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Appendix B. – Nominal central frequencies 

for each modulation format 

The nominal central frequencies considered in this work for the 4-QAM modulation 

format for each channel of the 80 WDM channels each with 50 GHz channel width are 

represented in Table B.1.  

Table B.1- Nominal central frequencies for each channel for 4-QAM.  

Number of 

channel 
Central frequency Units 

Number of 

channel 
Central frequency Units 

1 191.75 THz 41 193.75 THz 

2 191.8 THz 42 193.8 THz 

3 191.85 THz 43 193.85 THz 

4 191.9 THz 44 193.9 THz 

5 191.95 THz 45 193.95 THz 

6 192 THz 46 194 THz 

7 192.05 THz 47 194.05 THz 

8 192.1 THz 48 194.1 THz 

9 192.15 THz 49 194.15 THz 

10 192.2 THz 50 194.2 THz 

11 192.25 THz 51 194.25 THz 

12 192.3 THz 52 194.3 THz 

13 192.35 THz 53 194.35 THz 

14 192.4 THz 54 194.4 THz 

15 192.45 THz 55 194.45 THz 

16 192.5 THz 56 194.5 THz 

17 192.55 THz 57 194.55 THz 

18 192.6 THz 58 194.6 THz 

19 192.65 THz 59 194.65 THz 

20 192.7 THz 60 194.7 THz 

21 192.75 THz 61 194.75 THz 

22 192.8 THz 62 194.8 THz 

23 192.85 THz 63 194.85 THz 

24 192.9 THz 64 194.9 THz 

25 192.95 THz 65 194.95 THz 

26 193 THz 66 195 THz 

27 193.05 THz 67 195.05 THz 

28 193.1 THz 68 195.1 THz 

29 193.15 THz 69 195.15 THz 

30 193.2 THz 70 195.2 THz 

31 193.25 THz 71 195.25 THz 

32 193.3 THz 72 195.3 THz 

33 193.35 THz 73 195.35 THz 
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34 193.4 THz 74 195.4 THz 

35 193.45 THz 75 195.45 THz 

36 193.5 THz 76 195.5 THz 

37 193.55 THz 77 195.55 THz 

38 193.6 THz 78 195.6 THz 

39 193.65 THz 79 195.65 THz 

40 193.7 THz 80 195.7 THz 

 

The nominal central frequencies considered in this work for 8-QAM and 16-QAM 

modulation formats for each channel of the 106 WDM channels each with 37.5 GHz 

channel width are represented in Table B.2.   

Table B.2 – Nominal central frequencies for each channel for 8-QAM and 16-QAM 

Number of 

channel 

Central 

frequency 
Units 

Number of 

channel 

Central 

frequency 
Units 

1 191.7875 THz 54 193.775 THz 

2 191.825 THz 55 193.8125 THz 

3 191.8625 THz 56 193.85 THz 

4 191.9 THz 57 193.8875 THz 

5 191.9375 THz 58 193.925 THz 

6 191.975 THz 59 193.9625 THz 

7 192.0125 THz 60 194 THz 

8 192.05 THz 61 194.0375 THz 

9 192.0875 THz 62 194.075 THz 

10 192.125 THz 63 194.1125 THz 

11 192.1625 THz 64 194.15 THz 

12 192.2 THz 65 194.1875 THz 

13 192.2375 THz 66 194.225 THz 

14 192.275 THz 67 194.2625 THz 

15 192.3125 THz 68 194.3 THz 

16 192.35 THz 69 194.3375 THz 

17 192.3875 THz 70 194.375 THz 

18 192.425 THz 71 194.4125 THz 

19 192.4625 THz 72 194.45 THz 

20 192.5 THz 73 194.4875 THz 

21 192.5375 THz 74 194.525 THz 

22 192.575 THz 75 194.5625 THz 

23 192.6125 THz 76 194.6 THz 

24 192.65 THz 77 194.6375 THz 

25 192.6875 THz 78 194.675 THz 

26 192.725 THz 79 194.7125 THz 

27 192.7625 THz 80 194.75 THz 

28 192.8 THz 81 194.7875 THz 

29 192.8375 THz 82 194.825 THz 

30 192.875 THz 83 194.8625 THz 

31 192.9125 THz 84 194.9 THz 

32 192.95 THz 85 194.9375 THz 
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33 192.9875 THz 86 194.975 THz 

34 193.025 THz 87 195.0125 THz 

35 193.0625 THz 88 195.05 THz 

36 193.1 THz 89 195.0875 THz 

37 193.1375 THz 90 195.125 THz 

38 193.175 THz 91 195.1625 THz 

39 193.2125 THz 92 195.2 THz 

40 193.25 THz 93 195.2375 THz 

41 193.2875 THz 94 195.275 THz 

42 193.325 THz 95 195.3125 THz 

43 193.3625 THz 96 195.35 THz 

44 193.4 THz 97 195.3875 THz 

45 193.4375 THz 98 195.425 THz 

46 193.475 THz 99 195.4625 THz 

47 193.5125 THz 100 195.5 THz 

48 193.55 THz 101 195.5375 THz 

49 193.5875 THz 102 195.575 THz 

50 193.625 THz 103 195.6125 THz 

51 193.6625 THz 104 195.65 THz 

52 193.7 THz 105 195.6875 THz 

53 193.7375 THz 106 195.725 THz 

 

The nominal central frequencies considered in this work for 32-QAM and 64-QAM 

modulation formats for each channel of the 160 WDM channels each width 25 GHz 

channel width are represented in Table B.3.   

Table B.3- Nominal central frequencies for each channel for 32-QAM and 64-QAM 

Number of 

channel 

Central 

frequency 
Units 

Number of 

channel 

Central 

frequency 
Units 

1 191.725 THz 81 193.725 THz 

2 191.75 THz 82 193.75 THz 

3 191.775 THz 83 193.775 THz 

4 191.8 THz 84 193.8 THz 

5 191.825 THz 85 193.825 THz 

6 191.85 THz 86 193.85 THz 

7 191.875 THz 87 193.875 THz 

8 191.9 THz 88 193.9 THz 

9 191.925 THz 89 193.925 THz 

10 191.95 THz 90 193.95 THz 

11 191.975 THz 91 193.975 THz 

12 192 THz 92 194 THz 

13 192.025 THz 93 194.025 THz 

14 192.05 THz 94 194.05 THz 

15 192.075 THz 95 194.075 THz 

16 192.1 THz 96 194.1 THz 

17 192.125 THz 97 194.125 THz 

18 192.15 THz 98 194.15 THz 

19 192.175 THz 99 194.175 THz 
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20 192.2 THz 100 194.2 THz 

21 192.225 THz 101 194.225 THz 

22 192.25 THz 102 194.25 THz 

23 192.275 THz 103 194.275 THz 

24 192.3 THz 104 194.3 THz 

25 192.325 THz 105 194.325 THz 

26 192.35 THz 106 194.35 THz 

27 192.375 THz 107 194.375 THz 

28 192.4 THz 108 194.4 THz 

29 192.425 THz 109 194.425 THz 

30 192.45 THz 110 194.45 THz 

31 192.475 THz 111 194.475 THz 

32 192.5 THz 112 194.5 THz 

33 192.525 THz 113 194.525 THz 

34 192.55 THz 114 194.55 THz 

35 192.575 THz 115 194.575 THz 

36 192.6 THz 116 194.6 THz 

37 192.625 THz 117 194.625 THz 

38 192.65 THz 118 194.65 THz 

39 192.675 THz 119 194.675 THz 

40 192.7 THz 120 194.7 THz 

41 192.725 THz 121 194.725 THz 

42 192.75 THz 122 194.75 THz 

43 192.775 THz 123 194.775 THz 

44 192.8 THz 124 194.8 THz 

45 192.825 THz 125 194.825 THz 

46 192.85 THz 126 194.85 THz 

47 192.875 THz 127 194.875 THz 

48 192.9 THz 128 194.9 THz 

49 192.925 THz 129 194.925 THz 

50 192.95 THz 130 194.95 THz 

51 192.975 THz 131 194.975 THz 

52 193 THz 132 195 THz 

53 193.025 THz 133 195.025 THz 

54 193.05 THz 134 195.05 THz 

55 193.075 THz 135 195.075 THz 

56 193.1 THz 136 195.1 THz 

57 193.125 THz 137 195.125 THz 

58 193.15 THz 138 195.15 THz 

59 193.175 THz 139 195.175 THz 

60 193.2 THz 140 195.2 THz 

61 193.225 THz 141 195.225 THz 

62 193.25 THz 142 195.25 THz 

63 193.275 THz 143 195.275 THz 

64 193.3 THz 144 195.3 THz 

65 193.325 THz 145 195.325 THz 

66 193.35 THz 146 195.35 THz 

67 193.375 THz 147 195.375 THz 

68 193.4 THz 148 195.4 THz 

69 193.425 THz 149 195.425 THz 
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70 193.45 THz 150 195.45 THz 

71 193.475 THz 151 195.475 THz 

72 193.5 THz 152 195.5 THz 

73 193.525 THz 153 195.525 THz 

74 193.55 THz 154 195.55 THz 

75 193.575 THz 155 195.575 THz 

76 193.6 THz 156 195.6 THz 

77 193.625 THz 157 195.625 THz 

78 193.65 THz 158 195.65 THz 

79 193.675 THz 159 195.675 THz 

80 193.7 THz 160 195.7 THz 

 

 


