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Abstract: 

Optical islands, the basic architectural elements of DISCUS core network, are 
sub-networks where all couple of nodes can be interconnected 
“transparently”, i.e. without optoelectronic regeneration. A careful 
architectural design of optical islands in terms of technology, topology and 
interconnections with other islands is of paramount importance for a cost and 
energy efficient core network. 

Optical islands are addressed in this deliverable with a special focus on 
photonic technologies performance and transmission constraints. This 
technology-oriented approach is mandatory at this stage of DISCUS project 
when the studies on traffic models and access network optimization are on-
going and therefore core network traffic estimations are not yet available. 

This deliverable first identifies a reference transmission and switching 
technology that fits with the requirements of core network services envisaged 
in deliverable D6.1; then it provides analyses and modelling of transmission 
performances that represent fundamental tools for network dimensioning 
and for optimization studies. The transmission reach calculated with this 
model is compared with the dimension of the larger European national 
backbones already studied in other projects and conclusions on the DISCUS 
transparency islands possible dimensions are derived. 

Finally, this deliverable provides some preliminary guidelines for DISCUS 
core network architectural design and shows an example of a Spanish core 
network that is a good model of the DISCUS one. 
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1 Introduction 

One of the main DISCUS goals is to define an end-to-end network architecture 
that surpasses the traditional network segmentation (access, metro-access, 
metro-core, and core), thus providing a cost and energy efficient scalable 
solution for ultra-broadband ubiquitous services. This architecture is based on 
just two segments: the long reach PON access network and the photonic core 
network. 

In photonic core networks, i.e. networks where both transmission and 
switching are based on photonic technologies, optical islands are sub-networks 
where all couple of nodes can be interconnected “transparently”, i.e. without 
optoelectronic regeneration. Since optoelectronic regeneration is one of the 
major sources of cost and power consumption in photonic core networks, the 
concept of optical islands is of paramount importance for a cost and energy 
efficient network design. 

The subject of this deliverable is the optical islands general architecture with a 
special focus on photonic technologies. 

The topic of optical island architecture is addressed here from the viewpoint of 
transmission technologies performance and constraints. This technology-based 
approach is mandatory at this stage of the project when the studies on traffic 
models and access network optimization are on-going and therefore traffic 
matrices and network models (the two major architectural inputs beside 
technology) are not yet available. 

Hence, this deliverable first endorses a reference transmission and switching 
technology that fits with the requirements of core network services envisaged in 
deliverable D6.1, and then it provides a deep analysis of transmission 
performances that represents a fundamental tool for network dimensioning and 
optimization studies. The transmission reach calculated with this model is 
compared with the dimension of the larger European national backbones already 
studied in other projects and conclusions on the DISCUS transparency islands 
possible dimension are derived. 

This deliverable provides also some preliminary guidelines for DISCUS core 
network architectural design and shows an example of a Spanish core network 
that is a good model of the DISCUS one. 

The deliverable is organized as follows. Chapter 2 presents an overview of 
coherent transmission technologies based on the concept of Nyquist DWDM. 
Chapter 3 shows a comparison between the estimated reach of such 
transmission systems and the network dimension of large European national 
backbones. Architectural drives for optical islands design are also derived. 
Chapter 4 describes a transmission degradation model applicable to Nyquist 
DWDM coherent systems without dispersion compensation that provides 
accurate maximum reach estimations and remarkably eases the design of optical 
islands. Chapter 5 shows transmission simulation results that validates the 
transmission technology choice and the related degradation model. Simulation 
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results of alternative technologies still under study for DISCUS applications are 
also presented. 
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2 Review of optical transmission and lambda 
switching reference technologies 

2.1 Coherent uncompensated transmission systems 

An important goal of a long-haul optical fibre system is to transmit the highest 
data throughput over the longest distance without signal regeneration. Given 
constraints on the bandwidth imposed by optical amplifiers and ultimately by 
the fibre itself, it is important to maximize spectral efficiency, measured in 
bit/s/Hz. But given constraints on signal power imposed by fibre nonlinearity, it 
is also important to maximize power efficiency or signal-to-noise ratio (SNR), i.e., 
to minimize the required average transmitted energy per bit. 

Most current systems use binary modulation formats, such as on-off keying 
(OOK) or differential phase-shift keying (DPSK), which encode one bit per 
symbol. Given practical constraints on filters for dense wavelength-division 
multiplexing (DWDM), these are able to achieve spectral efficiencies of 0.8 
bit/s/Hz per polarization. Spectral efficiency limits for various detection and 
modulation methods have been studied in the linear [1]-[3] and nonlinear 
regimes [4], [5]. Non-coherent detection and differentially coherent detection 
offer good power efficiency only at low spectral efficiency, because they limit the 
degrees of freedom available for encoding information [5]. The most promising 
detection technique for achieving high spectral efficiency while maximizing 
power (or SNR) efficiency is coherent detection with polarization multiplexing. 
In this case symbol decisions are made using the in-phase (I) and quadrature (Q) 
signals in the two field polarizations, allowing information to be encoded in all 
the available degrees of freedom.  

When the outputs of an opto-electronic down-converter are sampled at Nyquist 
rate, the digitized waveform retains full information of the electric field, which 
enables compensation of transmission impairments by digital signal processing 
(DSP). A DSP-based receiver is highly advantageous because adaptive loading 
algorithms (ALAs) can be used to compensate time-varying transmission 
impairments. Advanced forward error-correction (FEC) coding can also be 
implemented. Moreover, digitized signals can be delayed, split and amplified 
without degradation in signal quality. DSP-based receivers are ubiquitous in 
wireless and digital subscriber line (DSL) systems at lower data rates. In such 
systems, computationally intensive techniques have been demonstrated, such as 
orthogonal frequency-division multiplexing (OFDM) with multiple-input-
multiple-output (MIMO) transmission in a real-time 1 Gb/s wireless link [6].  

Continued hardware improvements will enable deployment of DSP-based 
coherent optical systems in the next few years. Experimental results in coherent 
optical communication are promising. Kikuchi demonstrated polarization-
multiplexed 4-ary quadrature-amplitude modulation (4-QAM) transmission at 
40 Gb/s with a channel bandwidth of 16 GHz (2.5 bit/s/Hz) [7]. This experiment 
used a high-speed sampling oscilloscope to record the output of a homodyne 
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down-converter. DSP was performed offline because of the unavailability of 
sufficiently fast processing hardware. The first demonstration of real-time 
coherent detection occurred in 2006, when an 800 Mb/s 4-QAM signal was 
coherently detected using a receiver with 5-bit analogue-to-digital converters 
(ADC) followed by a field programmable gate array (FPGA) [8]. In 2007, feed-
forward carrier recovery was demonstrated in real time for 4-QAM at 4.4 Gb/s 
[9]. Savory [10] showed the feasibility of digitally compensating the chromatic 
dispersion (CD) in 6,400 km of SMF without inline dispersion compensating fibre 
(DCF), with only 1.2 dB OSNR penalty at 42.8 Gb/s. Coherent detection of large 
QAM constellations has also been demonstrated. For example, 16-ary 
transmission at 40 Gb/s using an amplitude-phase-shift keying (APSK) format 
was shown by Sekine et al. [11]. In 2007, Hongo et al. demonstrated 64-QAM 
transmission over 150 km of dispersion-shifted fibre (DSF) [12]. 

In this Section we summarized the available coherent detection methods for 
uncompensated single-carrier and OFDM optical transmission systems.  

An important goal of a long-haul optical fibre system is to transmit the highest 
data throughput over the longest distance without signal regeneration. Given 
constraints on the bandwidth imposed by optical amplifiers and ultimately by 
the fibre itself, it is important to maximize spectral efficiency, measured in 
bit/s/Hz. But given constraints on signal power imposed by fibre nonlinearity, it 
is also important to maximize power efficiency or signal-to-noise ratio (SNR),  

Most current systems use binary modulation formats, such as on-off keying 
(OOK) or differential phase-shift keying (DPSK), which encode one bit per 
symbol. Given practical constraints on filters for dense WDM (DWDM), these are 
able to achieve spectral efficiencies of 0.8 bit/s/Hz per polarization. Spectral 
efficiency limits for various detection and modulation methods have been 
studied in the linear [1]-[3] and nonlinear regimes [4], [5]. Non-coherent 
detection and differentially coherent detection offer good power efficiency only 
at low spectral efficiency, because they limit the degrees of freedom available for 
encoding information [5]. The most promising detection technique for achieving 
high spectral efficiency while maximizing power (or SNR) efficiency is coherent 
detection with polarization multiplexing. In this case symbol decisions are made 
using the in-phase (I) and quadrature (Q) signals in the two field polarizations, 
allowing information to be encoded in all the available degrees of freedom.  

When the outputs of an opto-electronic down-converter are sampled at Nyquist 
rate, the digitized waveform retains full information of the electric field, which 
enables compensation of transmission impairments by digital signal processing 
(DSP). A DSP-based receiver is highly advantageous because adaptive loading 
algorithms (ALAs) can be used to compensate time-varying transmission 
impairments. Advanced forward error-correction (FEC) coding can also be 
implemented. Moreover, digitized signals can be delayed, split and amplified 
without degradation in signal quality. DSP-based receivers are ubiquitous in 
wireless and digital subscriber line (DSL) systems at lower data rates. In such 
systems, computationally intensive techniques have been demonstrated, such as 
OFDM with multiple-input-multiple-output (MIMO) transmission in a real-time 1 
Gb/s wireless link [6].  
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Continued hardware improvements will enable deployment of DSP-based 
coherent optical systems in the next few years. Experimental results in coherent 
optical communication are promising. Kikuchi demonstrated polarization-
multiplexed 4-ary quadrature-amplitude modulation (4-QAM) transmission at 
40 Gb/s with a channel bandwidth of 16 GHz (2.5 bit/s/Hz) [7]. This experiment 
used a high-speed sampling oscilloscope to record the output of a homodyne 
down-converter. DSP was performed offline because of the unavailability of 
sufficiently fast processing hardware. The first demonstration of real-time 
coherent detection occurred in 2006, when an 800 Mb/s 4-QAM signal was 
coherently detected using a receiver with 5-bit analogue-to-digital converters 
(ADC) followed by a field programmable gate array (FPGA) [8]. In 2007, feed-
forward carrier recovery was demonstrated in real time for 4-QAM at 4.4 Gb/s 
[9]. Savory [10] showed the feasibility of digitally compensating the chromatic 
dispersion (CD) in 6,400 km of SMF without inline dispersion compensating fibre 
(DCF), with only 1.2 dB OSNR penalty at 42.8 Gb/s. Coherent detection of large 
QAM constellations has also been demonstrated. For example, 16-ary 
transmission at 40 Gb/s using an amplitude-phase-shift keying (APSK) format 
was shown by Sekine et al. [11]. In 2007, Hongo et al. demonstrated 64-QAM 
transmission over 150 km of dispersion-shifted fibre (DSF) [12]. 

To understand in-depth the most valuable detection schemes in modern optical 
transmission systems i.e. the differentially coherent and classical coherent 
detection, technical descriptions are included of the aforementioned detection 
schemes in Annex I. 

2.1.1 Optical OFDM technology for Next Generation Core Networks 

The concept of OFDM, essentially identical to coded OFDM (COFDM) and 
discrete multi-tone modulation (DMT), is a FDM scheme utilized as a digital 
multi-carrier modulation (MCM) method. The basic idea of OFDM technology is 
quite simple [13], [14], [15], [16], [17]: the signal data are transmitted on a 
number of different frequencies via a large number of closely-spaced orthogonal 
data-carrying subcarriers, as depicted in Figure 1, and as a result the symbol 
period is much longer than that for a serial system with the same net data rate.  

The multiplexing process of the OFDM signal can be achieved digitally using fast 
Fourier transform (FFT) algorithms and as a result, the signals can be generated 
in a very computationally efficient way. The employment of the discrete Fourier 
transform (DFT) to replace the banks of sinusoidal generators and the 
demodulators was suggested by Weinstein and Ebert [18] in 1969, which 
significantly reduces the implementation complexity of OFDM modems.  
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Figure 1 Schematic diagram of OFDM technology using subcarriers 

OFDM is widely used in broadband wired and wireless communication systems 
because it is an effective solution to inter-symbol interference (ISI) caused by a 
dispersive channel.  The solution embraced from the introduction of the cyclic 
prefix (CP) in order to reduce the ISI problem and improve the performance 
robustness to the multipath propagation problem [19]. CP is a copy of the last 
fraction of each OFDM symbol which is added to the front of the symbol. If the CP 
is longer than the expected largest delay, the dispersion effect is localized within 
the CP region only. After removing the CP in the receiver, the received data can 
be recovered without interference between two adjacent different symbols. The 
aforementioned key aspects form the basis of most OFDM systems. 

OFDM began to be considered for practical wireless applications in the mid–
1980s. Cimini of Bell Labs [20] published analytical and seminal experimental 
results on the performance of OFDM modems in mobile communications 
channels.  

2.1.2 Optical OFDM (OOFDM) Generation 

For satisfying the rapidly increasing end-users’ data traffic, the concept of 
OFDM was entered into the optical domain introducing the optical OFDM 
(OOFDM). The reason for the popularity of the OOFDM technique in optical 
communications is that OOFDM has unique and inherent advantages including 
potential for providing a cost-effective technical solution by fully exploiting the 
rapid advances in modern DSP technologies and considerable reduction in 
optical network complexity owing to its great resistance to dispersion 
impairments and efficient utilization of channel spectral characteristics. Apart 
from the above-mentioned features, OOFDM is also capable of offering, in both 
the frequency and time domains, hybrid dynamic allocation of broad bandwidth 
among various end-users. Such ability significantly enhances not only the 
flexibility of optical networks but also their compatibility with existing optical 
networks, allowing transparent support for legacy services. This makes OOFDM 
a perfect candidate for the DISCUS project. 

Generally speaking, there are two variants of the OOFDM technique: coherent 
OOFDM [4], [6] and intensity-modulation/direct-detection (IM/DD) OFDM. In 
coherent OOFDM systems, the detection of OOFDM signals is carried out using 
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coherent mixing between the incoming signals and a local oscillator, in 
conjunction with sophisticated post-detection DSPs. Such detection can achieve, 
in theory, unlimited dispersion tolerance at high spectral efficiency, thus giving 
rise to a large rate distance product [12]. For achieving a specific transmission 
performance, coherent OOFDM also requires an OSNR as low as 19 dB for QPSK-
encoded OOFDM signals [4]. Coherent OOFDM also has great susceptibility to the 
PMD effect. Recently, 13.5 Tb/s (135×111 Gb/s) coherent OOFDM transmission 
over 6248 km SMFs with a spectral efficiency of 2 bit/s/Hz has been 
demonstrated experimentally, indicating its capability for next generation high-
speed ultra-long-haul transmission systems [4]. However, coherent OOFDM 
requires a low linewidth laser (<100 kHz [6]) as the local optical carrier at the 
receiver. In addition, coherent OOFDM signals are sensitive to phase noise and 
frequency offset effects. The requirements on narrow linewidth local oscillators, 
optical phase locked loops, and polarization controllers considerably complicate 
coherent OOFDM transceiver design. The expensive and bulky coherent OOFDM 
transceivers restrict the use of the coherent OOFDM technique in cost-sensitive 
networks: metropolitan area networks (MANs), local area networks (LANs), 
access networks and passive optical networks (PONs). 

In IM/DD OOFDM systems, OOFDM signals are usually transmitted with 
intensity modulation or linear field modulation then received with square-law 
detection. Due to direct detection, unwanted subcarrier inter-modulation 
products occur close to the DC component upon photo-detection [13]. The 
OOFDM signal spectrum can be allocated away from the unwanted inter-
modulation products by inserting a spectral guard band between the optical 
carrier and the OOFDM signal band. However, this reduces the spectral efficiency 
and significantly complicates the transceiver design. Simple direct-detection 
significantly reduces the system complexity with its tolerance to fibre dispersion 
still being maintained to some extent. IM/DD OOFDM has been considered as one 
of the promising alternatives to coherent OFDM, in particular for cost-sensitive 
access and metro applications [14]. 

2.2 Flexgrid switching nodes 

As the Internet traffic grows exponentially, more efficient utilization of optical 
network bandwidth is required for extremely high data rates. Because of flat-rate 
pricing models for customers, and the fact that traffic demands are steadily 
increasing in volume and bandwidth, network service providers face strong 
pressure to improve their networks whilst also having to reduce the cost per bit. 
The cost reduction in WDM systems is achieved by sharing optical components 
among WDM channels, for example by using in-line optical amplifiers and using 
common optical fibres for transport and dispersion management. The reduction 
of cost per bit is also achieved by increasing system reach, increasing aggregate 
WDM capacity, and increasing per-channel data rates. Service providers are 
therefore interested in implementing high bit rate channels such as 40 Gb/s and 
100 Gb/s. To transmit 100 Gb/s within the 50 GHz Rigidgrid DWDM, in principle 
it would be possible to use advanced modulation formats and photonic 
techniques. However for greater traffic speeds, such as 400 Gbit/s and 1 Tbit/s, 
the necessary spectral widths using standard modulation formats become too 
broad to fit into the 50 GHz grid. For preventing inter-channel crosstalk one 



  
 

FP7 – ICT – GA 318137 14 
DISCUS   

attempt could be to increase the width of the Rigidgrid from 50 GHz to 100 GHz. 
However, the disadvantage with using a wider grid would be that fewer 
wavelengths could be accommodated, and the low bit-rate channels would use 
up 100GHz each, thus wasting spectral bandwidth, and reducing utilization 
efficiency of spectrum resources. Another attempt would be to use higher 
spectral efficiency (SE) modulation formats such as QPSK. However this results 
in shorter optical reach because of increased OSNR requirements.  

Spectrum allocation in Flexgrid systems differs from DWDM channel 
assignment in that the channel width is not rigidly defined but can be tailored to 
actual width of transmitted signal. Using Flexgrid rather than Rigidgrid, optical 
networks can assign arbitrary channel bandwidths and modulation formats. 
Elastic Optical Paths (EOPs) are created enabling dynamic bandwidth variation 
functionality to dynamically expand or contract a channel bandwidth.  

In traditional DWDM systems, the optical spectrum in the C-band, consisting of 
about 4.4 THz, is divided into rigid 50 GHz spectrum slots. This forms the “ITU 
wavelength grid” (ITU-T spectrum grid (G.649.1)), where the centre frequencies 
of neighbouring channels have rigid spectrum slots of 50 GHz. Channel spacing of 
DWDM can support various grid sizes, such as 12.5 GHz, 25 GHz, 50 GHz, or 100 
GHz. The 50 GHz channel spacing is typically chosen for DWDM. ITU-T has 
recently revised the G.694.1 recommendation and included the definition of a 
flexible DWDM grid [1] (Flexgrid). There has also been some progress in IETF 
with Flexgrid extensions to signalling protocols [22]-[26]. Both ITU-T and IETF 
Flexgrid definitions are similar and are backward compatible with the fixed 
DWDM grid. 

  

Figure 2 (a) Rigidgrid, (b) Flexgrid 

Future optical networks should be able to provision super- and sub-wavelength 
channels. Some techniques that could provide sub- and super-wavelength traffic 
are optical packet switching (OPS) [27], optical burst switching, [28] waveband 
switching [28], and optical virtual concatenation (OVC) [29]. The advantage of 
Flexgrid over OPS is that it offers a coarser granularity than OPS, and can 
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therefore provide an intermediate technology to achieving OPS. The advantage of 
Flexgrid over OVC and Rigidgrid is that guardbands are not required for sub-
channels. Rigidgrid networking on the other hand maintains strict guardbands 
between optical paths and has a fixed bit-rate, optical reach, and spectrum.  

2.2.1 Advantages of Flexgrid 

Rigidgrid networks use inverse multiplexing to demultiplex high bit-rate 
demands to smaller ones that can fit into the Rigidgrid. However, inverse 
multiplexing uses up more spectrum than using contiguous EOPs. Therefore 
current Rigidgrid wavelength-routed optical networks suffer from stranded 
bandwidths and increased blocking probability. Flexgrid reduces network 
blocking by consolidating available network resources, enabling better network 
maintenance and enhanced QoS for a given spectral capacity. The main 
advantage of Flexgrid is that it can allocate spectrum resources elastically, 
according to traffic demands. Flexgrid has higher granularity, allowing closer fit 
to the allocated spectrum, and adaptive allocation of spectrum according to 
traffic variations.  

In Rigidgrid, for low channel line rates, the gaps between neighbouring 
wavebands become large, and therefore large amount of spectrum is wasted. 
Furthermore, to achieve high channel line rates, multiple wavelengths would be 
required.  

Flexgrid networks, on the other hand, allow adjacent channel spacing and 
variable spectral bandwidth per wavelength. Every node on an optical path 
allocates a cross-connection with appropriate spectrum bandwidth to create an 
appropriate-sized end-to-end optical path. The efficient use of network 
resources allows cost-effective provisioning of fractional bandwidth service. 
Flexgrid network therefore provide required-sized rather than fixed-sized 
optical bandwidths to end-to-end EOPs.  

2.2.2 Super-channels 

Flexgrid networks make use of super-channels to allow handling of large 
demands that could not be served by a single optical channel. Super-channels 
consist of multiple closely spaced channels that traverse the network in one unit, 
and can be demultiplexed at the receiver. In addition, multiple super-channels 
can themselves be virtually-concatenated for a single demand. 

For large traffic volumes, there is significant spectral efficiency advantage in 
using Flexgrid. For example, for a 300 km point-to-point link it has been 
estimated that the spectrum saving advantage could be as much as 150% for 1 
Tb/s, for a Flexgrid with 10 GHz channel guardbands compared with Rigidgrid 
with 50 GHz gridsize [30]. In this case, assuming DP-QPSK, Flexgrid would use up 
only 200GHz spectrum, whereas Fixedgrid would use up 500GHz. The efficiency 
benefits of Flexgrid would be even greater in a network environment than in a 
point-to-point link, because Rigidgrid uses multiple inversed multiplexed 
channels and consequently results in more optical path blockage. The benefits of 
Flexgrid become even greater as transmission techniques improve and channel 
bandwidths reduce. 
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2.2.3 Flexgrid Technologies  

Flexgrid systems technology is possible in the short term because the necessary 
technologies that have been developed for 100-Gb/s per-channel data rates are 
also applicable for constructing Flexgrid systems. For example, narrowband 
optical filtering technology available now enables wavelength multiplexing 
filters on a 50-GHz optical frequency grid. WDM channels with higher SE are 
being developed, as well as bandwidth-variable optical filter [31]. The close 
spacing of channels for >100 Gb/s can be achieved using coherent detection, i.e. 
Nyquist DWDM, or superchannels.  

The enabling technologies for Flexgrid networking involving elastic optical 
paths (EOPs) [36], and a flexible grid, and using an OOFDM transport system are: 

(i) Bandwidth-variable transceivers (BV-T) [33]-[34]: BV-Ts are used to 
generate EOPs that have adaptive and variable bit-rates or spectrums. 
Flexible BV-Ts can scale up to terahertz bandwidths 

(ii) Bandwidth-variable wavelength crossconnect (BV-WXC) [35]: A BV-WXC 
allows flexible spectrums to be switched. Rigidgrid WXCs on the other 
hand cannot switch large spectrum channels. 

 Wavelength selective switches (WSS): The WXCs make use of WSS to 
deliver different spectrums to different destinations.  

 Bandwidth variable WSS (BV-WSS) [32] and intelligent client devices 
allow network elements to adapt to actual traffic needs. Flexible 
WSS’s can multiplex and switch variable spectral bands. 

A Flexgrid architecture consists of BV-Ts at the network edge and BV-WXCs in 
the network core (see Figure 3).  

 

 

Figure 3 Flexgrid Architecture 
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In a Rigidgrid network, the ratio between the amount of FEC and payload is 
fixed. A Flexgrid network on the other hand is more adaptive, and enables 
greater reach when the required bandwidth is lower.  

Another advantage of Flexgrid is that EOPs that traverse concatenated WXCs 
are affected by excessive bandwidth narrowing that affects the quality of signal, 
and limits the reach.  

 For longer distances, BV-Ts can increase the spectrum allocation of EOPs 
to account for bandwidth narrowing, so that increased number of WXCs 
can be traversed.  

 For shorter distances, BV-Ts can adjust the EOP modulation format to 
occupy less optical spectrum because there are less impairments in 
shorter distances. 

2.3 Sliceable transponders functions and possible architecture 

In Rigidgrid DWDM networks, each wavelength is managed individually, and 
switched individually through WXCs, consuming the same amount of spectrum 
whether it is part of a larger demand or not, and appears as a separate entity to 
management systems. In addition, if the channels are low bit-rate, the large 
frequency spacing leads to fragments of optical bandwidth. 

In Flexgrid networks however, as we discuss below, the technology reduces the 
number of managed entities significantly. WXCs would then have to manage a 
small number of EOPs rather than numerous separate connections. 

For generating EOPs, it is necessary to have flexible variable parameters such as 
modulation format, data rate, number of subcarriers, and bandwidth occupancy.   

Most demands can be mapped to a single EOP. To construct EOPs that have 
variable bit rates we can use BV-Ts.  

2.3.1 BV-T Technologies 

For creating BV-Ts, two of the main technologies are Nyquist WDM and OOFDM. 
The Nyquist-WDM approach is based on WDM of almost rectangular spectrum 
sub-channels and a bandwidth close to the Nyquist limit for ISI-free transmission 
coinciding with the baud rate. The advantage of Nyquist is that it isn’t necessary 
to frequency-lock the WDM subcarriers. Therefore, independent laser diodes can 
be used. Nyquist-WDM minimizes spectral utilization of each channel and 
reduces spectral guardbands required between WDM channels. A sharp roll-off 
optical filter can be used to generate nearly rectangular spectra.  

A highly spectrally-efficient and bandwidth-variable superchannel transmitter 
can also be constructed using OOFDM. OOFDM format has high spectral 
efficiency due to partial overlapping of subcarriers and adaptive data rate 
modification that can be created by changing the number of subcarriers. 
Continuously bandwidth-variable WSS in WXC can increase the overall spectral 
efficiency of Flexgrid compared with Rigidgrid networks.  

OOFDM can provide fine-granularity capacity to connections by elastic 
allocation of subcarriers according to connection demands. The data is 
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transmitted over multiple orthogonal subcarriers packed closely together with a 
frequency spacing of the inverse symbol duration, equal to or slightly larger than 
the baud-rate. The advantages of OOFDM are that it can provide scalable and 
flexible sub- and super-wavelength granularity compared with Rigidgrid WDM 
networks. The low symbol rate of each subcarrier and coherent detection can 
overcome effects of physical impairments such as CD and PMD. The 
disadvantages of using OOFDM are that the sub-channels need to be frequency 
locked, and that OOFDM uses lower-bandwidth subcarriers that cause high peak-
to-average power ratios (PAPR) increasing susceptibility to nonlinear 
impairments.  

2.3.2 Small Bandwidth Demands-Sliceable BV-Ts 

BV-Ts can be software-defined with advanced flexible functionalities. BV-Ts can 
be reconfigured for transmission schemes using suitable selection of flexible 
parameters. A BV-T can be sliced into virtual transceivers each generating 
different EOPs and great capacity. The multiple flows can then be directed 
towards different nodes. Sliceable functionality BV-Ts is necessary otherwise it 
would be difficult to economically justify a high capacity BV-T in cases where 
only a fraction of the bandwidth is used for a small bandwidth EOP. The 
alternative would be to use electrical sub-wavelength grooming to make use of 
the remaining bandwidth, however this wouldn’t take advantage of the cost 
benefits of flexgrid because it introduces another layer.  

2.3.3 Large Bandwidth Demands-Superchannels 

If the demand is very large, requiring more than one BV-T, it can be satisfied by 
bundling multiple channels to form a single superchannel. The demand is then 
switched in WXCs as one EOP and managed in management systems as a single 
EOP. It is also possible to form wide bandwidths, e.g. terabit/s data rates by 
generating multiple low-bandwidth subcarriers using low-speed electronics at 
<40 Gbaud. These approaches reduce the number of managed entities 
significantly, and the WXCs would then have to deal with a small number of EOPs 
instead of numerous separate connections.  

When serving a larger demand, to avoid interfering with the operator network, 
the bundling can be performed at the client layer. Super-wavelengths are created 
using link aggregation, a packet networking technology standardized in IEEE 
802.3 that combines multiple physical ports/links in a switch/router into a 
single logical port/link enabling incremental growth of link speed as traffic 
demand increases beyond the limits of any one single port/link. A transport 
mechanism called Link Capacity Adjustment Scheme (LCAS), specified in ITU-T 
G.7042, or an IP layer mechanism called link bundling can be used. If this 
mechanism is used, changes in spectrum at the client device, the transmitter, and 
the optical switching device should be coordinated. OOFDM Flexgrid 
transponders can realize L1 link aggregation. 
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2.3.4 Physical construction 

Superchannel transceivers can be physically constructed by using Integrated 
device technologies that are compact, reliable, and cost effective. Possible 
solutions include indium phosphide-based monolithic photonic integrated 
circuits (PIC), silica-based planar lightwave circuit and LiNbO3 (PLC-LN) hybrid 
integration technology, and silicon photonics technology.  

WXCs can be constructed by interconnecting WSS devices and amplifiers. 
Rigidgrid WSS technologies have been specific to the ITU-T grid. The newer WSS 
technologies enable elastic WXCs by allowing switching of arbitrary spectrum 
slices (with 3.125-6.250 GHz steps). Technologies that can be used are optical 
MEMS, liquid crystals on silicon, and silica planar lightwave circuits.  

2.3.5 Routing and Spectrum Allocation 

In conventional wavelength-routed networks, the problem of calculating a route 
and wavelength for an optical channel is called the routing and wavelength 
assignment (RWA) problem. In the absence of wavelength conversion, RWA 
algorithms assume wavelength continuity, that is, the same wavelength is 
maintained along all the links in the path. 

In Flexgrid optical networks, adaptive spectral allocation introduces another 
constraint to wavelength-continuity in terms of available spectrum on each fiber 
link along the route.  

If RWA algorithms are to use EOPs, the wavelengths that are going to be 
provisioned are not going to be contiguous in the spectrum domain. This leads to 
spectral underutilization and potential high blocking probability. To select 
contiguous wavelengths, the RWA algorithms have to be modified accordingly. 

The routing and spectrum assignment (RSA)[30], [37]-[40] is a generalization 
of RWA. For example, connections that require capacity larger than one OOFDM 
subcarrier have to be assigned a number of contiguous subcarrier slots. This new 
capability in the wavelength domain leads to an additional spectral contiguous 
constraint. The wavelength continuity constraint of traditional WDM networks 
therefore becomes the spectrum continuity constraint. 

Flexgrid networks can dynamically allocate variable groups of fixed-size slots in 
multiples of 6.25 GHz or 12.5 GHz to each demand and optical path condition. 
This provides a finer grid granularity than Rigidgrid. Spectrums are constructed 
according to channel condition, transmission impairments and bit rate request. 
Different subcarriers are selected to support the proper modulation format with 
suitable power profile, trading robustness against spectral efficiency for rate and 
distance adaptive transmission, managed by the control plane.  

Each optical connection is allocated a channel. The size is calculated from 
requested bit-rate, modulation technique, fixed slice width, and guardband size. 
Instead of using multiple wavelength channels on the spectrum, the bandwidth 
of a channel can be made elastic to fit the amount of traffic demand. Once the 
requested frequency resources are allocated on each link belonging to the 
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routing path, the optical connection could carry single-carrier (e.g. QPSK, or 16-
QAM) or multicarrier (e.g. OOFDM) modulated signals.  

Defragmentation and Spectrum Re-allocation  

A challenge with flexgrid is that the spectrum becomes fragmented over time, 
similar to how a computer hard disk might become fragmented. ‘Fragmentation’ 
is when lightpaths are neither contiguous on the spectrum axis nor continuous in 
the fiber link direction. Fragmentation occurs because spectrum slices in a 
Flexgrid network change with time due to the dynamic bandwidth variation 
functionality of Flexgrid networking. In dynamic traffic scenarios, channel setup 
and teardown processes can also lead to fragmentation. The RSA algorithms 
should use spectrum continuity to avoid fragmentation of spectral resources into 
small non-contiguous spectral bands on fibre links.  

Spectral fragments are usually in the form of non-aligned stranded bandwidths, 
making allocation of later connection requests difficult, especially for multi-hop 
and/or large bandwidth demands. Spectral defragmentation can be achieved by 
reconfiguring the network so that the spectral fragments can be consolidated 
into contiguous blocks. Super-channels are formed to use up free spectrum 
between channels. During the defragmentation process the entire network needs 
to be examined simultaneously.  

The spectrum can be either periodically or on-demand reallocated to remove 
fragments of spectrum between EOPs and to redistribute them to allow for 
further growth. The periodical defragmentation has the goal of confining spectral 
usage to one side of the spectrum. Dynamic on-demand defragmentation is 
tailored adaptively to specific demands of importance and urgent incoming 
connections. Existing connections can be reconfigured by changing routes, 
assigning different spectrum at the transceivers, or converting wavelengths in 
the intermediate nodes.  

Figure 4 shows an example of spectrum defragmentation on a simple network 
consisting of 3 nodes and 3 links. In this case EOPs C1, C2, and C3 have already 
been allocated and utilization of their frequency slots is shown. When a new EOP 
connection request C4 arrives, and there is no room, we show in Figure 5 that C1 
and C2 can be moved to the left to allow C4 to be allocated. 

 

 

Figure 4: Example of spectrum defragmentation on a simple network consisting of 3 nodes and 

3 links. A spectrum width of 10 slots is assumed. EOPs C1, C2, and C3 have already been 

connected and utilization of the frequency slots is shown. 
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Figure 5: A new EOP connection request C4 arrives that wants to use link L1, and 3 spectrum 

slots cannot be served in Figure 3. Here connections C1 and C2 are reallocated to make 

sufficient room for C4.  

In summary, as network traffic load increases, how to utilize the bandwidth 
properly becomes an important consideration. The network operators want to 
optimize or maximize service capacity within limited spectral resources. They 
want to offer cost-effective and highly available connectivity services using time-
dependent bandwidth sharing, energy-efficient network operation, and 
restoration. Flexgrid supports different bandwidth requirements, by sizing the 
spectrum for each demand based on its bit-rate and transmission distance. By 
spacing channels closer together spectrum is freed up for other demands. 
Flexgrid networks are more spectrally efficient than Rigidgrid networks and 
result in adaptive networks with agile granularities of spectrum allocation in 
contrast with the Rigidgrid. Flexgrid can dynamically or periodically reconfigure 
the network to accommodate new incoming traffic. Flexgrid networks are 
scalable, allowing service providers to perform network upgrades without 
having to frequently overhaul the network. 
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3 Single transparency island core network 

The purpose of this section is to explain and motivate the concept of a core 
network composed by a single transparency island. Core network drivers and 
the resulting high level architecture as described in deliverable D2.1 are 
assumed as the background of this chapter. 

3.1 DISCUS core network as an evolution of European backbone 
networks 

At the time of project proposal, the DISCUS core network was envisaged as a 
photonic backbone segmented in transparency islands, i.e. network domains 
where all connections are provisioned transparently through DWDM line 
systems and ROADMs. Transparency islands are interconnected with each other 
in selected boundary nodes where optical channels are regenerated. This 
architecture is typically adopted in large backbone networks where a non-
negligible number of circuit paths is longer than the maximum transparent 
transmission distance of the selected transmission technology (referred to as 
“reach” in the following of this chapter). Transparency islands represent a 
possible way to cope with this problem. 

While progressing in the definition of DISCUS core network architecture and 
reference optical transmission technologies, it has emerged that: 

1. today’s coherent DWDM systems provide a plurality of modulation formats 
characterized by given spectral efficiencies and OSNR sensitivities (that in 
turn translate into a specific reach for every modulation format and fibre 
type); 

2. the reach of DP-BPSK modulation format is of the order of 2900 km for 
systems operating on G.652 fibres, while DP-QPSK and DP-16QAM have a 
reach of the order of 1400 and 600 km respectively (see Chapter 4); 

3. there is a trade-off between spectral efficiency and reach so that the higher 
the spectral efficiency the shorter the reach that the system can achieve; 

4. a tight channel spacing, very close to the Nyquist DWDM concept, is enabled 
by the new DWDM flexible grid standardized in ITU-T Recommendation 
G.694.1. This allows increasing spectral efficiency and therefore system 
capacity with modest impact on reach; 

5. even the larger European countries’ national backbones have diameters of 
2200 km and therefore they can be regarded as single transparency islands. 

The first four statements are discussed in details in chapter 4. The last 
statement is supported by studies performed by ICT STRONGEST project. 

ICT STRONGEST has developed very realistic backbone models based on real 
network infrastructure, tailored on the largest European countries: Germany, 
Great Britain, Italy and Spain. The main characteristics of such reference 
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networks are shown in Table 1, together with the main geographic and 
demographic data of each country [41]. 

Table 1 Main characteristics of optical backbones of Deutsche Telekom (DTAG), British 
Telecom (BT), Telecom Italia (TI) and Telefonica (TID). From ICT STRONGEST deliverable 

D21 

 

It is evident that the number of nodes of these networks is larger than the one 
foreseen in DISCUS (of the order of 100 for a country like Great Britain). 
Nevertheless, from the optical path length distribution of these backbones shown 
in Figure 6 we can derive a consistent estimation of the DISCUS core network 
diameter for large countries (the network diameter is defined as the maximum of 
the set of shortest path lengths between all couples of network nodes). 

 

Figure 6 Histogram of optical backbones path lengths of Deutsche Telekom (DTAG), 
British Telecom (BT), Telecom Italia (TI) and Telefonica (TID). From ICT STRONGEST 

deliverable D21 

We see that the longer network diameter is the one of Telecom Italia backbone 
(2205 km) followed by the one of British Telecom (1694). Spanish and German 
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backbones diameters are in the range 1000 – 1300 km. These relatively large 
network diameters of Italian and British backbones are probably due to the 
peculiar geography of the two countries whose shape is rather long and narrow 
compared to Germany and Spain. 

These network diameters do not coincide necessarily with the maximum length 
of light paths, that depends on the traffic pattern, but they represent an upper 
bound. 

From these data one can conclude that the DISCUS core network can be 
designed as a single transparency island even in large European countries. The 
only exception may be represented by the Italian backbone when considering the 
Telecom Italia present fibre infrastructure mainly composed by G.655 fibres. 
This special case will be addressed in deliverable D7.7: “Consolidated/integrated 
optical core Design”, when more data on core network topologies and traffic 
patterns will be available. 

The main benefits of this approach compared to multiple transparency islands 
are: 

 CAPEX, OPEX, and energy savings due to optoelectronic regenerators 
complete elimination; 

 Elimination of routing constraints for traffic crossing transparency island 
borders through predefined gateway nodes. 

3.2 Optical spectrum exploitation strategy 

The reference transmission technology selected for DISCUS core network is the 
so called Uncompensated Transmission (UT) Nyquist DWDM, i.e. DWDM systems 
without optical dispersion compensation devices and with channel spacing 
nominally equal to the symbol rate (in real systems a guard band between 
channels is always required). The main characteristics of such transmission 
technology have been already identified in deliverable D2.1 and are summarized 
below. 

 Symbol rate up to 32 Gbaud; 

 configurable modulation format: DP-BPSK, DP-QPSK, and DP-16QAM 
corresponding to 40, 100 and 200 Gbit/s per carrier (DP-8QAM 
corresponding to 150 Gbit/s may be considered as well); 

 digital to analog converters in the transmitter enabling electrical 
spectral shaping and channel spacing very close to the Nyquist limit; 

 soft decision FEC with coding gain higher than 10 dB. 

There are several reasons supporting this choice: first, most of these features 
have been available since the beginning of 2012 in the so called second 
generation coherent systems which is the state of the art of optical transmission 
today (some features like spectral shaping and configurable modulation format 
are enabled in today’s systems hardware but the software is still under 
development and therefore these features will become commercially available in 
the next few years). Second, when applied in a flexgrid DWDM scenario that 
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enables very tight channel spacing (e.g. 37.5 GHz), these systems allow 
increasing the transmission capacity of first generation coherent systems (100G 
optical channels on 50 GHz fixed grid) by 33% - 166% depending on the 
selection of modulation format and channel spacing. Finally, if the modulation 
format is appropriately selected in function of transmission distance, they 
approach the Shannon capacity limit for optical transmission systems. 

This last concept, widely treated in reference [42] for UT systems, is outlined in 
the following points: 

 as described in [42] and in chapter 4, in UT systems non-linear 
propagation effects can be modelled as an Additive White Gaussian Noise 
(AWGN) called Non Linear Interference (NLI) noise; 

 as a consequence, the total noise power at the receiver is the sum of NLI 
and optical amplification noise (the Amplified Spontaneous Emission 
(ASE) noise in case of Erbium Doped Fibre Amplifiers (EDFAs)); 

 NLI and ASE accumulates during signal propagation and therefore the 
Signal to Noise Ratio (SNR) at the receiver is a function of the propagation 
distance and can be calculated by the model shown in [47]; 

 Finally, the Shannon capacity limit formula can be used to calculate the 
capacity provided by each modulation format in function of transmission 
distance as shown in Figure 7. 

 

Figure 7 Capacity of three modulation formats in function of transmission distance for 
Nyquist DWDM uncompensated systems, from reference [42]. Solid curves: soft decision 

FEC. Dashed curved: hard decision FEC. Capacity in bits/symbol coincide with spectral 
efficiency in bits/s/Hz in the Nyquist DWDM limit. The acronyms PM (Polarization 

Multiplexed) and DP (dual Polarization) designate the same concept 
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In Figure 7 the y axis represents the system capacity in bit/symbol that in case 
of Nyquist DWDM coincide with the spectral efficiency i.e. the number of bit/s 
that can be transmitted in a unitary optical bandwidth. This latter parameter 
shows how efficiently the optical spectrum is used. 

The curves of Figure 7 were obtained with the following system parameters 
(reasonably realistic for terrestrial systems): EDFA amplification with 5 dB noise 
figure, G.652 fibre amplification sections with 100 km length, 125 channels at 32 
GBaud, channel spacing equal to symbol-rate, resulting in a total optical 
bandwidth of 4 THz. 

Figure 7 shows how the NLI and ASE noise accumulated during signal 
propagation impacts on system capacity. Each modulation format provides its 
maximum capacity up to a given distance where the capacity curve starts 
bending. This means that up to that threshold distance FEC codes can provide a 
virtually error free transmission with negligible capacity reduction with respect 
to the maximum. On the contrary, at transmission distances longer than this 
threshold, virtually error free transmission can still be achieved but at the 
expense of a large FEC overhead that in turn strongly reduces capacity. 

Figure 7 also shows that ideal Gaussian constellation always outperforms real 
square constellations as foreseen by Shannon’s theory. However when square 
constellation modulation formats are pushed to their limit, they approach the 
Shannon capacity limit. 

Aiming at the highest possible exploitation of the optical spectrum (i.e. pushing 
the spectral efficiency of each light path as close as possible to the Shannon 
limit), it is clear from Figure 7 that one should select, for each light path, the 
highest spectral efficiency modulation format compatible with the light path 
length. 

This criterion translates into the following simple rules: 

 use DP-64QAM for traffic demand distances shorter than 200 km (this 
modulation format is not considered in DISCUS for its dramatically short 
reach); 

 use DP-16QAM for traffic demand distances in the range 200 – 600 km; 

 use DP-QPSK for traffic demand distances in the range 600 – 3000 km; 

 use DP-BPSK for traffic demand distances in the range 3000 – 4400 km 
(the DP-BPSK curve is not shown in Figure 7, but the associated reach is 
calculated in chapter 4); 

The curves of Figure 7 have been calculated under precise assumptions on fibre 
type (i.e. attenuation, chromatic dispersion and non-linear coefficient) and 
optical amplifiers noise figure. When such parameters are changed, the 
transmission distance thresholds listed before change as well (fibre and 
amplifiers parameters are actually changed in DISCUS studies to more realistic 
values as shown in chapter 4). Moreover, spectral efficiencies in real systems are 
lower than that shown in Figure 7 because a guard band is always needed 
between each channel and its neighbours, and this reduces the actual spectral 
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efficiencies. Nevertheless, the spectral efficiency optimization concept keeps its 
validity. 

This criterion of maximizing spectral efficiency of all light paths is used in next 
paragraph to define optical channels and superchannels of DISCUS core network. 

3.3 Core network services and superchannel structure 

The DISCUS photonic layer network services have been identified in deliverable 
D6.1 as: 

 40 GE circuit connections; 

 100 GE circuit connections; 

 400 GE circuit connections. 

Even if 1 Tbit/s services are widely discussed in the research community, they 
have not been taken into account, at least at this stage, because today they are 
still far from standardized industrial products. 

Considering the expected capacity needs of the DISCUS core network, the most 
important of these services are 100 GE and 400 GE (40 GE being probably used 
mostly at the beginning of network deployment when bandwidth requirements 
are supposed relatively modest). 

The modulation formats available for carrying these circuits are: 

 DP-BPSK (approximate reach on G.652 fibres 2900 km); 

 DP-QPSK (approximate reach on G.652 fibres 1400 km); 

 DP-16QAM (approximate reach on G.652 fibres 600 km). 

Since we want to implement the maximum spectral efficiency principle 
explained in the previous paragraph, we should identify a set of Optical Channels 
(OCh, one optical carrier) and Superchannels (SCh, two or more optical carriers) 
that allows transporting 100 GE and 400 GE services with the maximum spectral 
efficiency over the range of distances typical for European backbones. 

The choice is straightforward and is shown in Table 2. 
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Table 2 Selections of modulation formats for each network service enabling spectral 
efficiency optimization and related OCh/SCh structure 

Network 
service 

G.652 reach 
Modulation

format 
Nyquist WDM 

spectral eff. 
OCh/SCh 

Number of 
37.5 GHz 

flexgrid slots 

40 GE 2900 km DP-BPSK 2 bit/s/Hz OCh 1 

100 GE 2900 km DP-BPSK 2 bit/s/Hz SCh dual carrier 2 

100 GE 1400 km DP-QPSK 4 bit/s/Hz OCh 1 

100 GE 600 km DP-16QAM 8 bit/s/Hz 
OCh (twin 

100GE client) 
1 

400 GE 1400 km DP-QPSK 4 bit/s/Hz SCh quad carrier 4 

400 GE 600 km DP-16QAM 8 bit/s/Hz SCh dual carrier 2 

The reach shown in Table 2 has been calculated using the model shown in 
chapter 4 and it depends of course on fibre type and system parameters. 
However, using the transmission degradation model of chapter 4 it is straight-
forward to calculate the system reach for different system parameters. 

The last column of Table 2 shows the number of 37.5 GHz optical slots that are 
needed to accommodate the OCh or SCh. It coincide with the number of optical 
carriers, as described in the next paragraph. 

In summary, we can use three kinds of single carrier OCh: 

 32 Gbaud DP-BPSK single carrier (40 GE) 

 32 Gbaud DP-QPSK single carrier (100 GE) 

 32 Gbaud DP-16QAM single carrier (2x100 GE) 

and three kinds of multi carrier SCh: 

 32 Gbaud DP-BPSK dual carrier (100 GE) 

 32 Gbaud DP-16QAM dual carrier (400 GE) 

 32 Gbaud DP-QPSK quadruple carrier (400 GE) 

3.4 Flexgrid spectrum configuration 

As in all photonic networks, also in the DISCUS core network the optical 
spectrum is segmented into slots fitting with all OCh and SCh foreseen to carry 
the planned network services. This segmentation is performed according to the 
OCh and SCh characteristics and to the most recent flexgrid standard, the ITU-T 
Recommendation G.694.1. This standard defines a flexible frequency grid based 
on a reference frequency of 193.1 THz and elementary slots of 12.5 GHz. The 
optical spectrum can be “sliced” into arbitrary portions provided that they are 
composed by an integer number of 12.5 GHz slots.  
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All OCh and SCh foreseen in DISCUS are made by optical signals modulated at 
32 Gbaud whose spectra are shaped at the transmitter, typically with a raised 
cosine shape. The characteristic parameter of a raised cosine spectrum is the 
roll-off factor  which in turn coincide with the excess bandwidth of the signal 
spectrum, i.e. the bandwidth occupied beyond the Nyquist bandwidth 1/2Rs , Rs 
being the baud rate. 

To avoid any spectrum overlap of neighbouring channels, i.e. any linear 
crosstalk between adjacent channels, one must reserve for each optical channel 
an excess bandwidth equal to Rs. While transmission experiments with  as 
small as 0,05 have been published [43], the minimum value for that can be 
implemented without major impacts on transmitter complexity is around 0.1 
[44] [45]. Therefore, the minimum channel spacing for raised cosine spectral 
shaped 32 Gbaud signals is 35.2 GHz. 

Laser central frequency tuning accuracy and drift must also be considered as 
factors limiting the minimum channels’ spacing. At present, DWDM lasers 
frequency accuracy and long term stability is ±2.5 GHz which implies a huge 
waste of bandwidth for densely packed Nyquist DWDM systems. In the near 
future, a ±1 GHz long term stability should be feasible with improvements of 
today’s laser technologies and this will lead to a 37.2 GHz minimum channel 
spacing. 

We can conclude that a 37.5 GHz frequency slot obtained with 3 adjacent 12.5 
GHz G.694.1 elementary slots is the minimum slot compatible with 32 Gbaud 
OChs. 

Based on the previous discussion it is straightforward to define the spectral 
slots required for DISCUS SChs: a 2 carriers SCh requires a 75 GHz slot (i.e. 6 
G.694.1 elementary slots), and a 4 carriers OCh requires a 150 GHz slot (i.e. 12 
G.694.1 elementary slots). 

Finally, the total number of 37.5 GHz slots in the amplification bandwidth of 
optical amplifiers is 120. This figure will be used for network dimensioning and 
planning when C band (1531-1570 nm) optical amplifiers are used. A larger 
channel number may be obtained with C+L optical amplifiers (1531-1611 nm) or 
with distributed Raman amplification with even wider bandwidth. These optical 
amplification options are for further study. 

This spectrum configuration is recommended for DISCUS core network 
dimensioning and optimization studies. Possible additional constraints on OChs 
and SChs allocation (i.e. the need of additional guard bands) originating from 
optical filters shapes will be investigated in future work. 

3.5 Core network architectural model 

The optical transmission technologies and network service that have been 
described in previous paragraphs are just two of the elements that define a 
network architecture. Other key architectural attributes are: 

1. the topological characteristics of the network physical graph (i.e. the 
graph of the optical cables); 
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2. the location of IP service platforms and servers (e.g. video servers, cloud 
servers, etc.) and the position of large hub nodes (e.g. Internet peering 
nodes, gateways towards other NGNs, etc.) that impact on traffic pattern; 

3. end user applications and the related traffic models that lead to 
estimations of the traffic matrix. 

The inputs required to define these architectural features are not yet available 
and will be developed in other deliverables. However, it is already possible to 
define some general architectural issues or requirements that will represent 
preliminary guidelines for designing DISCUS core network. 

The first general requirement is related to resilience and impact on network 
topology. It seems worthwhile that DISCUS core network will be able to recover 
double cable faults. As a consequence, the network will be meshed with all nodes 
at least degree 3, and a triple disjoint path must be available between all couples 
of nodes. 

The second general issue is the location of IP service platforms and hub nodes. 
The DISCUS node architecture described in deliverable D6.1 allow IP service 
platforms and hub nodes to be housed potentially in all DISCUS Metro Core (MC) 
nodes. This ensures the maximum flexibility in the stage of network optimization 
and design, but this doesn’t mean that distributing these functions in all MC 
nodes leads to an optimized network design. For instance, in today’s national 
backbones there are a few Internet peering points, typically 1 or 2, and all 
Internet traffic is conveyed from all core nodes to these hubs. However, a more 
distributed architecture of Internet peering points may provide higher resilience 
and lower transmission cost and can be studied as an alternative to today’s 
approach. The same consideration applies to IP service platforms. 

Regarding end users application and traffic models the work is still on-going in 
Work package 2. 

Even if some inputs are still missing to design a stable DISCUS core architecture, 
a preliminary idea of how this network looks like can be derived from the studies 
of previous projects. In STRONGEST deliverable D21, the network graph of a 
Spanish photonic backbone has been identified as shown in Figure 8.  
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Figure 8 Network topology study of Spanish backbone from ICT STRONGEST deliverable 
D21. Neglecting the partition into regional networks, this network proposal may 

represent a preliminary model for the DISCUS core network 

Even if the network was not designed considering a long reach PON as access 
technology, it has 150 nodes, a number very close to the DISCUS target for large 
European countries. The network is meshed and all nodes are degree 3 or more. 
The network is segmented into 5 regional networks that are interconnected with 
each other by a national backbone not shown in the figure. Neglecting this 
segmentation, which is not needed in DISCUS, and considering a unique meshed 
backbone, the network shown in Figure 8 can be considered a preliminary model 
of the DISCUS core network. 
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4 Optical transmission degradation model 

One of the most important tools required for designing a transparent photonic 
network is an optical transmission design instrument able to evaluate the 
transmission degradation experienced by all light pats and to assess their 
viability according to the optical transparency paradigm (i.e. the absence of any 
optoelectronic regenerator). In the DISCUS core network, the optical 
transmission design tool is also devoted to the implementation of the spectrum 
usage optimization strategy described in paragraph 3.2, i.e. using for each light 
path the modulation format with the maximum spectral efficiency compatible 
with the light pat length. 

While there are no simple analytical design tools for DWDM systems with 
optical dispersion compensation (that typically need time consuming optical 
field propagation tools), Uncompensated Transmission (UT) systems can be 
effectively modelled with relatively simple analytical formulas, thus making 
network design much more quick and simple compared to compensated systems. 

This Chapter presents the summary of a transmission degradation model 
already published in the literature, that applies to DWDM transmission systems 
encompassing phase modulated, coherent detection Optical Channels (OChs) 
with polarization multiplexing. The basic concepts and terminology of this class 
of systems can be found for instance in [46]. 

In the last paragraph, practical network design formulas are shown and first 
results on various modulation formats reach performance are presented. 

4.1 Transmission degradation model for uncompensated coherent 
systems 

The degradation model presented in this paragraph allows calculating the 
equivalent Optical Signal-to-Noise Ratio (OSNReq) of an OCh at link end, and the 
optimum launch power that makes it maximum, once the characteristics of 
optical fibres and DWDM system are known. In calculating OSNReq the noise 
contribution of optical amplifiers’ Amplified Spontaneous Emission (ASE) is 
considered as well as the noise generated by fibre non-linear propagation effects. 
OSNReq is calculated using approximated but very accurate analytical formulas, 
and it represents the fundamental element of transmission system design. 

The transmission degradation model applies to DWDM systems equipped with 
coherent detection OChs and operating, in all amplification sections, in 
uncompensated chromatic dispersion regime (the so called Uncompensated 
Transmission (UT)). The model applies namely to systems operating on all 
optical fibres currently used in long-distance networks except G.653 fibres (that 
are used very seldom indeed), and requires that no fibres or other devices for 
chromatic dispersion compensation are used. This constraint makes it unsuitable 
for networks where coherent detection OChs coexist with intensity modulation 
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direct detection OChs which require necessarily chromatic dispersion 
compensation. The model is fully described in [47], [48], and [49]. 

The model is based on the following fundamental assumptions. 

1. The electromagnetic field of a single OCh assumes a Gaussian statistics 
after some tens kilometres of propagation due to chromatic dispersion. 

2. The non-linear degradation of each channel can be modelled by an 
additive Gaussian noise, called Non Linear Interference (NLI) noise, 
uncorrelated with respect to both OCh signal and optical amplifiers ASE 
noise. 

3. The level of additive non-linear noise is small compared to the signal, and 
then it can be evaluated by applying the perturbative method to the 
propagation of the electromagnetic field. 

The first assumption is the direct result of the chromatic dispersion 
accumulated by the signal and not optically compensated in the propagation. 
When the transmitted signal has accumulated a sufficient amount of chromatic 
dispersion, the electric field is the sum of tens or hundreds of independent 
random contributions (i.e. the electric field of adjacent symbols that have spread 
outside their own time slots), and then assumes a Gaussian statistics. This 
assumption is easily verified by means of numerical simulations [48]. 

Figure 9 shows the Gaussian trend of the probability density function of one 
electric field component of a 32 Gbaud optical signal that has propagated in the 
linear regime through 500 km of G.652 optical fibre. 

 

Figure 9 Gaussian trend the probability density function of a component of the electric 
field of a 32 Gbaud PM-QPSK signal that has propagated through 500 km of G.652 fibre in 
linear regime  [48]. X axis is the electric field component (I or Q), y axis is the probability 
density. Red bins are the histogram of the calculated I or Q values and dashed curve is a 

Gaussian 

The second assumption, which forms the core of the model, finds its 
justification in the experiments of  Vacondio et al. [51], in which the Gaussian 
statistics of the NLI electric field at the receiver has been verified for the DP-
QPSK modulation format on transmission distances of 1500 km and with launch 
power ranging from - 3 to +3 dBm, which covers both linear and non-linear 
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transmission regimes. The NLI noise Gaussian statistic was verified by 
simulations for the other modulation formats of interest [48], [50]. 

Figure 10 shows the Gaussian trend of the electric field probability density 
function of the NLI noise obtained by numerical simulations and experiments. 

 

a)  

 

b) 

Figure 10 Non-linear noise probability density function Gaussian trend: a) numerical 
simulation [50], b) experimental measurement [51] 

In addition, numerical simulations indicate that the NLI noise power is 
proportional to the cube of the transmitted power per channel. 

The third assumption is based on the fact that the NLI noise power level is much 
lower than that of the signal in all conditions of interest, as we will show later. 
Consequently, in a DWDM transmission system with several amplification 
sections, NLI noise propagates in the linear regime in all amplification sections 
subsequent to the one where it is generated, and there it does not influence the 
generation of additional NLI noise. This concept is illustrated graphically in 
Figure 11, and will be used for calculating the total noise when the transmission 
system includes more than one amplification section. 
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Figure 11 Illustration of the perturbative approach used in the model: the NLI noise 
components that are generated in the different sections of the system are propagated in 
the linear regime until the end of the link without contributing to the generation of non-

linear noise in subsequent sections 

The model main formulas and some of their derivation details are shown in 
Annex II. 

4.2 Systems design criteria and formulas 

In this paragraph practical design formulas and reach tables are derived 
considering realistic system performance that are expected from second 
generation coherent systems. 

The first step to estimate reach with the transmission degradation model is to 
derive the OSNR sensitivity of configurable coherent receivers using the three 
modulation formats envisaged in paragraph 3.3. DP-64QAM is considered as well 
just for completeness. 

The Bit Error Rate (BER) in function of Signal to Noise Ratio (SNR) can be 
analytically calculated using information theory under the assumptions of square 
constellations and channel affected by AWGN noise (that is the case of 
uncompensated transmission). Results are shown in [48] and summarized 
below: 

DP-BPSK:  SNRerfcBER
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DP-64QAM: 
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where erfc() is the complementary error function and SNR is the per symbol 
signal to noise ratio. The SNR is proportional to the OSNR [48]: 

OSNR
R

B
SNR

S

n         (2) 

where Bn and RS are the optical noise bandwidth and baud rate respectively. 

To assess the OSNR sensitivity we must now select a FEC code and the natural 
choice is a soft decision FEC able to produce a virtually error free output signal 
starting from a 10-2 input signal BER, which is the state of the art FEC used in 
latest generation coherent systems. Substituting this maximum input BER value 
in Equation  (1) using Equation (2) and inverting the erfc() function one 
obtains the receivers OSNR sensitivities shown in Table 3. 

Table 3 – SNR and OSNR sensitivities for 32 Gbaud coherent receivers (input BER=10-2) 

Modulation 
format 

SNR 
(linear) 

OSNR0.1 nm 
[dB] 

DP-BPSK 2,71 8,41 
DP-QPSK 5,41 11,42 
DP-16QAM 24,56 17,98 
DP-64QAM 94,09 23,82 

Sensitivities of Table 3 are ideal values, but in real receivers it is worthwhile 
considering an implementation penalty on OSNR sensitivities that originates 
from HW and SW limitations. An estimation of implementation penalty and 
related realistic sensitivities for each modulation format is shown in Table 4. 

Table 4 –Estimation of implementation penalties and realistic OSNR sensitivities for 32 
Gbaud coherent receivers (input BER=10-2) 

Modulation 
format 

SNR 
(linear) 

OSNR0.1 nm 
[dB] 

Implementation 
Penalty [dB] 

Actual OSNR 
sensitivity [dB] 

DP-BPSK 2,71 8,41 1,0 9,41 

DP-QPSK 5,41 11,42 1,0 12,42 
DP-16QAM 24,56 17,98 1,5 19,48 

DP-64QAM 94,09 23,82 2,0 25,82 

Implementation penalties shown in Table 4 for DP-BPSK and DP-QPSK fit very 
well with latest generation system performance. On the contrary, 
implementation penalties for DP-16QAM and DP-64QAM are just estimations 
based on the hypothesis that the higher the constellation cardinality, the higher 
the implementation penalty. 

An accurate link design requires that three additional transmission 
degradations effects are taken into account: 

1. power equalization errors that reflects in OSNR unbalancing between OCh 
in a DWDM comb; 

2. Polarization Dependent Loss and Gain (PDL/PDG) of optical components 
and amplifiers that creates OSNR unbalancing; 
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3. cumulative filtering effects due to flexgrid ROADM. 

In ROADM systems with power levelling functions, automatic power 
equalization is performed to counteract the first effect. Still, a fixed OSNR penalty 
due to power measurement uncertainty remains and can be estimated as 1 dB 
with today’s technologies. 

Polarization Dependent Loss and Gain effects on transmission systems have 
been the subject of many papers in the last ten years. However a comprehensive 
study of PDL/PDG effects in coherent systems have become available only 
recently [52], [53]. Zamani and Zhang [53] show that PDL/PDG induced penalty 
can be relatively small in dual polarization coherent systems provided that 
Polarization-Time (PT) codes are used. Based on these results, and assuming that 
PT codes are implemented in DISCUS coherent systems, we adopt the following 
approach: 

 adding a 0,2 dB OSNR margin for DP-16QAM and DP-64QAM modulation 
formats whose reach is shorter than 7 amplification sections and 
therefore may be affected just by limited PDL/PDG (<2 dB); 

 adding a 0,5 dB OSNR margin for DP-BPSK and DP-QPSK modulation 
formats whose reach is up to 33 amplification sections and therefore may 
be affected by medium PDL/PDG (<4 dB). 

Cumulative filtering effects in flexgrid ROADM require further studies. For the 
time being a tentative estimation of the related penalty is: 

 0,5 dB OSNR penalty for DP-16QAM and DP-64QAM modulation formats 
(due to their shorter reach they are expected to pass through a limited 
number of ROADMs); 

 1 dB OSNR penalty for DP-BPSK and DP-QPSK modulation formats (due to 
their long reach they are expected to pass through a significant number of 
ROADMs); 

These cumulative filtering design criteria will be revised when data on flexgrid 
filters shape will be available. 

Table 5 summarizes the three margins discussed before and provides the 
receiver OSNR sensitivities used for reach estimations. 

Table 5 –Summary of OSNR sensitivities for 32 Gbaud coherent receivers considering 
power equalization PDL/PDG and margins (input BER=10-2) 

Modulation 
format 

Rx OSNR 
sensitivity 

w/o margin 
[dB] 

Power 
equalization 
margin [dB] 

PDL/PDG 
margin [dB] 

Cumulative 
filtering 

margin [dB] 

Rx OSNR 
sensitivity with 

margin [dB] 

DP-BPSK 9,41 1 0,2 0,5 11,11 

DP-QPSK 12,42 1 0,2 0,5 14,12 

DP-16QAM 19,48 1 0,5 1 21,98 

DP-64QAM 25,82 1 0,5 1 28,32 

The second step to estimate reach is to select either the incoherent or the 
coherent NLI noise accumulation model. As described in Annex II, the best 
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accordance between numerical simulations and NLI noise models has been 
obtained with the incoherent one and therefore it is used in this paragraph. 

According to this model, the maximum number of amplification sections in 
function of the required OSNReq is easily derived from Equation  (19): 
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where the OSNReq,req is the one of the last column of Table 5, and int denotes the 
integer part. 

System parameters are selected as shown in Table 6. 

Table 6 –System parameters for reach calculations 

System parameter Value Unit 

Span loss dB 25,00 [dB] 

Span length 90 [km] 

Power loss coefficient 0,23 [dB/km] 

Asymptotic effective length 18,88 [km] 

Effective length 18,72 [km] 

 
Non-linear coefficient  

G.652 G.655  
[1/(W*km)] 1,3 1,5 

Chromatic dispersion coefficient 17 3,8 [ps/nm/km] 

Channel bandwidth 3,30E+10 [Hz] 

Channel spacing 3,75E+10 [Hz] 

Number of channels 120  

Amplifiers' noise figure 6 [dB] 

The 90 km span length is a conservative estimation of the maximum span 
length of most terrestrial systems. Fibre total attenuation is 90x0,23=20,7 dB 
and 4.3 dB has been added accounting for termination loss (2x0.5 dB) and cable 
margin (3.3 dB). This yields a 25 dB span loss. Fibre parameters are typical 
attributes of G.652 and G.655 (large effective area type) fibres and channel 
spacing and numbers are the ones envisaged in paragraph 3.3. 

The reach for G.652 and G.655 fibres is shown in Table 7 and Table 8 

respectively. 

Table 7 –System reach on G.652 fibres 

Format 
OSNRreq 

[dB] 
Ptx,opt 

[mW] 
Ptx,opt 

[dBm] 
Nspan 
max 

Reach 
[km] 

Spectral 
efficiency 

DP-BPSK 9,41 1,292 1,11 33,10 2970 1,33 
DP-QPSK 12,92 1,292 1,11 16,55 1440 2,67 
DP-16QAM 19,98 1,292 1,11 2,71 180 5,33 
DP-16QAM 28,32 1,292 1,11 0,63 57 (*) 10,67 

(*) reach is calculated considering the argument of the integer part function in Equation  

 (3) 
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Table 8 –System reach on G.655 fibres 

Format 
OSNRreq 

[dB] 
Ptx,opt 

[mW] 
Ptx,opt 

[dBm] 
Nspan 
max 

Reach 
[km] 

Spectral 
efficiency 

DP-BPSK 11,11 0,753 -1,23 19,30 1710 1,33 
DP-QPSK 14,92 0,753 -1,23 8,03 720 2,67 
DP-16QAM 21,98 0,753 -1,23 1,58 90 5,33 
DP-64QAM 28,32 0,753 -1,23 0,37 33 (*) 10,67 

(*) reach is calculated considering the argument of the integer part function in Equation  

 (3) 

It is worthwhile observing that, since the transmission degradation model 
overestimates the NLI noise when the number of amplification sections is lower 
than 10, the actual reach of DP-16QAM and DP-64QAM is longer than the one 
shown in Table 7and Table 8. 

 From laboratory experiments we estimate the reach of DP-16QAM as 
approximately 600 km of G.652 fibre. 

More accurate reach calculations for these two modulation formats will be 
provided as soon as an improved version of the model will be available. 

Longer reach can be achieved if amplification sections are shorter or Raman 
amplification is used. 
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5 Performance assessment of OFDM and single carrier 
QPSK systems 

5.1 67 Gb/s Coherent Optical OFDM (CO-OFDM) using 16-QAM 

Coherent optical OFDM is an effective technique to eliminate virtually all inter-
symbol interference (ISI) caused by CD and polarization-mode dispersion (PMD) 
[54]. CO-OFDM is preferred to direct-detected optical (DDO)-OFDM [55], [56] 
due to its superior performance resulting being an excellent candidate for long-
haul transmission systems. In addition, the sensitivity of CO-OFDM is superior to 
that of DDO-OFDM. 

The developed CO-OFDM transceiver as well as the optical transmission was 
implemented in a Matlab/VPI-transmission-Maker co-simulated environment. It 
should be noted that an ideal CO-OFDM transceiver is considered here. The 
digital-to-analogue/analogue (DAC/ADC) clipping ratio and quantization have 
been taken into account and set to 13 dB and 10-bits, respectively, which has no 
impact on the performance of OFDM signals for subcarrier numbers larger than 
32 [57]. Similar observations occur when no DAC/ADC clipping ratio and 
quantization bits are considered [58]. The generated pseudo-binary random 
sequence (PRBS) counts 338,000 bits sent over 1000 symbols by using 256 
OFDM subcarriers. Ten noise trials are considered hereafter and an average BER 
is calculated. The transmission-link diagram for the generated CO-OFDM is 
depicted in Figure 12, following transceiver procedures similar to [58] for single-
band transmission.  

 

Figure 12 CO-OFDM transmission-link diagram for long-haul applications. 

For the CO-OFDM configuration, a cyclic prefix (CP) of 10% was inserted to 
virtually compensate all residual CD, thus resulting to no inter-symbol 
interference (ISI) and single polarization was considered. The sampling rate of 
the DACs/ADCs was taken at 20 GS/s. For the in-line optical amplification, an 
Erbium-doped fibre amplifier (EDFA) was adopted having 20 dB gain and 5 dB 
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noise figure. It should be mentioned that the extinction ratio (ER) of the Mach-
Zehnder modulator (MZM) is 25 dB. The fibre nonlinear Kerr parameter, CD and 

fibre loss are 1.1 16 ps/nm/km and 0.2 dB/km, respectively. The 
operating wavelength was set at 1550 nm. The resulted signal bit rate using 16-
QAM was 67 Gb/s. In Figure 13, the BER versus the transmission distance is 
depicted for up to 2000 km as well as the received 16-QAM constellation 
diagrams at 1100 km and 1500 km with BERs of 1.7×10-3 and 8×10-3, 
respectively. It is shown that, for a target BER of 1×10-3, 1000 km of 16-QAM CO-
OFDM transmission is feasible. 

 

Figure 13 BER vs. transmission distance of CO-OFDM using 16-QAM at 67 Gb/s. Inset: 
Constellation diagrams at 1100 km and 1500 km 

5.2 100 Gb/s DP MB-OFDM vs. Single-Carrier DP QPSK. 

Coherent (DP) QPSK is today the industrial solution for 100 Gb/s long-haul 
transport [59]. Coherent DP multiband-OFDM (DP MB-OFDM) is a very 
interesting candidate for WDM transmission at 400 Gb/s and 1 Tb/s [60]. In 
contrast to single-band OFDM, the employment of MB-OFDM significantly 
reduces the required DACs/ADCs bandwidth at comparable computational 
complexity [61]. Furthermore, the confined and narrow spectrum of MB-OFDM 
makes it an ideal candidate for networks with many reconfigurable optical add-
drop multiplexers (ROADMs). Another main advantage of MB-OFDM is its 
capability to optically switch at the sub-wavelength granularities thanks to the 
multiband structure [62]. However, doubt still exists if the capacity of OFDM is as 
efficient as QPSK for long-haul WDM transmission, due to fibre nonlinearities. 
The work on this section is based on DP MB-OFDM over uncompensated links 
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using four sub-bands (four sub-bands on the X-axis and four on the Y-axis), 
where each one supports 25 Gb/s data rate (12.5 Gb/s per polarization sub-
band) as shown in Figure 14. Here, it is numerically demonstrated using a co-
simulated Matlab/VPI environment (Matlab coding: DSP processing, VPI 
transmission-maker: optical components and SSMF) the transmission 
performance of 100 Gb/s DP MB-OFDM for long-haul transmission distances and 
DCF-free G.652 fibre line under different transceiver conditions. 

            

Figure 14 (Left) Schematic diagram of DP-multiplexed OFDM sub-bands at required data 
rate – 12.5 Gb/s per sub-band/polarization; (Right) Optical spectra: OFDM sub-band 

generation 

For all the simulation results presented in this section, the OFDM transceivers 
are similarly designed to those described in [58].  

The digital transmission-link diagram for the adopted MB CO-OFDM system is 
depicted in Figure 15: In the transmitters, binary data sequences are encoded 
serially by using QPSK as a signal modulation format. A serial-to-parallel 
converter truncates the encoded data to subcarriers. An inverse fast Fourier 
transform (IFFT) is then applied to the subcarriers. The symbols are serialized to 
form a signal sequence, to which signal clipping is applied for the purpose of 
limiting the OFDM signal power. In the digital transmitter output DACs are 
employed to convert the digital data sequences into analogue signal waveforms, 
and at the final stag band-pass filtering (BPF) is employed to combine the four 
OFDM sub-bands. In the receiver, the OFDM sub-bands are de-multiplexed using 
ideal rectangular filtering. Afterwards, the signals encounter the inverse of that 
described in the transmitters. It should be noted that, in simulations, ideal 
electrical MB CO-OFDM transceivers are considered. Nevertheless, the phase-
noise and frequency offset have been both included. 

 
Figure 15 Block diagram of a DP OFDM transmitter and receiver, with S/P = serial-to-

parallel, P/S = parallel-to-serial, CP = cyclic prefix, TS = training symbol, and Sync = OFDM 
symbol synchronization 
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The nominal data rate of 100 Gb/s, increased up to 124.4 Gb/s after including 
the 7% overhead required for FEC, the 7.03% for CP, the 6% for training symbols 
and the 2.3% for pilot tones, is split between four polarization-multiplexed 
OFDM sub-bands. The PBRS is 219 using 1000 symbols for the 256 subcarriers 
per sub-band (169 are the data subcarriers and the rest 87 are the zero padded 
subcarriers carrying no information). Ten noise trials for each band are 
considered and an average BER is calculated for the four sub-bands. Each sub-
band carries 31.1 Gb/s in a bandwidth of ~8 GHz, while the sub-band spacing is 
10 GHz. The "off-line" digital signal processing (DSP) is then performed with four 
basic steps: synchronization according to the algorithm developed by Minn & 
Bhargava [63], which also permits to compensate a frequency offset in the range 
of ± 2∆f (∆f being the sub-carrier spacing); compensation of the remaining part 
of the frequency offset by determining the frequency shift that the last filled 
OFDM subcarrier experiences [64]; separation of the two polarization 
components thanks to the zero-forcing (ZF) MIMO equalizer [65]; and finally 
compensation of the common phase noise generated by the external cavity laser 
(ECLs) thanks to the method of the pilot subcarriers described in [65]. In the 
single-carrier DP QPSK case, the "off-line" DSP is based on blind equalization, and 
more particularly on the constant modulus algorithm (CMA) which carries out 
polarization separation and residual CD compensation [66]. Frequency offset 
compensation and carrier phase estimation is done by the methods described in 
[67]. To avoid cycle slips, the detection is differential. In Table 9, the OFDM 
transceiver parameters are presented which are used as baseline for the next 
sections.  

Table 9 OFDM parameters 

 

In Figure 16 the DP MB-OFDM and DP QPSK, DCF-free-based transmission-link 
diagram is depicted containing in the middle of the transmission line a dynamic 
gain equalizer (DGE) in order to flatten the multiplex power after 1000 km. At 
the receiver side, the 100 Gb/s DP MB-OFDM or DP-QPSK signals are detected by 



  
 

FP7 – ICT – GA 318137 44 
DISCUS   

a polarization diversity coherent receiver using a ~100 kHz bandwidth ECL as 
LO. 

 

Figure 16 DP MB-OFDM and DP QPSK, DCF-free transmission-link diagram 

The DP MB-OFDM constituting of the four OFDM sub-bands has a center 
frequency at 1552.93 nm for 100 Gb/s transmission, and the 100 Gb/s DP QPSK 
single-carrier signal at 1548.11 nm. Figure 17 summarizes the results: DP MB-
OFDM and DP QPSK are depicted by plotting the BER as a function of the 
received OSNR measured in 0.5 nm. Indeed, a variation of the span input power 
results in an almost equivalent variation of the OSNR measured at the receiver 
side. By superimposing the sensitivity curves measured in back-to-back (B2B), 
the evaluation of the penalty engendered by the 1000 km transmission at a given 
BER can be easily inferred from Figure 17. It is revealed that over 1000 km of 

transmission, DP QPSK is slightly better (BER ~  at dBm) 

than DP MB-OFDM (BER ~  at 0 dBm). At the optimum span 
input power, the transmission OSNR penalties are very similar and equal to ~2.2 
dB for DP QPSK and ~2 dB for DP MB-OFDM. Note that any algorithm for fibre 
nonlinearities compensation or limitation has not been implemented here and 
will be reported in other WPs by utilizing Volterra-based nonlinear equalizer 
[68]. 

 

Figure 17 Performance comparison of 100 Gb/s DP MB-OFDM and DP QPSK for 1000 km 

transmission and back-to-back (B2B) cases: BER vs. received  
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It should be mentioned also, that, experimental measurements with similar 
transceiver parameters [64] match with numerical investigation confirming the 
validity of the developed numerical model.  

5.2.1 Exploration of Transmission Distance 

The transmission performance of the developed 100 Gb/s DP MB-OFDM system 
was also explored numerically for various transmission distances: from 1000 km 
and up to 2000 km. In Figure 18, the BER as a function of the span input power 
for these various transmission distances is depicted. It is shown firstly, that, 
increasing the transmission distance results in a larger accumulation of ASE 
noise and nonlinearities, degrading subsequently the BER. Secondly, it is 
revealed that transmission of 100 Gb/s DP MB-OFDM over 2000 km is error-free 

as the BER of 1× is just equal to the FEC limit. 

 

Figure 18 Transmission performance comparisons of 100 Gb/s DP MB-OFDM over 
different transmission distances: BER vs. span input power 

5.2.2 Inter-band Nonlinear Crosstalk Reduction by Increasing Sub-band Spacing 

One simple method to reduce the inter-band nonlinear crosstalk of the DP MB-
OFDM system consists in increasing the sub-band spacing. In Figure 19, the 
impact of sub-band spacing in the 100 Gb/s DP MB-OFDM transmission (using 
previous configuration) is numerically investigated. The sub-band spacing of the 
DP MB-OFDM is increased from 10 GHz up to 25 GHz. As expected, increasing the 
sub-band spacing the BER is improved, in particular in the nonlinear regime (in 
the right-hand part of the BER vs. PIN SPAN curves). This BER improvement in the 
nonlinear region induced by the broadening of the sub-band spacing from 10 
GHz up to 25 GHz is around 33%: it is obvious that the effect of FWM and XPM 
nonlinear crosstalk across the largely spaced sub-bands is then considerably 
reduced. 
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Figure 19 Transmission performance comparisons of 100 Gb/s DP MB-OFDM over 
different channel spacing: BER vs. span input power 

 

5.2.3 Impact of OFDM Subcarrier Number  

The impact of the subcarrier number in the transmission performance of the 
100 Gb/s DP MB-OFDM system is also investigated here. The adopted subcarrier 
number varies from 64 and up to 512. In Figure 20(a), it is shown that when the 
number of subcarriers is increased, the BER is reduced. For a small number of 
subcarriers, the 7.03% CP length is relatively short. On the other hand, for a large 
number of subcarriers the CP length is sufficiently long, which can combat more 
effectively the CD effect, thus, the SNR variation between subcarriers begins to 
play a role in determining the system performance.  

In Figure 20(b), the CP length is changing for different subcarrier numbers (in 
contrast to Figure 20(a)) according to Eq.       (4), 
in which the time Tg required to eliminate all ISI caused by CD and differential 
group-delay (DGD) can be expressed as, 

      (4) 

where fc is the optical carrier frequency, c is the speed of light, D is the total 
amount of CD, DGDmax is the maximum budgeted DGD, Nc is the number of 
subcarriers, and Δf is the subcarrier frequency spacing. The maximum DGD has 
been approximately calculated to be about 3.5 times the mean PMD in typical 
fibre installations. It equals the OFDM symbol length in samples (excluding CP) 
[71]. In Figure 20(b), for high number of subcarriers the BER is still improved. In 
contrast to Figure 20(a), the BER difference in Figure 13(b) is smaller for 
different subcarrier number. This happens because while the CP length for 
different subcarrier number is chosen to be long enough to completely 
compensate for CD and PMD, the imperfect pilot-assisted phase estimation (in 
Figure 20(b)) degrades the BER when lower subcarrier number is adopted. The 
last statement is confirmed in [71]. In addition, the small CP results in higher 
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data rate when a high number of subcarriers is adopted, thus, contributing to the 
improved BER. 

It should be noted that when adopting high number of subcarriers, for example 
512, the BER has its minimum value. This increases the complexity for 
implementation in real-time DSP Altera Stratix-II GX FPGA-based OOFDM 
transceivers [69]. The lowest subcarrier number has the lowest level of resource 
usage across all key elements including combinational adaptive look-up tables 
(ALUTs), adaptive logic modules (ALMs), dedicated logic registers, block 
memory bits, and DSP block elements [69]. Moreover, the lower complexity in 
resource usage results in a significant reduction in manufacturing costs. Given 
the fact that the DSP resource usage is proportional to the number of adopted 
information bearing subcarriers, 169 subcarriers are preferred to 512. 

 

Figure 20(a) Transmission performance comparisons of 100 Gb/s DP MB-OFDM using 
different subcarrier number with similar CP length (7.03%) over 1000 km: BER vs. span 

input power 

 

Figure 26(b) Transmission performance comparisons of 100 Gb/s DP MB-OFDM using 
different subcarrier number with different CP length over 1000 km: BER vs. span input 

power 
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5.2.4 Exploration of Modulation Formats 

The impact of higher modulation formats such as 16QAM and 8QAM in the 
transmission performance of the 100G DP MB-OFDM system is also explored 
thoroughly. For achieving 100 Gb/s in the DP MB-OFDM system using 16QAM 
and 8QAM, the DAC/ADC sampling rate per band is adjusted to 4 GS/s and 5.35 
GS/s, respectively. It should be noted that the sub-band spacing is still 
maintained at 10 GHz. In Figure 21, an example of the electrical spectra 
generated in Matlab of the 100 Gb/s DP MB-OFDM system using 16QAM (OFDM-
band sampling rate of 4 GS/s) is shown. In addition, for fair comparisons 
between different modulation formats the average energy per bit (Eav) is kept 
constant [70]. The Eav is expressed in equation      
   (5), in which M is the modulation format level, and Eo is the 
energy per baud of the signal with the lowest amplitude: 

Eav         (5) 

In Figure 22, a transmission performance comparison is made between 
different modulation formats, namely, QPSK, 8QAM and 16QAM over 1000 km. In 
addition, the ‘circular’ 8QAM is also compared with the conventional 
‘rectangular’ 8QAM. The corresponding received "corrected" constellation 
diagrams for 8QAM, 16QAM are depicted in Figure 23. It is shown that the 
highest modulation format has the worst performance in comparison to lower 
modulation formats over the entire range of launched optical power of interest. 
This happens because when 16QAM is used, there are 4 bits/symbol and the 
threshold between constellation points is very small and hence more sensitive to 
errors in comparison to lower modulation formats, i.e. QPSK, 8QAM. In addition, 
the BER for high modulation format is attributed to the large phase drift due to 
long OFDM symbol length by using relatively low sampling rate. The only 
advantage of using higher modulation formats is the relaxation of the 
requirement of the DACs/ADCs bandwidth. It should be noted that if the same 
sampling rate of 16QAM and 8QAM is taken as for the QPSK case (i.e. 8 GS/s), the 
data rate is enhanced (double data rate for the case of 16QAM) but the BER is 
further increased. Similar results have been revealed in [18] corresponding to 
real-time BER performance for CO-OFDM signal using 4QAM (3.33 Gb/s) and 
16QAM (6.66 Gb/s) measured at 5 dB and 14.8 dB OSNR, respectively. Finally, 
from Figure 22, it is shown that the ‘circular’ 8QAM has slightly better 
performance to the conventional ‘rectangular’ 8QAM. 
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Figure 21 Example of the electrical spectra (generated in Matlab) of 100 Gb/s DP MB-OFDM 

using 16QAM and an OFDM-band sampling rate of 4 GHz 

 

Figure 22 Transmission performance comparisons of 100 Gb/s DP MB-OFDM for 
different modulation formats, namely QPSK, 8QAM, ‘circular’ 8QAM and 16QAM over 1000 

km: BER vs. span input power 
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Figure 23 Received constellation diagram of conventional ‘rectangular’ 8QAM (Left) and 

‘circular’ 8QAM (Right) for x-polarization at BERs of  and , 
respectively 

 

Figure 24 Received constellation diagram of 16QAM for x-polarization at BER of 

 

5.3 500 Gb/s WDM DP MB-OFDM vs. WDM Single-Carrier DP QPSK 

Having investigated in previous Section the transmission performance of single-
channel (SC) DP MB-OFDM and single-carrier QPSK, the next step will involve 
WDM transmission to maximize the total bit rate. Hence, in this Section, WDM DP 
MB-OFDM is simulated and compared with the previous SC DP MB-OFDM 
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simulations over 1000 km. Comparisons with published experimental results 
[64] of the numerical simulations are also presented. For the WDM DP MB-
OFDM, four 50 GHz-spaced wavelengths are generated with each one being 
modulated at 100 Gb/s using QPSK. The first WDM channel is modulated at 
1552.524 nm. A total data rate of up to 500 Gb/s is transmitted using the WDM 
configuration. In numerical simulations, an average BER of all WDM channels 
and the OFDM sub-bands is taking into account except for the case of 5-WDM 
channels of DP MB-OFDM (500 Gb/s) in which the worst-case middle channel 
(3rd) is only considered. As revealed from Figure 25, in such realistic conditions, 
100 Gb/s DP MB-OFDM and DP QPSK have nearly similar performance. 
Furthermore, as expected, the WDM DP MB-OFDM has a slightly worse 
transmission performance compared to the single-channels because the WDM 
crosstalk impairments of FWM and XPM are dominant even at 50 GHz WDM 
channel spacing. In addition, the insertion loss of the multiplexers/de-
multiplexers has been taken at 3 dB as suggested from [70] for the case of four 
ports leading to more errors compared to the case of single-channels. 

 

Figure 25 Transmission performance comparisons of 100 Gb/s DP MB-OFDM for single-
channel (SC) and multi-channel (WDM) as well as for Single-Carrier and SC DP-QPSK 

(experimental comparison measurement [67]): BER vs. span input power. For the case of 
5-WDM DP-MB-OFDM, the worst-case middle channel (3rd) is only considered 

5.4 168 Gb/s Nyquist WDM 

Driven by the immense need for transmission capacity expected in future 
optical transmission networks, advanced modulation formats offering high 
spectral efficiency such as 16QAM or even higher modulation orders have been 
recently considered. The disadvantage of higher modulation orders is the 
decreasing receiver sensitivity, resulting in a higher required OSNR. To avoid 
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loss in receiver sensitivity, another approach to increasing spectral efficiency in 
wavelength division multiplexed systems is to reduce the channel spacing 
between the individual WDM channels. Several, partly diverse options have 
recently been discussed. Most of them rely on orthogonality between different 
WDM channels, either in the time-domain (the aforementioned OFDM), or in the 
frequency-domain by using Nyquist-WDM [72], and allow theoretically for 
symbol rate spaced channels. 

In this section the Nyquist WDM technology is introduced having sub-channel 
spacing equal to the symbol rate: The required spectral shaping of the sub-
channels is achieved by a proper shaping of the driving signal of the optical 
modulator (generated in VPI transmission-maker). The driver generates a 
sequence of electrical impulses that are filtered with the required impulse 
response. Here, the raised-cosine electrical filters with a varying roll-off are used. 
For zero roll-off the pulse shape is described by a sinc(x) function, which leads to 
a signal without ISI and whose spectral width is equal to the symbol rate. Figure 
26 illustrates the system setup for the B2B simulations using an additive white 
Gaussian noise source (AWGN) for determining the required OSNR values. Figure 
27(a) shows the optical spectrum of the 5 Nyquist WDM sub-channels, and 
Figure 27(b) the electrical spectrum of driving signals using low-pass filter (LPF) 
with Chebyshev transfer function. In Figure 28(c) the received optical spectrum 
of the 5 Nyquist sub-channels is depicted for a total 168 Gb/s with OSNR of 13 
dB. 

 

Figure 26 System setup for the back-to-back (B2B) simulations. Colours: blue – digital 
connection, red – optical connection 

 

In Figure 28, the BER versus the required OSNR is illustrated for the middle 3rd 
Nyquist sub-channel. It is shown that an OSNR of 11 dB is required for the 
middle Nyquist sub-channel. 



  
 

FP7 – ICT – GA 318137 53 
DISCUS   

  

                                             (a)                                                                      (b) 

 

  

      (c)                                                                        

Figure 27 (a) Optical spectrum of the 5 Nyquist WDM sub-channels. (b) Electrical 
spectrum of driving signals using low-pass filter (LPF) with Chebyshev transfer function. 
(c) Received optical spectrum of the 5 WDM sub-channels for a total 168 Gb/s with OSNR 

of 13 dB 

 

 

Figure 28 BER vs. OSNR of the middle 3rd Nyquist sub-channel 
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5.5 Flexible-grid Nyquist-based ROADM for 1 Tb/s  

WDM technology along with the advance in reconfigurable add/drop 
multiplexers (ROADMs) led fibre-optic communications to optical networks 
capable routing multi-Gb/s channels. However, Tb/s super-channels are now 
required to support modern bandwidth “hungry” applications. Nyquist-WDM is a 
valuable solution for increased spectrally efficient Tb/s transmission. 

Many Nyquist-shaped channels (may also have different symbol 
rate/modulation formats) can be closely packed together to form a “super-
channel”. This super-channel can be optically routed in the network by ROADMs 
employing flexible-grid wavelength-selective switches (WSS). However, at times 
a ROADM may need to separate the super-channel constituents. The coarse and 
fine WSS offer different switching granularity.  

5.5.1 Flexible-grid Nyquist-based ROADM 

In Figure 29 the flexible ROADM is shown including two add/drop stages: a) a 
“super-channel stage” with coarse granularity where whole super-channels are 
added/dropped from/to the line and b) a “sub-channel stage” with fine 
granularity where sub-channels are added/dropped from/to the dropped super-
channels. In simulations, the contribution of both single (1st) and double (1st and 
2nd) stage-operation have been simulated. It should be noted, the Nyquist-WDM 
system is consisted of IQ modulation for transmission and coherent detection in 
reception. To achieve 1 Tb/s per super-channel, 9 QPSK sub-channels were 
generated, each modulated by a different IQ modulator and shaped by a Nyquist-
shaping filter. The symbol rate (RS) of each QPSK signal is 32 GBaud. Distinct 
PRBS data patterns and continues-wave (CW) lasers with independent noise 
characteristics were considered for each channel. The emitting wavelength of the 
central channel was at 1550 nm and each laser source had 100 kHz linewidth. 
The launch power of each channel was -1 dBm which represents the optimum 
launch power in terms of transmission performance without ROADMs. The 
shaping profile of the filters was 4th order Inverse Super Gaussian shapes and 
their 3 dB bandwidth was equal to the channel spacing (i.e. symbol rate for the 
Nyquist case). The 9 Nyquist QPSK signals were then multiplexed using an ideal 
flat-top multiplexer with an internal loss of 3 dB. 

Before launching the combined optical signal into the fibre, the signal passed 
through a polarization multiplexing (PM) emulator and a boost amplifier. The 
gain of the boost amplifier was tuned to provide an output power equal to 9 
times the initial launch power of the channels. 

For the transmission part, uncompensated spans of 80 km of SSMF were 
considered, followed by in-line amplifiers that compensated exactly the losses of 
the previous span with no DCF. All amplifiers used in the system were EDFAs 
with 5 dB noise figure. Since this study is focused on the performance 
degradation due to filtering induced by WSSs and eventually ROADMs, the 
optical BPFs used to remove the ASE noise, were chosen to have an ideal 
rectangular profile. 
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After every 400 km (5 spans) a ROADM was placed, over a total transmission 
distance of 2000 km (five ROADMs in total). The ROADM operation was divided 
into the super-channel as shown in Figure 35. In the super-channel level, the 
WSS was used to add/drop a whole super-channel and was simulated by 
modelling two coarse WSSs (one for the “add” and one for “drop” operations) of 
resolution 3.5 GHz. Their transfer functions were trapezoid-like shapes with 3 dB 
bandwidth equal to nine times the channel spacing. For simulating the “drop” 
operation of the sub-channel level, the signal was divided into odd and even 
channels using two fine WSSs, with 3.5 GHz resolution, in parallel. In 
continuation, for the “add” function, the two signals added back again using 
another pair of fine WSSs and an ideal MUX. 

At the receiver side, the signal was initially pre-amplified and then detected by 
9 coherent detectors with Los of 100 kHz linewidth and 5th order Bessel 
electrical filters. The single-carrier signal then interpolated and sampled at 2 SpS 
by an ADC of 6-bit resolution. In the DSP part, an 11 taps multiple-input multiple 
output (MIMO) constant modulus algorithm (CMA) [70] followed by a frequency 
domain equalizer of FFT size 1024 were used for compensating the PMD and CD 
impairments. At last, a common phase error (CPE) based on Viterbi-Viterbi 
algorithm [71], with 10 symbols was used for the phase correction. The 
evaluation of the system performance is expressed in terms of BER and 
calculated directly from the error vector magnitude (EVM) for more precision. 

The total capacity of the system was 1.01 Tb/s, considering also 12% FEC 
overhead, resulting in a spectral efficiency of 3.52 b/s/Hz. 

 

Figure 29 Flexible ROADM 
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Figure 30 BER versus transmission distance of the 5th channel at 1st stage only 

 
Figure 31 BER vs. transmission distance of the 9th channel 

 

5.5.2 Flexible-grid Performance Evaluation  

To evaluate the performance degradation due to filter concatenation, the 
following 3 cases have been simulated: a) simple transmission with filtering as a 
benchmark, b) introduction of only 1st-stage ROADMs (super-channel level 
filtering), and c) introduction of both 1st and 2nd stages (super-channel and sub-
channel level). Considering a realistic scenario of up to 2000 km transmission 
and one flexible ROADM every 400 km, a super-channel can be added/dropped 
five times at maximum (i.e. ten 1st-stage filters), while a sub-channel can be 
added/dropped from/to the dropped super-channel five times in total (i.e. ten 
2nd-stage filters). However, in the case of the 1st-stage add/drop filtering, the 
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middle channel is expected to remain intact, which is confirmed by the results in 
Figure 30, which compares the BER performance of the middle channel for the 
cases with and without a 1st-stage filtering and for N-WDM scenario. On the other 
hand, the edge channels such as the 9th in our case; constitute the worst case 
scenarios for this study since they are mostly affected by the edges of the WSS 
filters. This is attributed to the concatenated filtering effects (i.e. 10×2nd plus 
10×1st stage filters in total).Figure 31, presents the performance degradation of 
the edge channel (9th) for both filtering stages. In contrast with the middle 
channel case, the edge channel’s performance is degraded, even if only 1-stage 
filtering occurs. 

5.6 Summary of transmission simulation results 

The current coherent detection methods in modern optical communication 
systems were summarized for single-carrier and optical OFDM transmission 
systems. 

We have demonstrated a CO-OFDM transmission using 16-QAM at 67 Gb/s over 
up to 2000 km in uncompensated SSMF-links. It has been numerically also 
investigated and compared with experimental measurement the transmission of 
DP MB-OFDM for modern DCF-free at a bit rate of 100 Gb/s and up to 500 Gb/s. 
A transmission over 1000 km and 2000 km was feasible for the 500 Gb/s (WDM) 
and 100 Gb/s (SC) DP MB-OFDM systems, respectively. It has been verified that 
DP MB-OFDM is sensitive to the nonlinear inter-band crosstalk effects such as 
FWM and XPM. A method for reducing the inter-band crosstalk effects of the DP-
MB-OFDM and to improve the system performance was to increase the sub-band 
spacing, but at the expense of the system spectral efficiency. Investigations also 
using different number of OFDM subcarriers revealed that high number of 
subcarriers contribute to improved BER but at the cost of computational 
complexity. When higher modulation formats were adopted, the DAC/ADC 
bandwidth was relaxed but the BER was degraded. Finally, under realistic 
conditions, 100 Gb/s DP MB-OFDM and DP-QPSK had nearly similar 
performance. Finally, by introducing Nyquist WDM technology with sub-channel 
spacing equal to the symbol rate, 168 Gb/s was achieved. 
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6 Summary and conclusions 

In this deliverable the topic of transparency island architectural design has 
been addressed. The main inputs used to define optical islands size and structure 
have been the most promising transmission and switching photonic technologies 
and the set of core network services already proposed in Deliverable D6.1. 

The switching photonic technology of choice is Reconfigurable Optical Add Drop 
Multiplexers with flexible optical grid management capability. The main 
advantage of this technology with respect to the rigid optical grid available today 
is the remarkable increase in optical spectrum utilization that in turn translates 
into a larger network capacity. 

As transmission photonic technology, the two most promising for next 
generation backbones have been outlined: the Nyquist DWDM and the 
Orthogonal Frequency Division Multiplexing (OFDM). They show significant 
differences in the way information is transmitted, but they provide basically the 
same reach performance. Among the two, Nyquist DWDM is the most mature and 
will be commercially available probably in the next three or four years. At this 
stage of DISCUS research, the Nyquist DWDM is proposed as the technology of 
choice for optical islands, while further studies are planned on Orthogonal 
Frequency Division Multiplexing. 

The transmission performance of both Nyquist DWDM and Orthogonal 
Frequency Division Multiplexing have been investigated by numerical 
simulations and analytical modelling and they have been compared with the size 
of large European countries backbones like Germany, Great Britain, Italy and 
Spain. The preliminary results show that one can accommodate the network 
services defined in deliverable D6.1 on optical channels and superchannels (i.e. 
channels with more than one optical carrier) whose reach is longer than the light 
paths maximum length of such large backbones. 

We can conclude that transmission system reach is not a limitation for the 
optical island size, at least for European countries, and therefore the DISCUS core 
network can be composed of a single transparency island. This conclusion is of 
paramount importance for the following phases of core network optimization 
and detailed design: these tasks can be achieved without considering the 
transmission reach as a constraint and focusing on other parameters such as the 
concentration versus distributions of service nodes and peering points. 

This deliverable also provides some guidelines for the optimization of the 
optical spectrum usage. Considering that various modulation formats will be 
available in future configurable transponders, and that each modulation format 
is characterized by a specific trade-off between transmission reach and spectral 
efficiency (i.e. the amount of information transmitted in the unit optical 
bandwidth), an appropriate selection of the modulation format in function of 
each light path length allows reducing the overall optical spectrum occupation.  
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8 Annex I: Analysis of coherent detection methods 

8.1 Differentially coherent detection 

 
Figure 32 Differentially coherent phase detection of (a) 2-DPSK (b) M-DPSK, M > 2 

In differentially coherent detection, a receiver computes decision variables 
based on a measurement of differential phase between the symbol of interest 
and one or more reference symbol(s). In differential phase-shift keying (DPSK), 
the phase reference is provided by the previous symbol; in polarization-shift 
keying (PolSK), the phase reference is provided by the signal in the adjacent 
polarization. A binary DPSK receiver is shown in Figure 32 (a). Its output 
photocurrent is: 

,   (6) 

where ES(t) is the received signal, R is the responsivity of each photodiode, and 
TS is the symbol period. This receiver can also be used to detect continuous-
phase frequency-shift keying (CPFSK), as the delay interferometer is equivalent 
to a delay-and-multiply demodulator. A receiver for M-ary DPSK, M > 2, can 
similarly be constructed as shown in Figure 32 (b). Its output photocurrents are: 

   (7) 

 

   (8) 

A key motivation for employing differentially coherent detection is that binary 
DPSK has 2.8 dB higher sensitivity than non-coherent OOK at a BER of 10-9 [5]. 
However, the constraint that signal points can only differ in phase allows only 
one degrees of freedom (DOF) per polarization per carrier, the same as non-
coherent detection. As the photocurrents in Eq. (6) to (8) are not linear functions 
of the E-field, linear impairments, such as CD and PMD, also cannot be 
compensated fully in the electrical domain after photodetection. A more 
advanced detector for M-ary DPSK is the multichip DPSK receiver, which has 
multiple DPSK receivers arranged in parallel, each with a different 
interferometer delay,  an integer multiple of Ts. Since a multichip receiver 
compares the phase of the current symbol to a multiplicity of previous symbols, 
the extra information available to the detector enables higher sensitivity. In 
practice, the number of parallel DPSK receivers required for good performance 
needs to be equal to the impulse duration of the channel divided by Ts. Although 
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multi-chip DPSK does not require a local oscillator (LO) laser, carrier 
synchronization and polarization control, the hardware complexity can be a 
significant disadvantage. 

8.2 Classical coherent detection 

The most advanced detection method is coherent detection, where the receiver 
computes decision variables based on the recovery of the full electric field, which 
contains both amplitude and phase information. Coherent detection thus allows 
the greatest flexibility in modulation formats, as information can be encoded in 
amplitude and phase, or alternatively in both in-phase (I) and quadrature (Q) 
components of a carrier. Coherent detection requires the receiver to have 
knowledge of the carrier phase, as the received signal is demodulated by an LO 
that serves as an absolute phase reference. Traditionally, carrier synchronization 
has been performed by a phase-locked loop (PLL). Optical systems can use (i) an 
optical PLL (OPLL) that synchronizes the frequency and phase of the LO laser 
with the transmitter (TX) laser, or (ii) an electrical PLL where downconversion 
using a free-running LO laser is followed by a second stage de-modulation by an 
analogue whose frequency and phase are synchronized. Use of an electrical PLL 
can be advantageous in duplex systems, as the transceiver may use one laser as 
both TX and LO. PLLs are sensitive to propagation delay in the feedback path, 
and the delay requirement can be difficult to satisfy. Feed-forward (FF) carrier 
synchronization overcomes this problem. In addition, as a FF synchronizer uses 
both past and future symbols to estimate the carrier phase, it can achieve better 
performance than a PLL which, as a feedback system, can only employ past 
symbols. Recently, DSP has enabled polarization alignment and carrier 
synchronization to be performed in software. 

 
Figure 33 Coherent transmission system (a) implementation, (b) system model 

A coherent transmission system and its canonical model are shown in Figure 
33. At the transmitter, Mach-Zehnder (MZ) modulators encode data symbols 
onto an optical carrier and perform pulse shaping. If polarization multiplexing is 
used, the TX laser output is split into two orthogonal polarization components, 
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which are modulated separately and combined in a polarization beam splitter 
(PBS). We can write the transmitted signal as: 

  (9) 

where Ts is the symbol period, Pt is the average transmitted power, b(t) is the 
pulse shape (e.g., non-return-to-zero (NRZ) or return-to-zero (RZ)) with the 

normalization , the terms  and  correspond to the 

frequency and phase noise of the TX laser, and  T is a 2×1 complex 

vector representing the k-th transmitted symbol. We assume that symbols have 

normalized energy, that is, it holds  For single-polarization 

transmission, we can set the unused polarization component   to zero. The 

channel consists of  spans of fiber, with inline amplification and DCF after each 
span. In the absence of nonlinear effects, we can model the channel as a 2×2 

matrix: T referred to the input of the receiver. 

The E-field at the output of the fibre is  T, where: 

   (10) 

 
where hij(t) denotes the response of the i-th output polarization due to an 
impulse applied at the j-th input polarization of the fibre. The choice of reference 
polarizations at the transmitter and receiver is arbitrary. Eq.    (10 
) may describe CD, all orders of PMD, polarization-dependent loss (PDL), optical 
filtering effects, or sampling time errors. In addition, a coherent optical system is 
corrupted by AWGN, which includes (i) amplified spontaneous emission (ASE) 
from inline amplifiers; (ii) receiver LO shot noise, and (iii) receiver thermal 
noise. In the canonical transmission model, we model the cumulative effect of 

these noises by an equivalent noise source T referred to the 
input of the receiver.  

The E-field at the output of the fibre is T, where: 

    (11) 

Under the assumption of Figure 4 where inline amplification completely 

compensates propagation loss, we get that  =  is the average received power, 

 is a normalized pulse shape, and  is ASE noise in the 

l-th polarization. Assuming the  fiber spans are identical and all inline 

amplifiers have gain G and spontaneous emission factor  the two-sided power 

spectral density (psd) of  is  W/Hz. 
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The first stage of a coherent receiver is a dual-polarization optoelectronic 
down-converter that recovers the baseband modulated signal. Channel 
impairments can then be compensated digitally before symbol detection. 
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9 Annex II: transmission degradation model 
fundamentals 

This Annex shows how the main formulas of the transmission degradation 
model described in Chapter 4 are derived. 

The formulas shown below contain many variables and parameters, whose 
meaning is explained in this paragraph. The units of measurement are always 
those of the International System, except the unit of length for which kilometre is 
used instead of meter for convenience. 

Physical constants 
h  6.626 10-34 [J∙s] Planck constant 
c  299792458 [m/s] speed of light in vacuum 
 
Optical fibre characteristics 
  [km-1]  power attenuation coefficient  
  [W-1∙km-1] non-linear coefficient  
D [ps/nm/km] chromatic dispersion coefficient  
2 [s2/km] beta2 coefficient 
 
Transmission system characteristics 
Rs [s-1]  Baud-rate 
Bch [Hz]  Single channel optical bandwidth 
PTx [W]  Average per-channel launched power  
 
DWDM line system characteristics 
Nch   DWDM channels number 
 [Hz]  DWDM channels spacing 
f  1.935∙1014 [Hz]  DWDM central frequency 
Bn 12.5∙109 [Hz] Noise bandwidth (corresponding to 0.1 nm) 
Ns   Amplification sections number 
Ls [km]  Amplification sections length 
As   Amplification sections attenuation 
Leff [km]  Effective length (Leff = (1-EXP(-Ls))/ 
Leff,a [km]  Asymptotic effective length (Leffa = (1/ 
NF   Optical amplifiers noise figure 

NOTES 

• The amplification sections attenuation in real systems is typically calculated 
as: As=fibre loss+ termination loss + loss margin, where termination loss is 
the attenuation of the 2 cable ends (typically 0.5 dB per termination), and 
loss margin is the cable loss margin (typically 3 dB). 

• The fibre attenuation coefficient must also include the splices (e.g. 0.05 dB 
splice loss every 3 km). 
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Under the assumptions 1 and 2 of Chapter 4, in an uncompensated DWDM 
transmission system consisting of a single amplification section, the equivalent 
signal to noise ratio can be written as: 

NLASE

Tx
eq

PP

P
OSNR


        (12) 

where PTx is the per channel launched power, PASE is the noise power generated 
by optical amplifiers and PNL is the NLI noise power generated by nonlinear 
propagation in the optical fibre. PNL is proportional to the cube of the power 
launched per channel and has the following expression: 

32

TxNLNL PP          (13) 

where  is the fibre nonlinear coefficient and NL is a constant. 

NL depends on the fibre effective length and chromatic dispersion, and on the 
DWDM system parameters. The calculation of NL is complex and is shown in 
[48], while just the final result is shown here. The most practical approximate 
expression of NL always used in the following is: 
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where symbols have the meaning defined before. 

Note that in the case of channels with rectangular spectrum and spacing equal 
to the spectral width (the so-called Nyquist DWDM), the spectrum of the 
aggregate DWDM is flat and NL takes the form: 
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It is worthwhile noting that NL and hence PNL is independent on the modulation 
format. In other words, NLI noise power is the same for all modulation formats 
provided that fibre ad system parameters are the same. 

As explained by Carena et al. [48], NLI noise power is the result of a Four Wave 
Mixing phenomenon and therefore its level isn’t uniform over the WDM comb as 
shown in Figure 34. 
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Figure 34 NLI noise Power Spectral Density (PSD) (blue curve) in a 11 OCh WDM comb 
(green curve) from reference [48]. The relative level of the two spectra is arbitrary 

From Figure 34 it is clear that the NLI noise spectrum overlaps almost perfectly 
with the OChs’ spectrum and that the highest NLI noise power corresponds to 
the central OCh in the comb. For this reason the central OCh shows the worst 
OSNReq and it will be considered as the reference OCh for all calculations in the 
following. 

Substituting into equation        (12) the 
well-known expression of PASE (valid for dual polarization transmission systems) 
and the expression         (13) of PNL 
we obtain: 
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TxNLns

Tx
eq

PBNFha

P
OSNR

 
      (16) 

where the transparency regime is assumed, i.e. the optical amplifier gain exactly 
compensates for the fibre attenuation: G = 1/As = as. 

In equation      (16) the approximation G-1~G was 
used. It is valid in all cases of practical interest. 

The OSNReq in equation      (16) is a function of the 
launch power per channel PTx and presents a maximum for PTx equal to: 
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Equation  (17) allows calculating the optimal value of the optical power per 
channel that maximizes the OSNReq. Substituting this expression into equation 
 (17) we find: 
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Note that the maximum OSNReq is achieved when the launched power is such 
that the NLI noise power PNL is ½ of the ASE noise power. 

The case of systems with only one amplification section, however, is of limited 
practical interest. Let’s consider then a system with several amplification 
sections, which are assumed for the moment uniform in terms of type of optical 
fibre, sections length and optical amplifiers characteristics. A system of this type 
is shown in Figure 35. 

 

Figure 35 Scheme of a DWDM transmission system with uniform amplification sections in 
transparency regime: Gi = 1/As, i 

Note that the condition of uniform sections entails that PNL and PASE, which 
depend on the characteristics of fibres and amplifiers, are also uniform along the 
link. 

Even in this case we assume transparency operating regime and therefore the 
gain of all amplifiers is G = 1/As. = as. The transparency condition means also that 
the launch power is uniform in all sections and that the contributions of PNL 
generated in each fibre section and PASE generated by each optical amplifier 
propagate along the link globally without losses, and then they are summed up at 
the receiver. 

Considering assumption 3, we can then write the OSNReq as: 
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TxNLnss

Tx
eq

PBNFhaN

P
OSNR

 
     (19) 

where Ns is the number of amplification sections. 

In equation  (19) it is implicitly assumed that the NLI noise generated in each 
fibre section and the ASE noise generated by each optical amplifier are 
independent and therefore their power can be summed. This hypothesis is well 
verified for the ASE noise, but it is valid only as a first approximation for the NLI 
noise. The contributions of NLI noise generated in different sections in fact retain 
a small degree of correlation and therefore their power accumulates in 
proportion to the number of sections Ns elevated to an exponent greater than 1. 
The detailed analytical model of this phenomenon is described in [48]. Here we 
show only the final result represented by equation  (20): 
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TxNLsnss
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The parameter  defines the law of accumulation of the NLI noise power that 
isn’t linear: the more  is close to 0 the more the linear sum of noise powers is a 
good approximation.  can be calculated numerically integrating a complex 
formula as shown in [48]. Alternatively, one can calculate a good approximation 
of the integral using the following expression: 
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Even in the general case of equation (20) we can calculate the amount of launch 
power which produces the maximum OSNReq: 
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Note that the optimum launch power has the same expression in the case of 
incoherent NLI noise accumulation multiplied by the number of sections Ns 
elevated to -  / 3. 

Substituting (22) into (20) yields: 
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Equation (23) shows that the maximum OSNReq is characterized by the same 
value of the noise power compared to the case of incoherent noise accumulation, 
3/2 PASE , but assumes a lower value because the optimum launch power is lower 
by a factor Ns-/3. 

In summary it can be stated that, in conditions of partially coherent 
accumulation of the NLI noise, both the optimal launch power and the maximum 
OSNReq decreased by a factor Ns-/3 compared to the case of incoherent NLI noise 
accumulation. 

Table 10 shows the values of the parameter  in typical DWDM systems (80 
channels, 50 GHz spaced, section length 90 km) for three different types of 
optical fibre. 
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Table 10 Values of epsilon for 3 types of optical fibres and in typical systems engineering 
conditions (80 channels 50 GHz spaced, section length 90 km) 

Fibre type SMF PSCF (*) NZD 

Beta2 [s2/km] 2,17E-23 2,55E-23 4,84E-24 

Attenuation coefficient [dB/km] 0,22 0,17 0,22 

Effective length [km] 19,74066 25,54673 19,74066 

Epsilon 0,05149 0,061772 0,064041 
(*) PSCF: Pure Silica Core Fibre (ITU-T G.654) 

Figure 36 shows the trend of the correction factor Ns-/3 of the optimum launch 
power and OSNReq, in function of number of sections and for different values of 
epsilon. 

 

Figure 36 - Trend of the correction factor of the optimum launch power and OSNReq Ns
-/3

 

in function of the number of sections and for different values of epsilon 

It is evident that correction factor of the optimum power and OSNReq may vary 
between approximately 0.2 and 0.3 dB with the typical values of epsilon of Table 
10 and amplification sections number variable between 10 and 30, which is 
typical of terrestrial systems. 

Even if the coherent NLI noise accumulation model is more accurate from the 
viewpoint of the physical phenomenon description, the best accordance between 
numerical simulations and NLI model has been obtained with the incoherent one 
[48]. This point needs further studies, but for now the incoherent NLI model will 
be used as the reference model for reach calculations. 
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Abbreviations 

ALUD Alcatel-Lucent Deutschland AG 

ASE Amplified Spontaneous Emissions 

ASTON Aston University 

ATESIO Atesio GMBH 

AWGN Additive White Gaussian Noise 

BER Bit Error Rate 

BW Bandwidth 

CAPEX Capital Expenditure 

C-band Band in the wavelength range 1530–1565 nm 

CD Chromatic Dispersion 

CO-OFDM Coherent OFDM 

DACs/ADCs Digital-to-Analogue/Analogue-to-Digital Converters 

DCF Dispersion Compensating Fibre 

DISCUS The DIStributed Core for unlimited bandwidth supply for all 
Users and Services 

DOF Degree Of Freedom 

DP-BPSK Dual Polarization Binary Phase-Shift Keying 

DP-QPSK Dual Polarization Quaternary Phase-Shift Keying 

DWDM Dense Wavelength Division multiplexer 

EDC Electronic Dispersion Compensation 

EDFA Erbium Doped Fibre Amplifier 

EON Elastic Optical Network 

FEC Forward Error Correcting 

FF Feed Forward 

FFT Fast Fourier Transform 

IM/DD Intensity Modulation/Direct Detection 

IMEC Interuniversitair Micro-Electronica Centrum VZW 

IP Internet Protocol 

ITU International Telecommunications Union 

ITU-T ITU’s Telecommunication Standardization Sector 

KTH Kungliga Tekniska Hoegskolan 

L-band Band in the wavelength range 1565–1625 nm 
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LR-PON Long Reach Passive Optical Network 

MZ Mach-Zehnder 

MC Metro-core 

NGN Next Generation Network 

NRZ Non Return to Zero 

NSN Nokia Siemens Networks 

OAM Operation Administration and Management 

OEO Optical-Electronic-Optical (conversion) 

OFDM Orthogonal Frequency Division Multiplexing 

OLO Other Licenced Operators 

OOK On-off keying 

OPEX  Operational Expenditure 

OSNR Optical signal to Noise Ratio 

PAPR Peak-to-Average Power Ratio 

PAYG Pay As You Grow 

PC Private Circuits 

PCP Primary Cross Connect 

PE Provider Edge 

PM Phase Modulator 

PMD Polarization Mode Dispersion  

PM-QPSK Polarization Multiplexing QPSK 

POLATIS Polatis Ltd 

PON Passive Optical Network 

PoP Point of Presence 

POTS Plain Old Telephony Service 

QAM Quadrature Amplitude Modulation 

QoS Quality of Service 

RF Radio Frequency 

ROADM Re-configurable Optical Add Drop Multiplexer 

SBS Stimulated Brillouin Scattering 

SC Single Channel 

SDN Software Defined Networks 

SNR Signal to Noise Ratio 
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TCD Trinity College Dublin 

TI Telecom Italia S.p.A 

TID Telefonica Investigacion Y Desarrollo SA 

T-LDP Targeted-LDP 

UCC University College Cork 

UD Ultra-dense 

UK United Kingdom 

WDM Wavelength Division Multiplexing 

WSS Wavelength Selective Switch 

 


