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Abstract 

A primary objective of optical system design is to satisfy the ever-increasing capacity demand 

for communication services. Fulfilling this target by increasing the cardinality of modulation 

formats is at the expense of a reduced system tolerance to transmission impairments with the 

capacity ultimately limited by Kerr fiber nonlinearities. The research presented in this thesis 

focuses on exploring solutions to fulfill the demand for increased capacity and studying advanced 

techniques for modelling and characterizing systems, predicting performance, and estimating 

critical parameters. 

The thesis investigates the quantification of the impact of fiber nonlinearities on the spectral 

broadening denoted as the spectral edge power (SEP) (Chapter 2). The implications of intra- and 

inter-channel nonlinearities for 224 Gb/s single-channel and 256 Gb/s 9-channel dual polarization 

16-ary quadrature amplitude modulation (DP 16-QAM) systems are quantified in terms of SEP. 

The experimental results demonstrate that the launch power that minimizes the bit error ratio and 

SEP coincides. 

The research utilizes spectral and power efficient multi-dimensional modulation formats, which 

provide the capability to fine-tune the spectral efficiency (Chapter 3). The performance of the four-

dimensional set-partitioning (SP) 128-QAM is experimentally investigated. The results 

demonstrate improvements of 5.3% and 8.2% in the information rates for the 256 Gb/s SP 128-

QAM compared to the DP 16-QAM at the same bit rate and for transmission over 2100 km and 

2700 km, respectively. 

The thesis studies the estimation of the nonlinear signal-to-noise ratio (SNRnl) using artificial 

neural networks (Chapter 4). The accuracy of the estimation procedure is verified for a 34.5 Gbaud 

DP 16-QAM signal with a maximum normalized root-mean-square error of 0.37% for estimating 
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SNRnl in simulation, and less than 0.25 dB deviation from the true SNRnl for estimates obtained 

with varying fiber length and launch power in experiments. 

The research explores the identification of the shaping distribution of rate-adaptive transmission 

systems using the estimates of SNRnl and taking advantage of the unique properties of nonlinear 

interference noise (Chapter 5). The identification results exhibit success rates of higher than 96% 

and 79% for two groups of five shaping distributions corresponding to bit rate granularities of 25 

Gb/s and 12.5 Gb/s, respectively. 
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Introduction  

1.1 Coherent Optical Communication Systems 

Research and development in optical fiber communication systems started in the first 

half of the 1970s [1]. At that time, the optical signal intensity was modulated for 

transmission through an optical fiber and a square-law photodiode detected the power. This 

combination of transmitter and receiver is called the intensity modulation and direct 

detection (IMDD) scheme. In 1980s, coherent detection was extensively studied for its 

potential benefit in increasing the unrepeated transmission distance but interests 

diminished, since 1990, due to rapid advances in high-capacity wavelength division 

multiplexed (WDM) systems, which employed the conventional IMDD scheme as well as 

the newly developed erbium doped fiber amplifier (EDFA) to compensate for the span loss 

of a link [2]. 

In 2005, 20 years after the invention of coherent receivers, improvements in 

complementary metal-oxide-semiconductor (CMOS) transistor technology, and the 
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implementation of high speed analog-to-digital converters (ADCs), digital-to-analog 

converters (DACs), and high-speed application-specific integrated circuits (ASICs) which 

are compatible with the bit rates of data transmission in fiber optic communications, 

renewed the interest in coherent technologies. Digital signal processing (DSP) for optical 

transmission systems began to be employed in research laboratories. The functionality and 

adaptability of DSP make it a key enabling technology in the development of high bit rate 

systems, where advanced algorithms are used to perform signal processing functions which 

are impractical in analog hardware [3]. 

The ever-increasing bandwidth demand was the motivation for the renewal of interest 

toward digital coherent systems, which enables the employment of spectrally efficient 

modulation formats, such as m-ary phase shift keying (PSK) and quadrature amplitude 

modulation (QAM) [4] without relying upon a rather complicated optical phase-locked 

loop by using DSP to estimate the carrier phase [1]. By employing a coherent receiver, the 

full information of the signal, meaning the complex amplitude and state of polarization, 

can be obtained at the receiver. This information is converted to the digital domain using 

ADCs with the digital data being processed by DSP circuits. 

The research presented in this thesis is motivated by the extensive demand for increasing 

both the capacity and achievable transmission distance of optical fiber transmission 

systems, which is obtained by increasing the cardinality of advanced modulation formats. 

The presented research focuses on utilizing multi-level, multi-dimensional modulation 

formats with the aim of increasing capacity and employing advanced techniques for 

constellation design with the objective of increasing the tolerance to transmission 

impairments. 
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Fulfilling the capacity demand is at the expense of reduced system tolerance to 

transmission impairments with the capacity ultimately limited by Kerr fiber nonlinearities. 

This implies the need for advance techniques for modeling and characterizing systems, 

predicting performance, and estimating various critical parameters. This thesis addresses 

novel methods for optical performance monitoring in order to estimate and quantify the 

impact of nonlinearity on system performance. 

In the following sections, relevant concepts to the presented research, which appear 

throughout the thesis, are described. 

1.2 Coherent System Architecture 

In combination with coherent detection, DSP allows recovery of signals in the presence 

of impairments, which enabled dramatic improvements in the working principles of optical 

transmitters and receivers and more generally in the system performance. In todayôs optical 

network, DSP provides a novel solution for numerous technological challenges to fulfill 

the increasing demand for capacity. 

Figure 1.1 shows a block diagram of a coherent optical transmission system with a dual 

polarization (DP) signal. All of the research in this thesis is focused on dispersion-

unmanaged links, which consist of fiber spans and EDFAs only as shown in Figure 1.1. 
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At the transmitter, input bits after being processed by a DSP block are converted into 

four digitized waveforms corresponding to in-phase (I) and quadrature (Q) components of 

X- and Y-polarizations. To generate multi-level modulations, the I and Q branches for the 
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Figure 1.1: A generic diagram of a digital coherent transmission system. DAC: digital-to-

analog converter; PBS: polarization beam splitter; PBC: polarization beam combiner; EDFA: 

erbium doped fiber amplifier; BPD: balanced photo-detector; ADC: analog-to-digital converter. 
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two orthogonal polarization components of the four-channel optical modulator are driven 

by multi-level electrical signals from the DACs following a four-channel linear amplifier. 

After optical modulation, i.e., electrical-to-optical (E/O) up-conversion, the outputs of the 

two modulators are passed to a polarization beam combiner (PBC) to orthogonally combine 

the two polarizations. The resultant optical signal is launched over a channel consisting of 

multiple spans of standard single mode fiber (SSMF) with amplifiers. 

A DSP block can implemented at the transmitter and/or receiver. In the transmitter, the 

combination of DSP and DACs can generate arbitrary drive signals for an optical 

modulator. This flexibility allows the modulated optical signals to be pre-compensated for 

the effects of fiber chromatic dispersion (CD), fiber nonlinearities, the frequency responses 

of the DACs and modulators, and the filtering effect of reconfigurable optical add-drop 

multiplexers (ROADMs). In addition, spectrally efficient transmission can be achieved by 

synthesising multi-level electrical signals and applying proper pulse shaping for the signal 

at the output of DACs in order to generate spectrally-efficient, multi-level modulation 

formats. 

Since the ultimate parameter of interest for the network operators is reducing the cost 

per bit-per-second.kilometer (b/s.km) [3], the lowest cost of transmission can be realized 

when each modulator operates at maximum practical capacity. Consequently, DACs 

operate at highest sampling rate available for a given technology node [5], which 

determines the maximum achievable symbol rate in transmitters. In this condition, DSP 

techniques such as pulse shaping are used to reduce modulated signal bandwidth and hence 

allow maximizing the symbol rate for a given sampling rate of the DACs. 
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Transmitter side DSP functions can include [5]: i) mapping of data onto phase, 

amplitude, and polarization, ii) transmitter synchronization and timing, iii) CD pre-

compensation, iv) pulse shaping, v) pre-compensation for the response of radio frequency 

(RF) drivers and electro-optic modules, vi) pre-compensation of intra-channel nonlinear 

effects including self-phase modulation (SPM), intra-channel cross-phase modulation 

(IXPM), and intra-channel four-wave mixing (IFWM). 

At the receiver, the optical signal is coherently detected by a polarization and phase 

diverse configuration comprised of two optical hybrid front-ends with four balanced photo-

detectors (BPDs). A tunable local oscillator (LO) laser and polarization beam splitter (PBS) 

serve as local phase and polarization references, respectively. Four electrical signals from 

BPDs, i.e. I and Q components of X- and Y-polarizations, are digitalized using four high 

speed ADCs. In laboratory experiments, sample values obtained after coherent detection 

are recorded with real-time sampling oscilloscopes operating at a sampling rate greater 

than twice the highest frequency components of the signal. DSP functions are performed 

offline on the sample values. 

The receiver side DSP includes [5]: i) normalization to unity mean squared magnitude 

and filtering, ii) front end correction, iii) resampling to two samples per symbol, iv) fixed 

and adaptive equalization, v) clock recovery, vi) carrier recovery, and vii) data detection 

and de-mapping. 

Some of the transmitter and receiver functions use the same procedure, for example, 

equalization, or CD pre- or post-compensation. Other functions are specific to each. A brief 

overview of some of the DSP functions used in coherent transceivers is presented in the 

following. 
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Pulse shaping 

For high spectrally efficient transmission, the channel spacing should be close to the 

symbol rate, so channel cross talk becomes more important. This can be eliminated by 

narrow filtering at the transmitter at the expense of inter-symbol interference (ISI). The 

proper transmission filter bandwidth and channel spacing can be achieved by satisfying the 

trade-off between inter-channel (e.g. cross talk) and intra-channel (e.g. ISI) distortions [6]. 

As a result, a pulse shaping filter is appropriate, which at the same time reduces the 

signal bandwidth therefore increasing the spectral efficiency (SE) and does not introduce 

ISI. SE is defined as the information rate divided by the allocated transmission bandwidth. 

In this context, ISI free raised-cosine (RC) pulse shaping pulse shaping is frequently used. 

An RC pulse shape is mathematically described in the time domain by the following 

expression: 
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The roll-off factor (ɓ) of the RC pulse determines its bandwidth, where ɓ = 1 indicates 

the maximum bandwidth occupied by the filter, and ɓ = 0 leads to the minimum bandwidth 

scenario and is known as the Nyquist pulse shape. Nyquist signaling is employed to shape 

the spectral component and reduced the optical bandwidth of the signal to the symbol rate. 

Consequently, for a given sampling rate of an ADC, the maximum achievable symbol rate 

in transmitters can be increased (by up to twofold) by applying the RC pulse shape (with ɓ 

= 0 compared to ɓ = 1) since the maximum frequency component of an optical signal can 

be reduced to the symbol rate. In that regard, for a given symbol rate, the minimum 

sampling rate of an ADC, depending on the roll-off factor of the RC pulse shaping, can be 

reduced by a factor of 2 by changing ɓ from 1 to 0. Since according to the Nyquist theorem, 

the minimum sampling rate of an ADC should be greater than twice the highest frequency 

component of the signal. 

Front -end correction 

This function includes compensation for imperfections in a coherent receiver, which 

might include compensation for timing skew between the four channels due to distinct 

electrical and optical path lengths. Moreover, this step includes I-Q imbalance 

compensation, which is the loss of orthogonality between the I-Q signals due to non-ideal 

components. Compensation is done using digital methods such as GramïSchmidt 

orthogonalization [7]. 

Resampling to 2 samples per symbol 

This step at the receiver is used to resample the digital signal from an asynchronous 

sampling rate of the ADC to two samples per symbol. Depending on the roll-off factor of 
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the pulse shaping filter the bandwidth of the detected signal is B = pR0 /2, where R0 is the 

symbol rate and p is a fraction satisfying 1 < p < 2. This implies the minimum sampling 

rate of ADC to be equal to pR0 in order to avoid the aliasing. However, in such a case, 

digital data from ADC are resampled to satisfy the two times oversampling condition (two 

samples per symbol), thereby allowing for precise signal equalization [2]. It should be 

noted that the sampling instances for two times oversampling are optimized after CD 

compensation in the clock recovery step. 

CD compensation (fixed equalizer) 

Depending on the maximum dispersion of the channel and the required fiber length, 

time domain equalization (TDE) or frequency domain equalization (FDE) methods are 

used for CD compensation [8]. Time domain finite impulse response (FIR) filters are the 

first candidate for CD compensation. By knowing the fiber CD transfer function, the 

required filter coefficients can be obtained. The number of taps and hence the 

computational complexity for TDE scales linearly with CD. As a result, for large values of 

CD fast Fourier transform (FFT) based FDE is frequently used to compensate chromatic 

dispersion [9]. The complexity for FFT based FDE increases with CD on a logarithmic 

scale since the number of complex multiplications per output point for an N point FFT has 

a logarithmic dependence on N. 

Clock recovery 

Due to the deviation between the sampling rates of the transmitter and receiver clocks, 

samples of received data need to be synchronous with the symbol period. Determination of 
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the timing error and re-timing are performed in this step. A common algorithm for clock 

recovery is digital filter and square timing recovery [10]. 

Adaptive equalizer 

Adaptive equalization jointly conducts polarization de-multiplexing and compensates 

time-varying channel effects such as polarization mode dispersion (PMD), residual CD, 

and filtering effects. This may be realized using a set of four FIR filters. For DP quadrature 

phase shift keying (QPSK), the filter coefficients can be updated using the constant 

modulus algorithm (CMA) [11]. In the case of multi-level modulation formats such as m-

ary QAM (e.g., m = 16, 32, 64), where the modulus of the constellation is not constant, 

CMA may be used for pre-convergence and then changed to a multi-modulus algorithm 

such as the decision-directed least mean square (LMS) algorithm [12]. 

Frequency offset estimation and compensation, and Carrier phase 

recovery 

Due to the difference in the frequencies of the transmitter and receiver LO lasers, the 

down-converted received signal after coherent detection exhibits a frequency offset 

corresponding to the frequency difference. Moreover, the detected signal is adversely 

affected by time varying laser phase noise due to the non-zero linewidth of transmitter and 

receiver LO lasers. As a result, carrier synchronization (i.e., carrier frequency offset and 

phase error compensation) is performed before symbol decisions are made. Frequency 

offset correction and phase error compensation techniques are very similar. A basic 

approach for both is to remove the modulation, obtain an estimate of the frequency offset 

or laser phase noise, and correct for them. Several carrier frequency estimators as well as 
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carrier phase estimators have been presented for optical transmission. These algorithms 

rely on the phase difference between two adjacent received samples for which the 

modulation has been removed. This is straightforward for PSK modulations, by finding a 

frequency that maximizes the FFT of the mth power of the received signal (m is the number 

of constellation points) [13]. To obtain modulation free samples for OPSK signals, the 4th 

power approach can be used. A QPSK partitioned scheme for frequency offset estimation 

of 16-QAM signals is presented in [14], where the 4th power approach was applied to 

subsets of symbols which were partitioned based on their amplitude. The blind phase 

search (BPS) [15] algorithm using a feed-forward approach is a commonly used method 

for carrier phase estimation due to the capability for implementation in real time using DSP 

techniques in contrast to feedback algorithms such as the decision-directed phase-locked 

loop (DD-PLL). 

1.3 Multi -Level and Multi -Dimensional Modulation Formats 

Current coherent transmission systems implement DP m-QAM signals by 

independently modulating in-phase and quadrature carriers for each of the orthogonally 

polarized signals. This is referred to as 2 × two-dimensional (2-D) modulation. 

Alternatively, the two orthogonal polarizations can be modulated dependently by 

simultaneously modulating their in-phase and quadrature carriers. This scheme is denoted 

as four-dimensional (4-D) modulation. Set-partitioning based QAM formats are examples 

of 4-D modulation [16]. These modulations are constructed by applying the Ungerboeck 

set-partitioning scheme in 4-D signal space to the 2 × 2-D scheme of DP m-QAM, which 
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causes a dependency between the symbols of one polarization on the other polarization 

[17], [18], and [19]. 

By adding another degree of freedom, the 8-D modulation can be achieved, which is 

constructed by defining constellations by two time slots and the four dimensions of an 

optical field within each time slot (employing 4-D modulation on each time slot) [20]. 

In addition to increasing the cardinality as well as dimension of a modulation format, 

advance techniques such as constellation design can be employed to enhance the 

transmission performance and fulfill the increasing demand for capacity. Constellation 

shaping of multi-dimensional modulation formats provides flexibility in adjusting the 

spectral efficiency based on the required optical signal-to-noise ratio (OSNR), thus 

allowing increases in transmission capacity. Moreover, constellation shaping improves 

system performance by increasing the tolerance to linear noise. In this context, depending 

on the adjustment being made on the positions of constellation points in I-Q plane and the 

probability of occurrence of symbols corresponding to each constellation point, 

constellation shaping can be addressed by three categories, geometric, probabilistic, and 

hybrid shaping. 

Probabilistically shaped (PS) constellations are uniformly spaced constellations where 

the probabilities of symbol occurrence for each constellation point are not all equal [21], 

[22], [23]. Geometric shaping (GS) employs non-equidistant spaced constellation points 

with a uniform distribution, i.e., the symbols are equally probable [24]. The combination 

of both shaping techniques, which results in non-uniform constellations and non-

equiprobable symbols, is denoted as hybrid shaping [25]. Comparing different types of 

shaping, PS offers several advantages over GS, which are highlighted in [26] and [27]. It 
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is shown in [28] that PS offers larger shaping gain compared to GS. In addition, since the 

constellations are uniformly spaced and are on a rectangular grid, only slight changes in 

the receiver side DSP are required to detect and process the PS symbols as opposed to GS 

symbols. In this context, for GS symbols, the generation of non-equidistant spacing 

constellation points poses strong requirements on the effective number of bits (ENOB) of 

the DAC [27]. A further feature of PS is the rate adaptivity. The net data rate with arbitrary 

granularity can be adjusted by changing the symbol distribution [29], [30]. 

1.4 Optical Kerr Nonlinear Effects 

The optical Kerr effect refers to the nonlinear impairments that result from the power 

dependent refractive index of an optical fiber [31], which are an important source of signal 

degradation in digital coherent systems. This is due to the limitation that is placed on the 

maximum power that can be launched into a fiber and thus the achievable OSNR at a 

receiver. From a system requirements point of view, this limitation has implications on the 

system reach for a given modulation format and symbol rate. 

The propagation of the electrical field over a nonlinear fiber can be describe using the 

nonlinear Schrödinger equation (NLSE) [32]. In DP systems, in order to study the evolution 

of two polarization components along a fiber, the Manakov-PMD equation or coupled 

NLSE is used [31]. In order to understand and use the coupled NLSE, it is useful to 

introduce length scales known as the effective length Leff, the nonlinear length Lnl, and the 

birefringent beating length LB. 

As the field propagates along the fiber, its power decreases due to fiber attenuation. The 

quantity Leff is the effective length of interaction region of a nonlinear process [31]. 
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Accordingly, effective length is the length over which the power can be assumed constant. 

It is smaller than the fiber length L because of fiber losses and is defined as Leff = (1 ï exp(-

ŬL)) / Ŭ. The physical meaning of the Lnl is the effective propagation distance that results 

the nonlinear phase shift of 1 radian. Due to the nonlinear refractive index, the phase shift 

scales with the optical power that is launched into the fiber, as follows [31]: 

• ὖ‎ ὖ‎ὒ , (1.3) 

where P0 is the signal peak power, Ŭ is the power attenuation coefficient, and ɔ is the 

nonlinear coefficient. Accordingly, the nonlinear length can be defined as Lnl = (ɔP0)-1. 

Due to the birefringence in fiber, the mode propagation constant and hence modal 

refractive indices become slightly different for X- and Y-polarizations. This property is 

referred to as modal birefringence and it strength (Bm) is defined as the difference between 

the modal refractive indices of X- and Y-polarizations [31]. For a given value of Bm the 

two orthogonal polarization components of signal exchange their powers in a periodic 

fashion, which leads to a periodic change in the state-of-polarization (SOP) of signal during 

propagation with the period denoted as birefringent beating length. The birefringent 

beating length is the propagation distance over which the SOP of signal changes by one 

period and is defined as LB = ɚ / Bm. By considering that in practice the nonlinear effective 

length is much longer than the birefringent beating length, the effect of coherent coupling 

between two polarizations can be disregarded on average. As a result, the Manakov 

equations can be presented as follow [33]: 
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(1.4) 

where uX/Y (z,t) is the slowly varying envelope of the electrical field of X- and Y-

polarizations, and ɓ2 is the group velocity dispersion. Assuming that multiple WDM 

channels, denoted by s, co-propagate in the fiber, the total field can represented as follow: 

όȾ ᾀȟὸ όϳȟ ᾀȟὸ όϳȟᾀȟὸὩ ȟ (1.5) 

where the first term in the right hand side corresponds to the field of channel of interest 

with the relative central frequency of 0, and the second term corresponds to the 

neighbouring channels with the relative frequency shift of ɤs from channel of interest. 

Accordingly, the Manakov equation for the X-polarization signal in channel of interest 

becomes: 
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(d) 

The Manakov equation for the Y-polarization signal can be obtained by simply 

exchanging the subscript X and Y. The optical Kerr effects can be classified in terms of 

intra- and inter-channel nonlinearities. The former defines the nonlinear effects in a single 

wavelength channel and the latter describes the nonlinear interactions between 

neighbouring channels in WDM systems. The intra-channel effects are categorized into 

SPM, IXPM, and IFWM. Part (a) of (1.6) corresponds to the intra-channel nonlinear 

effects. The effect of the nonlinear interaction between pulses in the same wavelength 

channel (SPM, IXPM, and IFWM) can be studied by re-writing the uX,0 (z,t) as a sum over 

individual pulses. Moreover, the inter-channel effects are classified into cross-phase 

modulation (XPM) (parts (b) and (c) of (1.6)), and four-wave mixing (FWM) (part (d) of 

(1.6)). 

In general, it is not possible to find an exact solution of the NLSE analytically. Recursive 

and numerical methods such as the split step Fourier transform method [8], [31], [34], allow 

on an approximate solution of the equation by splitting the linear and nonlinear parts of the 

equation over sufficiently short segments of fiber. Alternatively, analytical approaches 

such as Volterra series transfer function [35], [36] and perturbation-based methods [33], 

[37], [38], employ modifications and simplifications of the NLSE in order to achieve 

approximate analytical solutions for the equation as well as closed-form analytical 

formulations to analyze fiber nonlinearities. 
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These techniques can also be used to estimate the fiber nonlinearity and apply 

compensation at the transmitter or receiver using the capability offered by the DSP enabled 

transceivers. The compensation of fiber nonlinearities can be performed at the transmitter, 

taking advantage of error-free knowledge of the transmitted symbol sequences, or at the 

receiver. However, compensation at the receiver requires higher resolution digital circuits 

and must tolerate noise from the optical line [39]. Digital back propagation [40], [41], 

perturbation-based compensation [33], [42], [43], [44], [45], and Volterra series 

equalization [46], [47] are the examples of these techniques. Computational and 

implementation complexities and the improvement in the system performance are key 

features that distinguish these approaches [48]. 

Moreover, the fiber nonlinearity-induced signal distortion can be mitigated employing 

techniques that make the signal propagation more tolerant to fiber nonlinearity. They 

include employing advanced modulation formats and performing constellation design by 

adjusting the position and probability of each constellation point to restrict high-energy 

symbols to reduce the peak-to-average power ratio and thus the nonlinear effects. The 

former referred to as geometric constellation shaping [49], [50], and the latter as 

probabilistic constellation shaping [20], [51], [52], [53], are described in section 1.3. 

1.5 Optical Performance Monitoring  

With optical networks evolving towards higher capacity, accurate and optimized 

network design and management is crucial in order to guarantee the required quality of 

service. Accordingly, optical network performance monitoring is vital to ensure reliable 

networks. Optical performance monitoring (OPM) collectively refers to a set of 



 

 

Chapter 1. Introduction 

18 

measurements performed on an optical signal, particularly regarding the signal quality or 

estimation of various channel impairments across the network [54]. The monitored results 

are then passed to a higher networking layer for lightpath establishment. In this context, 

detecting the sources of performance degradation (e.g., identifying the OSNR degradation 

of a wavelength path) is valuable for network control and management, particularly for 

routing decisions and the fast provisioning of optical routes or channel spectra [55]. 

Moreover, the capability to accurately estimate signal distortion including linear and 

nonlinear noise has potential application to nonlinear compensation [56] as well as capacity 

or maximal reach prediction. 

Simplicity in implementation, low cost, and the ability to monitor multiple impairments 

while accommodating different link conditions and channel loadings are key requirements 

for OPM techniques. Machine learning (ML) based OPM techniques have gained 

significant attention, driven by their ability to monitor multiple channel impairments, 

which is a key requirement for next generation optical networks [57]. 

Moreover, for flexible, dynamic, and heterogeneous optical networks, the capability to 

dynamically provision optical routes, channel bandwidths, modulation formats, and bit 

rates has increased in importance. By learning the characteristics of a system from the 

statistical properties of observed data, ML-based techniques yield generalized estimators, 

which enable automatized network self-configuration and fast decision-making, while 

deterministic approaches result in impractical computational loads [58]. 

In the context of optical performance monitoring and estimation, artificial neural 

networks (ANNs) are considered as a proper ML tools due to the ability to model multi-

dimensional nonlinear relationships and learn the complex mapping between extracted 
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features from the signal sample values and optical fiber channel parameters [59], [60] (such 

as OSNR, PMD, polarization-dependent loss, baud rate, and CD). In order to demonstrate 

the applications of ANNs in optical networks, we first describe the basic concept of ANNs. 

1.5.1 Artificial Neural Networks, Concept and Applications 

ANNs are information processing systems comprised of multiple layers of processing 

units, denoted as neurons, connected by links with a numeric weight, which determines the 

strength and sign of the connections. The output of each unit is calculated by applying an 

activation function to a weighted sum of its input and a bias associated with the unit. 

Activation functions are chosen in a way that ensures the entire network of units can 

represent a nonlinear function. Activation functions depend on the nature of the data and 

the assumed distribution of the target outputs [61], and are typically either a hard threshold 

or a logistic function, in which case the unit is called perceptron or sigmoid perceptron, 

respectively [62]. The choice of activation functions has an important role on the final 

performance of an ANN [63]. The most commonly used nonlinear activation functions for 

hidden layer neurons are the sigmoid and hyperbolic tangent. 

A block diagram for a two-layer feed-forward ANN is shown in Figure 1.2. The feed-

forward architecture ensures the forward flow of information through the network where 

the output of each neuron is calculated based on a network basis function. This type of 

network also known as multi-layer perceptron. 
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Combining all stages, the overall network function can represented as follows [62]: 

ώ ὼȟύ Ɑ  ύ   ▐  ύ ὼ ύ    ύ   ȟ 
(1.7) 

   ὥ     
        

  ᾀ    
      

 ὥ   

where xi are input variables, yk are the network outputs, and aj and ak are known as 

activations, the former corresponding to hidden and latter corresponding to output units. 

ύ  is the weight associated to each neuron and ύ  is the shifting bias. Accordingly, the 

Figure 1.2: The two layer ANN block diagram. The bias terms in (1.7), are absorbed into the set 

of weight parameters by defining additional variables with subscripts '0' with the values equal to 

1 for each layer in the network, except the output layer. 
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subscripts are used to identify the source ('s', second index) and the destination ('d', first 

index), and superscripts represent the index of the layer. Each intermediate layer between 

the input and output layers is denoted as a hidden layer. The number of hidden neurons is 

chosen based on the nonlinearity of the function and number of inputs and outputs or 

dimensionality of the model [60]. In that regard, variables zn are the hidden variables 

corresponding to the hidden units. Finally, h(.) and ů(.) are the activation functions. 

Thus, the neural network model is a nonlinear mapping of a set of input variables {xi} 

to a set of output variables {yk} [62]. In the training phase, the values of weights and biases 

are adjusted to fit the data. In this context, the main goal of training is to find a set of 

network parameters (weights and biases) that minimize a sum-of-squares error function. 

Considering a training set comprised of input vectors {xn} and corresponding target output 

{ tn} the sum-of-squares error function can be represented as follow: 

Ὁύ
ρ

ς
ᴁώ ὼȟύ ὸ ᴁȟ 

(1.8) 

where yk(xn,w) is the kth ANN output for input xn and tkn is the kth element of tn. 

In this context, training algorithms employ an iterative procedure to find the optimal 

solution to the error function minimization with adjustments to the weights being made in 

a sequence of steps [62]. In each step, first, the derivative of the error function with respect 

to the weight is evaluated, and then results are used to compute the adjustments to be made 

to the weights. The backpropagation technique and gradient decent optimization are 

examples for the evaluation of the derivative of the error function and weight adjustments, 
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respectively. When the training phase is completed, the neural network is optimized to the 

training data, and can be used to estimate the target output from unseen sets of data. 

The input to the ANN could be features extracted manually from the data sets, which 

are representative of the target output. These features should follow the same trend as the 

quantity that ANN is going to estimate with changes to the system configuration. 

Alternatively, the input to the ANN could be the entire data set (or a part of data set without 

any pre-processing). In this case, feature extraction is performed by the ANN using more 

hidden layers (deep learning [64], [65]). In addition, the ANN requires large number of 

hidden neurons as well as hidden layers due to the high dimensionality of data [59]. 

Table 1.1 summarizes the various applications of ANNs in optical networks collected 

from the approaches highlighted in [58] and [59]. For each application the input features 

used in the training and the desired output to be estimated are listed as well as the 

corresponding reference papers. 
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Table 1.1: ANN application in optical networks. 

Application Input Features Estimated Output  Ref. 

OPM 

Parameters derived from: 

¶ Eye diagram and amplitude 

histogram 

¶ Asynchronous amplitude 

histogram 

¶ Asynchronous constellation 

diagram 

¶ Empirical moments of 

asynchronously sampled signal 

amplitude 

¶ CD 

¶ PMD 

¶ OSNR 

[66] 

[67] 

[68] 

[69] 

¶ Asynchronously sampled raw data ¶ OSNR [64] 

¶ Parameters derived from eye 

diagram 
¶ OSNR 

[70] 

[71] 

¶ Horizontal and vertical polarized 

I/Q samples from ADC 

¶ OSNR 

¶ Modulation format 

¶ Symbol rate 

[65] 

¶ Launch power 

¶ EDFA gain 

¶ EDFA input and output power 

¶ EDFA noise figure 

¶ OSNR [72] 

Optical amplifiers 

control 
¶ EDFA input and output powers 

¶ EDFA operating 

point 

i.e., noise figure and 

gain flatness 

[73] 

[74] 

Modulation format 

recognition/identification 

¶ Asynchronous amplitude 

histogram 
¶ Modulation format 

[70] 

[75] 

[76] 

[77] 

Quality of transmission 

(QoT) estimation 

¶ Lightpath route and length 

¶ Number of traversed EDFAs 

¶ Channel wavelength 

¶ Channel loadings 

¶ Launch power settings 

¶ Q-factor 

[78] 

[79] 

[80] 

¶ Source and destination nodes 

¶ Data rate 

¶ Link occupation of an inter-

domain lightpath 

¶ Modulation format 

¶ Path length 

¶ BER [81] 
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1.6 Contributions 

The research presented in this thesis has been published in the following journal and 

conference papers. 

Table 1.1: ANN application in optical networks. (continued) 

Application Input Features Estimated Output  Ref. 

Nonlinearity mitigation 

¶ Sampled received signal sequences 

(Coherent detection) 
¶ Equalized symbols [82] 

¶ Received subcarrier symbols 

(Coherent detection) 
¶ Equalized symbols [83] 

¶ Sampled received signal sequences 

(Direct detection) 

¶ Equalized symbols 

with reduced inter-

symbol interference 

[84] 

[85] 

[86] 

Traffic prediction and 

virtual topology 

(re)design 

¶ Traffic monitoring data 

¶ Available links 

¶ Available transponders in the 

routers 

¶ Predicted end-to-end 

traffic 
[87] 

¶ Traffic monitoring data in intra 

data center (DC) network. 

¶ Predicted intra-DC 

traffic 
[88] 

Failure management 

¶ Statistical characteristics of the 

monitored BER 

¶ Set of failures 

causes packet loss 
[89] 

¶ Optical power levels 

¶ Amplifier gain 

¶ Shelf temperature 

¶ Current draw 

¶ Internal optical power 

¶ Detected fault across 

various network 

nodes 

[90] 

Flow classification 

¶ Source/destination IP addresses 

¶ Source/destination ports 

¶ Transport layer protocol 

¶ Packet sizes 

¶ A set of intra-flow timings within 

the first 40 packets of a flow 

¶ Classified flow for 

DC 
[91] 

Connection 

establishment 

¶ Data from routing and wavelength 

assignment algorithm 

(Input dimension reduction using 

principal component analysis) 

¶ Connection blocking 

probability 
[92] 
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1.6.1 Journal Publications 

[J1] A. S. Kashi, A. I. Abd El-Rahman, J. C. Cartledge, S. A. Etemad, ñExtending a 

nonlinear SNR estimator to include shaping distribution identification for probabilistically 

shaped 64-QAM signals,ò J. Lightw. Technol., 2019, submitted. 

[J2] A. S. Kashi, Q. Zhuge, J. C. Cartledge, S. A. Etemad, A. Borowiec, D. Charlton, 

C. Laperle, and M. OôSullivan, ñNonlinear signal-to-noise ratio estimation in coherent 

optical fiber transmission systems using artificial neural networks,ò J. Lightw. Technol., 

vol. 36, no. 23, pp. 5424ï5431, Dec. 2018. 

[J3] A. S. Kashi, J. C. Cartledge, Y. Gao, A. Rezania, M. OôSullivan, C. Laperle, A. 

Borowiec, and K. Roberts, ñHigh resolution characterization of spectral broadening due to 

fiber nonlinearities,ò IEEE Photon. Technol. Lett., vol. 28, no. 12, 2375ï2378, Nov. 2016. 

1.6.2 Conference Publications 

[C1] A. S. Kashi, Q. Zhuge, J. C. Cartledge, A. Borowiec, D. Charlton, C. Laperle, and 

M. OôSullivan, ñArtificial neural networks for fiber nonlinear noise estimation,ò in Asia 

Commun. Photon. Conf., Guangzhou, Guangdong China, 2017, Su1B.6. (Invited Paper) 

[C2] A. S. Kashi, Q. Zhuge, J. C. Cartledge, A. Borowiec, D. Charlton, C. Laperle, and 

M. OôSullivan, ñFiber nonlinear noise-to-signal ratio monitoring using artificial neural 

networks,ò in Eur. Conf. Opt. Commun., Gothenburg, Sweden, 2017, M.2.F.2. 

[C3] A. S. Kashi, J. C. Cartledge, M. A. Rezania, C. Paquet, J.-P. Fortier, and I. Woods, 

ñPerformance of a 32 Gbaud DP 16-QAM signal generated using 2-bit DACs and an InP 

DP IQ modulator,ò in Signal Process. Photon. Commun., Vancouver Canada, 2016, 

SpW3F.3. 
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[C4] A. S. Kashi, J. C. Cartledge, M. A. Rezania, A. Bakhshali, M. OôSullivan, C. 

Laperle, A. Borowiec, and K. Roberts, ñHigh resolution characterization of the spectral 

broadening due to inter-channel fiber nonlinearities,ò in Eur. Conf. Opt. Commun., 

Dusseldorf, Germany, 2016, W.4.P1.SC5.53. 

[C5] A. S. Kashi, J. C. Cartledge, A. Bakhshali, M. A. Rezania, A. El-Rahman, M. 

OôSullivan, C. Laperle, A. Borowiec, and K. Roberts, ñInformation rates for the SP 128-

QAM and DP 16-QAM modulation formats,ò in Eur. Conf. Opt. Commun., Valencia, 

Spain, 2015, Mo.3.6.6. 

1.6.3 Original Contributions  

¶ A novel technique for measurement and quantification of the intra- and inter-

channel nonlinearity-induced spectral broadening is described and experimentally 

demonstrated using balanced heterodyne detection and a gated microwave spectrum 

analyzer. While the spectrum can be determined by processing the digitalized 

sample values obtained by the receiver, the proposed technique allows for accurate 

measurement of subtle changes in the spectrum for each polarization component of 

DP signals without being adversely affected by the limited sampling rate and 

quantization error of the ADC in the receiver. The spectral broadening is quantified 

in terms of spectral edge power for polarization resolved spectra of a 224 Gb/s DP 

16-QAM signal and for 256 Gb/s DP 16-QAM signals in a 9-channel system with 

37.5 GHz channel spacing. Experimental demonstrations reveal that the launch 

powers that minimize the bit error ratio and spectral edge power coincide. The 

experimental results published in [C4] and [J3], are discussed in Chapter 2. 
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¶ Generation and transmission of a 32 Gbaud DP 16-QAM modulation format, in the 

context 2 × 2-D modulation formats, is experimentally demonstrated using an 

Indium phosphide (InP)-based DP IQ modulator. This architecture realizes a 

compact, high capacity, DSP free transmitter and the requisite four-level drive 

signals are generated utilizing 2-bit DACs. A 3.7 dB implementation penalty from 

the theoretical limit is obtained at a BER of 2.7×10-2 (before FEC decoding) and a 

maximum reach of 1800 km is achieved. The experimental results published in [C3] 

are discussed in Chapter 3. In the context of 4-D modulation formats, a transmitter 

architecture and decoding scheme for the generation and transmission of an SP 128-

QAM signal is studied and demonstrated in simulation and experiment in Chapter 

3. Comparison in terms of information rates between DP 16-QAM and SP 128-

QAM is performed at the same bit rate and symbol rate. Experimental results reveal 

increases in the information rate of 5.3% and 8.2% for the 256 Gb/s SP 128-QAM 

compared to the DP 16-QAM at the same bit rate for transmission over 2100 km 

and 2700 km, respectively. The experimental and simulation results published in 

[C5] are discussed in more detail in Chapter 3. 

¶ A method for estimating the nonlinear SNR ratio using artificial neural networks is 

presented. The ANN is trained with the fiber nonlinearity induced amplitude noise 

covariance and phase noise correlation extracted from received symbols. The data 

used for training are simulation results for a 34.5 Gbaud DP 16-QAM signal 

transmitted over a wide range of link configurations. The accuracy of estimation is 

demonstrated for simulation data with a maximum estimation error of 0.37%, and 
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validated for experimental data with estimation errors of less than 0.25 dB. The 

experimental results published in [C1], [C2], and [J2] are discussed in Chapter 4. 

¶ A technique is presented that employs an artificial neural network for identifying 

the shaping distribution for rate-adaptive DP PS 64-QAM transmission systems 

based on extracting the fourth and sixth order constellation moments from estimates 

of the nonlinear SNR and system nonlinear coefficients. The proposed technique 

exploits the effect of the input shaping distribution on the nonlinear SNR of a 

system. The procedure for shaping distribution identification using a trained ANN 

is non-iterative, which is beneficial for elastic optical networks for which the 

modulation formats and shaping distributions dynamically change. A continuum of 

distributions is not needed for near-optimum performance, hence the practical case 

of seven distributions with bit rates ranging from 200 Gb/s to 300 Gb/s is 

considered. The signal processing, up to the point of identification, is agnostic to 

the shaping distribution. The accuracy of identification is demonstrated for 

simulation data with the success rates greater than 96% for five shaping 

distributions corresponding to a bit rate granularity of 25 Gb/s and with somewhat 

lower success rate of 79% for five shaping distributions corresponding to a bit rate 

granularity of 12.5 Gb/s. The results submitted for publication in [J1] are discussed 

in detail in Chapter 5. 

1.7 Thesis Overview 

An overview of the thesis is summarized in Table 1.2. 
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Table 1.2: Thesis overview. 

CHAPTER BRIEF DESCRIPTION RESULTS 

Chapter 2 

¶ Characterizing the impact of fiber nonlinearity 

Investigation and measurement of the spectral broadening 

due to the intra- and inter-channel fiber nonlinearity using 

balanced heterodyne detection and a gated microwave 

spectrum analyzer. 

Experiment 

Chapter 3 

¶ Transmission in the presence of fiber nonlinearity  

Generation and transmission of 32 Gbaud DP 16-QAM 

using an InP-based DP IQ modulator and 2-bit DACs, in a 

DSP free transmitter architecture. 

Generation and transmission of SP 128-QAM with the same 

bit rate (256 Gbit/s) and symbol rate (32 Gbaud) with DP 

16-QAM, and performance comparison in terms of 

information rate. 

Simulation 

Experiment 

Chapter 4 

¶ Impact of fiber nonlinearities on OSNR 

Estimation of the nonlinear SNR using machine learning 

techniques (ANN and regression). 

Assessing the estimation performance by simulation and 

experiment for 32 Gbaud DP-16QAM. 

Simulation 

Experiment 

Chapter 5 

¶ Shaping distribution identification in the presence of 

fiber nonlinearities 

Extending the nonlinear SNR estimator presented in 

Chapter 4 to include shaping distribution identification for 

DP PS 64-QAM signals. 

Validation of the estimation performance and identification 

accuracy in the simulation for DP PS 64-QAM with seven 

different shaping distributions with the information bit rates 

ranging from 200 Gbit/s to 300 Gbit/s. 

Simulation 

Chapter 6 Conclusion and future works ðððð 
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Characterization of the Spectral 

Broadening Due to Fiber 

Nonlinearity  

2.1 Overview 

The performance of coherent optical fiber transmission systems is adversely affected by 

Kerr effect nonlinearities that include self-phase modulation (SPM), cross-phase 

modulation (XPM), and four-wave mixing (FWM) [1]. Consequently, the transmission 

distance is limited by intra- and inter-channel nonlinear signal distortions [1], and possibly 

by the spectral overlap of the modulated optical signals in spectrally efficient dense 

wavelength division multiplexed (DWDM) systems due to the nonlinearity-induced 

spectral broadening [2], [3]. 
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The spectrum of the modulated optical signal used in a coherent optical fiber 

transmission system can be determined by processing the digitized sample values obtained 

by the receiver. However, the sampling rate and quantization error of the analog-to-digital 

converters (ADCs) affect the ability to accurately measure subtle changes in the spectrum. 

Alternatively, the spectrum can be measured using optical spectrum analyzers (OSAs) 

based on a variety of techniques. Conventional grating-based OSAs have a wide tuning 

range, high dynamic range, and minimum resolution bandwidths (RBWs) ranging from 

1.25 GHz to 7.50 GHz [4]. High resolution OSAs based on spectral filtering and 

amplification of the measured optical signal by means of stimulated Brillouin scattering 

(SBS) allow an RBW of 10 MHz [5]. The RBW can be reduced to 3 MHz by using 

polarization pulling assisted (PPA)-SBS, and to 30 kHz by using PPA-SBS in combination 

with heterodyne detection and a spectrum analyzer [6]. The spectrum of a repetitive optical 

signal can be determined numerically from the temporal amplitude and phase obtained 

using a re-modulation technique [7]. Perhaps the best known method with ultra-high 

resolution (on the order of kHz) is heterodyne detection using a local oscillator (LO) laser 

and an electrical spectrum analyzer compatible with the properties of the signal under test 

[8], [9]. Down-converting, the optical signal to the electrical domain and taking advantage 

of a high resolution microwave spectrum analyzer (MSA) allows for accurate measurement 

of the spectrum for each polarization component of dual polarization (DP) signals in 

coherent optical fiber transmission systems. 
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2.2 Principal  of Heterodyne Detection 

The heterodyne detection setup illustrated in Figure 2.1 was used to measure modulated 

signal spectra [8], [10], [11]. Detailed information on the components used in the setup is 

provided in Appendix A. The state-of-polarization (SOP) of the LO signal was monitored 

using a polarimeter and adjusted by a polarization controller to resolve the orthogonal 

polarization components of the DP optical signal. The power of the modulated optical 

signal was controlled by a variable optical attenuator (VOA) in order to provide a constant 

input power to the balanced photo-detector (BPD) and linear microwave amplifier. The 

frequency responses of the BPD and microwave amplifier were therefore common for 

different measurements. 

 

The modulated optical signal can be written as: 

Ὁ ὸ ὃ ὸ ὩὼὴὭ‫ ὸ — ὸȟ (2.1) 

where Am (t) is the complex amplitude, ɤm is the radian carrier frequency, and ɗn (t) is the 

carrier phase noise. Similarly, the LO signal at the heterodyne receiver is given by: 

Ὁ ὸ ὃ  ὩὼὴὭ‫ ὸ — ὸȟ (2.2) 

Figure 2.1: Heterodyne detection setup. PC: polarization controller; PM: polarimeter; VOA: 

variable optical attenuator; BPD: balanced photo-detector; MSA: microwave spectrum analyzer. 
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where ALO is the amplitude, ɤLO is the radian carrier frequency, and ɗLO (t) is the phase 

noise. 

The photocurrent at the output of an ideal BPD is: 

Ὅὸ Ὑ  Ὁ ὸ Ὁ ὸᶻ  Ὁ ὸᶻ Ὁ ὸ ȟ (2.3) 

where R denotes the responsivity of the photo-detector and * denotes conjugation. 

Assuming that the LO signal is described by the well-known Lorentzian linewidth function, 

the power spectral density measured by the MSA is SE (ɤ ī |ɤm ī ɤLO|) where [12]: 

Ὓ ‫  Ὑ Ὓ ἆ Ὓ ‫ ‫ Ὑ Ὓ ἆ ‫  
‎“ϳ

‎  ‫
ȟ (2.4) 

Sm (ɤ) and SLO (ɤ) are the power spectral densities of the low-pass equivalents of the 

modulated optical signal Em (t) and LO signal ELO (t), respectively, ɔ ╘  ́ is the LO laser 

linewidth, and ṧ denotes convolution. The measured spectrum SE (ɤ ī |ɤm ī ɤLO|) differs 

from the spectrum of Em(t), denoted Sm (ɤ), due to the effect of the Lorentzian spectrum 

SLO (ɤ). However, since the signal bandwidth is considerably larger than the laser linewidth 

(<100 kHz), the effect is negligible [12]. In addition, the interest in this chapter is the 

change in Sm (ɤ) due to fiber nonlinearities as measured by the change in SE (ɤ). 

The frequency responses of the opto-electronic and electronic components in the 

heterodyne detection setup affect the accuracy of the measured result. Thus, the small-

signal responses of the components were measured and de-embedded from the final 

measured spectra. To reduce the impact of additive noise, independent measurements were 

averaged. The small-signal S21 response of the BPD obtained using a vector network 

analyzer (VNA) is shown in Figure 2.2. 
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Results were obtained using the optical-to-electrical technique for measuring the 

frequency response of a photo-detector employing a modulator with known frequency 

response. The VNA (Anritsu 37397C 40 MHz - 65 GHz) supplied a swept microwave 

signal over the frequency range of interest to the modulator (SHF 46210B). The BPD then 

converted the modulated optical signal back to an electrical signal, which was measured 

by the VNA. The S21 response of the characterized modulator was de-embedded from the 

measured results. Once the response of the modulator was removed, the S21 parameter 

displayed the ratio of the output electrical signal to the input optical modulated signal. The 

BPD, the average measured spectra were also corrected for the overall frequency response 

 

Figure 2.2: Magnitude response of the normalized S21 parameter of the BPD. 
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of the microwave amplifier, as measured with a VNA, and for the response of the MSA, as 

measured using a stepped signal generator. 

2.3 Intra -Channel Fiber Nonlinearity-Induced Spectral 

Broadening* 

In this section, balanced heterodyne detection and a gated MSA (RBW of 300 kHz) are 

used to precisely measure polarization resolved spectra for a 224 Gb/s DP 16-ary 

quadrature amplitude modulation (16-QAM) signal. The spectral broadening due to intra-

channel fiber nonlinearities is quantified by the spectral edge power (SEP) without and 

with perturbation-based pre-compensation for the signal distortion caused by the Kerr 

effect [14]. For both cases, it is shown that the launch power that minimizes the pre-forward 

error correction (pre-FEC) bit error ratio (BER) coincides with the launch power that 

minimizes the SEP. Consequently, the SEP serves as a metric that usefully captures the 

effects of both fiber nonlinearities and amplified spontaneous emission (ASE) noise (i.e., 

spectral broadening and spectral noise floor). 

2.3.1 Single Channel Experimental Setup 

The experimental setup is shown in Figure 2.3. Detailed information on the components 

used in the setup is provided in Appendix A. A 220 deBruijn bit sequence was mapped to 

Gray-coded symbols to generate a 112 Gb/s 16-QAM signal. The pre-compensation for the 

                                                 

* This section is compiled from material extracted from [13]. Copyright © 2016 IEEE. Reprinted, with 

permission, from A. S. Kashi, J. C. Cartledge, Y. Gao, M. A. Rezania, M. OôSullivan, C. Laperle, A. 

Borowiec, and K. Roberts, High resolution characterization of the spectral broadening due to fiber 

nonlinearities, IEEE Photonics Technology Letters, Nov. 2016. 
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effects of fiber nonlinearities was implemented using calculated SPM, intra-channel XPM, 

and intra-channel FWM based on a first-order perturbation analysis of the Manakov 

equation and applied to the symbol sequence. The specific implementation follows 

reference [14]. 

The symbol values were encoded onto root-raised-cosine (RRC) pulses. A delayed 

version of the signal was used to generate the orthogonal polarization component. The 

samples values (229,376) for each polarization component of the 224 Gb/s DP 16-QAM 

signal were loaded into the programmable memory of a Ciena WaveLogic3 transceiver 

with four synchronized digital-to-analog converters (DACs) with a sampling rate of 39.4 

GSa/s. The signal sample values were pre-compensated channel-by-channel for the linear 

and nonlinear responses of the entire transmitter chain (e.g., the sinusoidal responses of the 

modulators and the combined frequency responses of the DACs, drive amplifiers, and 

modulators) based on extensive diagnostics obtained by the WaveLogic3 card. The four 

drive signals and a continuous wave (CW) optical signal with a wavelength of 1557.36 nm 

were applied to a DP in-phase/quadrature modulator. The modulated optical signal was 

launched into a recirculating loop with four spans, each consisting of 75 km of standard 

single mode fiber (SSMF), an erbium doped fiber amplifier (EDFA) with a noise figure of 

5 dB, and an optical band-pass filter (OBPF) with a bandwidth of 1.2 nm. The dispersion 

and attenuation per span were 1275 ps/nm and 15.5 dB, respectively. The OBPFs prevented 

the EDFAs in the loop from being saturated by out-of-band ASE noise. A loop synchronous 

polarization scrambler (LSPS) used for the BER measurements was bypassed for the 

polarization resolved spectral measurements. 
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After propagation over 2100 km of SSMF, the received signal was amplified and filtered 

(0.6 nm bandwidth). In the heterodyne receiver, the modulated signal and LO signal 

(wavelength of 1557.16 nm) were combined using a 2 × 2 coupler and detected by a Finisar 

BPD (bandwidth of 45 GHz) and amplified by an SHF broadband amplifier (gain of 20 dB 

and bandwidth of 45 GHz). In order to determine the settings of the polarization controller 

(Agilent polarization synthesizer) at the receiver, which aligns the SOP of the LO signal 

with each of the polarization components of the received signal, RRC pulse shapes with 

roll-off factors of 0.04 and 0.4 were used for the X- and Y-polarization components, 

respectively. The different roll-off factors were used solely for the purpose of being able 

to distinguish the two signals and determine the settings of the polarization controller. The 

Figure 2.3: Experimental setup. DAC: digital-to-analog converter; EDFA: erbium doped fiber 

amplifier; AOM: acousto-optic modulator; OBPF: optical band-pass filter; LSPS: loop 

synchronous polarization scrambler; SSMF: standard single-mode fiber; MSA: microwave 

spectrum analyzer. 
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settings of the polarization controller in this step were then used to separately detect the X- 

and Y-polarization components of the 224 Gb/s DP 16-QAM signal with RRC pulse 

shaping with a roll-off factor of 0.05. The roll-off factor for RRC pulse shape determines 

the spectral occupancy of the modulated signal, which must satisfy the Nyquist sampling 

theorem, which states that the sampling rate of the DAC should be at least twice the highest 

frequency component of the signal. In addition, in the case of WDM transmission, the 

bandwidth of the signal must be less than the channel spacing. To be consistent with the 

WDM experiment, which will be discussed in Section 2.4, a roll-off factor of 0.05 was 

used for the RRC pulse shaping for all of the experiments reported in this Chapter. The 

spectral broadening after propagation over 2100 km was characterized at different launch 

powers without and with pre-compensation for fiber nonlinearities.  

The received spectrum after propagation over the recirculating loop was measured by 

an Agilent PXA signal analyzer (frequency range of 3 Hz to 50 GHz) using a gating signal. 

The average measured spectra based on 10 sweeps were corrected for the overall frequency 

response of the BPD, microwave amplifier, and MSA. For BER measurements of the 224 

Gb/s DP 16-QAM signal with RRC pulse shaping (roll-off factor of 0.05), the received 

signal was detected by a polarization- and phase-diverse coherent receiver with 32 GHz 

bandwidth. The local oscillator laser had a nominal linewidth of 100 kHz. The four signals 

from the balanced photo-detectors in the coherent receiver were digitized by 80 GSa/s 

ADCs using two synchronized real-time sampling oscilloscopes (33 GHz bandwidth) and 

processed offline. 

The offline signal processing included: (i) matched filtering for a RRC pulse shape, (ii) 

quadrature imbalance compensation [15], (iii) re-sampling to two samples per symbol, (iv) 
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chromatic dispersion compensation in the case of fiber transmission using fixed frequency 

domain equalization, (v) clock recovery using the digital square and filter technique [16], 

(vi) polarization de-multiplexing and residual distortion compensation using adaptive 

equalizers which employs constant modulus algorithm for pre-convergence followed by a 

radius directed algorithm [17], (vii) carrier frequency offset recovery using a spectral 

domain algorithm [18], (viii) carrier phase recovery using a sliding window two-stage 

simplified QPSK partitioning and QPSK constellation transformation algorithm [19], and 

(ix) symbol decisions. The BER was obtained by direct bit error counting using rectilinear 

decision boundaries. 

2.3.2 Experimental Results 

The measured spectra for each polarization component of the 224 Gb/s DP 16-QAM 

signal for the diagnostic case of two different pulse shapes are shown in Figure 2.4. Results 

obtained with an RBW of 1 MHz and a video bandwidth (VBW) of 300 kHz* are shown 

for a back-to-back (BTB) system and transmission over 2100 km of SSMF at a launch 

power of 1 dBm. A VBW of 300 kHz was used for all measurements. The measured spectra 

for different launch powers were normalized by integrating the results over the 

corresponding signal bandwidth to obtain the total power. Increases in the integration 

interval did not change the total power appreciably since the additional noise contribution 

was relatively small. To better distinguish the spectra, three results are offset by multiples 

of 3 dB from those for the BTB X-polarization component. The measured results, which 

                                                 

* The RBW determines the minimum separation between two resolvable signals. The VBW affects the 

variation in the detected noise but not the noise level. R. A. Witte, Spectrum and Network Measurements, 

2nd ed. Edison, NJ: SciTech Publishing, 2014. 
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are in agreement with calculated results, indicate a precise measurement of each 

polarization component of the DP signal. 

 

Measurement of the modulated signal spectrum with high resolution allows the 

implications of intra-channel fiber nonlinearities to be investigated, and the optimum 

launch power (onset of spectral broadening) to be determined. Using an RBW of 1 MHz, 

the spectra for a BTB system and transmission over 2100 km of SSMF at launch powers 

of -2 dBm, -4 dBm, and 6 dBm are shown in Figure 2.5. The pulse shape for each 

polarization component was RRC with a roll-off factor of 0.05. To better distinguish the 

spectra, those corresponding to launch powers of -2 dBm, -4 dBm, and 6 dBm are offset 

by 3 dB, 6 dB and 9 dB from the BTB case, respectively. A direct comparison without and 

 

Figure 2.4: Normalized, measured spectra for the 224 Gb/s DP 16-QAM signal, X- and Y-

polarization components (RRC pulse shape roll-off factor of 0.04 and 0.4, respectively), RBW = 

1 MHz, VBW = 300 kHz. 

5 10 15 20 25 30 35 40 45

-70

-65

-60

-55

-50

-45

-40

-35

N
o

rm
a

liz
e

d
 P

o
w

e
r 

(d
B

)

Frequency (GHz)

back-to-back

2100 km

X-polarization

Y-polarization



Chapter 1 

 

Chapter 2. Characterization of the Spectral Broadening Due to Fiber Nonlinearity 

48 

with the LSPS (non-polarization resolved case) revealed no difference in the spectra. The 

spectral broadening due to intra-channel nonlinearities is evident from a comparison of the 

results for launch powers of 6 dBm and -2 dBm at both the high and low frequency edges 

of the spectra. The measured power below 10 GHz is larger than that above 39 GHz. This 

is attributed to the residual baseband component of the detected signal at the low frequency 

edge that results from the finite common mode rejection ratio of the BPD. The high 

frequency edge is used for the detailed characterization of the spectral broadening. 

 

In order to quantify the effect of fiber nonlinearities on the spectral broadening, Figure 

2.6 shows a measurement of the high frequency edge of the spectrum using an RBW of 

300 kHz. The spectrum corresponding to a launch power of -4 dBm differs from that of the 

 

Figure 2.5: Normalized, measured spectra for the 224 Gb/s DP 16-QAM signal, X-polarization 

component, RRC pulse shape roll-off factor of 0.05, RBW = 1 MHz, VBW = 300 kHz. 
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BTB case due to the change in the noise level as seen above 39.4 GHz. Fiber nonlinearities 

cause broadening of the spectrum for a launch power of 6 dBm. The spectral broadening 

was quantified by measuring the high frequency edge of spectra with an RBW of 300 kHz. 

The total power in the interval [38.6 GHz, 39.4 GHz], as indicated by the dashed lines in 

Figure 2.6, was obtained by integration. This interval was selected by considering the 

center frequency of the heterodyne spectrum and the roll-off factor of the RRC pulse shape. 

The total power in this interval, normalized to the total power of the BTB spectrum, is 

denoted the spectral edge power (or SEP). SEP captures the impact of both the nonlinearity-

induced spectral broadening and the ASE noise relative to the BTB spectrum. 

 

 

Figure 2.6: Normalized, measured spectra for the 224 Gb/s DP 16-QAM signal, X-polarization 

component, RRC pulse shape roll-off factor of 0.05, RBW = 300 kHz, VBW = 300 kHz. 
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Figure 2.7 shows results for the BER and SEP for the 224 Gb/s DP 16-QAM signal after 

transmission over 2100 km of SSMF without and with pre-compensation for intra-channel 

fiber nonlinearities. The pre-compensation increased the peak-to-average power ratio of 

the optical signal by only 0.12 dB for a launch power of 0 dBm. As expected, pre-

compensation leads to an increase in the optimum launch power and a decrease in the BER. 

The nonlinear compensation becomes less effective for large launch powers as higher-order 

perturbation terms are required to accurately capture the signal distortion. In the nonlinear 

region, the SEP is lower for the pre-compensated signal compared to the uncompensated 

signal due to the reduced spectral broadening, but the amount of distortion (nonlinearity-

induced spectral broadening) that can be tolerated is about the same for both cases. This 

 

Figure 2.7: Dependence of the BER and SEP on launch power for a fiber length of 2100 km. 
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indicates that the nonlinearity pre-compensation does not change the amount of distortion 

that the system can tolerate but it does change the launch power that corresponds to that 

amount. Importantly, for both cases, the launch power that yields the minimum BER also 

yields the minimum SEP when the effects of both nonlinearities and ASE noise are 

considered. 

Figure 2.8 compares measured spectra for the signal without and with pre-compensation 

for intra-channel fiber nonlinearities for a launch power of 3 dBm and transmission over 

2100 km. The results illustrate the reduction in the spectral broadening (0.43 dB difference 

in the SEP as indicated in Figure 2.7) which corresponds to the reduction in the BER by a 

factor of 2.3 when the fiber nonlinearities are pre-compensated. 

 

 

Figure 2.8: Normalized, measured spectra for the 256 Gb/s DP 16-QAM signal, single channel 

and center channel in 9-channel transmission, RBW = 300 kHz, VBW = 300 kHz. 
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2.4 Inter -Channel Fiber Nonlinearity-Induced Spectral 

Broadening* 

In this section, balanced heterodyne detection and a gated MSA are used to precisely 

measure spectra with a resolution bandwidth of 300 kHz for a 256 Gb/s DP 16-QAM signal 

in a 9-channel system with a channel spacing of 37.5 GHz. The spectral broadening due to 

inter-channel fiber nonlinearities is quantified by the spectral edge power. For the 9-

channel system, it is shown that the launch power that minimizes the bit error ratio 

coincides with the launch power that minimizes the SEP. Consequently, the SEP serves as 

a metric that usefully captures the effects of both fiber nonlinearities and ASE noise (i.e., 

spectral broadening and spectral noise floor). For the 9-channel system, the effect of XPM-

induced spectral broadening leads to an increase in the SEP compared to a single channel 

system. 

2.4.1 WDM Experimental Setup 

The experimental setup is shown in Figure 2.9 for 9-channel transmission. Detailed 

information on the components used in the setup is provided in Appendix A. A 219 deBruijn 

binary sequence was mapped to symbols to generate the 256 Gb/s DP 16-QAM signals 

with a symbol rate of 32 Gbaud. For the measured channel (center channel in the 9-channel 

experiment), the waveforms were loaded into the programmable memory of a Ciena 

                                                 

* This section is compiled from material extracted from a manuscript titled ñHigh resolution characterization 

of the spectral broadening due to inter-channel fiber nonlinearitiesò, which appeared in the proceedings of 

the 42th European Conference on Optical Communication, Sept. 2016 [20]. 
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WaveLogic3 transceiver operating as an arbitrary optical waveform generator with four 

synchronized DACs at a sampling rate of 39.4 GSa/s and a DP in-phase/quadrature 

modulator. The CW optical signal applied to the modulator had a wavelength of 1550.12 

nm and a linewidth of ~100 kHz. The neighbouring channels were separately generated 

using a second WaveLogic3 transceiver with 8 CW input optical signals. RRC pulse 

shaping with a roll-off factor of 0.05 was performed offline using digital pulse shaping by 

convolving symbol sequences with a 64-tap impulse response with an oversampling rate 

of 1.23 samples per symbol. The modulated optical signals were launched into a 

recirculating loop with four spans, a gain equalizer (GE), and a loop synchronous 

polarization scrambler to break the periodicity of the recirculating loop. Each span 

consisted of 75 km of SSMF, an EDFA, and an OBPF to prevent the amplifiers in the loop 

from being saturated by out-of-band ASE noise. 

After propagation over 1500 km of SSMF, the received signal was amplified and 

filtered. In the heterodyne receiver, the modulated signal was combined with an LO signal 

(wavelength of 1549.94 nm) using a 2 × 2 coupler and detected by a balanced photo-

detector (bandwidth of 45 GHz). The down-converted spectrum of the received signal was 

amplified by a microwave amplifier operating in its linear region and its spectrum was 

measured by an Agilent PXA signal analyzer (frequency range of 3 Hz to 50 GHz) using a 

gating signal from the recirculating loop. For BER measurements, sample values obtained 

after coherent detection were recorded with two synchronized real-time sampling 

oscilloscopes operating at a sampling rate of 80 GSa/s and processed offline with the signal 

processing steps mentioned in Section 2.3.1. 
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The spectral broadening and BER performance were characterized for different per 

channel launch powers. The average measured spectra based on 20 sweeps were corrected 

for the overall frequency response of the BPD, microwave amplifier, and MSA, and 

normalized to the same total power. 

 

2.4.2 Experimental Results 

Spectral measurements of a 256 Gb/s DP 16-QAM signal (single channel) made with a 

conventional grating-based OSA and with the MSA in the heterodyne setup are shown in 

Figure 2.9: WDM Experimental setup. DAC: digital-to-analog converter; EDFA: erbium doped 

fiber amplifier; AOM: acousto-optic modulator; GE: gain equalizer; OBPF: optical band-pass 

filter; LSPS: loop synchronous polarization scrambler; SSMF: standard single-mode fiber; MSA: 

microwave spectrum analyzer; OSA: optical spectrum analyzer. 
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Figure 2.10. The results are for transmission over 1500 km of SSMF at a launch power of 

5 dBm. The RBWs were set to 1 MHz for the MSA and 12.5 GHz for the OSA (minimum 

setting). The results clearly indicate the MSA was able to better resolve the spectrum 

including the subtle changes at both the high and low frequency edges, which correspond 

to the nonlinearity-induced spectral broadening. 

 

Measurement of the modulated signal spectrum with high resolution allows the 

implications of inter-channel fiber nonlinearities in the 9-channel system to be investigated. 

Using a resolution bandwidth of 1 MHz, the spectra for a BTB system and transmission 

over 1500 km of SSMF at launch powers of -1 dBm and 6 dBm are shown in Figure 2.11. 

To better distinguish the spectra, those corresponding to launch powers of -1 dBm and 6 

 

Figure 2.10: Normalized, measured spectra for the 256 Gb/s DP 16-QAM signal at the launch 

power of 5 dBm. 
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dBm are offset by 3 dB and 6 dB from the BTB case, respectively. The spectral broadening 

due to intra- and inter-channel fiber nonlinearities is evident from a comparison of the 

results for launch powers of 6 dBm and -1 dBm at both the high and low frequency edges 

of the spectra. Due to the finite common mode rejection ratio of the balanced receiver, 

which results in a residual baseband component of the detected signal at the low frequency 

edge of the spectrum, the spectral broadening is more clearly seen at the high frequency 

edge. 

 

In order to quantify the effect of the fiber nonlinearities on the spectral broadening, 

measurement of the high frequency edge of the spectrum using a resolution bandwidth of 

300 kHz for the 9-channel system is shown in Figure 2.12. The result for a launch power 

 

Figure 2.11: Normalized, measured spectra for the 256 Gb/s DP 16-QAM signal, center 

channel in 9-channel transmission, RBW = 1 MHz, VBW = 300 kHz. 
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of -4 dBm differs from the spectrum corresponding to the BTB case due to the change in 

the optical signal-to-noise ratio (OSNR) as seen above 39 GHz. Alternatively, the spectrum 

corresponding to a launch power of 6 dBm is broadened compared to the BTB case due to 

intra- and inter-channel nonlinearities. 

 

Figure 2.13 compares measured spectra for the 256 Gb/s DP 16-QAM signal after 

transmission over 1500 km of SSMF for single channel and 9-channel transmission at a 

launch power of 6 dBm per channel. Both spectra were normalized relative to their 

corresponding BTB spectra. The results clearly indicate the increase in the spectral 

broadening due to inter-channel fiber nonlinearities. The spectral broadening was 

quantified by calculating the total power of the measured spectra at the high frequency 

 

Figure 2.12: Normalized, measured spectra for the 256 Gb/s DP 16-QAM signal, center 

channel in 9-channel transmission, RBW = 300 kHz, VBW = 300 kHz. 
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edge of a spectrum with a resolution bandwidth of 300 kHz. The total power in the interval 

[38 GHz, 39 GHz], as indicated by the dashed lines in Figures 2.12 and 2.13, was obtained 

by integration. This interval was selected by considering the center frequency of the 

heterodyne spectrum and the roll-off factor of the RRC pulse shape. The SEP was 

calculated by normalizing the total power in this interval to the total power of the BTB 

spectrum. 

 

Figure 2.14 shows results for the BER and SEP for the center channel in the 9-channel 

256 Gb/s DP 16-QAM system after transmission over 1500 km of SSMF. Results for single 

channel transmission are included for comparison. As expected, inter-channel distortion in 

the 9-channel system leads to a decrease in the optimum launch power and an increase in 

 

Figure 2.13: Normalized, measured spectra for the 256 Gb/s DP 16-QAM signal, single 

channel and center channel in 9-channel transmission, RBW = 300 kHz, VBW = 300 kHz. 
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the BER. The SEP for the 9-channel system is larger than that for the single channel case. 

Due to the intra- and inter-channel nonlinearities in the 9-channel system, the increase in 

the SEP is larger in the nonlinear region compared to the single channel system. For both 

systems, the launch power that yields the minimum BER also yields the minimum SEP as 

the effects of both nonlinearities and ASE noise are considered in both quantities. 

According to the presented results, the SEP can be used as a metric to determine the 

optimum launch power. However, additional experimental results for different system 

configurations (such as number of WDM channel, fiber length, etc.) are required to further 

verify the accuracy of SEP for determining the optimum operation point. 

 

 

Figure 2.14: Dependence of the BER and SEP on launch power for a fiber length of 1500 km. 
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2.5 Summary 

In this chapter, balanced heterodyne detection and a gated microwave spectrum analyzer 

were used to precisely measure the spectral broadening due to intra- and inter-channel fiber 

nonlinearities. The spectral broadening was quantified in terms of spectral edge power, 

which serves as a useful metric for capturing the effects of both fiber nonlinearities and 

amplified spontaneous emission noise. 

The intra-channel nonlinearity-induced spectral broadening was captured and quantified 

in terms of SEP for polarization resolved spectra of a 224 Gb/s DP 16-QAM signal. It was 

shown that without and with perturbation-based pre-compensation for the signal distortion 

due to the Kerr effect, the launch powers that minimize the bit error ratio and spectral edge 

power coincide. The characterization technique was used to quantify the implication of 

inter-channel nonlinearities in terms of SEP for 256 Gb/s DP 16-QAM signals in a 9-

channel system with 37.5 GHz channel spacing. 

The technique is also applicable to encoding schemes such as set-partitioning based m-

ary QAM for which the symbol sequences corresponding to the X- and Y-polarization 

components of the signal have distinct properties. 
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Multi -Dimensional Modulation 

Formats 

3.1 Overview 

The continuous growth in global data traffic gives rise to demands for increasing 

transmission capacity, reach, and spectral efficiency (SE). SE is defined as the information 

rate divided by the required transmission bandwidth. Using the four physical dimensions 

of an optical carrier and increasing the modulation order cardinality (employing multi-level 

modulation formats) in each polarization is the most powerful solution to meet the ever-

growing capacity demand and to enhance the SE of optical fiber systems [1], [2]. 

Moreover, future optical networks will rely on elastic optical networking (EON) [3] and 

software-defined networking (SDN) [4] in order to be able to utilize the available 

bandwidth wisely based on traffic demands by adjusting the SE [5]. In this context, 

programmable modulation formats provided a fine granularity in the trade-off between 



Chapter 1 

 

Chapter 3. Multi -Dimensional Modulation Formats 

64 

capacity and reach which results in a flexible system that is able to fine-tune the SE to 

match the required transmission distance. 

The dual polarization (DP) multi-level modulation format is a key enabling technology 

employed in long-haul transmission systems with bit rates of 100 Gb/s and beyond (per-

channel) [6] that effectively exploit four and higher dimensional signal spaces to achieve 

more degrees of freedom (DOF) to increase SE. Utilizing all DOF available for encoding 

information, DP m-ary quadrature amplitude modulation (m-QAM) (where 'm' is the 

number of the constellation points), achieves the best spectral and power efficiency 

amongst all easy-to-generate modulation formats [7]. DP m-QAM conveys data by means 

of modulating both the amplitude and phase of a carrier and encodes log2(m) bits per 

symbol in each polarization. As a result, SE can be improved by increasing the cardinality 

of the DP modulation format, but at the cost of strongly reduced transmission distances [8] 

and increasing the complexity of the transmitter and receiver [9]. 

As opposed to conventional dual-polarized systems, an alternative approach to increase 

SE is to use the four physical dimensions of light (i.e., the real and imaginary components 

of the optical field and its two orthogonal polarization states) [6]. Instead of transmitting 

independent two-dimensional (2-D) constellations on each polarization, optimized four-

dimensional (4-D) constellations allow an increase in the SE and provide flexibility to 

adjust the capacity for the distance to be covered. 4-D modulation formats are able to adjust 

the SE with finer granularity compared to conventional QAM formats to better match the 

required transmission distance by delivering the optimum system capacity. 

This chapter looks into the details of modulation formats used in DP systems. In the 

context of the conventional DP systems, generation and transmission of a DP 16-QAM 
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signal is demonstrated in an experiment and the performance is shown for variable fiber 

lengths and launch powers. The Ungerboeck set-partitioning (SP) scheme for generating 

4-D modulation formats are defined. Transceiver architecture for a selected 4-D SP based 

modulation format is studied and its performance is evaluated in an experiment in 

comparison with the conventional DP modulation. 

3.2 Dual Polarization Multiplexing  

There are different ways of looking at dual polarization systems. In the context of 

material covered in this chapter, the point of view is chosen that illustrates the four-

dimensional properties of the electromagnetic wave. The electromagnetic wave has two 

quadrature components in two orthogonal polarization tributaries, and as mentioned earlier, 

has four DOF. As a result, the electric field of an optical wave can be written as the 

complex-valued vector [10], [11]: 
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Ὁȟ ὭὉȟ
Ὁȟ ὭὉȟ

ȿὉȿ ÅØÐὭ•

Ὁ  ÅØÐὭ•
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where x and y account for the polarization components, and r and i denote the real and 

imaginary parts of the field. Alternatively, the signal can be expressed as a real-valued 4-

D vector as follows [10], [11]: 
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The transmitted optical power is ὖ ᴁίᴆᴁ Ὁȟ Ὁȟ Ὁȟ Ὁȟ. This notation 

illustrates four degrees of freedom for DP systems by separating two orthogonal 
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dimensions, which are the in-phase and quadrature components for each orthogonal 

polarization. 

3.3 Spectrally Efficient and Power Efficient Modulation 

Formats in Four-Dimensions 

In general, the challenge in coherent optical transmission systems is finding the m-ary 

modulation format with the highest SE and the least average power required to reach a 

given BER in an additive white Gaussian noise (AWGN) environment [12]. In this regard, 

SE cannot be considered alone to compare modulation formats in the sense that high SE 

does not necessarily lead to high power efficiency. As a result, SE in conjunction with the 

power efficiency (or receiver sensitivity) should be considered to perform a fair 

comparison for modulation formats. 

Asymptotic power efficiency (PE) of a modulation format is the relative measure of the 

power efficiency of the modulation format with respect to binary phase shift keying 

(BPSK) modulation format, which is specified as the required average power per bit to 

reach a given BER in the AWGN channel. It is set to 0 dB for BPSK and quadrature phase 

shift keying (QPSK). PE depends on average symbol energy Es (or energy per bit Eb = Es 

/ log2(m)) and the minimum Euclidean distance between the constellation points. The 

expression for PE is as follows [12]: 

ὖὉ
Ὠ  ὰέὫά

τὉ
Ȣ (3.3) 

It is clear that the power efficiency can be optimized by maximizing dmin, the minimum 

Euclidean distance between the constellation points for a given Eb, or alternatively, dmin 



Chapter 1 

 

Chapter 3. Multi -Dimensional Modulation Formats 

67 

can be kept constant, and the average squared distance of the constellation from the origin 

(which is equal to Es) can be minimized. Such optimization is necessary for long-haul 

coherent systems since fiber nonlinear effects represent a significant limitation towards 

increasing system capacity. 

Generally, the problem of finding the arrangement of m constellation points to minimize 

the average squared distance from the origin in n-dimensions, is equivalent to find the 

densest packing of m n-dimensional spheres (according to the sphere packing problem) 

[13]. In order to find the most power efficient modulation format, the densest packing of 

m n-dimensional spheres for different values of m and n needs to be determined. This means 

optimizing PE by changing both Eb and dmin. The performance of n-dimensional, m-level 

modulation formats is well characterized by the SE and PE [14]. For a large value of m 

which results in high SE, the optimum constellation structure (regarding the PE), is the 

lattice structure shaped by the spherical boundary [14]. This structure in 4-D is called the 

D4 lattice structure. The improvement in the power efficiency for the spherical D4 comes 

at the price of practical implementation complexity. In this context, the trade-off between 

PE and complexity results in the D4 lattice bounded by a 4-D cube. This structure is referred 

to as the set-partitioning structure [15]. 

Several 4-D modulation formats have been experimentally demonstrated recently, in 

order to improve the PE as well as SE. 28 Gbaud (84 Gb/s) and 37.3 Gbaud (112 Gb/s) 

polarization switched-QPSK have been experimentally investigated in single channel 

transmission over up to 12500 km ultra large effective area fiber [16]. It was shown that 

polarization switched-QPSK offers not only better sensitivity (1 dB improvement at BER 

equal to 10-3), but also higher transmission reach due to the better tolerance against intra-
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channel nonlinear effects, compared to DP QPSK at the same bit rate. polarization 

switched-QPSK is constructed by applying the Ungerboeck set-partitioning scheme 

(described in section 3.4) to DP QPSK and selecting 8 out of 16 4-D symbols. This can be 

realized by assuming QPSK symbols are transmitted in either of two polarizations each 

symbol period as opposed to transmitting QPSK symbols in both polarizations 

simultaneously in conventional DP QPSK [10]. 

In addition to set-partitioning based modulation formats such as polarization switched-

QPSK, other types of 4-D modulation formats such as polarization shift keying QPSK 

(PolSK-QPSK) [17] and PolSK-QAM [18] have also been reported. The idea behind the 

polarization constellation is to extend the states of polarization (SOP) from four to a higher 

value by adding two linear states of polarization (purely X- and Y-polarization) without 

changing the minimum Euclidean distance or average power. More generally, SE is 

increased due to increasing the symbol alphabet without degrading the sensitivity [18]. In 

[17], 28 Gbaud (126 Gb/s) 6-ary PolSK-QPSK was experimentally demonstrated in 

wavelength division multiplexing (WDM) transmission over up to 4800 km of standard 

single mode fiber. 

The time domain hybrid QAM technique [8], [19], [20] provides flexible modulation 

formats which for a fixed channel bit rate allows tuning of the SE to match the allowed 

channel bandwidth and meet the required transmission reach. 4-D realization of these 

formats can be achieved by considering different modulation formats for the different 

polarizations as well as for adjacent symbols in the time domain. 

All of these 4-D modulation formats provide better granularity regarding SE, bit rate, 

and reach or improvement in PE but at the cost of increasing system complexity. As an 
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example, in the case of PolSK-QAM, the conventional transmitter that is used for 

generating QAM modulation needs to be changed, or hardware modification is needed in 

order to be able to transmit the signal over different SOPs. 

3.4 2×Two-Dimensional and Four-Dimensional Modulation 

Formats 

Figure 3.1 illustrates the conventional DP system where each polarization is considered 

as an independent signal. In this context, two separate 2-D 16-QAM signals are generated 

in the transmitter. In the receiver, the detection and demodulation are performed jointly up 

until the polarization signals are separated. Subsequently, the decoding is performed 

independently for each polarization. Alternatively, DP 16-QAM modulation can also be 

viewed as a four-dimensional modulation as depicted in Figure 3.1. The resulting 4-D 

modulation format has 16×16 constellation points. As a result, the decoding process should 

be performed jointly since the data are encoded on 4-D symbols. 

4-D constellation cannot be visualized in a straightforward manner. The 2-D 

constellations can be replaced with non-overlapping 4-D spheres with a diameter equal to 

the minimum distance between the constellation points [11]. The projection of the 4-D 

constellation onto the 2-D plane of each orthogonal polarization is equivalent to the 2-D 

constellation of that polarization. 
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3.5 Generation and Transmission of 2 × Two-Dimensional 

Modulation Format ï Experimental Results for DP 16-

QAM Signal* 

Modulated optical signals can be generated using multi-level drive signals obtained 

from the following techniques: 

                                                 

* This section is compiled from material extracted from manuscript titled ñPerformance of a 32 Gbaud DP 

16-QAM signal generated using 2-bit DACs and an InP DP IQ modulatorò, which appeared in the 

proceedings of Signal Processing in Photonic Communications, July 2016 [21]. 

Figure 3.1: Dual polarization system viewed as two independent 2-D streams and a single 4-D 

stream. DAC: digital-to-analog converter; PBS: polarization beam splitter; PBC: polarization 

beam combiner. 
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¶ binary electrical signals and low resolution digital-to-analog converters (DACs) 

[22], 

¶ application specific integrated circuits (ASICs) comprised of digital signal 

processors (DSP) and high resolution DACs [23], 

¶ binary drive signals applied to multiple optical modulators [24], or to a direct digital 

drive modulator [25]. 

Most typically, high bandwidth linear amplifiers are used to obtain appropriate drive 

signals for an electro-optic modulator [22]. The various approaches exhibit trade-offs 

involving the implementation complexity and the attributes and quality of the optical 

signal. 

Indium phosphide (InP)-based Mach-Zehnder (MZ) modulators are attractive for the 

electrical-to-optical function because of their small size, low drive voltage, high 

bandwidth, and potential for monolithic integration with active semiconductor devices 

such as laser diodes [26]. Recently reported results on the generation of high-order 

modulation formats with either single polarization or DP InP in-phase and quadrature (IQ) 

modulator include the following: 

¶ a 43 Gb/s (10.75 Gbaud) single polarization 16-QAM signal (86 Gb/s with 

polarization multiplexing emulation (PME)) using an arbitrary waveform generator 

[27], 

¶ a 128 Gb/s (32 Gbaud) single polarization 16-QAM signal (256 Gb/s with PME) 

using DSP-based compensation for the responses of the transmitter components 

and 64 GSa/s, 7-bit DACs [28], 
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¶ a 183 Gb/s (32 Gbaud) single polarization 16-QAM signal (366 Gb/s with PME) 

using DSP-based compensation for the responses of the transmitter components 

and 56 GSa/s, 8-bit DACs [29], 

¶ a 448 Gb/s (56 Gbaud) DP 16-QAM signal, a 516 Gb/s (43 Gbaud) DP 64-QAM 

signal, and a 456 Gb/s (38 Gbaud) DP 64-QAM signal using DSP-based 

compensation for the responses of the transmitter components and 65.7 GSa/s, 8-

bit DACs [30], 

¶ a 770 Gb/s (77 Gbaud) DP 32-QAM signal, a 672 Gb/s (84 Gbaud) DP 16-QAM 

signal, and a 504 Gb/s (84 Gbaud) DP 8-QAM signal using DSP-based 

compensation for the responses of the transmitter components and 84 GSa/s, 8-bit 

DACs [31]. 

In this section, we experimentally demonstrate the generation and transmission of a 256 

Gb/s (32 Gbaud) DP 16-QAM signal using an InP-based DP IQ modulator, without the use 

of transmitter DSP in order to reduce the complexity for applications that do not warrant 

the use of DSP. The multi-level drive signals are generated using binary signals and a 2-

bit DAC for each polarization component of the signal. 

Experimental Setup 

Figure 3.2 shows the experimental setup for the 256 Gb/s DP 16-QAM back-to-back 

and transmission system configurations. Detailed information on the components used in 

the setup is provided in Appendix A. A 1557.36 nm CW optical signal was modulated 

using an InP-based DP IQ modulator with a 3-dB bandwidth of 35 GHz and a V́ of 2.5 V 

[32]. To generate the DP 16-QAM signal, the I and Q branches for the two orthogonal 
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polarization components of the modulator were driven by 32 Gbaud four-level electrical 

signals from the DACs followed by a four-channel linear amplifier. The DACs inputs were 

four copies of a 215-1 pseudorandom bit sequence (PRBS) at 32 Gb/s. The bit sequences 

were decorrelated relative to each other by the delays equal to multiples of 213 bits period. 

Each DAC converted two single-ended, two-level binary data streams to two 

complementary four-level data signals at a symbol rate of 32 Gbaud. The four-level signals 

for the in-phase and quadrature components of each polarization component were 

attenuated by 6 dB and decorrelated before being applied to the amplifier. The 

decorrelation was performed using two phase shifters (Spectrum phase adjustable adapters 

with operational frequency range of DC to 63 GHz) applied to the in-phase arms of each 

polarization with a time delay ranging from 167 psec to 195 psec. This was done since the 

outputs of each DAC were complementary, which results in correlation between the in-

phase and quadrature components. The signals were amplified with the four-channel linear 

drive amplifier to generate four single ended, four-level, 1.8 Vpp signals that were applied 

to the InP DP IQ modulator. 

The 2-bit DACs combine two binary input signals and produce a four-level output signal 

at the rate of 32 Gbaud. The summation is realized by adjustable bit weights allowing for 

adjustment of the spacing between the generated levels to partially compensate for the 

nonlinear (sinusoidal) response of the modulator. This architecture keeps the DAC 

resolution at a minimum since the resolution corresponds to the number of bits carrying 

information. 
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Figure 3.3 shows eye diagrams for a two-level binary input signal, a four-level output 

signal from the DAC, a four-level amplified drive signal, and the recovered signal 

constellation for the back-to-back configuration. The measurement setups for the second 

and third cases are shown in Figure 3.4. 

I
X
 

Figure 3.2: Experimental setup. BPG: bit pattern generator; DAC: digital-to-analog 

converter; LO: local oscillator; PBS: polarization beam splitter; PBC: polarization beam 

combiner; EDFA: erbium doped fiber amplifier; AOM: acousto-optic modulator; OBPF: 

optical band-pass filter; LSPS: loop synchronous polarization scrambler; SSMF: standard 

single-mode fiber; BBS: broadband source; VOA: variable optical attenuator; OSA: optical 

spectrum analyzer. 
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Figure 3.3: (a) Two-level input to the DAC, (b) four-level output of the DAC, (c) four-level 

output of the amplifier, (d) back-to-back constellation. 
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(b) 

Figure 3.4: Experimental setup for measuring the four-level output signal from (a) DAC, (b) 

drive amplifier. 
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Experimental Results 

Variable amounts of amplified spontaneous emission (ASE) noise from a broadband 

source where added to the DP 16-QAM signal in order to measure the dependence of the 

BER on the optical signal-to-noise ratio (OSNR). The DP 16-QAM signal was amplified 

and filtered before detection by a polarization- and phase-diverse coherent receiver. The 

four signals from the balanced photo-detectors in the coherent receiver were digitized by 

80 GSa/s ADCs using two synchronized real-time sampling oscilloscopes and processed 

offline. 

The offline signal processing was performed in a sequence of steps including: (i) 

normalization and filtering, (ii) quadrature imbalance compensation [33], (iii) re-sampling 

to two samples per symbol, (iv) chromatic dispersion compensation in the case of fiber 

transmission using fixed frequency domain equalization, (v) clock recovery using the 

digital square and filter technique [34], (vi) polarization de-multiplexing and residual 

distortion compensation using adaptive equalizers which employ 35-tap constant modulus 

algorithm with a convergence parameter ɛ = 6 × 10-7 and 25 iterations for pre-convergence 

followed by a 65-tap radius directed algorithm with a convergence parameter ɛ = 2 × 10-6 

and 35 iterations [35], (vii) carrier frequency offset recovery using a spectral domain 

algorithm [36], (viii) carrier phase recovery using sliding window two-stage simplified 

QPSK partitioning and QPSK constellation transformation algorithm [37], and (ix) symbol 

decisions. The BER was obtained by direct bit error counting using rectilinear decision 

boundaries. The large number of taps and iterations for updating the tap weights in the 

adaptive equalizer is due to the absence of DSP at the transmitter to apply ISI-free pulse 

shaping and pre-compensate for the non-ideal transfer functions of transmitter components. 
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The dependence of the BER on OSNR (noise bandwidth of 0.1 nm) for a back-to-back 

system is shown in Figure 3.5(a), and the normalized optical spectrum of the modulated 

signal with a resolution bandwidth of 0.02 nm is shown in Figure 3.5(b). The theoretical 

BER versus OSNR result is shown for comparison. For a BER of 2.7×10-2 (FEC threshold 

with 20% overhead [38]), the implementation penalty is 3.7 dB for the 32 Gbaud DP 16-

QAM generated by the InP-based DP IQ modulator. The implementation penalty for the 

InP-based DP IQ modulator is attributed to the absence of any DSP at the transmitter to 

pre-compensate for the bandwidth limitations and frequency responses of the DACs, drive 

amplifiers, and modulator. Also, the bandwidth of the 32 Gbaud signal impacts the noise 

level in the receiver signal processing. 

The performance of the 256 Gb/s DP 16-QAM transmission system was investigated by 

using a recirculating loop as shown in Figure 3.2. The recirculating loop was comprised of 

four spans. Each span consisted of 75 km of standard single mode fiber (SSMF), an erbium 

doped fiber amplifier (EDFA) with a noise figure of 5 dB, and an optical band-pass filter 

(OBPF) with a bandwidth of 1.2 nm. The dispersion and attenuation per span were 1275 

ps/nm and 15.5 dB, respectively. The OBPFs prevented the EDFAs in the loop from being 

saturated by out-of-band ASE noise. In order to break the periodicity of the recirculating 

loop, a loop synchronous polarization scrambler (LSPS) was used. 

For different fiber lengths, the dependence of the BER on the launch power for the 256 

Gb/s DP 16-QAM signals are shown in Figure 3.6(a). The optimum launch power is -1 

dBm. Figure 3.6(b) shows the dependence of the BER on fiber length for different launch 

powers. A maximum reach of 1800 km at a BER of 2.7×10-2 for the optimum launch power 

is achieved. 
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(a) 

 

(b) 

Figure 3.5: 32 Gbaud DP 16-QAM, (a) BER versus OSNR in 0.1 nm noise bandwidth for a 

back-to-back configuration, (b) normalized optical spectrum. 
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(a) 

 

(b) 

Figure 3.6: 32 Gbaud DP 16-QAM, (a) BER versus launch power, (b) BER versus transmission 

distance. 
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3.6 Set-Partitioning of a 4-Dimensional Cubic Constellation 

Set-partitioning refers to the specific technique of allocating bits when applying codes 

that have different error correcting capabilities. Set-partitioning of QAM modulation as 

proposed by Ungerboeck [39], [40], [41], is as follows: 

i. Divide adjacent symbols of the m-QAM constellation into two groups. This can 

be done by classifying the constellations based on the number of ñone bitsò in 

the bit representation of the symbol, which are labelled based on Gray coding. 

ii.  Each group consists of half of the symbols, which are represented with (log2m - 

1) bits. Each of the groups can be divided into two groups that have the 

maximum Euclidean distances between the constellation points. 

Bit allocation by the set-partitioning is done at each step. Bit allocation for each group 

depends on the numbers of bits equal to ó1ô in the bit representation of the symbol by Gray 

coding [42]. For the first step, the bit ó0ô or ó1ô is assigned to the least significant bit (LSB) 

of each symbol, and for the nth step is assigned to the nth bit. Figure 3.7 illustrates the bit 

allocation by set-partitioning for single polarization 16-QAM. At each stage of the set-

partitioning for 16-QAM, ó0ô or ó1ô corresponds to the allocated bit by this method. This 

approach can be extended to both of the polarization tributaries, which leads to a 4-D 

modulation scheme. 



Chapter 1 

 

Chapter 3. Multi -Dimensional Modulation Formats 

82 

 

The DP m-QAM modulations can be viewed as two separate 2-D m-QAM modulation 

in both polarizations with the independent symbol generation and detection. For DP 16-

QAM, this means 16 equally likely 2-D symbols on each polarization. Two independent 2-

D 16-QAM constellations on two polarizations define an alphabet with 256 symbols. Using 

the Ungerboeck set-partitioning scheme in 4-D signal space, the 2 × 2-D scheme of DP 16-
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Figure 3.7: Bit allocation for set-partitioning based 16-QAM. 
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QAM can result in three subsets of 128, 64, and 32 symbols. These 4-D modulation formats 

are denoted set-partitioned (SP) 128-QAM, SP 64-QAM, and SP 32-QAM, respectively. 

These modulation formats were first proposed by Coelho and Hanik [15] by applying 

Ungerboeck set-partitioning to DP 16-QAM. These 4-D set-partitioning schemes are the 

result of selecting 128, 64, and 32 states out of 256 possible states by successively 

increasing the minimum Euclidean distance of the constellations. For example, SP 128-

QAM format can be derived from the DP 16-QAM by selecting the even parity symbols 

(128 symbols) out of 256 symbols [43]. 

Using set-partitioning (as a subset of 4-D modulation), the minimum Euclidean distance 

between the constellation points increases after each stage of partitioning [15], which 

results in improving the power efficiency and the tolerance to noise at the cost of reducing 

the information rate for the same symbol rate compared to the relevant DP m-QAM 

modulation. However, employing set-partitioning increase the ability to detect and correct 

errors in the information bits at the receiver [40]. The number of information bits per 4-D 

symbol decreases from 8 for DP 16-QAM to 7, 6, and 5, for SP 128-QAM, SP 64-QAM, 

and SP 32-QAM, respectively. Regarding improving power efficiency in 4-D SP based 

modulation formats, these formats can outperform conventional 2 × 2-D modulation 

formats in nonlinearity limited systems where the power must be reduced to avoid 

nonlinear distortions [10]. The same property is applied to linear systems limited by 

additive noise, in the sense that the improvement in power efficiency in SP based 

modulation formats is achieved due to increasing the minimum Euclidean distance of the 

constellations. Agrell and Karlsson in [13] reported polarization switched-QPSK as the 

most power efficient modulation format in 4-D. 
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In contrast to DP 16-QAM that has 16 equally likely 2-D symbols, in the 4-D set-

partitioning scheme once the 2-D symbol for a specific polarization has been chosen, the 

symbol for the other polarization is dependent on the symbol used for the first polarization. 

As a result, the second 2-D symbol based on the set-partitioning alphabet is restricted to a 

pre-defined subset of 2-D symbols among all 16 possible symbols [6]. Figure 3.8 compares 
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Figure 3.8: Possibility of symbols on Y-polarization for the specific symbol on X-polarization 

in DP 16-QAM, and SP 128-QAM. 
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the possible choice of symbols on the Y-polarization for the specific symbol on the X-

polarization, in the DP 16-QAM and SP 128-QAM formats. As can be seen, in the SP 128-

QAM format, for the specific symbol on X-polarization ñ1010ò, the pre-defined subset on 

the Y-polarization is restricted to the symbols that satisfy the ñXORò operation on the 

previous bits. This concept is studied in the following sub-sections. It should be noted that 

the constellations of DP 16-QAM and SP 128-QAM are the same, but the probabilities of 

the constellation points are not the same. 

3.6.1 Transceiver Architecture for Set-Partitioning based QAM 

Modulation Format  

Using Ungerboeck set-partitioning, 4-D SP 128-QAM symbols are chosen from the 

subset of even or odd parity symbols in the symbol alphabet of Gray-coded DP 16-QAM 

[44]. In order to generate SP 128-QAM symbols, an ñXORò operation is performed on 

seven information bits. The result is the 8th bit which is considered as a parity bit. This bit 

is responsible for the selection of the desired subset of the set-partitioning scheme. The 

resultant 8 bits are mapped to one of the 256 possible 4-D symbols. However, the 2-D 16-

QAM symbols associated with the second four bits are restricted to specific symbols as the 

last bit (the 8th bit) is an ñXORò product of the previous bits. The scheme shown in Figure 

3.9 is used for encoding the binary data for the generation of SP 128-QAM. In MATLAB 

it can be defined as follows: 

i. Generate a deBruijn sequence with the desired information bit length (the same 

as for DP 16-QAM). 

ii.  Divide the bit pattern into sets of 7 consecutive bits. 
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iii.  Generate an additional bit (parity bit) for each set of 7 bits (by performing 

ñXORò). 

iv. Map the data pattern (which is now the set of 8 bits) to one of the 256 possible 

4-D symbols. 

 

The same bit to symbol mapper that is used for DP 16-QAM can be used for SP 128-

QAM, since the only difference is the information bits, as shown in Figure 3.9. In addition, 

DSP at the receiver remains the same for both modulation formats as both modulation 

formats share the same reference constellation. The main modification for the SP based 

modulation is the bit to symbol mapping (and symbol to bit de-mapping) algorithm. It 

should be noted that the requirements for the modification of the receiver side DSP depend 

on the set-partitioning scheme employed. As an example, it is not possible to perform 

polarization de-multiplexing using the conventional constant modulus algorithm for 

polarization switched-QPSK since in each 4-D symbol only one polarization is chosen [44]. 

I/Q Modulator 

X-Polarization 

I/Q Modulator 

Y-Polarization 

d
1
 d

2
 d

3
 d

4
 d

5
 d

6
 d

7
 

SP 128-QAM 

I
X
 I

Y
 Q

Y
 Q

X
 

Bit to Symbol 

Mapping 

Bit to Symbol 

Mapping 

XOR 

I/Q Modulator 

X-Polarization 

I/Q Modulator 

Y-Polarization 

d
1
 d

2
 d

3
 d

4
 d

5
 d

6
 d

7
 

DP 16-QAM 

I
X
 I

Y
 Q

Y
 Q

X
 

Bit to Symbol 

Mapping 

Bit to Symbol 

Mapping 

d
8
 

Figure 3.9: Transmitter architectures for DP 16-QAM, and SP 128-QAM [41]. 
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An additional block at the receiver side DSP for SP 128-QAM is required in order to 

perform the decoding. For the Gray-coded DP 16-QAM, the signals in the two polarizations 

are independently decoded while the decoding process for SP 128-QAM should be done 

by decoding the 4-D symbols and considering the parity bit which limits the number of 4-

D symbols to 128 among all 256 possibilities. 

As mentioned earlier, for SP 128-QAM once the 2-D symbol for a specific polarization 

has been chosen, the symbol for the other polarization is restricted to a pre-defined subset 

of 8 among all 16 possible 2-D symbols. Taking advantage of this specific property, once 

the symbol on the X-polarization is received, the squared Euclidean distances between the 

received X-polarization symbol and all 16 possible symbols are calculated. The decision 

on the X-polarization signal is based on the minimum Euclidean distance. The received 

symbol on Y-polarization contains the parity bit resulting from the "XOR" operation of the 

previous 7 bits, 4 of which were obtained from decisions on the X-polarization. For the 

received symbol on Y-polarization, the squared Euclidean distance is calculated for 8 

possible symbols that are chosen based on the decision made for the received symbol on 

X-polarization to satisfy the ñXORò operation. This process is also called 4-D minimum 

Euclidean distance detection for SP QAM formats [43]. 
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3.6.2 Performance Comparison of DP 16-QAM and SP 128-QAM * 

By applying set-partitioning to DP 16-QAM constellations, 4-D SP QAM formats can 

be obtained with a small increase in transceiver complexity [6], [8], [44], [45]. Previously 

the SP 128-QAM format has been shown to provide an increase in the transmission reach 

for the same bit rate and baud rate compared to DP 16-QAM [44], [45]. In this section, we 

assess the performance of the SP 128-QAM and DP 16-QAM modulation formats 

regarding the achievable information rate (product of mutual information between the 

transmitted and received symbol sequences and the symbol rate). The comparative 

performance between the SP 128-QAM and DP 16-QAM formats at the same bit rate of 

256 Gb/s is of primary interest, thereby allowing an assessment of the impact of the SP 

coding/decoding and requisite increase in the symbol rate on the mutual information. 

Results for the same symbol rate of 32 Gbaud are included for completeness. 

Mutual Information  

The mutual information (MI), I(S;R), represents the maximum amount of information 

that the channel output R contains about the channel input S. For propagation over optical 

fiber, memory can be introduced by the impairments such as fiber chromatic dispersion 

and fiber nonlinearity. However, signal processing used to mitigate the effects of these 

impairments removes a large portion of the channel memory. Some additional memory 

may remain, but for simplicity, we use a memoryless model to evaluate MI. For a finite 

                                                 

* This sub-section is compiled from material extracted from [23]. Copyright © 2015 IEEE. Reprinted, 

with permission, from A. S. Kashi, J. C. Cartledge, A. Bakhshali, M. A. Rezania, A. El-Rahman, M. 

OôSullivan, C. Laperle, A. Borowiec, and K. Roberts, Information rates for the SP 128-QAM and DP 16-

QAM modulation formats, 41st European Conference on Optical Communication, Sept. 2015. 
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discrete modulation alphabet  ὥȟὥȟȣȟὥ , the maximum achievable rate given by 

MI is [46]: 

ὍὛȠὙ ὖ ί  ὖȿ ὶȿί  ÌÏÇ
ὖȿ ὶȿί

ὖ ὶ
ᶰᶰ

ȟ (3.4) 

where PS(sm) and PR(rn) are the probability mass functions (PMFs) of the channel input and 

output, respectively, and PR|S(rn|sm) is the conditional PMF of r given that s was sent. 

Since for the same information bit rates, the symbol rate and hence the spectral 

occupancy for SP 128-QAM is higher than DP 16-QAM, the comparison between two 

modulation formats was performed regarding the achievable information rate. This 

provides the means to assess the impact of the SP coding/decoding on the mutual 

information in comparison with the conventional 16-QAM format. 

To calculate the MI for the DP 16-QAM format, the summations in (3.4) are evaluated 

over the set A for each polarization. For the SP 128-QAM format, the summations are 

evaluated for the discrete SP modulation alphabets in 4-D. As an example, Figure 3.10 

shows a subset of the conditional probabilities (with n=m) and the output probabilities for 

the DP 16-QAM format (Y-polarization signal). The probabilities PS(sm), PR(rn), and 

PR|S(rn|sm) were evaluated for a transmission distance of 2100 km and a launch power of 3 

dBm, where r were the received symbols after transmission and offline processing and s 

were the transmitted symbols. 
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Experimental Setup 

The experimental setup is shown in Figure 3.11. Detailed information on the 

components used in the setup is provided in Appendix A. A 219 deBruijn binary sequence 

was used to generate an SP bit sequence performing XOR operations on sequences of seven 

bits to generate the parity bits (8th bit of each symbol). The 8-bit SP sequence was then 

mapped to the 4-D constellation points. For the DP 16-QAM signal, the 219 deBruijn binary 

sequence was mapped directly to symbols. Root-raised-cosine (RRC) pulse shaping with a 

roll-off factor of 0.05 was used. The generated waveforms were loaded into the memory of 

a WaveLogic3 transceiver operating as an arbitrary optical waveform generator with four 

synchronized DACs at a sampling rate of 39.4 GSa/s. The output signals from the DACs 

were applied to a DP in-phase/quadrature modulator. The CW optical signal applied to the 

modulator had a wavelength of 1557.36 nm and a linewidth of ~100 kHz. The optical signal 

was launched into a recirculating loop with four spans and a LSPS. Each span consisted of 
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Figure 3.10: Conditional probabilities (n = m) and output probabilities for DP 16-QAM. 
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75 km of SSMF, an EDFA, and an OBPF to prevent the EDFAs from being saturated by 

ASE noise. 

 

At the receiver, sample values obtained after coherent detection were recorded with two 

synchronized real-time sampling oscilloscopes operating at a sampling rate of 80 GSa/s 

and processed offline in the sequence of steps that were mentioned earlier. These steps 

include normalization and matched filtering, quadrature imbalance compensation, re-

sampling to two samples per symbol, chromatic dispersion compensation, clock recovery, 

polarization de-multiplexing and residual distortion compensation using adaptive 

equalizers, carrier frequency and phase offset recovery, decoding and symbol decisions. 

The adaptive equalizers employed an 11-tap constant modulus algorithm with a 

Figure 3.11: Experimental setup. EDFA: erbium doped fiber amplifier; AOM: acousto-optic 

modulator; OBPF: optical band-pass filter; LSPS: loop synchronous polarization scrambler; 

SSMF: standard single-mode fiber; BBS: broadband source; VOA: variable optical attenuator; 

OSA: optical spectrum analyzer. 
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convergence parameter ɛ = 3 × 10-7 and 11 iterations for pre-convergence followed by a 

13-tap radius directed algorithm with a convergence parameter ɛ = 2 × 10-6 and 11 

iterations. 

The processing of the received SP 128-QAM and DP 16-QAM signals only differs in 

the decoding stage. The decoding process for the SP 128-QAM signal was performed 

jointly for the 4-D modulated signal. The Euclidean distances between a received X-

polarization symbol and all 16 possible symbols were calculated. The decision for the X-

polarization signal was based on the 2-D minimum Euclidean distance. The Euclidean 

distances for a received Y-polarization symbol were calculated for the eight possible 

symbols that resulted from the decision for the X-polarization signal. For the BER 

calculation, the parity bit was removed. The DP 16-QAM signal was decoded as two 

independent 2-D modulated signals. 

Experimental Results ï Information Rate 

The dependence of the BER on OSNR (noise bandwidth of 0.1 nm) was measured by 

adding variable amounts of ASE noise from a broadband source to the signal for a back-

to-back system. The results are shown in Figure 3.12 for the three cases of interest. 

Theoretical results are shown for comparison. For a BER of 10-2, the implementation 

penalties are 2.2 dB for 32 Gbaud DP 16-QAM, 2 dB for SP 128-QAM at the same symbol 

rate as DP 16-QAM, and 2.05 dB for SP 128-QAM at the same bit rate as DP 16-QAM 

equal to 224 Gb/s. 
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The corresponding information rates, which are calculated using (3.4), are shown in 

Figure 3.13. Theoretical results for each case were obtained using numerical simulations. 

For OSNR values of interest at a bit rate of 256 Gb/s, the SP 128-QAM format outperforms 

the DP 16-QAM format. Compared to the DP 16-QAM format, the information rate for the 

SP 128-QAM format is increased by 15.4 Gb/s for an OSNR of 17.1 dB, which corresponds 

to the SP 128-QAM format with a BER of 10-2. 

 

Figure 3.12: BER versus OSNR for a back-to-back configuration. Solid symbols denote 

experimental results and open symbols denote simulation results. 
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For a fiber length of 2100 km, the dependencies of the BER and information rate on the 

launch power are shown in Figure 3.14. The optimum launch powers for all three formats 

are similar. However, for the same bit rate, the SP 128-QAM format provides an 

information rate that is 13.4 Gb/s (5.3%) higher than that for the DP 16-QAM format at the 

optimum launch power. 

 

Figure 3.13: Information rate versus OSNR for a back-to-back configuration (legend is the 

same as Figure 3.12). Solid symbols denote experimental results and open symbols denote 

simulation results. 
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The dependencies of the BER and information rate at the optimum launch power on the 

fiber length for each format are shown in Figure 3.15. For the SP 128-QAM format (256 

Gb/s), the information rate for a BER of 10-2, which corresponds to the fiber length of 2700 

km, is 242.3 Gb/s. This corresponds to 8.2% increase compared to the information rate of 

DP 16-QAM at the same fiber length (224 Gb/s). 

It should be noted that although the comparisons between SP 128-QAM and DP 16-

QAM were performed at the same information bit rates, the symbol rate and hence the 

spectral occupancy for SP 128-QAM is higher than DP 16-QAM. 

 

Figure 3.14: BER and information rate versus launch power for a fiber length of 2100 km. 

Solid symbols denote experimental results and open symbols denote simulation results. 

  256 Gb/s, 32 GBaud DP 16-QAM

  256 Gb/s, 36.57 GBaud SP 128-QAM

  224 Gb/s, 32 GBaud SP 128-QAM 

200

210

220

230

240

250

260

In
fo

rm
a

ti
o

n
 R

a
te

 (
G

b
/s

)

-3 -2 -1 0 1 2 3
0

0.01

0.02

0.03

0.04

 

Optical Launch Power (dBm)

B
E

R



Chapter 1 

 

Chapter 3. Multi -Dimensional Modulation Formats 

96 

 

Figure 3.16 shows experimental and theoretical results for the information rate as a 

function of per-channel launch power for the three modulation formats. The fiber length is 

2100 km. The theoretical results were obtained by combining the perturbation approach 

[47] to determine the change in the transmitted signal due to fiber nonlinearities with 

optical noise loading. This approximate model accurately captures the dependence of the 

performance on key system parameters such as the pulse shape, modulation format, launch 

power, and fiber properties (length, attenuation, dispersion, and nonlinearity). A detailed 

description of the model is provided in Chapter 5. For SP 128-QAM format (224 Gb/s  and 

256 Gb/s), good agreement is obtained between the experimental and theoretical results for 

the information rate whereas for DP 16-QAM, a difference is observed. This difference 

could be attributed to the higher sensitivity of DP 16-QAM (compared to SP 128-QAM) 

to imperfections of the transmitter or receiver which were not included in the approximate 

 

Figure 3.15: BER and information rate at optimum per-channel launch power versus fiber 

length. Solid symbols denote experimental results and open symbols denote simulation results. 
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model. Further investigation would be required to investigate the origin of this difference 

and its effect on DP 16-QAM compared to SP 128-QAM. 

 

3.7 Summary 

In the context of 2×2-D modulation formats, the use of an InP-based DP IQ modulator 

for generation and transmission of 32 Gbaud DP 16-QAM has been experimentally 

demonstrated using 2-bit DACs to generate the requisite four-level drive signals. In the 

back-to-back experiment and at a BER of 2.7×10-2, a 3.7 dB implementation penalty from 

the theoretical limit is achieved. The maximum reach of 1800 km is achieved for the DSP 

free transmitter. This architecture realizes a compact, high-capacity transmitter with a 

relatively simple implementation. 

 

Figure 3.16: Information rate versus launch power for a fiber length of 2100 km. Solid 

symbols denote experimental results and open symbols denote theoretical results. 
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In the context of 4-D modulation formats, the performance of the SP 128-QAM and DP 

16-QAM modulation formats with the same bit rate and symbol rate has been compared in 

terms of the information rate. For a bit rate of 256 Gb/s, the SP 128-QAM format provides 

increases in the information rate of 5.3% and 8.2% compared to the DP 16-QAM format 

for transmission over 2100 km and 2700 km, respectively.  
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Nonlinear Signal-to-Noise Ratio 

Estimation Using Artificial Neural 

Networks 

4.1 Overview 

Fulfilling the predicted increase in global IP traffic involves increasing both the capacity 

and achievable transmission distance of optical fiber transmission systems [1], [2]. As the 

bit rate increases, the system performance becomes less tolerant of transmission 

impairments with the capacity ultimately limited by Kerr fiber nonlinearities. With optical 

networks evolving towards higher capacity, advanced techniques are needed for modelling 

and characterizing systems, predicting performance, and estimating various critical 

parameters [3]. In addition, future optical networks will be dynamic and heterogeneous, 
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accommodating various modulation formats and bit rates [4]. Thus, the need to 

continuously monitor channel impairments has increased in importance. 

For long-haul optical fiber transmission, the link accumulated optical noise consists of 

linear and nonlinear contributions. Most coherent optical transmission systems operate in 

the weakly nonlinear regime to obtain the best performance in the trade-off between the 

effects of amplified spontaneous emission (ASE) noise and fiber nonlinearities [5]. The net 

electrical signal-to-noise ratio (SNRnet) for such systems is determined by ASE noise from 

inline optical amplifiers (SNRASE), implementation or internal transceiver noise (SNRtrx) 

[6], and optical Kerr nonlinear noise (SNRnl). Increasing the transmitted signal power 

linearly increases the delivered optical signal-to-noise ratio (OSNR). However, the power-

dependent nonlinear noise also increases and ultimately degrades the system performance, 

thereby imposing a limit on the transmitted signal power and achievable OSNR. 

Separate estimates of the linear and nonlinear optical noise provide a means of 

estimating the operating regime of a link and using that information for network 

optimization and capacity estimation and maximization. The capability to accurately 

estimate signal distortion including linear and nonlinear noise has potential application to 

nonlinear compensation [7] as well as capacity or maximal reach prediction. Furthermore, 

detecting the sources of performance degradation (e.g., identifying the OSNR degradation 

of a wavelength path) is valuable for network control and management, particularly for 

routing decisions and the fast provisioning of optical routes or channel spectra [8]. 

However, it is challenging to distinguish between the linear and nonlinear noise 

contributions in the time domain. Direct estimation of the OSNR in the frequency domain 

by calculating the noise power from an interpolation of out-of-band noise measurements 
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in between optical channels, becomes impractical when the channel spacing approaches 

the signal symbol rate for high spectral efficiency. As a result, techniques to reliably 

estimate the linear and nonlinear optical noise are needed [9]. 

In this chapter, we investigate a method to build a generalized model for 

estimating/monitoring the nonlinear signal-to-noise ratio. We propose to use an artificial 

neural network (ANN), which is trained with specific features that are representative of the 

SNRnl. The accuracy of the estimation is demonstrated in the simulation and validated for 

experimental data. 

4.2 Machine Learning Based Nonlinear Noise Estimation* 

Powerful statistical signal processing methods from machine learning (ML), in the 

supervised learning category, can be used for nonlinear, non-Gaussian systems to build 

probabilistic models of impairments based on observed data [10]. These models can be 

applied to a variety of applications such as impairment estimation and compensation. 

Supervised learning techniques include linear/nonlinear regression, support vector 

machines, decision trees, and ANN [11]. 

In the context of the material discussed in this chapter, OSNR monitoring techniques 

can be divided into four categories: 

1. Non-ML aided without considering nonlinearity:  Existing non-ML aided OSNR 

monitoring techniques for coherent detection systems include methods based on the 

                                                 

* This section is compiled from material extracted from an invited manuscript titled ñArtificial neural 

networks for fiber nonlinear noise estimationò, which appeared in the proceedings of the Asia 

Communications and Photonics Conference, Nov. 2017 [9]. 
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received signal SNR utilizing statistical moments [12] and error vector magnitude of a fully 

equalized signal [13]. In addition, the OSNR can be estimated using self-equalized 

complementary training sequences [14]. In [15], estimation of the ASE noise power, and 

hence the OSNR, has been carried out by measuring the optical power at the central 

frequency of a subcarrier and at an offset frequency in-between subcarriers utilizing an 

optical band-pass filter. Alternatively, ASE noise power can be estimated using the 

properties of the incoherent noise entering a delay line interferometer and measuring 

optical power at the constructive and deconstructive output ports [16]. 

2. ML aided without considering nonlinearity:  ML-based optical performance 

monitoring (OPM) techniques have gained significant attention due to the ability to 

monitor multiple channel impairments, which is a key requirement in next generation 

optical networks [17]. These techniques learn the characteristic of the impairment from the 

statistical properties of the observed data and the resultant "trained" model can then be used 

to estimate the impairments. ML-based OSNR monitoring for direct detection systems 

includes using an ANN trained with a parameter derived from delay-tap asynchronous and 

single channel sampling [18], [19], and principal component analysis based pattern 

recognition in combination with asynchronous delay tap plots [4] and single channel 

sampling [20]. For coherent detection, the techniques include a deep neural network (an 

ANN with multiple hidden layers between the input and output) trained with the received 

signal sample values [21] and amplitude histograms [22]. 

3. Non-ML aided with considering nonlinearity:  Most of the OSNR estimation 

techniques based on the error vector magnitude (EVM) (or SNRnet) rely on the distribution 

of points in the constellation diagram, and therefore tend to underestimate the true OSNR 



Chapter 1 

 

Chapter 4. Nonlinear Signal-to-Noise Ratio Estimation Using Artificial Neural Networks 

107 

because contributions due to nonlinear noise and implementation noise are included in the 

EVM. Recently, methods have been proposed for nonlinearity-tolerant determinations of 

the OSNR by estimating SNRnl and removing its contribution from the calculated SNRnet, 

which results in SNRASE (assuming the implementation noise has been accounted for) [23], 

[24]* For these methods, SNRnl was estimated using the amplitude noise correlation across 

neighbouring symbols for each polarization, multiplied by a calibration factor. The 

estimation accuracy was improved in [24] by considering the amplitude noise correlation 

between the two polarization signals during the same time slot. A drawback of these 

approaches is the requirement for a complex calibration process to map the resultant 

amplitude noise correlation to the true SNRnl for each system configuration (e.g., fiber type, 

fiber length, number of wavelength division multiplexed (WDM) channels, and launch 

power), which makes them impractical for deployed optical systems. 

4. ML aided with considering nonlinearity:  Recently, ML-based OSNR estimation 

using the intensity information from detected dual polarization (DP) quadrature amplitude 

modulation (QAM) signals has been presented in [25]. However, the performance of this 

technique was only evaluated for the back-to-back case, and thus only in the presence of 

ASE noise. We initially demonstrated an ML technique employing an ANN, trained with 

the amplitude noise covariance of the received symbols [26], to estimate the nonlinear 

noise. Increasing the number of inputs, which means increasing the information introduced 

to the ANN, results in an improvement of the estimation accuracy. In this chapter, the initial 

                                                 

* SNRASE is the ratio of the electrical signal power to the electrical noise power within the signal bandwidth 

due to ASE noise. SNRASE is related to the OSNR through the ratio of the electrical signal bandwidth to the 

0.1 nm (12.5 GHz) optical reference bandwidth. 
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work is extended and improved to achieve a generalized model for estimating SNRnl using 

an ANN by adding the phase noise correlation extracted from the received symbols as an 

input [27]. 

Figure 4.1 illustrates the principle of an ML-based nonlinear noise estimation technique 

that is trained to estimate the target information based on the measured features. The inputs 

to the ML block are extracted from known information in simulations, experiments, or 

practical systems, which might include the net chromatic dispersion (CD) or the CD of 

each span, link length, number of WDM channels, and launch power. In addition, the fiber 

nonlinearity induced amplitude/phase noise correlations across neighbouring symbols can 

be used as an input for nonlinear noise estimation. 

For a single receiver, the nonlinear correlation together with the link parameters serve 

as the inputs to the ML block, as shown in Figure 4.1(a). Increasing the number of inputs 

related to the link condition enhances the performance of the ML block. Figure 4.1(b) 

shows the case where the measured features of the system together with inline 

measurements are applied to the ML block. In this case, in addition to the available inputs 

from the known information, the measured power and CD for each span can be used as 

inputs. For the case where multiple channels share the same link, pre-processed data from 

each receiver, such as the nonlinear correlation can be applied together as inputs to the ML 

block, as can be seen in Figure 4.1(c), to improve estimation accuracy. As a result, with 

slight adjustments to the model, it can be adapted to dynamic optical networks with flexible 

grids, dynamically reconfigurable mesh networks, and heterogeneous traffic patterns. 

The main advantages of ML-based nonlinear noise (and hence OSNR) estimation 

techniques compared to analytical methods [28], [29], is that the ML-based techniques 
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yield generalized estimators. The resultant estimator does not require accurate knowledge 

about the system configuration (such as fiber parameters) or detailed information about the 

transmitted signal and the neighbouring channels (such as their modulation formats, 

symbol rates, and pulse shaping). 

 

Figure 4.1: ML-based nonlinear noise estimation block diagrams, (a) single receiver, (b) single 

receiver with inline measurements, (c) multi-receivers with inline measurements. 
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4.3 Nonlinear Noise Estimation Using Amplitude and Phase 

Noise Correlations* 

In this section, we investigate ML techniques, to estimate the nonlinear noise. We 

demonstrate an estimator employing an ANN, trained with the amplitude noise covariance 

[9], [26], and phase noise correlation [27] extracted from the received symbols. The ANN 

is trained, tested, and validated for 734 known input-output sets from simulations for a 34.5 

Gbaud DP 16-QAM signal transmitted over a wide range of link configurations with and 

without ASE noise loading. The performance of the ANN is validated in experiments, for 

a 34.5 Gbaud DP 16-QAM signal in an 11-channel system for various launch powers and 

transmission distances. 

4.3.1 Simulation Setup and Features Extraction 

It has been shown that nonlinear interference produces amplitude and phase correlation 

across neighbouring symbols [23], [30]. Denoting æAX(k) and æAY(k) as the amplitude 

noise of the kth received symbol for the X- and Y-polarization signals, respectively, the 

amplitude noise covariance (ANC) across neighbouring symbols can be obtained from 

(4.1) and used as an input metric to estimate SNRnl. 

                                                 

* This section (4.3) and the next section (4.4) are compiled from material extracted from [27]. Copyright 

© 2018 IEEE. Reprinted, with permission, from A. S. Kashi, Q. Zhuge, J. C. Cartledge, S. A. Etemad, A. 

Borowiec, D. Charlton, C. Laperle, and M. OôSullivan, Nonlinear signal-to-noise ratio estimation in coherent 

optical fiber transmission systems using artificial neural networks, Journal of Lightwave Technology, Dec. 

2018. An earlier version appeared in [26]. Copyright © 2017 IEEE. Reprinted, with permission, from A. S. 

Kashi, Q. Zhuge, J. C. Cartledge, A. Borowiec, D. Charlton, C. Laperle, and M. OôSullivan, Fiber nonlinear 

noise-to-signal ratio monitoring using artificial neural networks, 43rd European Conference on Optical 

Communication, Sept. 2017. 
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ὃὔὅά ὧέὺЎὃ ὯȟЎὃ Ὧ ά ȟ                      Ὥ ὥὲὨ Ὦɴ ὢȟὣȢ 

(4.1) 

ЎὃȾ Ὧ  ὃȾ Ὧ  ὃȾ Ὧ ȟ         

where supersript R and T identify the received and transmitted symbols, respectively. 

In addition, the nonlinear phase rotation induced by fiber nonlinearities has been shown 

to be correlated among neighbouring symbols [29]. Denoting this phase noise for the kth 

received symbol as æɗX(k) and æɗY(k) for the X- and Y-polarization signals, respectively, 

the phase noise correlation (PNC) across neighbouring symbols can be obtained from (4.2). 

ὖὔὅά ὧέὶὶЎ—ὯȟЎ— Ὧ ά ȟ                     Ὥ ὥὲὨ Ὦɴ ὢȟὣȢ 
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In order to have a sufficient number of examples of input-output pairs to train the ML 

block and achieve good generalization, simulations were performed for a 34.5 Gbaud DP 

16-QAM signal with root-raised-cosine (RRC) pulse shaping with a roll-off factor of 0.14, 

for various transmission distances, numbers of channels (with 50 GHz channel spacing), 

and fiber types. ASE noise was not included in any of the simulative cases. Table 4.1 

summarizes the parameters used in the 432 simulation sets. Received symbols for each 

simulation were used to calculate ANC and PNC. In the calculation of the amplitude and 

phase noise, the transmitted sequence was assumed to be known. The length of the symbol 

sequence and hence the size of the ANC and PNC were 218. 
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The training data consists of known input-output pairs achieved by performing full 

system simulations. A critical step is determining input features, which allow extraction of 

the desired output(s) [25]. Although the ANC and PNC are not direct measures of 

nonlinearity, their features exhibit the same trend as SNRnl when changing the system 

configuration such as fiber length, launch power, and number of WDM channels. Figure 

4.2(a) shows the true SNRnl obtained from the simulation versus the number of WDM 

channels and fiber length. In order to make a comparison, results are also shown for 

cumulative summation of ANCXX and PNCXX over a multiple number of symbols to capture 

the strength of the nonlinearity, denoted by RXX and PXX and described by: 

Ὑ ρπÌÏÇρ  В ȿὃὔὅ άȿ ϳ , 

ὖ ρπÌÏÇρ  В ȿὖὔὅ άȿ ϳ . 

(4.3) 

The choice of lags in (4.3) was based on properties of the covariance and correlation 

functions, and on the results that were achieved. The performance has been investigated by 

varying the number of lags in the calculations of RXX and PXX. The most accurate results 

were achieved for the number of lags ranging from 1 to 6 and 1 to 30 for ANC and PNC, 

respectively. 

Table 4.1: Simulation parameters. 

Fiber Type NDSF TWC ELEAF 
NDSF & 

TWC 

NDSF & 

ELEAF 

ELEAF &  

TWC 

Launch Power (dBm) 0.5 -2.5 -1 -1 -0.5 -2 

Distance (km) 320, 400, 480, 560, 640, 720, 800, 880, 960, 1040, 1120, 1200 

WDM Channels 1, 3, 5, 7, 11, 21 

NDSF: Non-Dispersion-Shifted Fiber; TWC: TrueWave Classic; ELEAF: Enhanced Large Effective Area 

Fiber. 
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The results for the estimated SNRnl using RXX and PXX are offset by 4 and 8 dB, 

respectively, for clarity. Here we assume that the expressions in (4.3) for RXX and PXX are 

representative of SNRnl. They are used for the purpose of illustrating the variation in the 

nonlinear SNR with changes to the system configuration. The results for the estimated and 

true SNRnl in Figure 4.2(a) are for the case of NDSF fiber, 5, 7, 11, and 21 WDM channels, 

and transmission over different lengths of fiber. Although the figure suggests that a 

multiplicative factor could be used to map RXX and PXX to the true SNRnl, plots of RXX and 

PXX versus the true SNRnl in Figures 4.2(b) and (c) for all 432 application cases in Table 

4.1 show that for a specific true SNRnl the variation of RXX and PXX for different application 

cases can exceed 4 dB. In addition, each fiber type, as well as each number of WDM 

channels, requires a different mapping rule from RXX and PXX to the true SNRnl. The results 

of the estimated SNRnl using RXX and PXX for each fiber type (shown in different colours) 

are shifted by multiples of 4 dB from the NDSF results to be distinguishable and each 

number of WDM channels is shown with a different symbol, as indicated in the figure 

legend. 

The nonlinear noise estimation can be done using a variety of ML techniques. In this 

thesis, we used an ANN to perform the estimation of SNRnl and remove the requirement 

for mapping rules, and for the purposes of comparison and completeness, we also 

implemented a multivariate polynomial regression model. 

Both methods have the following structure: 1) calculate the ANC and PNC for different 

application cases, 2) train the model (ANN, regression) on various instances of the 

extracted features (based on ANC and/or PNC) and link condition (CD and number of 
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WDM channels) for the known true SNRnl, and 3) use the trained model to estimate SNRnl 

for new cases. 

 

4.3.2 Artificial Neural Network Based Estimation 

The block diagram of the ANN is shown in Figure 4.3. The feed-forward ANN is 

comprised of one hidden layer with n hidden neurons, m inputs, and one output. To 

  

(a) (b) 

 

 

(c) 

Figure 4.2: (a) Estimated SNRnl versus the number of WDM channels and fiber length; 

Estimated SNRnl versus true SNRnl for all 432 cases from simulation using (b) RXX and (c) PXX. 

Legends for (b) and (c) 

Fiber Type Shift (dB) Line Colour 

NDSF 0  

TWC +4  

ELEAF +8  

NDSF & TWC +12  

NDSF & ELEAF +16  

ELEAF & TWC +20  
 

WDM Channels 1 3 5 7 11 21 

Symbol       
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distinguish between the weight matrices, biases, and neuron outputs for each layer, 

subscripts are used to identify the source (second index) and the destination (first index), 

and superscripts represent the index of the layer. The inputs consist of the net CD, number 

of WDM channels, RXX and PXX as described by (4.3), and RXY and PXY as described by 

(4.4).  

Ὑ ρπÌÏÇρ ȿὃὔὅπȿ ϳ , 

ὖ ρπÌÏÇρ ȿὖὔὅπȿ ϳ .  

(4.4) 

The output vector (aL
n) is calculated by multiplying the input vectors (xi) by the weight 

associated to each neuron (wL
n.i) and applying the activation functions to the sum of the 

weighted inputs plus a shifting bias (bL
n). Training, testing, and validation were carried out 

using the Matlab R2017a Neural Network toolbox. The logistic sigmoid and linear 

functions were used as activation functions (or transfer functions) for the hidden and output 

layers, respectively. 

 

 

 

Figure 4.3: ANN block diagram. 

Input Layer 
Hidden Layer Output Layer 

SNR
est

nl. 
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In the training phase, the Bayesian regularization learning algorithm was used. The 

algorithm updated the values of weights and biases for each layer iteratively using the 

Levenberg-Marquardt optimization method to minimize a linear combination of weights 

and squared errors (the error was calculated by subtracting the ANN output from the 

desired output). The training stopped when step sizes reached a point where output 

improvements became smaller than a set threshold, effectively not providing further 

improvement. The number of hidden neurons was set to 6, which resulted in the lowest 

normalized root-mean-square error (NRMSE) for training and testing, without introducing 

overfitting. Numerous experiments were carried out to determine the set of ANN 

parameters that provided the best performance. 

During the training, 302 multi-dimensional input vectors (70% of the application cases 

in Table 4.1 were randomly chosen) for the extracted features (based on ANC and/or PNC), 

the net CD, and number of WDM channels, paired with their corresponding target output 

(the true SNRnl), were passed to the ANN. The main goal of the training is to build a 

generalized mapping, which is not limited to the training data set and allows the model to 

predict the correct SNRnl for new data sets that include system configurations different from 

those used for the training. Once the ANN was trained, its accuracy was tested for the 

remaining 30% of the cases, by applying each set of input vectors from the testing set to 

the trained ANN and comparing the estimated SNRnl with the true SNRnl. 

In order to assess the robustness of the extracted features against ASE noise and the 

performance of the estimation procedure in the presence of ASE noise, the trained ANN 

was validated for the case where the received signal was loaded with ASE noise. The noise 

loading was implemented for the same 302 system configurations that were used for the 
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training process (Table 4.1). The ASE noise powers (in dBm) were drawn from a normal 

distribution with a standard deviation of 3 dBm and a mean of twice the nonlinear noise 

power according to [31], which showed that the ASE noise variance is twice the nonlinear 

noise variance at optimum launch power. All of the simulations were performed at 

optimum launch powers that were determined for a practical system with ASE noise and 

nonlinearity. This was done to realistically represent practical systems. 

In order to evaluate the contribution of the nonlinear noise correlations (ANC and/or 

PNC) on the performance of the trained ANN, three different sets of inputs were considered 

for training the neural network. Each set included the net CD and number of WDM 

channels as inputs. For the first two cases, extracted features from ANC and PNC were 

used individually and for the third case, extracted features from both ANC and PNC were 

used. Figure 4.4 shows the NRMSE during the training and testing phases for the third ANN 

as a function of number of epochs or training iterations. During the course of training, the 

NRMSE decreases as number of epochs increases. Figure 4.4 shows that the training 

process is aborted after 200 epochs with an NRMSE of 0.26% for the training set and 0.32% 

for the testing set, as the step size for the Levenberg-Marquardt optimization method 

reaches its minimum limit. 
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The results of the training, testing, and validation for each of the trained ANNs are 

summarized in Table 4.2. The results indicate that by employing both nonlinear noise 

correlations, the NRMSE decreases for the training, testing, and validation. For the third 

case, training, testing, and validation in simulation exhibit NRMSE of less than 0.37%. The 

improvement in the model using both correlations warrants the small increase in the 

complexity of the ANN. In the next section, the trained ANNs are employed to estimate 

SNRnl for different experimental cases. 

 

 

Figure 4.4: The ANN performance during training and testing phases. 

Table 4.2: ANN simulation performance. 

Inputs*  
TRAINING 

NRMSE 
TESTING 

NRMSE 
Validation 

NRMSE 

RXX, RXY 0.62% 0.69% 0.70% 

PXX, PXY 0.65% 0.68% 0.68% 

RXX, RXY, PXX, PXY 0.26% 0.32% 0.37% 

*CD and number of WDM channels are the inputs for all the above cases. 
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4.3.3 Regression Based Estimation 

For comparative purposes, we report the performance using multivariate polynomial 

regression to estimate SNRnl. Second and third order polynomials were chosen for the 

regression model. Employing higher polynomials resulted in overfitting to the training data 

sets thus exhibiting very poor generalization. The regression model had the same structure 

for training, testing, and validation as the ANN. For the training, 302 multi-dimensional 

input vectors for the extracted features, namely RXX, PXX, RXY, PXY, CD, and number of 

WDM channels, paired with their corresponding target output (the true SNRnl), were used. 

The testing was performed for the remaining 130 cases. The trained models based on the 

second and third order polynomials were validated for the 302 cases, where the received 

signal was loaded with ASE noise, with system configurations that were used for the 

training process. 

The performance results for the regression and ANN methods are presented in Table 

4.3. Although the simulation results for the regression model show relatively small 

NRMSE, its accuracy and generalization is better assessed using the validation results for 

experimental cases. 

 

Table 4.3: Simulation performance comparison. 

ML Method*  
TRAINING 

NRMSE 

TESTING 

NRMSE 

Validation 

NRMSE 

ANN 0.26% 0.32% 0.37% 

2nd Order Polynomial 

Regression 
0.55% 0.52% 0.63% 

3rd Order Polynomial 
Regression 

0.26% 0.33% 0.39% 

*RXX, RXY, PXX, PXY, CD, and number of WDM channels are the inputs. 
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4.4 Experimental Validation of Nonlinear Noise Estimation 

In order to further demonstrate the validity of the estimation method, an experiment was 

conducted using the same system configuration as employed in the simulations: 

transmission of 11-channels over 800 km of TWC fiber using 34.5 Gbaud DP 16-QAM 

with RRC pulse shaping and a roll-off factor of 0.14. 

The ANCs and PNCs were calculated for each experimental case and used as inputs to 

the trained estimators (ANN and regression). The transmitted sequence was assumed to be 

known for the calculation of amplitude and phase noise (ANC and PNC, respectively). 

However, in a practical implementation, symbol decisions would be used in place of known 

transmitted symbols for these calculations. The length of the symbol sequence and hence 

the size of the ANC and PNC for experimental cases was 229,376, as determined by the 

on-chip memory of the Ciena WaveLogic3 transceiver, which was used in the experiment. 

The output of the estimator was then compared with the true value of SNRnl that was 

calculated by subtracting the known SNRASE and SNRtrx from the calculated SNRnet. SNRASE 

was determined from the OSNR measured with an optical spectrum analyzer. For a 

measurement trace, the ASE noise power at the carrier frequency was determined by 

interpolation using out-of-band noise levels below channel 1 (1548.11 nm) and above 

channel 11 (1552.12 nm), respectively. The wavelengths used for the out-of-band noise 

levels were carefully chosen to exclude any signal contributions (e.g., sidebands due to the 

finite dimension of the pulse shaping filter and spectral broadening due to the Kerr effect). 

Moreover, in determining the OSNR, the measurement of the signal power was corrected 

for the in-band ASE noise power. SNRnet was obtained from offline processing. 
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4.4.1 Experimental Setup 

The experimental setup is shown in Figure 4.5. Detailed information on the components 

used in the setup is provided in Appendix A. Pump and probe channels were produced by 

two Ciena WaveLogic 3 transceivers each of which included four digital-to-analog 

converters (DACs) with a sampling rate of 39.4 GSa/s and a DP in-phase/quadrature 

modulator. For the probe channel, the wavelength of the CW optical signal applied to the 

modulator was 1550.12 nm. The pump channels, which were distributed evenly around the 

probe with a channel spacing of 50 GHz, were combined and applied to one modulator. 

The modulated optical signals were launched into a point-to-point transmission link that 

consisted of 10 spans of 80 km TWC fiber, each followed by an erbium doped fiber 

amplifier (EDFA). The choice of fiber type used in the experiment (TWC) was based upon 

the availability of the transmission setup at the time of the experiment. After propagation, 

the output of the tenth span was amplified and applied to a tunable filter (TF) which passed 

the probe channel to a coherent receiver. Sample values obtained after coherent detection 

were recorded with a four-channel real-time sampling oscilloscope operating at a sampling 

rate of 80 GSa/s and processed offline. 
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4.4.2 Nonlinear Noise Estimation Results Using Artificial Neural 

Network 

Figures 4.6(a), (b), and (c) compare the estimated SNRnl using each one of the trained 

ANNs with the true SNRnl as a function of launch power after transmission over 800 km of 

TWC fiber. The estimation error for SNRnl is plotted on the right axis. The values of the 

error for the first two cases are less than 0.5 dB and less than 0.25 dB for the third case. 

This is expected since the trained ANN, which employs extracted features from both ANC 

and PNC exhibits the smallest NRMSE for both training and testing in comparison with the 

other ANNs. It should be noted that the ANNs were not trained for the experimental 

configurations of fixed fiber length, fixed number of WDM channels, and varying launch 

power. Accurate results for cases that were not specifically embodied by the training point 

to the high generalization performance of the model. 

Figure 4.5: WDM experimental setup; MUX: multiplexer; EDFA: erbium doped fiber amplifier; 

TWC: TrueWave classic; TF: tunable filter. 
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Assuming equal average transmitted power for all WDM channels (Ptx), the power of 

the nonlinear noise is proportional to P3
tx. As a result, with a 1 dB change in launch power, 

SNRnl should change by 2 dB. The curves for true SNRnl in Figure 4.6, follow this 

dependence for high launch powers (-3 to 0 dBm). However, at low powers (-6 to -4 dBm) 

the true SNRnl deviates from this dependence as a result of additional distortion arising 

from the offline processing that emulates limitations imposed by an actual implementation 

of the signal processing. The use of signal processing code that does not include these 

limitations yields the expected dependence for all launch powers. Although this distortion 

is not due to fiber nonlinearities, it was captured by the ANC and PNC calculations and 

consequently by the estimator of SNRnl, which leads to the same behaviour as seen in the 

experimental results for true SNRnl. 

Figures 4.7(a) and (b) compare the estimated SNRnl using the third ANN and true SNRnl 

as a function of fiber length for fixed launch powers of -3 dBm and -4 dBm, respectively. 

The estimation errors for both launch powers are less than 0.12 dB. The estimates for this 

case exhibit a smaller error compared to Figure 4.6(c) since the simulative cases used for 

the training are similar to the experiment in the case of varying fiber length. 
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(a) 

 
(b) 

 
(c) 

Figure 4.6: Estimated SNRnl. Experiment with 11-channels, fiber length of 800 km, and varying 

launch powers using ANNs trained with extracted features from (a) ANC, (b) PNC, and (c) ANC 

and PNC. 
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The results for SNRnl can be used to obtain an estimate of the OSNR. The resultant error 

for OSNR estimation will be smaller compared to the error for SNRnl estimation since the 

ASE noise is normally larger than the nonlinear noise. The proposed method exhibits good 

performance with accurate estimates for different experimental scenarios even when the 

experimental cases are not the same as the training cases, which demonstrates the high 

generalization of the ANN. 

 

 
(a) 

 
(b) 

Figure 4.7: Estimated SNRnl using ANNs trained with extracted features from ANC and PNC. 

Experiment with 11-channels, varying fiber lengths, and launch powers of (a) -3 dBm and (b) -4 

dBm. 
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4.4.3 Nonlinear Noise Estimation Results Using Regression 

Figures 4.8(a), (b), and (c) compare the estimates of SNRnl using the ANN, 2nd order 

polynomial regression (REG2), and 3rd order polynomial regression (REG3) methods for 

varying launch power and fiber length. For all cases, the ANN method outperforms the 

regression method. Since both methods were not trained for the case of variable launch 

powers, the poor estimates of SNRnl using the polynomial regression method (Figure 4.8(a)) 

demonstrate that this method is unable to build a generalized model. As a result, the model 

does not yield accurate estimates for experimental data for system configurations that were 

not included in the training. While good estimates are obtained for large launch powers 

using the second order polynomial, the estimates are poor for low launch powers. 

For the case of varying fiber length at fixed launch powers of -3 dBm and -4 dBm 

(Figures 4.8(b) and (c), respectively), the estimation results for the third order regression 

model exhibit better performance than the second order regression model. Since the sets 

for this experimental validation have the same fiber length and number of WDM channels 

as the training, given the results in Table III, it is expected that the regression model exhibit 

smaller estimation error than the first validation case with varying launch power. The larger 

estimation error for regression in this case compared to the ANN is due to the fact that the 

experimental validation employs different launch powers compared to the training. The 

difference in launch powers results in a larger estimation error for the regression method, 

due to the poor generalization. The process of optimizing the weights and biases in the 

ANN and employing the nonlinear logistic sigmoid function as a transfer function for each 

neuron leads to a generalized model and estimation accuracy that outperforms the 

polynomial regression method in the simulative and experimental validation cases. 
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(a) 

 
(b) 

 
(c) 

Figure 4.8: Estimated SNRnl using ANN and polynomial regression model. Experiment with 11-

channels, (a) varying launch power for a fiber length of 800 km, and varying fiber length for 

launch powers of (b) -3 dBm, (c) -4 dBm. 
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4.5 Summary 

In this chapter, a method has been presented for estimating the SNRnl using ANNs. The 

fiber nonlinearity induced amplitude noise covariance and phase noise correlation 

extracted from received symbols together with the net CD and number of WDM channels 

have been used as inputs to the estimator. The generalized model achieved after training 

the ANN with simulative cases is able to perform accurate estimation even for experimental 

cases, which are not explicitly embodied by the training. 
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Shaping Distribution Identification 

Using Artificial Neural Networks 

for Rate-Adaptive Probabilistically 

Shaped 64-QAM Signals* 

5.1 Overview 

Future optical networks are envisioned to be flexible, dynamic, heterogeneous, and able 

to accommodate various modulation formats and transmission bit rates. With optical 

networks evolving towards higher capacity, the capability to dynamically provision optical 

routes, channel spectra, modulation formats, and bit rates has increased in importance. A 

                                                 

* This chapter is compiled from material extracted from manuscript titled ñExtending a nonlinear SNR 

estimator to include shaping distribution identification for probabilistically shaped 64-QAM signalsò, which 

accepted for publication in the Journal of Lightwave Technology, Apr. 2019 [1]. 
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key enabling feature of digital coherent receivers in such elastic optical networks is the 

capability of the digital signal processing (DSP) blocks to deliver optimal performance 

without prior information about the transmitted signal, thus allowing a significant reduction 

in the transmission overhead [2]. 

In the context of dynamic optical networks, probabilistic constellation shaping enables 

rate-adaption for next generation coherent transceivers [3]. The probability mass function 

(PMF) of the constellation points and hence the constellation entropy (CE) can be adjusted 

to maximize the achievable information rate for a particular signal-to-noise ratio (SNR). In 

addition, the ability to tune the PMF of the symbols enables rate-adaption by providing 

adjustable delivered data rates with arbitrary granularity. In that regard, a common 

optimized input distribution that maximizes the achievable information rate is the shaped 

input from the family of Maxwell-Boltzmann (MB) distributions, which deliver near 

optimal shaping gain under a given SNR constraint [4]. Discrete quadrature amplitude 

modulation (QAM) constellations can be probabilistically shaped (PS) using a constant 

composition distribution matcher (CCDM) [5], [6]. Recently, attention has been directed 

toward low-complexity, parallel implementations of a distribution matcher [7]ï[11]. 

The CCDM operation involves transforming a sequence of uniformly distributed data 

bits into a sequence of shaped symbols with a desired distribution. At the receiver side, a 

distribution de-matcher recovers the original data bits from the shaped symbols knowing 

the MB distribution. Accordingly, the ability to autonomously identify various shaping 

distributions is of interest. Since an exhaustive search for the correct shaping distribution, 

even for the case of a pre-determined set of the shaping distributions, requires considerable 

computation time due to the iterative framework for optimizing certain parameters in the 
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distribution de-matcher. In that regard, blind identification of the shaping distribution 

would benefit the dynamic adaptation capabilities envisioned for optical networks. 

In this chapter, the impact of probabilistic shaping on the properties of the nonlinear 

noise generated by weakly nonlinear transmission is used to identify the shaping 

distribution of the channel input. In Chapter 4, we demonstrated a machine learning (ML) 

technique employing an artificial neural network (ANN), trained with the amplitude noise 

covariance [12] and phase noise correlation [13] of the received symbols, to estimate the 

nonlinear signal-to-noise ratio (SNRnl). In this chapter, we extend the methodology 

presented in Chapter 4 to simultaneously identify the shaping distribution by exploiting the 

impact of probabilistic shaping on the properties of the nonlinear noise generated by 

weakly nonlinear transmission. By estimating SNRnl and nonlinear system coefficients 

using an ANN, the shaping distribution can be blindly identified, thereby allowing the de-

matcher to recover the transmitted bits. Real-time information about the shaping 

distribution, combined with information about the quality of a signal in terms of linear and 

nonlinear optical noise, is valuable for network control and management as it allows 

maximizing the network capacity by optimizing the transmission rate based on the actual 

link condition. 

Compared to modulation format identification techniques that rely on amplitude 

histograms [2], [14], the proposed technique exploits the effect of the input shaping 

distribution on the nonlinear SNR of a system. In addition, compared to the method 

presented in [15] that employs an iterative expectation maximization algorithm, the 

procedure for shaping distribution identification using a trained ANN is non-iterative, 

which is beneficial for elastic optical networks for which the modulation formats and 
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shaping distributions dynamically change. Here the objective is to simultaneously estimate 

SNRnl, as a performance metric of practical interest itself, and to identify the shaping 

distribution. To just identify the shaping distribution, alternative methods are certainly of 

interest [15]. 

5.2 The Impact of Channel Input Distribution on Fiber 

Nonlinearities 

The shaped constellations are generated using the method presented in [16]. The PMF 

for each QAM constellation is calculated based on one-dimensional (1-D) MB distributions 

for the in-phase and quadrature components. The input symbols X are complex QAM 

symbols that take on values in Xᶅ = { x1,  x2,  . . .  , xm } according to the PMF PX. m denotes 

the cardinality of the constellation Xᶅ. Denoting a positive scalar scaling factor by ɟ, the 

constellation X is normalized to unit energy such that   ȿ”ἦȿ ρ, where  denotes 

expectation. 

The two-dimensional (2-D) MB PMF is given by: 

ὖ ὼ  
ρ

В  Ὡ
 Ὡ ȿȿ ȟ (5.1) 

where ɜ is a parameter which specifies the distribution. For each value of ɜ, a different 

constellation scaling factor ɟ is calculated. 

The frequency domain model presented in [17] and [18] was used for characterizing the 

properties of the nonlinear interference noise (NLIN). It allows the specific properties of 

the shaped distribution to be included in the generation of the NLIN. Thus, an accurate 
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representation of modulation-dependent nonlinear effects is obtained. Assuming that all 

wavelength division multiplexed (WDM) channels have the same average launch power 

Ptx and modulation format, the NLIN variance can be expressed as [3]: 

„   ὖ   … ‘ ςȢ… ‘ ς Ȣ… ‘Ȣ… ȟ (5.2) 

where the real coefficients ɢ0 , ɢ4 , ɢ́4 , and ɢ6 are functions of the transmitted pulse shape 

and fiber parameters that represent contributions due to intra- and inter-channel fiber 

nonlinearities. The notation in [3] has been used, which is the result of re-arranging 

equations in [17] and [19] to demonstrate the relationship between the nonlinear 

coefficients and the shaping distribution. Here, the four coefficients are referred to as the 

nonlinear coefficients of the system. Shaping distribution of the channel input X is 

represented by the standardized moments µ4 and µ6, which are defined by: 

‘  
ȿ╧ ╧ȿ

ȿ╧ ╧ȿ
 Ȣ (5.3) 

The appearance of µ4 and µ6 in (5.2) directly reflects the dependence of SNRnl on the 

shaping distribution. Figure 5.1(a) shows the standardized moments µ4 and µ6 for different 

PMFs for a dual polarization (DP) PS 64-QAM signal. Different shaping distributions were 

achieved by changing ɜ in the MB PMF as described by (5.1). Following [20], by adjusting 

the PMFs of the symbols, seven bit rates were defined for a symbol rate of 32 Gbaud and 

a total overhead of 28%. Five of the rates yield a range from 200 Gb/s to 300 Gb/s with a 

granularity of 25 Gb/s, and five of the rates yield a range from 200 Gb/s to 250 Gb/s with 

a granularity of 12.5 Gb/s. The corresponding CEs in bits per 2-D 64-QAM symbol (single 
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polarization), values of ɜ in the MB distribution, and the information bit rate of the seven 

shaping distributions P1, P2, P3, P4, P5, P6, and P7 are provided in Table 5.1. 

 

 

 

(a) 

 

(b) 

Figure 5.1: (a) Fourth and sixth order standardized moments (µ4 and µ6) for different shaping 

distributions for 64-QAM, and (b) the corresponding 1-D PMFs. 
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The values of µ4 and µ6 corresponding to the seven distributions are shown by the 

symbols in Figure 5.1(a). Figure 5.1(b) shows the 1-D PMFs for the selected values of ɜ, 

which were calculated using (5.1) by considering that the PMF for each 2-D PS 64-QAM 

constellation is the product of two 1-D PMFs of 8-ary pulse amplitude modulation symbols 

that represent the in-phase and quadrature components. 

The impact of the shaping distribution for DP PS 64-QAM on NLIN is illustrated in 

Figure 5.2 in terms of the dependence of SNRnl on the parameter ɜ in the MB distribution. 

SNRnl was calculated using (5.2) for a 32 Gbaud DP 64-QAM signal with root-raised-

cosine (RRC) pulse shape with a roll-off factor of 0.14, 11 WDM channels with 50 GHz 

channel spacing, and transmission distance of 880 km with a per-channel launch power of 

0.5 dBm. The values of the nonlinear coefficients ɢ0, ɢ4, ɢ́4, and ɢ6 corresponding to this 

application case are given in Table 5.2 as calculated using the Matlab code provided in 

[19]. The values of µ4 and µ6 in (5.2) were calculated for different shaping distributions 

that were achieved by changing ɜ in (5.1) from 0 to 10. Figure 5.2 demonstrates that an 

increase in ɜ (stronger shaping), which corresponds to an increase in µ4 and µ6, results in a 

larger NLIN (smaller SNRnl) compared to the uniform constellation. 

Table 5.1: Shaping distributions adopted in the simulation. 

Modulation Format DP PS 64-QAM DP 64-QAM 

Shaping Distribution P1 P2 P3 P4 P5 P6 P7 

CE (Bits/2-D Symbol) 4.33 4.54 4.75 4.96 5.17 5.59 6 

ɜ in MB Distribution 10.6×10-2 9.1×10-2 7.8×10-2 6.6×10-2 5.5×10-2 3.4×10-2 0 

Bit Rate (Gb/s) 200 212.5 225 237.5 250 275 300 
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5.3 Nonlinear Noise Monitoring in Rate-Adaptive Systems 

Using Artificial Neural Network 

The nonlinearity induced amplitude noise covariance (ANC) and phase noise correlation 

(PNC) across neighbouring symbols can be used as metrics to characterize the extent of 

the nonlinear noise [12], [17]. Denoting æAX(k) (and æAY(k)) and æɗX(k) (and æɗY(k)) as 

the amplitude and phase noise of the kth received symbol for the X-polarization (and Y-

polarization) signal (as described in (4.1) and (4.2)), the ANC and PNC can be obtained 

from: 

 

Figure 5.2: SNRnl versus the shaping distributions. 

 

Table 5.2: Nonlinear coefficients in (5.2). 

Nonlinear Coefficient ɢ0 ɢ4 ɢ́4 ɢ6 

Value 0.90 ×104 W-2 0.35 ×104 W-2 -0.91 ×104 W-2 0.95 ×104 W-2 
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ὃὔὅά ὧέὺЎὃ ὯȟЎὃ Ὧ ά ȟ 

ὖὔὅά ὧέὶὶЎ—ὯȟЎ— Ὧ ά ȟ 

  Ὥ ὥὲὨ Ὦɴ ὢȟὣȢ 

(5.4) 

In order to estimate the nonlinear noise, we first modelled the system using a simplified 

nonlinear approach. We then calculated the ANC and PNC from the received symbols for 

different application cases. Next, we trained an ANN with various instances of the 

extracted features (based on ANC and PNC) and link conditions (chromatic dispersion 

(CD) and number of WDM channels (nWDM)) for the known true SNRnl. Finally, the 

trained ANN was used to estimate the SNRnl in new application cases. 

5.3.1 Simulation Setup 

To obtain the examples required to train the ANN, simulations were performed for a 32 

Gbaud DP PS 64-QAM signal with RRC pulse shaping with a roll-off factor of 0.14, 

various numbers of WDM channels (with 50 GHz channel spacing), shaping distributions, 

and transmission distances over standard single mode fiber (SSMF) at a per-channel launch 

power of 0.5 dBm. ASE noise was not included in the simulations for training in order to 

focus the learning on the constellation moments and to avoid multiple runs for each 

application case with different ASE noise realizations. Table 5.3 summarizes the 

parameters used in the simulation for 504 application cases. Received symbols for each 

simulation were used to calculate ANC and PNC. In the calculation of the amplitude and 

phase noise, the transmitted sequence was assumed known. However, in a practical 

implementation, symbol decisions would be used in place of known transmitted symbols 
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for these calculations. The length of the symbol sequence and hence the size of the ANC 

and PNC were 217. 

 

To reduce the computational load associated with full system-level, split-step Fourier 

simulations, a simplified nonlinear model was used that comprised signal generation, signal 

impairment due to intra- and inter-channel fiber nonlinearities, and simplified DSP steps 

[21]. The block diagram of the procedure is shown in Figure 5.3. Symbol sequences for the 

X- and Y-polarization components of a DP PS 64-QAM signal were generated using a 

CCDM. Assuming 20% forward error correction (FEC) overhead (low-density parity-

check codes) and 28% total overhead to accommodate additional protocol and framing 

overhead, target bit rates shown in Table 5.3 were obtained using the different shaping 

distributions [20], [22]. 

 

Table 5.3: Simulation parameters. 

Distance (km) 320, 400, 480, 560, 640, 720, 800, 880, 960, 1040, 1120, 1200 

WDM Channels 1, 3, 5, 7, 9, 11 

Modulation Format DP PS 64-QAM DP 64-QAM 

Bit Rate (Gb/s) 
P1 P2 P3 P4 P5 P6 P7 

200 212.5 225 237.5 250 275 300 

 

Figure 5.3: Block diagram of simplified nonlinear transmission model. 
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Self-phase modulation (SPM), intra-channel cross-phase modulation (IXPM), and intra-

channel four-wave mixing (IFWM) were calculated based on a first order perturbation 

analysis of the Manakov equations and applied to the generated symbols according to an 

additive-multiplicative model [21], [23]. Without loss of generality, the perturbed symbol 

at time index 0 for the X-polarization signal (ὃȟ) takes the following form: 

ὃȟ ὃȟ ɝὃὼὩ . (5.5) 

The nonlinear phase ȹ 0ʟ,x and amplitude ȹA0,x perturbations are obtained as: 

ɝ‰ ὖὍά В ςὃ ȟ ὃ ȟ ὅȟ, 

ὃȟ ὃȟ ὅȟ  

ɝὃ ὖ
ȾВ ὃȟὃ ȟ

ᶻ
 ȟ ὃ ȟ  ὃȟὃ ȟ

ᶻ ὃ Ȣ ὅȟ, 

(5.6) 

with P0, Am,x and Am,y, and Cm,n being the launch power, symbol sequences for the X- and 

Y-polarization signals, and nonlinear perturbation coefficients, respectively. m and n are 

time indices. Similar equations can be formulated for the Y-polarization signal and 

different time indices. For a given distance L, an arbitrary pulse shape, and assuming 

matched filtering, the normalized nonlinear coefficients are: 

ὅȟ Ὦ
ψ

ω
‎  ὃᶻᾀȟὸὃᾀȟὸ άὝὃᾀȟὸ ὲὝ 

ὃᶻᾀȟὸ άὝ ὲὝὪᾀὨὸὨᾀ, 

(5.7) 

where ɔ is the nonlinear coefficient, f(z) = exp(-Ŭ mod(z, Lspan)) is the power profile along 

the link, Ŭ is the fiber attenuation coefficient, Lspan is the span length, and A(z,t) is the 

dispersed pulse shape at distance z. 
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Inter-channel XPM was calculated based on a frequency domain solution using a 

Volterra expansion of the Manakov equations [24]. To this end, the symbol sequence was 

oversampled and pulse shaped to generate the waveform Jones vector E(t). A time-varying 

XPM matrix R(t) that depends on the number of WDM channels was then used to rotate 

the resultant waveform vector [21], [24]: 

╔▫◊◄◄ Ὑὸ╔░▪◄. (5.8) 

Finally, the signal was passed through a simplified DSP chain including matched 

filtering, signal normalization, clock recovery, and down sampling. Results previously 

obtained using the simplified nonlinear algorithm have been shown to be in good 

agreement with those obtained using the split-step Fourier algorithm [21], [25]. 

In addition to the normalization imposed on the input signal to the ADC, the signal 

processing at the receiver typically includes normalization of the signal sample values, 

which requires a priori knowledge of the transmitted constellation. In order to blindly 

identify the shaping distribution, an alternative, constellation-independent approach for 

normalization is needed. After using the constant modulus algorithm to coarsely resolve 

the X- and Y-polarization signals, a scaling factor was calculated based on the average 

amplitude of the sample values in a radial band extending from 0.75 to 1 times the 

maximum amplitude of the sample values. The unweighted average ignored the differences 

in the probabilities of occurrence for the selected sample values depending on the shaping 

distributions P1, P2, P3, P4, P5, P6, and P7. This encompasses the outer three rings of an ideal 

64-QAM constellation. The signal sample values were normalized such that the average 

amplitude coincided with that for an ideal 64-QAM constellation. Figure 5.4(a) shows the 

ideal reference constellation with the points used for calculating the scaling factor marked 
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with red. An example of the signal sample values is shown in Figure 5.4(b) with the marked 

values (red points) indicating those used for the calculation of the average amplitude. 

Figure 5.4(c) shows the resultant scaled sample values and the reference 64-QAM 

constellation. Although this normalization method is not as accurate as using the exact 

scaling factor for a given PMF, the penalty imposed was found to be negligible. For 

example, for an application case of DP PS 64-QAM with a CE of 4.96 bits/2-D symbol 

(P4), 11 WDM channels, transmission over 880 km, and an OSNR of 27 dB (noise 

bandwidth of 0.1 nm, SNRnl = 19 dB), the constellation-independent approach for 

normalization resulted in an error vector magnitude of 11.50% as opposed to 11.49% using 

the conventional normalization method. 
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(a) 

 
(b) 

 
(c) 

Figure 5.4: Constellation diagram of (a) reference QAM symbols, (b) received symbols before 

scaling, and (c) received symbols after scaling and reference symbols. 
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5.3.2 Nonlinear SNR Estimation 

A critical step after performing simulations for 504 application cases is to extract the 

features that are representative of the target output. The input features for the ANN should 

exhibit the same behaviour as SNRnl when changing the system configuration such as fiber 

length and number of WDM channels. In addition, the impact of constellation shaping on 

SNRnl should be captured by these features. Figure 5.5 illustrates simulation results for true 

SNRnl and for the cumulative summation of ANCXX and PNCXX, denoted by RXX and PXX 

and described by: 

Ὑ ρπÌÏÇρ  В ȿὃὔὅ άȿϳ ,  

ὖ ρπÌÏÇρ  В ȿὖὔὅ άȿϳ . 

(5.9) 

 

 

Figure 5.5: True SNRnl, RXX, and PXX versus the shaping distributions and fiber length for single 

channel transmission. 
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The results are for the application case of a single DP PS 64-QAM channel, five 

different shaping distributions (P1 to P5), and transmission over different lengths of fiber. 

The performance has been investigated by varying the number of lags in the calculations 

of RXX and PXX. The most accurate results were achieved for the number of lags ranging 

from 1 to 6 and 1 to 30 for ANC and PNC, respectively. The results for RXX and PXX are 

offset by +12 and -12 dB, respectively, for clarity. RXX and PXX are representative of SNRnl, 

exhibiting similar variation with changes to the system configuration and shaping 

distribution. However, direct mapping from them to SNRnl is not possible [13]. The metrics 

RXX and PXX as described by (5.9), RXY and PXY as described by (5.10), the net CD, and the 

nWDM were used as inputs to an ANN. 

Ὑ ρπÌÏÇρ ȿὃὔὅπȿϳ ȟ  

ὖ ρπÌÏÇρ ȿὖὔὅπȿϳ . 

(5.10) 

The feed-forward ANN was comprised of one hidden layer with 5 hidden neurons, 6 

inputs, and one output. Training, testing, and validation were carried out using the Matlab 

R2017a Neural Network toolbox. The logistic sigmoid and linear functions were used as 

activation functions for the hidden and output layers, respectively. Several simulations 

were carried out to determine the optimal parameters for the ANN that provided the best 

performance. In the training phase, the Bayesian regularization learning algorithm updated 

the values of weights and biases for each layer iteratively [26]. The Levenberg-Marquardt 

optimization method was used to minimize a linear combination of weights and squared 

errors [26] (the error was calculated by subtracting the ANN output from the desired 

output). Training was stopped when the step sizes reached a point where output 

improvements were smaller than a set threshold. 
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In the training phase, the extracted features for the selected application cases in Table 

5.3 paired with their corresponding target outputs (true SNRnl) were passed to the ANN. 

The main goal of the training was to construct a generalized mapping, which allows the 

model to estimate the correct SNRnl for new data sets that are distinct from the training data 

sets. The training data sets were 252 application cases with the seven shaping distributions, 

varying numbers of WDM channels, and half of the transmission distances indicated in 

Table 5.3. The training distances were from 400 km to 1200 km with steps of 160 km. 

The accuracy of the trained ANN was tested by applying the extracted features for the 

remaining 50% of the application cases as inputs (transmission distances from 320 km to 

1120 km with steps of 160 km), and comparing the estimated outputs with the true values 

of SNRnl. Figure 5.6(a) shows the normalized root-mean-square-error (NRMSE) during the 

training and testing phases as a function of number of epochs or training iterations. During 

the course of training, the NRMSE decreases as number of epochs increases and the process 

was aborted after 175 epochs with an NRMSE of 0.06% for the training data sets and 0.07% 

for the testing data sets, as the step size for the Levenberg-Marquardt optimization method 

reached its minimum limit. 

In order to assess the performance of the estimation procedure in the presence of ASE 

noise, the trained ANN was validated for the case where the received signal was loaded 

with ASE noise. The noise loading was implemented for the same 252 application cases 

that were used for the testing phase (Table 5.3). The ASE noise powers (in dBm) were 

drawn from a normal distribution with a standard deviation of 3 dBm and a mean of twice 

the nonlinear noise power according to [27], which showed that the ASE noise variance is 

twice the nonlinear noise variance at optimum launch power. All of the simulations were 
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performed at optimum launch powers that were determined for a practical system with ASE 

noise and fiber nonlinearity. This was done to realistically represent practical systems. 

Figure 5.6(b) shows the probability density functions of the normalized estimation errors 

for the training, testing, and validation phases. The resultant NRMSE in the validation phase 

is 0.11%, which demonstrates the negligible effect of ASE noise on the estimation 

performance by comparing NRMSE for the validation and testing phases. 

The effect of the shaping distribution on the accuracy of SNRnl estimation for each CE 

was investigated for 100 trials of the ANN. A trial is the process of training, testing, and 

validation of the ANN. Each trial consisted of training with different initial weights and 

biases. The same application cases were used for each phase (training, testing, and 

validation) in each trial and were selected based on the criteria described above. Figure 

5.6(c) shows the mean and standard deviation s (error bars indicate °s) of NRMSE for the 

training, testing, and validation phases for each of the shaping distributions. The results 

indicate that NRMSE in estimating SNRnl is not affected by the shaping distribution. The 

generalized model based on the ANN is able to estimate SNRnl for rate-adaptive DP PS 64-

QAM transmission systems. 
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(a) 

 
(b) 

 
(c) 

Figure 5.6: The ANN SNRnl, (a) performance during training and testing phases, (b) histogram 

of normalized error for training, testing, and validation phases, (c) performance for each of the 

shaping distributions. 
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5.4 Shaping Distribution Identification in System Employs 

Probabilistically Shaped 64-QAM  

In this section, the estimates of SNRnl, as a performance metric of practical interest, was 

used to identify the shaping distribution. In order to identify the shaping distribution, or 

estimate the standardized moments as described by (5.2), the nonlinear coefficients ɢ0, ɢ4, 

ɢ́4, and ɢ6, in addition to SNRnl need to be known. In the context of networks with dynamic 

provisioning, prior knowledge of the nonlinear coefficients is not assumed since they are 

functions of the transmitted pulse shape and fiber parameters. Consequently, the procedure 

for estimating SNRnl in the previous section was modified to include the nonlinear 

coefficients as estimator outputs. The block diagram is shown in Figure 5.7. For each 

simulation case listed in Table 5.3, the nonlinear coefficients were calculated using the 

Matlab code provided in [19], and were used as target outputs during the training of the 

ANN. Using the same activation functions for the hidden and output layers as used for the 

previous ANN, the lowest NRMSE was achieved with 8 hidden neurons. The results of the 

training, testing, and validation phases for each of the outputs are summarized in Table 5.4.  

 
Figure 5.7: Proposed block diagram for the shaping distribution identification. 
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The next step toward identifying the shaping distribution is to use the estimated SNRnl 

and nonlinear coefficients in order to characterize the standardized moments. Using the 

estimation results of the ANN and re-writing (5.2) based on unknown µ4 and µ6, the 

possible values for the standardized moments define a point on the curve given by: 

‘… ‘ ςȢ… ‘ ς Ȣ…

 …  ρ ὛὔὙ Ȣὖϳ Ȣ 
(5.11) 

The average transmitted power for all WDM channels (Ptx in (5.2) and (5.11)) is 

assumed fixed and known for the system. In order to estimate standardized moments and 

hence the shaping distribution, for each application case the intercept point for the resultant 

curve from (5.11) and the curve shown in Figure 5.1 for different shaping distributions 

(achieved by changing ɜ in the MB PMF (5.1)) was calculated. Figure 5.8 illustrates the 

procedure for calculating the standardized moments for the application case of DP PS 64-

QAM with CE equal to 4.96 bits/2-D symbol (P4), 11 WDM channels, and transmission 

over 880 km of SSMF fiber. The red curve in Figure 5.8 is the true µ6 ï µ4 curve calculated 

Table 5.4: ANN performance. 

Outputs 
Training 

NRMSE 

Testing 

NRMSE 

Validation 

NRMSE 

SNRnl 0.07% 0.10% 0.13% 

ɢ0 0.03% 0.04% 0.05% 

ɢ4 0.06% 0.10% 0.11% 

ɢ́4 0.08% 0.08% 0.08% 

ɢ6 0.18% 0.17% 0.16% 

 



  

 

Chapter 5. Shaping Distribution Identification Using Artificial Neural Networks for Rate-

Adaptive Probabilistically Shaped 64-QAM Signals 

153 

from (5.11) using the true values of the nonlinear coefficients and SNRnl. The dashed blue 

curve is the estimated µ6 ï µ4 curve obtained from (5.11) using the estimated values from 

the ANN. The estimation errors for the standardized moments are indicated by the 

horizontal and vertical distances between the intercept points of the reference curve, 

obtained by changing ɜ in the MB distribution (shown in black), with the true and estimated 

µ6 ï µ4 curves. 

 

 

 

Figure 5.8: Procedure for standardized moment estimation for DP PS 64-QAM with CE of 4.96 

bits/2-D symbol, 11 WDM channels, and transmission over 880 km of SSMF. 
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With the shaping distributions for 64-QAM format being limited to seven MB PMFs, 

the solution to (5.11) should only yield the specific values of µ4 and µ6 corresponding to 

those distributions. The shaping distributions were identified based on the values of (µ4, 

µ6) for the reference curve that were the minimum distance from the estimated values of 

(µ4, µ6). 

In order to evaluate the performance of the proposed technique in identifying the 

shaping distributions, three different scenarios based on different granularities for the target 

bit rates were defined. The ANN was trained with distinct sets of inputs for each scenario. 

For the first scenario, application cases corresponding to the five shaping distributions with 

bit rates ranging from 200 Gb/s to 300 Gb/s with 25 Gb/s granularity (P1, P3, P5, P6, P7) 

were used for the training, testing, and validation. The application cases with shaping 

distributions corresponding to bit rates ranging from 200 Gb/s to 250 Gb/s with 12.5 Gb/s 

granularity (P1, P2, P3, P4, P5) were used for the training, testing, and validation in the 

second scenario. Since the values of (µ4, µ6) corresponding to the shaping distributions 

employed in the second scenario are closer to each other, the identification process is more 

sensitive to estimation errors. For the third scenario, all of the shaping distributions were 

considered for the training, testing, and validation of the ANN. 

The training sets for all scenarios were chosen using the same procedure described in 

the previous section, by selecting 50% of the application cases with the specific shaping 

distributions, varying numbers of WDM channels, and transmission distances from 400 km 

to 1200 km with steps of 160 km. Testing was performed on the remaining 50% of the 

application cases (transmission distances from 320 km to 1120 km with steps of 160 km). 

The trained ANNs in each scenario were validated for the application cases where the 
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received signal was loaded with ASE noise. The system configurations for the testing and 

validation data sets are the same. The sizes of the training, testing, and validation data sets 

were 180 for the first two scenarios, and 252 for the third scenario (five and seven shaping 

distributions, respectively). 

The shaping distribution identification results for the validation phases of each scenario 

are summarized in Tables 5.5, 5.6, and 5.7 in terms of the success rate with 95% confidence 

intervals. The results were calculated by using the validation phase of 100 trials of the 

ANN. Success rates of higher than 96% were achieved for the first scenario, indicating that 

the proposed technique is able to identify the shaping distributions with high accuracy for 

a bit rate granularity of 25 Gb/s (Table 5.5). The second scenario with a bit rate granularity 

of 12.5 Gb/s resulted in success rates greater than 79% for the five closely spaced shaping 

distributions (Table 5.6). 

The identification performance of the third scenario, which merges the first two 

scenarios, exhibits success rates of higher than 77% for the shaping distributions P1 to P7. 

Compared to the first and second scenarios, the overall success rates are reduced. As 

expected, increasing the number of shaping distributions and hence decreasing the spacing 

between the values of (µ4, µ6), affects the identification performance since the ANN is less 

tolerant to estimation errors. 

Misidentification of the shaping distribution, would affect the operation of the 

distribution de-matcher and FEC decoder. The exact specification of the required success 

rate for any scenario would depend on the network architecture, the requirement of a 

particular system, and the procedure to handle the shaping distribution misidentification. 
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Table 5.5: Confusion matrix showing the performance of the first scenario in validation phase. 

  Identified Shaping Distribution  

  P1 P3 P5 P6 P7  

A
c
tu

a
l 
S

h
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u
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P1 
98.72% 

±0.42% 

1.28% 

±0.42% 
0% 0% 0%  

P3 
3.36% 

±0.89% 

96.58% 

±0.92% 

0.05% 

±0.08% 
0% 0%  

P5 0% 
0.28% 

±0.21% 

99.72% 

±0.21% 
0% 0%  

P6 0% 0% 0% 100% 0%  

P7 0% 0% 0% 0% 100%  

 

Table 5.6: Confusion matrix showing the performance of the second scenario in validation 

phase. 

  Identified Shaping Distribution  

  P1 P2 P3 P4 P5  

A
c
tu

a
l 
S

h
a

p
in

g
 D
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u
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o
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P1 
81.51% 

±0.77% 

17.66% 

±0.69% 

0.83% 

±0.26% 
0% 0%  

P2 
10.95% 

±0.84% 

79.76% 

±0.97% 

9.23% 

±0.91% 

0.07% 

±0.08% 
0%  

P3 0% 
3.14% 

±0.53% 

94.84% 

±0.81% 

2.02% 

±0.45% 
0%  

P4 0% 0% 
1.32% 

±0.43% 

98.64% 

±0.44% 

0.03% 

±0.06% 
 

P5 0% 0% 0% 
0.83% 

±0.30% 

99.17% 

±0.30% 
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The probability density functions for the normalized estimation errors of the 

standardized moments in the validation phase of the third scenario are shown in Figure 

5.9(a). The total NRMSEs in the validation phase for µ4 and µ6 are 0.60% and 1.70%, 

respectively. Because the slope of the curve from the MB distribution (black curve in 

Figure 5.8) is greater than one, NRMSE is larger for µ6 compared to µ4, i.e., larger error on 

the vertical axis (µ6) than horizontal axes (µ4) in calculating the distance between the 

intercept points of the true and estimated µ6 ï µ4 curves with the reference curve. 

Figure 5.9(b) shows the mean and standard deviation s (error bars indicate °s) of 

NRMSE for the standardized moments in the validation phase of the third scenario for each 

of the shaping distributions. The results were calculated by using the validation phase of 

100 trials of the ANN. Similar to the estimation performance for the SNRnl in Figure 5.6(c), 

Table 5.7: Confusion matrix showing the performance of the third scenario in validation phase. 

  Identified Shaping Distribution  

  P1 P2 P3 P4 P5 P6 P7  
A

c
tu

a
l 
S

h
a
p

in
g

 D
is

tr
ib

u
ti
o

n
 

P1 
83.41% 

±1.23% 

16.44% 

±1.23% 

0.15% 

±0.12% 
0% 0% 0% 0%  

P2 
20.72% 

±0.96% 

77.70% 

±0.97% 

1.58% 

±0.51% 
0% 0% 0% 0%  

P3 0% 
1.88 % 

±0.39% 

96.62% 

±0.60% 

1.50% 

±0.44% 
0% 0% 0%  

P4 0% 0% 
0.08% 

±0.09% 

94.97% 

±1.30% 

4.95% 

±1.28% 
0% 0%  

P5 0% 0% 0% 
2.18% 

±0.37% 

97.82% 

±0.37% 
0% 0%  

P6 0% 0% 0% 0% 0% 100% 0%  

P7 0% 0% 0% 0% 0% 0% 100%  
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the results shown in Figure 5.9(b) indicate that in estimating the standardized moments, 

NRMSE is not affected by the shaping distribution. 

Using a standard coherent receiver, the proposed method is able to identify different 

shaping distributions for DP PS 64-QAM signals. Once the shaping distribution is 

identified, the distribution de-matcher is able to blindly recover the original data bits from 

the shaped symbols. 

 

 

(a) 

 

(b) 

Figure 5.9: The standardized moments estimation, (a) normalized error distributions in the 

validation phase, (b) performance for each of the shaping distributions in the validation phase. 


