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Wavelength Division Multiplexed optical networks serve as the backbone of the 

telecommunications infrastructure around the world. Presently, the dominant impairment 

in such systems is the Kerr-induced nonlinear crosstalk, which imposes a fundamental 

limit to their information-carrying capacity. Until recently, digital signal processing-
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based approaches used for the compensation of nonlinear crosstalk have had limited 

success for reasons that have remained unclear. In this dissertation, the frequency 

stability and mutual coherence of the optical carriers is for the first time proven to play a 

critical role in Kerr-mediated interactions. 

As a solution, optical frequency combs are leveraged to provide a stable 

frequency reference, enabling the precompensation of nonlinear crosstalk in 

multichannel systems. Supporting experimental demonstrations indicate that the fiber 

capacity and system reach can be significantly increased over previously established 

limits. This dissertation accordingly proposes and validates three different comb-based 

frequency-referenced transmitter architectures, and finally, an experiment encompassing 

the developed groundwork is demonstrated to achieve record nonlinearity cancellation in 

a state-of-the-art high-capacity system.
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Chapter 1. Introduction 

1.1 Motivation 

With the widespread adoption of bandwidth-intensive applications like cloud 

computing, high-definition video streaming and online gaming, capacity demands are 

growing at an unprecedented rate. Internet traffic is soon expected to surpass the Zettabyte 

(1021 bytes) threshold [1], and will continue marching steadily towards the certain 

exhaustion of the available bandwidth of deployed optical networks. 

In the past, traffic demands have been met by improvements in technology [2]. The 

optical fiber waveguide, originally envisioned in 1960 by Charles Kao and George 

Hockham [3], was first realized with a telecommunications-suitable, at the time record-low 

attenuation of 20 dB/km by Corning Glass Works in 1970. Shortly thereafter, research 

efforts lead by Corning progressed to reduce fiber attenuation by two orders of magnitude, 

bringing the loss down to 0.2 dB/km, a figure that is staggeringly close to the theoretical 

minimum of 0.15 dB/km. Meanwhile, improvements in semiconductor lasers and 

photodiodes were accompanied by the explosion of the electronics industry, which 

provided a cost-efficient fabrication infrastructure to supply the growing demand.  

Later, the development of the Erbium Doped Fiber Amplifiers (EDFA) in 1987 [4] 

resulted in a significant enhancement of the capacity of optical links. The EDFA, which 

would become the workhorse [5] of optical communications, provided two significant 

improvements; first, it eliminated the need of costly Optical-to-Electrical-to-Optical (OEO) 

regenerators, and second, it enabled the transition from single- to multi-channel 

Wavelength Division Multiplexed (WDM) systems. The adoption of WDM revolutionized 
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optical communications, boosting system bandwidth right at a time when the capacity of 

optical networks was starting to become exhausted [6].  

More recently, with the growth of the internet, the optical communications industry 

reignited its interest in coherent optical technology. Initially investigated due to its superior 

sensitivity over Intensity-Modulated Direct-Detection (IM-DD) systems, coherent 

transmission lost traction after the development of EDFAs due to the poor frequency-

stability and broad linewidth of lasers [7]. Coherent modulation, which had been long 

utilized in cable, satellite, wireless and broadband internet links, offered two important 

improvements over IM-DD systems; first, it enabled significantly higher spectral 

efficiency by relying upon higher-order modulation formats. Second, it was conductive to 

simpler digital signal processing (DSP) applications, enabling the compensation of linear 

transmission impairments such as Chromatic Dispersion (CD) or Polarization-Mode 

Dispersion (PMD) [8], which at the time were the limiting factors for transmission capacity 

and reach. 

Presently, linear transmission impairments no longer impose a limit in the capacity 

of optical links and it is actually a nonlinear effect, namely the optical Kerr-effect that 

limits fiber capacity. The optical fiber material -silica- has a small nonlinear response, 

whose effect onto the information-bearing signal accumulates to significant amounts in 

optical fiber transmission due to the high confinement of light in the core, low loss, and the 

long interaction lengths [9]. This capacity limit, coined in the literature as the “nonlinear 

capacity limit” [10], is the only remaining transmission impairment that constrains the 

capacity of optical links. At this point, to accommodate the growing traffic demand, we 
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must either deploy more fibers, which is costly, inefficient and polluting, or we must devise 

a technique that will allow us to overcome the Kerr-induced capacity limit. 

Nonlinearity Cancellation (NLC) is currently an extremely popular topic for this 

very reason. Naturally, the DSP-architecture available in modern transceivers is shaping to 

be the ideal medium to implement NLC applications. However, very few experimental 

demonstrations have been able to achieve noteworthy improvements with DSP-based NLC 

in multichannel systems. One important challenge that has been theoretically unveiled 

recently is the requirement of a stable frequency reference in systems that implement NLC 

by inverting the Nonlinear Schrodinger Equation (NLSE) in the digital domain [11]. The 

use of uncorrelated laser sources results in stochastic variations in the relative frequency 

between the channels, which, through the fiber dispersion, becomes transformed in a 

stochastic rate of walk-off between the channels, essentially randomizing the nonlinear 

interactions. As such, the nonlinear crosstalk becomes an equally stochastic process that, 

needless to say, cannot be compensated. 

1.2 Dissertation Overview 

This dissertation aims to assert and demonstrate that the frequency stability and 

mutual coherence of the optical carriers represent a critical and necessary condition in DSP-

based nonlinearity compensation applications.  

Chapter 2 serves as a review of the relevant background regarding optical fiber 

transmission systems. It starts with the theory that governs wave propagation, continuing 

with a survey of coherent transmission technology, as well as optical communication link 
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architectures. The chapter concludes by exposing the considerations of the optical fiber 

capacity and its limitations as a communications channel. 

Chapter 3 introduces the concepts of nonlinearity cancellation in coherent 

transmission systems, and points out the challenges in implementing such a technique in 

practical applications. Results generated with system simulations are used to aid the 

discussion and three experimental demonstrations investigating the role of frequency 

reference in practical systems. 

Chapter 4 proposes and demonstrates two alternative architectures to generate 

frequency referenced carriers by means of optical injection locking lasers to optical 

frequency combs, whereas two experimental demonstrations feature the proposed 

architectures. 

Lastly, Chapter 5 contains an extensive experimental demonstration encompassing 

all the groundwork developed in the preceding chapters. In this last chapter, NLC is applied 

to a system that employs Dense Wavelength Division Multiplexing, high cardinality 

modulation, and polarization multiplexing, wherein the results show an unprecedented 

tripling of the system reach with respect to the uncompensated system. 
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Chapter 2. Optical Fiber Transmission  

2.1 Introduction 

As a communications system, the goal of optical links is to transport information 

from a transmitter in one location to a receiver in another. This chapter serves as a review 

of the relevant background of optical fiber transmission, starting with the theory that 

governs wave propagation in optical fibers, continuing with coherent transmission 

concepts, explaining how optical links are architected in practice and lastly considering the 

capacity of the optical fiber and its limitations as a communications channel. 

2.2 Propagation in Optical Fiber 

Propagation effects can be easily understood by analyzing the evolution of a 

monochromatic plane wave, typically denoted by 

 𝐸(𝑧, 𝑡) =   ℜ{𝐸(𝑧, 𝑡)𝑒−𝑖(𝛽0𝑧−𝜔0𝑡)} (2.2.1) 

where ℜ denotes the real part, 𝐸(𝑧, 𝑡) is the complex envelope of the field at location 𝑧 and 

time 𝑡, 𝛽0 is the propagation constant of the wave in the medium and 𝜔0 is the center 

frequency of the optical carrier. 

Wave propagation in optical fibers is governed by the Nonlinear Schrödinger 

Equation [9], which in scalar representation has the form 

 𝜕𝐸

𝜕𝑧
= −

𝛼

2
𝐸 + 𝑖 ∑(−𝑖)𝑛

𝛽n

𝑛!
𝑛

𝜕n𝐸

𝜕𝑡n
+ 𝑖𝛾|𝐸|2𝐸 (2.2.2) 

where 𝐸 is the slowly-varying envelope of the electric field, 𝛼 is the attenuation coefficient, 

𝛽n are the propagation constants, and 𝛾 is the nonlinear coefficient. 
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A brief discussion on the physical origin and the corresponding implications of each 

of the right-hand terms provides interesting insight that will become relevant throughout 

this dissertation. 

2.2.1 Attenuation 

The loss of power of an optical wave as it propagates through a medium often 

referred to as attenuation. In fibers, there are multiple factors that contribute to the total 

attenuation, such as absorption, scattering, bending losses, and losses in the interface 

between the core and cladding. Typically, all the propagation losses are bundled together 

into a single coefficient 𝛼, which has linear units of [1/m] but is usually expressed in 

[dB/km]. The power evolution along the fiber can be derived by solving the NLSE while 

including the attenuation term only, i.e. 

 𝜕𝐸

𝜕𝑧
= −

𝛼

2
𝐸 (2.2.3) 

The solution for this simple differential equation gives rise to Beer’s law of 

attenuation 

 𝐸(𝑧) = 𝐸(0)𝑒−
𝛼
2

𝑧
 (2.2.4) 

 𝑃(𝑧) = 𝑃(0)𝑒−𝛼𝑧 (2.2.5) 

where 𝑃 = |𝐸|2 refers to the optical power, 𝑃(0) is the power (or intensity) at the input of 

the fiber, 𝛼 is the total attenuation coefficient, and z is the longitudinal direction of 

propagation. As shown in (2.2.5), the power of an optical wave propagating through a fiber 

decreases exponentially with the propagated distance. Typically, Single-Mode Fibers 

(SMF) exhibit a loss of about 0.2 dB/km (0.17 dB/km for most recently designed fibers), 
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whereas more modern fibers like Pure Silica Core Fibers (PSCF) can exhibit losses as low 

as 0.155 dB/km [12]. 

 

Figure 1. Power evolution in a fiber with 𝜶 = 0.2 dB/km 

2.2.2 Chromatic Dispersion 

It is a well-known fact that the index of refraction of any medium is frequency-

dependent. As a direct consequence, the frequencies associated with the pulses of light 

(representing wave-packets with finite bandwidth) will propagate through optical fiber 

with different group velocity, thereby accruing unequal delays. This phenomenon, known 

as chromatic dispersion, is the dominant dispersion mechanism in SMF and must be 

considered in the design of optical links [13]. 

The propagation constant 𝛽 of an optical wave travelling through a dielectric is 

related to the index of refraction of the medium 𝑛0(𝜔) and the propagation constant in the 

vacuum 𝑘0 by  

 𝛽(𝜔) = 𝑛0(𝜔)𝑘0 = 𝑛0(𝜔)
𝜔

𝑐
 (2.2.6) 

where 𝑐 is the speed of light in vacuum, i.e. 299,792,458 m/s. 
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It is convenient to decompose 𝛽(𝜔) by applying a Taylor series expansion about a 

reference frequency 𝜔0 

 𝛽(𝜔) = 𝛽0 + 𝛽1(𝜔 − 𝜔0) +
1

2
𝛽2(𝜔 − 𝜔0)2 +

1

6
𝛽3(𝜔 − 𝜔0)3 + ⋯   (2.2.7) 

where 𝛽𝑛 =
𝑑𝑛𝛽

𝑑𝜔𝑛
 is the n-th dispersion coefficient. Practically, however, only the first three 

orders are of interest in the applications considered in this thesis. 

Correspondingly, 𝛽1 is the inverse of the group velocity 

 
 𝛽1 =

1

𝑣𝑔
=

𝑑𝛽

𝑑𝜔
 (2.2.8) 

with units of [s/m] and 𝛽2 is the group-velocity dispersion (GVD)  

 
 𝛽2 =

𝑑2𝛽

𝑑𝜔2
 (2.2.9) 

which has units of [s2/m]. 

In engineering practice, it becomes convenient to consider dispersion as a function 

of wavelength. Utilizing the relation 

 𝛽2(𝜔)𝑑𝜔 = 𝐷(𝜆)𝑑𝜆 (2.2.10) 

we can define the dispersion parameter D, which is usually expressed in units of [ps/(nm · 

km)] and dispersion slope S, with units of [ps2/(nm · km)] 

 
𝐷(𝜆) = −

2𝜋𝑐

𝜆2
𝛽2(𝜔0) (2.2.11) 

 
𝑆(𝜆) =

(2𝜋𝑐)2

𝜆3
𝛽3(𝜔0) − 2𝐷(𝜆) (2.2.12) 

where 𝜔0 =
2𝜋𝑐

𝜆0
. 

Significant insight on the effect of chromatic dispersion can be gained by solving 

the NLSE in the absence of attenuation and nonlinearity 
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 𝜕𝐸

𝜕𝑧
= −𝑖

𝛽2

2

𝜕2𝐸

𝜕𝑡2
 (2.2.13). 

The solution to this equation is most elegantly found by transforming into the 

frequency domain using the Fourier transform 

 
ℱ {

𝜕E

𝜕𝑧
} = ℱ {𝑖

𝛽2

2

𝜕2E

𝜕𝑡2
} (2.2.14) 

 𝜕𝐸̃

𝜕𝑧
= 𝑖

𝛽2

2
𝜔2𝐸̃ (2.2.15) 

 
𝐸̃(𝑧) = 𝐸̃(0)𝑒𝑖

𝛽2𝑧
2

𝜔2

 (2.2.16) 

where ℱ refers to the Fourier Transform operation and 𝐸̃ is the frequency domain 

representation of 𝐸, i.e. 𝐸̃(𝑧) = 𝐸(𝜔, 𝑧) = ℱ{𝐸(𝑡, 𝑧)}. 

 

Figure 2. Real and Imaginary parts of quadratic spectral phase shift due to Chromatic Dispersion 

As can be seen in Figure 2, essentially, the effect of chromatic dispersion is a 

quadratic spectral phase shift, which in the time domain represents a series of frequency-

dependent temporal delays. Thus, when a train of pulses propagates through fiber, the 

different frequency components of each pulse will acquire different phase shifts, resulting 
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in a broadening effect, as can be seen in Figure 3. Pulse broadening due to CD can affect 

the system performance, as it causes Inter-Symbol Interference (ISI). 

 

Figure 3. Pulse broadening due to Chromatic Dispersion 

2.2.3 Nonlinearity 

Silica exhibits a miniscule nonlinear response that is, in most cases, negligible. 

However, in optical fiber transmission, due to the high confinement of the optical mode in 

the core, the low propagation loss and the long interaction length, the nonlinearity gives 

rise to multiple interesting phenomena that are of great importance in the design of optical 

communications systems [9]. 

The most relevant nonlinear effect in optical fiber communications is the Kerr-

effect, coined in 1875 after Scottish Physicist John Kerr [14]. The Kerr nonlinearity 

manifests itself as an instantaneous (femtosecond scale) intensity-dependent change in the 

index of refraction, which modifies the previously introduced expression for 𝑛(𝜔) with a 

new term that is dependent on the intensity of the applied electric field. Thus, the index of 
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refraction becomes dependent on both the frequency of the optical field and its intensity, 

and is modified to appear as 

 𝑛(𝜔, 𝐸) =  𝑛0(𝜔) + 𝑛2|𝐸|2 (2.2.17) 

where 𝑛0(𝜔) is the linear frequency-dependent index of refraction, 𝑛2 is the nonlinear 

index of refraction, which has units of [m2/W] and |𝐸|2 is the intensity of the applied 

electric field 𝐸. The nonlinear index 𝑛2, which for all intents and purposes is assumed to 

be instantaneous, is related to the nonlinear coefficient 𝛾 by 

 
𝛾 =

2𝜋𝑛2

𝜆𝐴𝑒𝑓𝑓
 (2.2.18) 

where 𝜆 is the wavelength, 𝐴𝑒𝑓𝑓 is the effective area of the fiber, and thus 𝛾 has units of 

[1/(W · m)]. 

To gain insight on the effect of the Kerr-nonlinearity, we again invoke the NLSE 

for the sake of easier comprehension we now neglect the linear propagation terms, i.e. 

 𝜕𝐸

𝜕𝑧
= i𝛾|𝐸|2𝐸 (2.2.19) 

which can be solved with the ansatz 

 𝐸(𝑧, 𝑡) = 𝐸(0, 𝑡)𝑒𝑖𝛾|𝐸(𝑧,𝑡)|2𝑧 (2.2.20). 

This result shows that a travelling optical wave will acquire a self-induced phase 

shift. Not surprisingly, this phenomenon is commonly referred to as Self-Phase Modulation 

(SPM). 

Similarly, if we consider two co-polarized monochromatic waves such that 

 𝐸 = 𝐸1 + 𝐸2 (2.2.21) 

then, the solution to the coupled system of equations becomes 
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 𝐸1 = 𝐸1𝑒𝑖𝛾[|𝐸1|2+2|𝐸2|2]𝑧 (2.2.22) 

 𝐸2 = 𝐸2𝑒𝑖𝛾[|𝐸1|2+2|𝐸2|2]𝑧 (2.2.23) 

which shows that each wave will accrue a self-induced phase shift, but it will also acquire 

a phase shift induced by the other copropagating wave, which is larger by a factor of two 

than its self-induced counterpart. The cross-coupling is accordingly referred to as Cross-

Phase Modulation (XPM). The sum of the self and cross phase shifts accrued due to the 

Kerr-effect is known as the nonlinear phase shift, defined as ∆𝜑𝑁𝐿 = ∆𝜑𝑆𝑃𝑀 + ∆𝜑𝑋𝑃𝑀. 

In addition to SPM and XPM, the optical Kerr-effect gives rise to the phenomenon 

of Four-Wave Mixing (FWM). However, because FWM requires precise phase-matching 

conditions, it only contributes significantly in links that employ fibers with low dispersion 

and closely spaced carriers, which is virtually never realized in commonly deployed 

systems [9]. 

2.2.4 Split-Step Fourier Method 

Unfortunately, when the effects of attenuation, dispersion and nonlinearity are all 

considered, which corresponds to the practical case in which these effects act jointly on the 

propagating field, the NLSE does not have an analytical solution. Nevertheless, it is a well-

behaved nonlinear equation that has stable solutions [15, 16], and can be integrated 

numerically.  To approach the most widely used numerical solution, the right-hand side of 

the NLSE can be rewritten in terms of two operators 

 𝜕𝐸

𝜕𝑧
= (𝐿̂ + 𝑁𝐿̂)𝐸 (2.2.24) 

where 𝐿̂ is called the linear operator, which accounts for the attenuation and dispersion 
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𝐿̂ = −

𝛼

2
− 𝑖

𝛽2

2

𝜕2

𝜕𝑡2
+

𝛽3

6

𝜕3

𝜕𝑡3
 (2.2.25) 

and 𝑁𝐿̂ is called the nonlinear operator, which accounts for the Kerr-nonlinearity 

 𝑁𝐿̂ = 𝑖𝛾|𝐸|2 (2.2.26). 

Note that, as implied by the NLSE, dispersion and nonlinearity act simultaneously 

along the fiber, and thus, the two operators cannot be applied separately. However, as is 

commonly done in similar cases, it is reasonable to approximate that in a short integration 

step, the linear and nonlinear operators can be factored independently (supported by the 

physical interpretation that dispersion and nonlinearity act separately), and thus, the 

operators can be taken sequentially. Obviously, the validity of this approximation increases 

when the step size decreases, since in shorter distances the changes to the electric field 

envelope due to the linear and nonlinear effects can be made negligible to the desired 

accuracy.  The described reasoning is precisely the basis for the Split-Step Fourier Method 

(SSFM) [9, 17]. 

 

Figure 4. Symmetric Spit-Step Fourier Method 

As seen in Figure 4, in the symmetric SSFM, the fiber is divided into small pieces 

of length ∆𝑧, which are chosen such that the sequential action of the operators satisfies the 
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desired accuracy. Starting with the field at the input of the fiber 𝐸(𝑡, 𝑧 = 0), the algorithm 

consists of firstly transforming the electric field into the frequency domain by means of a 

Fourier Transform 𝐸(𝜔, 𝑧 = 0) = ℱ{𝐸(𝑡, 𝑧 = 0)} and applying a linear step of distance 
∆𝑧

2
 

in the frequency domain, i.e. 

 

𝐸 (𝜔, 𝑧 =
∆𝑧

2
) = 𝐸(𝜔, 𝑧 = 0)𝑒𝑖

𝛽2
∆𝑧
2

2
𝜔2

 (2.2.27). 

Subsequently, the field at 𝑧 =
∆𝑧

2
 is transformed back into the time domain by means 

of an Inverse Fourier Transform 𝐸 (𝑡, 𝑧 =
∆𝑧

2
) = ℱ−1 {𝐸 (𝜔, 𝑧 =

∆𝑧

2
)}, and a nonlinear step 

of distance 
∆𝑧

2
 is applied in the time domain, 

 
𝐸(𝑡, 𝑧 = ∆𝑧) = 𝐸 (𝑡, 𝑧 =

∆𝑧

2
) 𝑒𝑖𝛾|𝐸(𝑡,𝑧=

∆𝑧
2

)|
2

𝑧
 (2.2.28). 

These two steps are then repeated iteratively until the field at the output of the fiber 

𝐸(𝑡, 𝑧 = 𝐿) is found. 

2.3 Coherent Transmission 

Historically, optical links have employed incoherent modulation formats, more 

commonly referred to as Intensity-Modulation and Direct Detection (IM-DD), where the 

information is encoded and retrieved from the intensity of the optical field. While IM-DD 

systems offer low implementation complexity, they suffer from limitations due to the high 

sensitivity to CD and Polarization-Mode Dispersion (PMD), making them undesirable for 

high-capacity long-haul transmission. 
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2.3.1 Modulation and Detection 

Coherent transmission systems utilize the amplitude and phase of the optical carrier 

to encode information. Typically, this scheme is called complex modulation because both 

the real and imaginary parts of the electric field (also called In-phase and Quadrature 

components) are utilized to convey information, as in 

 𝐸 = 𝐼 + 𝑖 ∙ 𝑄 = 𝐴 ∙ 𝑒𝜑 (2.3.1) 

where 𝐸 refers to the complex electric field, 𝐼 denotes the in-phase component, 𝑄 denotes 

the quadrature component, 𝐴 is the amplitude, and 𝜑 is the phase.  

The simplest example of complex modulation occurs when the I- and Q- 

components of the field are modulated with independent binary signals. Such modulation 

format is called 4-Quadrature Amplitude Modulation (QAM), because two bits are encoded 

into one symbol, and thus the total number of possible symbols in the dictionary is 22 = 4. 

Figure 5 shows how the four symbols are distributed in the complex plane. This type of 

graphical representation is called a ‘constellation diagram’, which can be used a visual 

instrument to evaluate the performance of complex signals.  

 

Figure 5. 4-Quadrature Amplitude Modulation 
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Physically, In-Phase and Quadrature modulation is implemented directly in the 

optical domain with a Nested Mach-Zehnder Modulator (NMZM), shown in Figure 6. Each 

arm of the main structure carries itself a Mach-Zehnder Modulator (MZM), wherein the 

two arms are offset in phase by 90°, setting them in quadrature with respect to each other. 

 

Figure 6. Nested Mach-Zehnder Modulator 

At the receiver, the information of the amplitude and phase of the field is recovered 

by means of coherent detection, which is performed with the aid of a second laser that 

serves as the Local Oscillator (LO). In the coherent receiver, the signal and LO fields are 

combined and mixed in a 90° Hybrid, which separates the four tributaries of the optical 

field, as shown in Figure 7. Subsequently, two pairs of balanced detectors are utilized to 

convert the heterodyned quadrature components of the of the optical field into the electrical 

domain, or equivalently, radio-frequency (RF) signals. 
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Figure 7. Optical Coherent Receivers 

While the constellation points should ideally occur in unique locations, in a 

practical system implementation, there is noise and other impairments that will cause these 

points to deviate from their ideal position. Figure 8 shows an example of the in-phase and 

quadrature waveforms and the corresponding constellation in a realistic system 

implementation. The deviation of the constellation points will be proportional to the 

amount of noise in the system; when the noise becomes very strong, the samples may 

deviate enough to fall within the vicinity of a different constellation point, thereby resulting 

in a transmission error. 

 

Figure 8. Quadrature waveforms and constellation for a 4-QAM signal in realistic conditions 
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Ultimately, the performance of any transmission system is defined by its Bit-Error 

Rate (BER), which is a measure of the quality and reliability of the transmission system, 

and correspond to the rate of bit-errors occurring in transmission. In optical systems 

literature, however, the Quality Factor (Q-Factor), which is inversely proportional to the 

BER, has become a popular metric to quantify system performance [13]. When the signal 

is corrupted by Additive White Gaussian Noise (AWGN), the Quality Factor (typically 

expressed in dB), is theoretically related to the BER performance through the relation 

 𝑄 = 20 ∙ log10 (√2 ∙ 𝑒𝑟𝑓𝑐−1(2 ∙ 𝐵𝐸𝑅)) (2.3.2) 

where 𝑒𝑟𝑓𝑐−1 is the inverse complimentary Gauss function [18]. 

In addition, the Q-Factor is also a measure of how noisy the constellation points 

are; a higher Q means that the constellation points are smaller and very far away. 

Mathematically this ratio is defined as 

 𝑄 =
𝑟1 − 𝑟2

𝜎1 + 𝜎2
 (2.3.3) 

where 𝑟𝑖 is the mean value of the cloud, and 𝜎𝑖 is the standard deviation. 

2.3.2 Modern Transceivers 

Coherent transceivers have evolved significantly in the past few years, and 

currently feature high-speed high-resolution Analog-to-Digital and Digital-to-Analog 

Converters (ADCs and DACs) [19] that have enabled a wide range of DSP applications 

[7]. 
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Figure 9. Constellations of 16, 64 and 256-QAM signals 

Higher order (multilevel) modulation formats like those shown in Figure 17, once 

reserved for wireless and cable systems, have now become commonplace in optical 

transmission experiments [20, 21, 22]. In addition, techniques such as polarization 

multiplexing and pulse shaping are used to maximize the use of the optical spectrum, 

packing channels densely to achieve the highest spectral efficiency, as shown in Figure 10. 

 

Figure 10. Pulse shaping and Polarization-Multiplexing 

2.3.3 Digital Signal Processing 

As mentioned previously, the information of the optical field’s amplitude, phase 

and polarization information sampled at Nyquist rate enables a multitude of DSP 

applications that have greatly enhanced the capacity of optical networks. Impairments such 

as laser phase noise, chromatic dispersion and polarization-mode dispersion are now 

typically compensated directly in the digital domain, and pose very little inconvenience in 

even the longest transmission links. 
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The typical DSP processing chain in coherent transceivers can be seen in Figure 

11. At the transmitter, the first step taken is the mapping of the binary information into the 

corresponding complex symbols. Following, pulse shaping is applied, typically by means 

of Finite Impulse Response (FIR), to constrain the spectral occupancy of the modulated 

signal. Lastly, prior to the digital-to-analog conversion and optical modulation, the signal 

is preconditioned to correct for any imperfections in the electronic and electro-optic 

components, namely the frequency limitations or device nonlinearities. 

 

Figure 11. DSP processing chain in coherent transceivers 

At the receiver, after the digitization of the electrical signals generated by the 

coherent receiver, any imperfections in the optoelectronic components are corrected, and 

the signals are filtered and resampled. Typically, the DSP works with 1.5-2 samples per 

symbol for the subsequent processing, which consists of dispersion compensation, 

polarization demultiplexing, carrier recovery and symbol demapping. 
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To understand how dispersion compensation and polarization demultiplexing are 

performed, consider for example the case of transmitting a signal in the two polarizations 

over a system without nonlinearity. The input-output relation will be given by 

 
[
𝐸̃𝑜𝑢𝑡,𝑥

𝐸̃𝑜𝑢𝑡,𝑦

] = 𝑯(𝜔) [
𝐸̃𝑖𝑛,𝑥

𝐸̃𝑖𝑛,𝑦

] (2.3.4) 

where 𝑯(𝜔) describes the system’s chromatic dispersion, polarization mode dispersion 

and polarization dependent loss (PDL).  

𝑯(𝜔) consists of the concatenation of a scalar element 𝐻𝐷(𝜔) that will account for 

Chromatic Dispersion, a 2x2 unitary matrix 𝑯𝑷𝑴𝑫(𝜔) for the first-order polarization mode 

dispersion, a 2x2 Hermitian matrix 𝑯𝑷𝑫𝑳 for the polarization dependent loss, and a unitary 

Jones matrix that will account for the birefringence 𝑻 [23]. 

In the case of CD, as explained in Section 2.2.2, the transfer function is given as 

 
𝐻𝐷(𝜔) =

𝐸̃(L)

𝐸̃(0)
= 𝑒−𝑖

𝛽2𝐿
2

𝜔2

 (2.3.5) 

which is unitary and invertible and where 𝐿 is the fiber length, 𝛽2 is the GVD and 𝜔 is the 

angular frequency. The inverse is simply found by taking the complex conjugate, i.e. 

 
𝐻𝐷

−1(𝜔) =
𝐸̃(L)

𝐸̃(0)
= 𝑒𝑖

𝛽2𝐿
2

𝜔2

 (2.3.6). 

The first-order PMD matrix 𝑯𝑷𝑴𝑫(𝜔) is given by 

 
𝑯𝑷𝑴𝑫(𝜔) = 𝑹1

−1 [𝑒𝑖
∆𝜏
2

𝜔 0

0 𝑒𝑖
∆𝜏
2

𝜔
] 𝑹1 (2.3.7). 

where ∆𝜏 is the Differential Group Delay (DGD) and 𝑅1 is a unitary axis rotation matrix 

that converts the two principal states of polarization (PSP) into the x- and y- polarizations. 

The global PDL matrix is defined as 
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𝑯𝑷𝑫𝑳 = 𝑹2

−1 [
√𝛤𝑚𝑎𝑥 0

0 √𝛤𝑚𝑖𝑛

] 𝑹2 (2.3.8) 

where 𝛤𝑚𝑎𝑥 and 𝛤𝑚𝑖𝑛 are the maximum and minimum values of the transmission 

coefficient, respectively, and 𝑹2 is an axis rotation matrix that converts the eigen modes of 

the PDL into the x- and y- polarizations. 

To compensate the linear propagation effects, the equalization procedure should 

estimate a transfer function 𝑯𝒆𝒒 such that it is the inverse transfer function of the system, 

i.e. 

 
𝑯𝒆𝒒 = 𝑯−𝟏(𝜔) = [

ℎ𝑥𝑥(𝜔) ℎ𝑥𝑦(𝜔)

ℎ𝑦𝑥(𝜔) ℎ𝑦𝑦(𝜔)
] (2.3.9) 

where the elements of the matrix can be implemented in the time domain by means of a 

Finite Impulse Response (FIR) filter in a butterfly structure, as shown in Figure 12. The 

filter tap estimation can be carried out using an adaptive algorithm such as the Constant 

Modulus Algorithm (CMA), Radius Direct CMA (RD-CMA) [24] or the Least-Mean 

Squares (LMS) algorithm [25]. 

 

Figure 12. Butterfly equalizer for Polarization Demultiplexing 

The last stage of the DSP-chain is to recover the frequency and phase of the optical 

carrier. Radio frequency (RF) systems, which are driven by oscillators with outstanding 
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stability, typically rely on Phase Locked Loops (PLLs) to synchronize the transmitter and 

receiver. In optical systems, however, oscillators are not nearly as stable as their microwave 

counterparts, and thus would require PLLs with extremely high bandwidths that are much 

too complex and expensive to deploy. Instead, optical coherent systems carry out the phase 

locking in the DSP-domain with algorithms that have been adapted from wireless 

applications. Currently, the most common carrier recovery algorithms are the Mth power 

or the Blind Search algorithms [26]. 

2.4 Link Architecture 

The optical fiber waveguide is the ideal medium to carry out long-distance 

communications due to its low loss, limited dispersion, and small -albeit finite- 

nonlinearity. At wavelengths around 1550 nm, optical fibers exhibit propagation losses in 

the order of 0.2 dB/km [27], which means that the signals, after having travelled over 50 

kilometers of fiber (a length corresponding to 1010 wavelengths) will still retain one tenth 

of their original power. 

To compensate fiber loss, optical links rely on amplifiers that can regenerate optical 

signals without significantly degrading the signal quality. Erbium doped fiber amplifiers 

(EDFA), envisioned in the 1960s and demonstrated successfully in 1987 [4] are by far the 

most widely adopted in deployed optical networks and, as shown by the measurement in 

Figure 13, can provide tens of decibels of gain both in the C-band (1535 – 1565 nm) and 

in the L-band (1565 - 1610 nm), for a total of 10 THz of amplification bandwidth precisely 

in the window of lowest fiber loss. Due to the millisecond-scale upper-lifetime of Erbium, 

optical signals modulated at rates beyond 1 GBit/s are essentially amplified as if they were 
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continuous waves, which makes the EDFA a bit-rate and modulation format agnostic 

device. In addition, the EDFA can regenerate multiple channels simultaneously without 

introducing any crosstalk, a key property that enabled the transition from single to 

multichannel Wavelength Division Multiplexed systems from the 70’s and 80’s.  

 

Figure 13. EDFA gain spectrum 

Figure 5 shows the typical architecture of an EDFA-amplified WDM link. The 

combination of a long span of optical fiber and an EDFA forms a primitive cell that can be 

concatenated a multitude of times to create long (trans-pacific 10,000 km long) links 

without any intermediate opto-electronic processing or signal regeneration. Typically, the 

spans will consist of pieces of 50 to 120 km of fiber, whereas the span length will depend 

on the system requirements. Obviously, shorter spans will accrue less loss, and thus the 

received OSNR will be higher, but this will increase the system costs due to the higher 

number of components required.  
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Figure 14. WDM optical link architecture  

Two important parameters of EDFAs must be considered in the design of optical 

links, namely the Gain (𝐺) and Noise Figure (𝑁𝐹), defined as 

 
𝐺 =

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 (2.4.1) 

 
𝑁𝐹 =

𝑂𝑆𝑁𝑅𝑜𝑢𝑡

𝑂𝑆𝑁𝑅𝑖𝑛
 (2.4.2) 

where 𝑃 refers to the optical power, typically defined in Watts [W], and 𝑂𝑆𝑁𝑅 refers to 

the Optical Signal-to-Noise Ratio (OSNR). The NF, typically expressed in decibels [dB], 

represents the OSNR degradation that a signal suffers due to increase of the noise level 

from the Amplified Spontaneous Emission (ASE) occurring in the amplifier.  

The OSNR, which can be easily measured with an Optical Spectrum Analyzer 

(OSA) is analogous to the Signal-to-Noise Ratio (SNR) concept in Communication Theory 

[18], and is defined as 

 
𝑂𝑆𝑁𝑅 =

𝑃𝑆𝑖𝑔

P𝐴𝑆𝐸𝐵=12.5 𝐺𝐻𝑧

 (2.4.3) 

where 𝑃𝑆𝑖𝑔 is the total power of the signal and 𝑃𝐴𝑆𝐸𝐵=12.5 𝐺𝐻𝑧
 is the power of the noise in 

the two polarizations, integrated over a bandwidth 𝐵, which by convention is chosen as 

12.5 GHz. The OSNR and SNR are thus related by 

 
𝑂𝑆𝑁𝑅 = 𝑆𝑁𝑅 ∙

𝑝 ∙ 𝐵𝑆𝑖𝑔

2 ∙ 12.5 𝐺𝐻𝑧
 (2.4.4) 

where 𝐵𝑆𝑖𝑔 is the bandwidth of the signal, and 𝑝 is 1 or 2 depending on whether the signal 

is single- or dual-polarization, respectively. 
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The achievable performance of an optical link is closely related to (but, as we will 

see, not fully defined by) the received signal OSNR. For a quantum-noise-limited signal 

transmitted through a single-span link, the OSNR at the receiver will be related to the signal 

launch power 𝑃𝑙𝑎𝑢𝑛𝑐ℎ, fiber span loss 𝐿 and amplifier noise figure 𝑁𝐹 by the following 

relation 

 𝑂𝑆𝑁𝑅𝑟𝑒𝑐 [𝑑𝐵] = 𝑃𝐿𝑎𝑢𝑛𝑐ℎ  − 𝑃𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑁𝑜𝑖𝑠𝑒 − 𝐿 − 𝑁𝐹  (2.4.5) 

where 𝑃𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑁𝑜𝑖𝑠𝑒 is the quantum noise power, defined as 

 𝑃𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑁𝑜𝑖𝑠𝑒 = ℎ𝜗∆𝜗  (2.4.6) 

and ℎ refers to Plank’s constant, 𝜗 is the photon frequency, and ∆𝜗 is the reference 

bandwidth, typically defined as 12.5 GHz. 

Per (2.4.5), in order to improve the system performance, it is apparently beneficial 

to increase the signal launch power, since that increases the OSNR at the receiver. 

However, while this solution is perfectly feasible in traditional linear channels, in optical 

fibers, it will not generate the desired effect due to the nonlinear response of the fiber. 

Namely, at higher powers, the Kerr-effects introduce distortions in the signal that 

ultimately degrade the BER performance, thereby limiting the maximum signal launch 

power that can be used in practice. 

To support the discussion, we shall rely on a NLSE-based simulation that will be 

updated and used throughout this thesis to provide practical insight. The model is based on 

a WDM system with several single-polarization channels spaced at 25 GHz, each carrying 

16 GBd 16-QAM signals. The signals are launched into a link that consists of multiple 

spans of 85 km of SMF amplified by an EDFA with 5 dB NF, wherein the propagation is 
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emulated with the NLSE. The performance of the received signals is characterized in terms 

of the Bit-Error Rate performance, and transformed to the previously discussed Q-factor. 

 

Figure 15. Simulation Schematic 

The signal and noise power evolution of the center channel, and its corresponding 

OSNR are shown in Figure 16. As predicted by the analytical formula, the received OSNR 

increases dB per dB as the launch power is increased. 

 

Figure 16. Evolution of (a) Signal and Noise Power (b) OSNR 

As previously noted, intuition suggests that this increase in launch power should, 

at least in a linear system, improve the system performance, given that the received signal 

power increases, while the noise power stays constant. However, Figure 17 shows that, 

after transmission over 1020 km, the Q-Factor of the center channel only increases when 

the launch power is kept below -7 dBm. At higher powers, the Q-factor not only saturates, 
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but also rapidly falls immediately after reaching the peak performance. This performance 

degradation is a direct result of the Kerr-induced distortions on the signal, which grow 

faster than the OSNR increase. Thus, optical links ultimately operate in a regime that is the 

optimal compromise between the OSNR and nonlinear distortions, and thus, in legacy 

transmission systems, the powers beyond the optimum become impractical. 

 

Figure 17. Q-Factor Performance vs. Signal Launch Power 

2.5 Fiber Capacity 

In 1948, Claude Shannon started the field of Information Theory with his seminal 

paper titled “A Mathematical Theory of Communications,” where he introduced, among 

other abstract concepts, the bit of information, the information channel and the channel 

capacity [28]. In his work, Shannon established the notion that any information channel 

has an upper bound to the rate at which information can be reliably transmitted, which he 

coined capacity, measured in [bits/s]. In addition, Shannon developed an analytical 

expression for the capacity of a bandlimited linear channel in the presence of Additive 
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White Gaussian Noise (AWGN). Shannon’s Capacity Formula, also known as the 

Shannon-Hartley theorem, had the form 

 𝐶 = 𝐵 log2(1 + 𝑆𝑁𝑅) (2.5.1) 

where C is the channel capacity, measured in [bits/s], B is the bandwidth of the channel 

measured in [Hz], and SNR is the Signal-to-Noise Ratio. The resulting capacity curve 

shown in Figure 18. 

 

Figure 18. Linear Channel Capacity 

Unfortunately, as explained previously, the lightwave channel is nonlinear due to 

the intensity-dependent index of refraction, and thus, Shannon’s formula does not apply to 

such channels. In this regard, significant efforts have been dedicated to investigate the 

capacity of light wave channels [10, 29, 30, 31, 32]. The Gaussian Noise (GN) model of 

nonlinear propagation [32] is a simplified model for the performance in optical fiber 

transmission that considers the Kerr-induced distortions. Per the GN-model, fiber capacity 

does not increase monotonically as the channel launch power is increased. Instead the SNR 

expression is modified to include the effects of fiber nonlinearity [32], taking the form 
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𝑆𝑁𝑅 =

𝑃𝐶ℎ

𝑃𝐴𝑆𝐸 + 𝑃𝑁𝐿𝐼
 (2.5.2) 

where 𝑃𝑁𝐿𝐼 refers to the power of the Nonlinear Interference (NLI) noise, which is related 

to the signal launch power by 

 𝑃𝑁𝐿𝐼 = 𝜂𝑃𝐶ℎ
3 (2.5.3) 

where 𝜂 is a coefficient that depends on the link parameters that is derived in detail in [32]. 

The GN model indeed predicts that the fiber capacity, instead of growing linearly 

with the signal launch power, follows a “bell-shaped” curve with a clear maximum, 

implying that there is an optimum power that achieves maximum capacity. At powers 

below the optimum, the performance is limited by the ASE noise, whereas at powers above 

the optimum, the performance is limited by the nonlinear crosstalk. This point of inflexion 

in the capacity has been coined in the literature as the Nonlinear Capacity Limit [29] and 

has, as of late, become a constant source of controversy [33, 34, 30, 31, 11].  

 

Figure 19. Linear Channel and Optical Fiber Capacity 
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Currently, in the research community there are two schools of thought regarding 

the Nonlinear Capacity Limit: on one hand, some think that this limit is insurmountable, 

and that to accommodate the growing capacity demand we must exploit new transmission 

dimensions (such as spatial or modal multiplexing) or simply deploy more fibers. On the 

other hand, another faction argues that, at least in what refers to signal-signal interactions, 

the crosstalk is a deterministic process and thus should be, at least in principle, cancellable, 

thereby implying that the capacity limit is significantly higher than what the 

uncompensated transmission models suggest. 

This dissertation aims to prove the latter, supported by the well-established theory 

of pulse propagation in optical fiber. As seen in Chapter 2, the evolution of deterministic 

optical waves in an optical fiber must also be deterministic. As such, we argue that any 

Kerr-mediated interaction among deterministic waves should, in principle, be predictable, 

and thus, any distortions arising from such interactions should be cancellable. 
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Chapter 3. Nonlinearity Cancellation with Frequency-

Referenced Carriers 

3.1 Introduction 

As explained in the previous chapter, the nonlinear response in optical fibers gives 

rise to transmission impairments that do not occur in other well-established communication 

platforms like the wireless or wireline coaxial channels. 

The Kerr effect occurs when an intense light field modifies the refractive index of 

the material it propagates through, owing to a small, nonlinear polarizability in the material. 

In most optical devices, and at low optical powers, the refractive-index contribution from 

the Kerr effect in silica material can be easily neglected. In the spans covered by long-haul 

fiber networks, however, and given the tight confinement of the optical mode within the 

fiber, the Kerr effect can seriously degrade signal integrity, especially in modern 

wavelength division-multiplexed fiber networks, through crosstalk between WDM 

channels. The degree of degradation depends on the transmitted signal power and the 

distance over which the signal travels, and the channel spacing. This simple yet powerful 

notion of WDM crosstalk has shaped both the physical characteristics and the information 

theory of modern transmission links, which must operate at the threshold of nonlinear 

distortion, and it also requires that the transmission system designer make fundamental 

compromises between signal quality and reach.  

One obvious way to reduce Kerr effect distortion is to lower the signal power—but 

that imposes a constraint on the achievable optical-signal-to-noise ratio, and thus, both the 

capacity and reach of these systems. To get around that limitation, the signal in the majority 
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of commercial networks is optically re-amplified at periodic intervals using erbium-doped 

fiber amplifiers. These amplifiers, while greatly extending the physical reach, also generate 

noise (amplified spontaneous emission) that accumulates along the fiber link, effectively 

capping the achievable reach or capacity for the transmission for a given acceptable signal 

quality. To increase the reach, one must increase OSNR, which is possible only by 

increasing the launch signal power. However, as shown in Figure 17, the launch power 

level is strictly limited by the nonlinear impairments of the Kerr effect. 

Confronted by this nonlinear barrier, transmitting over a longer distance thus 

requires that the channel be regenerated electronically, by converting photon-encoded bits 

to electrons and starting all over again. This in turn involves construction of a complex 

processing chain that first performs fast analog-to-digital conversion, recovers the 

originally modulated bit stream, and then re-encodes the data onto a laser beam yet again. 

Effectively, this corresponds to replicating the transmitter and receiver equipment at each 

point of regeneration. Moreover, each WDM channel requires its own regenerator; hence, 

for a typical coherent, 100-channel WDM transmission link intended for transcontinental 

reach, 100 electronic regenerators must be provided, multiple times. 

The result, in addition to the obvious capital investment, is greatly increased 

operating cost, as each channel regenerator consumes 100 W or more in electrical power. 

Beyond that cost penalty, a more troubling aspect of this trend is the capacity scaling: To 

increase transmission capacity, channel modulation complexity must also increase, 

mandating shorter optical reach, higher regenerator cost, or both. 

This vicious cycle has spawned an intense search for practical alternatives to 

electronic regeneration in modern, high-capacity and long reach fiber optic links. One 
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obvious approach is to reduce amplifier noise through techniques such as distributed 

Raman amplification, but Raman and hybrid Raman/EDFA links can still carry high costs 

of operation and deployment. Another approach is to work toward circumventing the Kerr-

imposed optical-power limit per channel by increasing the number of spatial modes carried 

in the fiber. This notion underlies the current, active research emphasis on Space-Division 

Multiplexing (SDM) to address the growing capacity demand in optical communications. 

While advanced SDM has been validated and remains a credible and 

complementary path for capacity scaling, our lab has focused on a much simpler question: 

How can the Kerr imposed distortion and corresponding signal power limit be overcome 

in conventional single-mode fiber? 

The Kerr-mediated signal-signal interaction (that is, WDM channel crosstalk) -

although a major contributing factor to the so-called nonlinear capacity limit- should not 

necessarily impose a fundamental limit on the fiber information capacity. Noise-signal 

nonlinear exchange does limit theoretical capacity, but modern fiber transmission is 

operating far from that regime. Thus, decoupling Kerr-mediated distortion from the 

capacity bound begins with addressing the nonlinear signal-signal exchange among WDM 

channels. 

The nonlinear channel interaction in silica fiber can be described accurately, which 

in principle at least, offers the opportunity to reverse the effect of Kerr distortion. This 

reasoning has motivated substantial research on Nonlinearity Cancellation (NLC) during 

the last decade, which has resulted in both physical and computational approaches to invert 

WDM channel crosstalk. Physical demonstrations based on phase conjugation have proved 
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to be a robust NLC method, but until now, attempts relying only on DSP-based NLC have 

been only marginally successful. 

3.2 Digital Back Propagation 

3.2.1 Principle 

Digital Back Propagation (DBP) is one such DSP-based technique that enables the 

cancellation of linear and nonlinear propagation impairments. As its name indicates, DBP 

consist of numerically inverting the propagation, in an attempt to reverse the effects of the 

Kerr interaction. From the perspective of the NLSE, the latter is tantamount to digitally 

propagating the field in the backwards direction over a virtual link that is a mirror image 

of the real link [35, 36], in terms of its physical properties and/or evolution. 

To develop an intuitive understanding of such method, let us imagine (since it is 

physically unrealizable) that we can manufacture a fiber with negative parameters to those 

of SMF, namely negative attenuation (i.e. gain), positive dispersion and negative 

nonlinearity. If we were to concatenate a regular piece of fiber with this imaginary 

counterpart, as seen in Figure 20, then any effects occurring in the first piece would 

essentially be undone in the second, and the transmitted signals would arrive in the same 

state as they were launched at the beginning of the link. 

 

Figure 20. Physical implementation analogy of Digital Back Propagation 
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In the digital domain, this scenario can be emulated using the Nonlinear 

Schrodinger Equation [37], which was introduced in Section 2.2, and in the forward 

direction has the form 

 𝜕𝐴𝑖

𝜕𝑧
+

1

𝑣𝑔𝑖(ω𝑖)

𝜕𝐴𝑖

𝜕𝑡
− 𝑗 ∑(−𝑖)𝑛

𝛽ni

𝑛!
𝑛

𝜕n𝐴𝑖

𝜕𝑡n
+

α𝑖

2
𝐴𝑖

= 𝑗𝛾 (|𝐴𝑖|2 + 2 ∑|𝐴𝑖|
2

𝑚≠𝑙

) 𝐴𝑖 

(3.2.1) 

 

where 𝑖 represents the 𝑖th channel, 𝐴𝑖 represents the mode complex amplitude (each having 

𝜔𝑖 carrier frequency), 𝛾 is the nonlinear coefficient, while α𝑖, 𝑣𝑔𝑖 and 𝛽n are mode 

attenuation, group velocities and dispersion orders, respectively. The latter is defined by 

the standard expansion: 𝛽n =
𝑑𝑘𝑛(𝜔)

𝑑𝜔𝑘  , with n being the effective waveguide refractive index 

[13]. 

The propagation in the backwards direction can be performed by taking the 

following transformations 

 𝛼 → −𝛼 (3.2.2) 

 𝛽n → −𝛽n (3.2.3) 

 𝛾 → −𝛾 (3.2.4) 

which is essentially the same as inverting the fiber parameters. 

It is worth noting that Electronic Dispersion Compensation (EDC) is a special case 

of DBP in which the virtual link only accounts for fiber dispersion. In the physical 

implementation analogy, the fiber piece with inverted parameters would simply have 

negative dispersion, which has actually been realized in practice in the form of Dispersion 

Compensating Fibers (DCF) or Dispersion Compensating Modules (DCM) [38, 39, 40].  
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However, there are significant differences between EDC and NLC in their digital 

implementation. First, because dispersion is a linear effect, the compensation can be done 

in a per-channel basis. In contrast, the compensation of inter-channel nonlinearities must 

be performed by processing the full wideband field including all the propagating channels. 

In addition, given that DBP requires numerically solving the Nonlinear Schrodinger 

Equation using the Split-Step Fourier Method, the equalization requires multiple steps. 

Returning to the system simulation initiated in Section 2.4, we now implement 

Digital Back Propagation and characterize the performance of the center channel. As 

shown by the red curve in Figure 21, DBP enables the use of higher launch powers without 

incurring in a penalty. At a launch power of -1 dBm, the Q-factor improves by over 9 dB, 

thereby overcoming the performance limit imposed by fiber nonlinearity. 

 

Figure 21. Center channel performance with and without Digital Back Propagation  

3.2.2 Challenges 

To date, DBP has been demonstrated with significant success only in single-

channel systems. In the few experiment-based demonstrations of DBP in multichannel 
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systems so far, there has been limited success for a variety of reasons. When single-channel 

DBP was implemented in a multichannel system, the improvement was severely limited 

because of the lack of compensation of the crosstalk arising from the other channels. More 

surprisingly, however, in multichannel systems in which the DBP operation accounted for 

all the propagating channels, only a modest performance improvement was reported [41]. 

One interesting characteristic of these past multichannel efforts is that they all have 

mimicked a conventional WDM system, that is, one that uses independent laser emitters. 

The frequency of each free-running laser fluctuates with respect to all other channels in an 

uncorrelated, stochastic manner, which according to equation (3.2.1) directly implies that 

the physical propagation speed in the channel also fluctuates randomly. That random 

element, in turn, results in unpredictable walk-off rates among interacting information 

carriers, which eliminates, even in principle, any prospect for reversing nonlinear 

interaction along the fiber length [11].  

 

Figure 22. Physical mechanism illustration 

Thus, to implement an effective NLC scheme using a theoretical model of the Kerr-

mediated interaction, the key step is eliminating this physical uncertainty by seeking a 
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stable frequency reference frame for all WDM carriers [11]. The frequency reference thus 

acts as a “railway track” in the WDM system, preventing random frequency walk and 

ensuring that nonlinear interaction can be predicted and computationally reversed at the 

end of the path. The most natural approach to providing a “railway track” is one that 

incorporates an Optical Frequency Comb (OFC). 

Optical Frequency Combs have been the subject of intense non-telecom-related 

research for decades, but practically useful combs have become available commercially 

only recently. In contrast to conventional, highly stabilized, cavity-defined combs that 

adhere to a rigid frequency plan, a new class of combs has emerged based on travelling-

wave mixers that can be freely tuned, cover the spectral range well wider than C- and L-

bands, and use Continuous-Wave (CW) telecom diodes rather than pulsed, research-class 

lasers. The quality of the carriers derived from these new comb emitters is comparable to 

a kHz-linewidth, shot-noise-limited CW source, and is substantially higher than that of a 

common mode-locked laser. In fact, multiple experimental demonstrations have validated 

these combs as outstanding carriers for coherent modulation formats [42, 43]. 

 

Figure 23. Optical Frequency Comb spectrum 
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In the context of fiber communications, such a frequency comb, by acting as a 

physical WDM channel grid, can provide equidistant tones that can act either as 

information carriers or, at either end of the coherent transmission link, as local oscillators. 

Once that frequency frame is established, an effective NLC can be accomplished at the 

transmitter side (pre-compensation), receiver side (post-compensation) or partially at both 

ends of the transmission system. 

 

Figure 24. Nonlinearity Cancellation at the transmitter-side 

 

Figure 25. Nonlinearity Cancellation at the receiver-side 

 

Figure 26. Nonlinearity Cancellation split between the transmitter- and receiver-sides 

Regardless of the specific choice for NLC deployment, a successful 

implementation should comprise two critical components: Frequency-Referenced Carriers 

(FRCs) and an inverse calculation engine. In the most straightforward implementation, the 

inverse calculation is performed numerically, by retracing the propagation along the fiber 
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link in which the impairment was incurred. In simple terms, this back-propagation 

“untangles” the trajectories through which the information channels passed while their 

information content. More specifically, by calculating the inverse solution of the nonlinear 

Schrodinger equation that governs the propagation, one can recover the physical WDM 

channels substantially free of nonlinear crosstalk. The FRCs, meanwhile, ensure that a 

unique correspondence exists between the virtual link in which the inverse NLSE solution 

is calculated and the physical one in which actual propagation takes place. 

3.2.3 Frequency Referenced Carriers 

As explained in the previous section, the precise knowledge of the optical carrier 

frequency is critical for the inversion of nonlinear interaction effects. To clarify this 

important requirement, consider N co-polarized frequency modes, described by the 

equation 

 

𝐸(𝑡, 𝑧 = 0) = ∑ 𝑒−𝑖𝜔𝑚𝑡

𝑁

𝑚=1

∑ 𝐴𝑚𝑘𝑝(𝑡 − 𝑘𝑇)

𝑘

 (3.2.5) 

 where the index 𝑚 represents the 𝑚th channel, 𝜔𝑚 is the channel’s carrier frequency, 𝐴𝑚𝑘 

is the 𝑘th symbol’s complex amplitude, and 𝑝(𝑡 − 𝑘𝑇) represents the pulse shape. In a 

single-mode waveguide, the interaction will be fully described by a set of coupled scalar 

nonlinear Schrödinger Equation (3.2.1) [9]. 

The wave interaction defined by Equation (3.2.1) is deterministic and stable [15, 

16] allowing, in principle, the computational inversion of dispersion and any distributed 

Kerr interaction. Indeed, this notion was the basis for recent nonlinear cancellation effort 

that solves inverse-propagating NLS relation [35, 36] by means of Digital Back 
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Propagation, as described in Section 3.2. However, in practice these attempts have led to 

limited impairment suppression [44, 45, 41]. 

As pointed out in Section 3.2.2, NLC that relies on the inversion of Equation (3.2.1) 

faces a fundamental challenge that was not addressed in prior experimental studies; the 

NLS inversion requires precise knowledge of modal carrier frequencies, which has only 

recently been investigated by a theoretical study [11].  

Let us now consider the propagation of N co-polarized frequency modes where 

each mode is known to deviate from its center frequency. In this case, the equation 

describing these modes becomes 

 

𝐸(𝑡, 𝑧 = 0) = ∑ 𝑒−𝑖(𝜔𝑚+𝛿𝜔𝑚(𝑡))𝑡

𝑁

𝑚=1

∑ 𝐴𝑚𝑘𝑝(𝑡 − 𝑘𝑇)

𝑘

 (3.2.6) 

where 𝛿𝜔𝑚(𝑡) represents the carrier’s random time-dependent frequency deviation with 

respect to its center frequency 𝜔𝑚. During propagation, the stochastic carrier frequency 

uncertainty is mapped to a mode velocity ambiguity via waveguide chromatic dispersion 

[11], and, while the Kerr-mediated process is deterministic, the resulting nonlinear 

interaction appears random. Indeed, experimental demonstrations to date [44, 45] have 

relied on uncorrelated (free-running) emitters, inherently reducing the modal frequency 

(and phase) stability. In this case, the carrier frequency uncertainty is transformed to 

stochastically varying walk-off rate between the modes, leading to diverging inversion of 

Eq. (3.2.1).  

Returning to the system simulation initiated in Section 2.4 and expanded in Section 

3.2.1, we simulate the effect of a frequency deviation in the center channel of a 7-channel 

system that employs Digital Back Propagation. Figure 27 shows the performance of the 
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center channel, where the ideal DBP performance is represented by the red curve (DBP – 

0 MHz), and the other curves represent the performance when the frequency of the center 

channel in the physical transmission system deviates from its ideal value. 

 

Figure 27. Penalties in Digital Back Propagation due to laser frequency uncertainty (a) Q-Factor vs. Launch 

Power (b) Q-Factor vs. Channel number 

It is apparent from Figure 27 that even the smallest carrier frequency deviations 

have catastrophic effects in the NLC process. This issue becomes particularly worrisome 

if we consider that state-of-the-art External Cavity Lasers (ECL) recommended by the 

International Telecommunication Union (ITU), namely the Integrated Tunable Laser 

Assembly (iTLA) are specified with an end-of-life frequency accuracy of 1.5-3 GHz. 

Consequently, system implementations that rely on the reversibility of multichannel 

nonlinear interaction will require a lightwave source that can generate carriers with high 

degree of mutual coherence and precise control of the carrier spacing. 

As proposed in Section 3.2.2, the optical frequency comb is the ideal instrument to 

guarantee a static carrier spacing. It is important to recognize that optical frequency combs 

are not perfectly stable since after all, optical frequency combs are also derived from an 

optical seed that will suffer the same stochastic center-frequency variations. However, 
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while the center frequency of the comb may vary, the carrier spacing, which is ultimately 

determined by Radio-Frequency (RF) oscillators that are orders of magnitude more stable 

than optical oscillators, will be strictly maintained. 

 
Figure 28. Comb center frequency deviation and fixed carrier spacing 

To illustrate the last point quantitively, let us consider the transmission of N co-

polarized frequency modes extracted from an optical frequency comb centered at 𝜔0. In 

this case, the equation describing these modes becomes 

 

𝐸(𝑡, 𝑧 = 0) = 𝑒−𝑖(𝜔0+𝛿𝜔𝑐(𝑡))𝑡 ∑ 𝑒−𝑖(𝑚∙∆𝜔)𝑡

𝑁
2

𝑚=−
𝑁
2

∑ 𝐴𝑚𝑘𝑝(𝑡 − 𝑘𝑇)

𝑘

 (3.2.7) 

where 𝛿𝜔𝑐(𝑡) represents the comb’s center frequency deviation and ∆𝜔 is the comb pitch. 

In this case, the center frequency of the comb deviates, but it affects all channels equally, 

and thus, the channel frequency spacing is maintained constant, as is the relative walk-off 

between the channel, to the first order, or more specifically, defined by the curvature of the 

dispersion characteristics, defined by the 3 parameter. Thus, the nonlinear interaction 

remains deterministic and can still be accurately predicted. The comb center frequency 
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deviations only become significant when they reach tens of GHz, or in systems with large 

dispersion slope, which is rarely the case and certainly not an issue in SMF-based links. 

Recognizing this basic requirement, we devised a set of three NLC experiments to 

quantify the role of mutually frequency-correlated emitters. Specifically, the carriers were 

directly derived from a parametric frequency comb seeded by a single, continuous-wave 

master oscillator [46]. 

3.3 Experimental Demonstration 1: Noise-Unimpaired Nonlinearity 

Cancellation 

As with any Kerr-mediated interaction, the presence of noise limits the reversal of 

the crosstalk-induced distortion. The first experiment illustrates Kerr-inversion physics and 

nonlinear reversal in a pump-probe configuration that is practically noise unimpaired. Both 

the intense (pump) and weak (probe) waves had very high signal-to-noise-ratio (SNR) and 

propagated over a short, nearly lossless, Highly Nonlinear Fiber (HNLF) segment to 

guarantee that Kerr-induced impairments dominate over stochastic, noise-induced 

distortions. Both pump and probe waves, separated by 30 nm, were derived from a 

parametric comb source and had OSNRs in excess of 40 dB. The probe, which experienced 

severe distortions due to the Kerr-induced crosstalk from the pump, was then 

precompensated to achieve a distortion-free reception. 
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3.3.1 Experimental Setup 

 

Figure 29. Pump-probe cross-phase modulation pre-compensation schematic 

The pump-probe setup is shown in Figure 29. The co-polarized pump and probe 

modulated waves, centered at 1588 and 1558 nm, respectively, were launched into a 1100 

m-long HNLF. To ensure the necessary mutual coherence between the two waves, they 

were extracted from a 100 GHz-pitched parametric optical frequency comb. The OSNR of 

the pump was maximized by injection-locking a 100-mW Distributed Feedback (DFB) to 

the comb line at 1588 nm prior to being modulated and amplified by an EDFA booster. To 

suppress an onset of the Stimulated Brillouin Scattering (SBS) threshold in the HNLF, the 

pump was also phase-modulated with pseudo-random multi-level pattern. Figure 30 

demonstrates the effective suppression of SBS, wherein a threshold cannot be observed 

even at maximum pump powers. 
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Figure 30. SBS measurement for HNLF 

Considering the relatively short interaction length in this experiment (1100 m), and 

the correspondingly constrained walk-off between the two waves, the full NLSE inverse 

calculation was found to be superfluous in this case. Rather, a direct precompensation was 

performed on the signal, whereby, upon successful coherent detection, the signal was pre-

distorted in real-time by adjusting its waveform amplitude and phase (on a point-by-point 

basis) by subtracting the XPM generated distortion from the input waveform. In effect, the 

applied pre-distortion profile was the difference between the launched and detected 

waveforms (for both imaginary parts of the electric field), ultimately allowing a full 

restoration of the ideal signal waveform. 

It ought to be emphasized that, while the described setting might have no direct 

bearing on optical communication systems, this experiment was nevertheless of interest 

from a fundamental scientific perspective, and may become useful in several sensing and 

high speed all-optical signal processing applications, where the dynamic range and/or 

sensitivity are limited by the waveguide nonlinear response. 
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Figure 31. (a) Pump and probe spectrum (b) HNLF dispersion profile 

The pump and the probe were launched into 1100 m long HNLF with nonlinear 

parameter of 7 W-1km-1
, dispersive parameters 2 = 37.9 ps2/km, 3 = -0.06 ps3/km and 

transmission loss of  = 0.6 dB/km. This segment was specifically selected to guarantee 

sufficient walk-off between pump and probe and provide clear distinction among the 

nonlinear interaction mechanisms. As shown in Figure 31, the pump beam, centered at 

1588 nm, was amplified to 250 mW power level and was amplitude modulated to achieve 

strong cross phase modulation (XPM). The signal wave, centered at 1558 nm and co-

polarized with the pump had two orders of magnitude lower power (1 mW) and was 

amplitude modulated. 

3.3.2 Results 

The weak wave (probe) experienced significant distortion (red curve in Figure 32) 

that can be completely reversed by NLC in the high SNR regime, eliminating any 

distinction between the launched (black) and compensated (green) waveform. This contrast 

is even more apparent in the spectral domain, as shown in Figure 32. 
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Figure 32. Pump-probe cross-phase modulation compensation 

(a) Time domain response (b) Spectra with same color-coding scheme 

3.4 Experimental Demonstration 2: Nonlinearity Cancellation in Long-Haul 

Transmission 

In the second experiment, we demonstrate the reversal of non-linear crosstalk in 

coherent Wavelength Division Multiplexed transmission. In this case, the transmission is 

performed in a recirculating loop [47] emulating a modern communication link with three 

WDM channels; the signals are transmitted over 1000 km and reamplified periodically 

after each span of 85km of standard single mode fiber. Due to the long transmission length 

and the significant accrued dispersion, the NLC is performed by precompensating the 

signals using multichannel DBP. 
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3.4.1 Experimental Setup 

 

Figure 33. Digital Back Propagation block 

The detail of the DBP block is shown in Figure 33. The data to be transmitted on 

each of the WDM channels are mapped to a desired modulation format and subsequently 

combined and passed to a full-field (back-propagating) NLSE engine taking into account 

the transmission link parameters. Subsequently, the NLSE full-field output is channelized 

into spectral slices and independent, but fully-synchronously pre-distorted waveforms are 

generated for each channel. In this experiment, an internally developed graphics processing 

unit (GPU)-assisted NLSE solver was used as the DBP computational engine [11]. The 

DBP engine served to calculate the inverse to the actual propagation in the physical link – 

thus mirror-imaged power evolution (to that of the physical link) and taking into account 

opposite signed fiber parameters (dispersion and nonlinearity), as well as reciprocals of 

amplifier gain and attenuation, as explained in detail in [11]. The calculation was based on 

a symmetric split-step NLSE solver with 0.01 degrees allowed phase variation in the 

nonlinear step, wherein blocks of 216 symbols were processed using 4 samples per symbol, 

a frequency resolution of ~48 kHz and a time resolution of ~7.8 fs. The full schematic of a 

system employing transmitter-side DBP is shown in Figure 34. 
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Figure 34. WDM Transmitter-side DBP implementation 

The 3-channel WDM DBP-transmitter implementation is presented in Figure 35. A 

25 GHz-pitched narrowband parametric frequency comb was generated following the 

guidelines found in [46]. Two Distributed Feedback lasers served as comb seeds that were 

injection locked to spectral lines of a phase-modulated External Cavity Laser with 3 kHz 

linewidth. The optical comb was demultiplexed using a Waveshaper Optical Processor 

(OP), availing mutually coherent optical carriers with OSNRs in excess of 45 dB and sub-

5 kHz linewidth. Different shift-register initial conditions were used to generate three 

Pseudo-Random Bit Sequences (PRBS) that were subsequently gray mapped to 16-

Quadrature Amplitude Modulation symbols. Transmitter DSP consisted of raised-cosine 

filtering using 4 samples-per-symbol, 128 filter taps and roll-off factor of 0.1 was applied 

prior to the DBP computation to constrain the spectral occupancy. Three Digital to Analog 

Converters (DAC) [19] were used to generate the electrical pre-distorted signals at the rate 

of 64 GS/s. The DACs exhibited clock feed through, which generated a tone at 16 GHz 

that was filtered using 4th order electrical Bessel filters. The pre-distorted 16 GBaud 16-

QAM signals were cast onto the optical carriers by means of nested Mach-Zehnder 

modulators (NMZM), passively coupled, and a Polarization Beam Splitter (PBS) was used 

to ensure that all channels were co-polarized. The time alignment of all channels was 

controlled to within 5 ps and was accomplished by means of optical delay lines and 



52 

 

synchronous triggering of the DACs. It is important to note that all carriers were frequency 

referenced but no effort was made to control the channel’s relative optical phases [11]. 

 

Figure 35. WDM Frequency-Referenced Transmitter implementation 

DAC: Digital-to-Analog Converter QAM: Quadrature-Amplitude Modulator. τ: Variable optical delay line. 

PBS: Polarization beam splitter. VOA: Variable optical attenuator. 

The transmitter was optimized to accurately replicate the full-field output of the 

DBP-block. To characterize the back-to-back performance, the generated pre-compensated 

optical waveforms of all channels were asynchronously acquired using a coherent receiver 

in homodyne configuration. Subsequently, the full optical field was digitally reconstructed 

and virtually propagated using the same NLSE computation as in the DBP-block. The 

constellations generated by virtual propagation, were then characterized in terms of the 

worst-case Q-factor, and an optimum pre-emphasis profile was found and applied to correct 

any non-ideal frequency and phase responses of the filters, electrical amplifiers and electro-

optic modulators [48]. 
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Figure 36. Recirculating loop 

TX: Frequency Referenced Transmitter. VOA: Variable Optical Attenuator. SMF: Single-Mode Fiber. 

Coherent RX: Coherent Receiver 

The transmission experiment was performed in a recirculating loop implemented 

as shown in Figure 36. A single 85 km span of Standard Single-Mode Fiber (SSMF) with 

16 ps/nm/km dispersion, nonlinear coefficient of 1.22 W-1km-1 and total attenuation of 

15.95 dB served as the transmission fiber inside the loop. Fiber loss was compensated by 

an Erbium Doped Fiber Amplifier with 4.5 dB noise figure and a second EDFA was 

employed to compensate the loop-associated losses and allow a wide range of launch 

powers. A 1 nm-wide WDM Optical Filter was used to remove the out-of-band ASE noise 

before launching the signals into the fiber. The combined loss of the loop components from 

amplifier B to amplifier A was 9.5 dB and the loop-associated optical signal-to-noise ratio 

with respect to the channel launch power and number of loops are shown in Figure 38. 
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Figure 37. Three-channel spectrum before transmission 

After transmission, the signals were independently filtered, down converted using 

a local oscillator (LO) with <100 kHz linewidth and were coherently detected. The 

coherent receiver consisted of an integrated 90-degree hybrid and a pair of balanced 

detectors with 40 GHz Bandwidth. The electrical signals were digitized using a real-time 

oscilloscope at the rate of 100 GS/s and offline processing was performed on a personal 

computer running MATLAB. Receiver DSP operated on blocks of 216 symbols using 4 

samples per symbol and consisted of the standard filtering chain for coherent receivers 

[26], including receiver front-end correction, timing recovery, carrier frequency and phase 

estimation and least mean squares adaptive equalization relying on the constant modulus 

algorithm for pre-convergence. The bit-error rate measurements were performed by error 

counting in a sufficient collection of samples satisfying the 90% confidence interval [49], 

and Q-factors were extracted from BER measurements. 



55 

 

 

Figure 38. Measured OSNR at linear and nonlinear reach 

To gauge the role of frequency stabilization in nonlinear inversion of Equation 

(3.2.1) the performance of three different configurations was tested, as shown in Figure 39. 

The first measurement was performed with lasers with uncorrelated carrier frequencies, i.e. 

free-running. The second measurement was performed with two mutually coherent 

channels, where the side carriers were derived from a frequency comb centered at 1549.3 

nm and separated by 75 GHz, whereas the center channel was derived from a free-running 

laser. Lastly, a third measurement was performed with all three channels derived from a 

frequency comb, thus guaranteeing full mutual coherence. 

 

Figure 39. Transmitter schematic with three mutual-coherence configurations 

(a) Free-running lasers (b) Two mutually-coherent carriers and one free-running laser  

(c) Three mutually-coherent carriers 
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To illustrate the scalability of the nonlinearity pre-compensation principle, 

additional experiments were performed with 5 channels, with some constraint on the 

quality of the available equipment. In this experiment, five lines were extracted from a 25 

GHz pitched frequency comb and were used as carriers in the transmission and the same 

three degrees of coherence between the carriers shown in Figure 39 were investigated. 

3.4.2 Results 

 

Figure 40. Center channel constellation for 2 dBm launch and EDC-based transmission 

The constellation of the center channel for a launch power of 2 dBm when EDC is 

employed with the comb-derived carriers is shown in Figure 40, exemplifying the 

significant Kerr-induced distortions that occur at such high power. The measurements in 

Figure 41 clearly demonstrate the effective suppression of the nonlinear interaction; even 

after the distributed 1020 km-long nonlinear interaction and ten-fold increase in the signal 

launch power beyond the optimum, the transmission quality (determined in terms of Q-

Factor) is maintained. The saturation in performance and its eventual decline are attributed 

to the Kerr-induced signal-noise interaction [50] (which is an inherent fundamental limit 

on the achievable performance), as well as the limitations of the experimental setup, 
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particularly, the fast arbitrary waveform shaping necessary to launch the inverted NLSE 

solution, which have become available only recently [19]. 

 

Figure 41. Measured performance of the central channel with and without the nonlinear cancellation based in a 

three-channel system 

As explained in Section 3.4.1, to further corroborate the critical importance of 

frequency referencing and its impact on the nonlinearity compensation ability, the 

performance was measured with three frequency-uncorrelated (free-running) carriers, and 

with a combination of correlated and uncorrelated carriers, whereas the latter was realized 

by two comb-referenced channels, while substituting the middle carrier by a single free-

running laser. The performance of the three different carrier coherency configurations at 

launch power of 1.6 mW (2 dBm) is shown in Figure 41, and the resulting constellation 

diagrams are given in Figure 42. 
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Figure 42. Center channel constellations with DBP-based transmission for 2 dBm launch power per channel in a 

three-channel system with (a) Uncorrelated carriers (b) Two mutually coherent side carriers and middle 

uncorrelated carrier (c) All three mutually coherent carriers 

The results in Figure 42 clearly show that as the level of the mutual coherence 

between the interacting waves is increased (i.e. from the complete lack of coherence for 

three free-running oscillators, all the way to the full frequency referenced system), a 

qualitative improvement of the signal restoration is obtained, fully attesting to the gradual 

increase in the ability of the ensuing nonlinear interaction reversal. Particularly, when 

compared with the fully referenced system, the frequency uncertainty of only the middle 

carrier suffices to prevent a stable nonlinear compensation.  

 
Figure 43. Center channel performance histogram over 2200 measurements for 2 dBm launch power per 

channel for three mutual coherence configurations in a three-channel system 

Blue –Uncorrelated carriers; Pink –Two mutually coherent side carriers and (middle) one uncorrelated carrier; 

Yellow –All three mutually coherent carriers. 
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Indeed, we observed a considerable variation of the output signal condition that is 

reflected by a widely varying figure of merit accumulated over 2200 measurements, as 

shown by the histogram in Figure 42. We emphasize that, contrary to the widespread 

opinion that nonlinear interaction reversal is only a matter of computation, presented results 

clearly demonstrate that no amount of computational complexity can make up for the 

mutual coherence of the modes (in the interaction reversal).  

We note that information capacity in the strict sense [28] cannot be measured 

experimentally. However, the experiments attest to the capacity increase beyond the 

presently accepted limits by demonstrating reversal of signal-signal interactions, assumed 

to be non-viable in previous information capacity treatments [10, 29]. 

The Q-factor vs. launch power results for the five-channel system are shown in 

Figure 44, wherein, except for at the very high launch powers, these results fully 

quantitatively replicate the measurements obtained with three channels. The observed 

quantitative departure in performance in the range of high launch powers is attributed to 

the limitations of the equipment available at the time of experimentation. Figure 45 shows 

the resulting constellations, and Figure 46 shows the performance histograms, from which 

the same conclusions as in the three-channel experiment can be drawn. 
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Figure 44. Measured performance of the central channel with and without the nonlinear cancellation based in a 

five-channel system 

 

Figure 45. Center channel constellations with DBP-based transmission for 2 dBm launch power per channel for 

five-channel system with (a) Uncorrelated carriers (b) Two mutually coherent side carriers and middle 

uncorrelated carrier (c) All three mutually coherent carriers 

 
Figure 46. Center channel performance and its variation over 2200 measurements for 2 dBm launch power per 

channel for three mutual coherence configurations in a five-channel system 

Blue –Uncorrelated carriers; Pink –Two mutually coherent side carriers and (middle) one uncorrelated carrier; 

Yellow –All three mutually coherent carriers. 



61 

 

3.5 Experimental Demonstration 3: The First Demonstration of a Two-Fold 

Transmission Reach Enhancement 

In the third experiment, we demonstrate the reversal of non-linear distortion in 

coherent wavelength division multiplexed transmission employed to extend the system 

reach. As in Section 3.4.1, the transmission is performed in a loop emulating a modern 

communication link with three WDM channels. Again, due to the long transmission length 

and the significant accrued dispersion, the NLC is performed by precompensation the 

signals using multichannel DBP. 

3.5.1 Experimental Setup 

The experimental setup used in this demonstration is identical to that in Section 

3.4.1. Firstly, the performance of the system is compared with and without the 

compensation of the non-ideal transfer function of the transmitter components. 

Subsequently, the three channels are transmitted to the maximum distance possible 

that would achieve a Q-factor performance that satisfies the Forward Error Correction 

(FEC) threshold. In this experiment, the chosen FEC BER threshold was 10-3 (Q2 = 9.8 

dB), corresponding to a simple Reed-Solomon (255,233) code. Two transmission scenarios 

were investigated. In the first case, only linear impairment compensation was applied, i.e. 

the DBP pre-compensation block at the transmitter was disabled and Electronic Dispersion 

Compensation was applied at the receiver by means of a T/2-spaced finite impulse response 

filter (where T is the symbol period), with the number of taps chosen following the 

guidelines found in [26]. In the second case, both linear and nonlinear impairment 
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compensation was employed at the transmitter side, i.e. the DBP pre-compensation block 

was enabled, leaving no need for any further dispersion compensation at the receiver. 

3.5.2 Results 

A comparison between the spectra of the ideal signal and the modulator output is 

presented in Figure 47. The waveform shown corresponds to the center channel pre-

distorted signal for transmission over 3000 km and 1 dBm launch power. The spectrum of 

the modulator output without digital pre-emphasis is shown in Figure 47 (a). The frequency 

response of the components in the transmitter exhibit a roll-off that attenuates the signal at 

high frequencies. Figure 47 (b) shows the spectrum of the output of the modulator for the 

appropriate pre-emphasis fully matching the ideal numerically calculated pre-distortion 

spectrum. It is worth noting that the example shown is that for a highest power tried in the 

experiment, where the nonlinear pre-distortion departs the most from the EDC-only 

counterpart. Furthermore, Figure 48 shows the back-to-back constellations before and after 

successful application of the pre-emphasis. Quantitatively, the pre-emphasis yielded 9.3 

dB of performance improvement. The results shown in Figure 47 and Figure 48 are utmost 

important for NLC and serve to evaluate the ability of precise waveform shaping, which 

plays a crucial role in the pre-compensation of nonlinear effects. 
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Figure 47. Spectra of (a) Generated optical signal without digital pre-emphasis (b) Generated optical signal with 

digital pre-emphasis. 

 

Figure 48. Back-to-back constellations of (a) Signal without transmitter compensation after virtual propagation 

(b) Signal with transmitter compensation after virtual propagation. 

The transmission performance for all channels is presented in Figure 49 and Figure 

50. The linear reach (i.e. using EDC only) for the chosen FEC threshold was 1530 km, 

whereas the optimum launch power per channel was -7 dBm. At this distance the 

improvement in Q-factor provided by DBP was 2.3 dB for the center channel, while the 

optimum launch power per channel was found to be -3 dBm. 
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Figure 49. Q-factors for transmission distances of (a) 1530 km (b) 3060 km. 

The attempt to double the transmission distance to 3060 km at the former optimum 

average power level (effectively in the linear regime) resulted in the measured performance 

of the center channel corresponding to the Q-factor of 7.7 dB, i.e. below the required 

forward error correction threshold of 9.8 dB. In sharp contrast, employing DBP improved 

the Q-factor to 10.4 dB, for the optimum launch power per channel increased from -9 dBm 

to -3 dBm. We can conclude that DBP effectively enabled the transmission within the 

nonlinear propagation regime, and could take advantage of the increased OSNR provided 

by the higher launch power. Figure 51 shows a comparison between the constellations and 

eye diagrams captured at 1530 km using EDC and at 3060 km obtained by the DBP with 

FRC’s, exhibiting virtually the same performance at twice as long a distance, which was 

made possible by digital NLC for the first time, to the best of our knowledge and is in full 

agreement with theoretical predictions from [11]. 
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Figure 50. Center channel Q-factor vs. Launch Power per channel for transmission distances of (a) 1530 km (b) 

3060 km. 

The important ramifications of this demonstration are three-fold: First, the obtained 

result without a doubt demonstrates the ability of reversing signal-signal interaction in 

propagation. Second, given that phases of the transmitted channels have not been tracked, 

nor controlled, these results further corroborate the prediction of [30] that phase stability 

plays a minor role in NLC. Third, although not directly aimed at in the particularly realized 

setting, this experimental result also clearly warrants the re-definition of the established 

capacity bounds in fiber optic transmission, which nearly universally considered the 

nonlinear interaction as an irreversible impairment. Finally, it must be observed that the 

100% reach extension (with respect to the ordinary EDC-only transmission), i.e. doubling 

of the linear reach, was made possible by the full-complexity NLS calculation, which is 

prohibitively complex for real-time implementation. Nevertheless, this results represents a 

strong motivation for an active pursuit of more efficient methods for NLS integration 

amenable to application specific integrated circuits (ASIC) implementation. 
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Figure 51. Center channel constellations and eye diagrams for transmission over (a) 1530 km employing EDC 

(b) 3060 km employing DBP. 

3.6 Summary 

In this chapter, we have, for the first time, rigorously demonstrated the importance 

of employing frequency referenced carriers for the compensation of nonlinearities using 

DSP-based techniques. We devised a set of three NLC experiments to strictly quantify the 

role of mutually frequency-correlated emitters. Specifically, the carriers were referenced 

by a parametric frequency comb derived from a single, continuous-wave master oscillator 

[46].  

In the first experimental demonstration, we detailed the application of nonlinearity 

cancellation in a noiseless system, where frequency-referenced pump and probe waves 

were propagated through a short piece of HNLF to ensure high nonlinear interaction with 

negligible noise effects. The pump, whose power was orders of magnitude larger than the 

probe, generated significant crosstalk on the uncompensated probe, and distorted it from 

its original form. In sharp contrast, when the probe was precompensated for the predicted 

crosstalk, the probe arrived at the receiver without any distortion. 
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In the second experimental demonstration, three 16 GBd 16-QAM WDM channels 

spaced at 25 GHz were transmitted over 1020 km of SMF, at 2 dBm per channel, a power 

that was far higher than the optimum level. Such conditions elicited significant nonlinear 

crosstalk, and severely distorted the constellation of the center channel. In the experiment, 

the performance of the Nonlinearity Cancellation was investigated with three different 

configurations with varying degrees of mutual coherence among the propagating carriers. 

It was seen that when the center channel was carrier by a free-running laser, the 

performance of the nonlinearity cancellation suffered significantly. Similarly, when the 

two side channels were free-running, the performance dropped even further. Lastly, when 

all the channels lack reference, the cancellation failed completely. Additionally, the same 

demonstration was extended to a system that carried 5 channels, where again it was 

observed that the nonlinearity cancellation was only successful when all channels were 

frequency-referenced. 

In the last experiment, the linear reach of the same three-channel system, measured 

at 1530 km, was doubled to 3060 km by compensating the nonlinear crosstalk. The reliance 

on FRC’s allowed the transmission to occur in the previously forbidden nonlinear regime. 

Nonlinearity cancellation enabled us to take advantage of the increased signal OSNR 

provided by a higher launch power without incurring in a penalty due to the crosstalk. 

Although the demonstration was based on only three channels, its extension to a larger 

channel count (as shown in the previous experimental demonstration), as well as 

polarization-multiplexed systems is straightforward.  

The experiments exposed in this chapter directly confirmed the attainability of 

higher information capacities in fiber optic links than those currently established. As 
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implied by the physical channel interaction and the joint processing necessary for its 

reversal, the pursuit for capacity increase needs to rely on multi-user / Multiple Input–

Multiple Output (MIMO) cooperative processing [51]. 

Chapter 3, in part is a reprint of the material as it appears in Optics and Photonics 

News, vol. 27, no. 3, pp. 30-37, (2016), titled "Beating the nonlinear capacity limit," by 

Eduardo Temprana, Nikola Alic, Bill P.-P. Kuo, and Stojan Radic. In addition, Chapter 3 

in part is a reprint of the material as it appears in Science, vol. 348, no. 6242, pp. 1445-

1448, (2015), titled "Overcoming Kerr-induced capacity limit in optical fiber 

transmission," by Eduardo Temprana, Evgeny Myslivets, Bill P.-P. Kuo, Lan Liu, Vahid 

Ataie, Nikola Alic, and Stojan Radic. Lastly, Chapter 3 in part is a reprint of the material 

as it appears in Optics Express, vol. 23, no. 16, pp. 20774-20783, (2015), titled “Two-fold 

transmission reach enhancement enabled by transmitter-side digital backpropagation and 

optical frequency comb-derived information carriers,” by Eduardo Temprana, Evgeny 

Myslivets, Lan Liu, Vahid Ataie, Andreas O.J. Wiberg, Bill P.-P. Kuo, Nikola Alic, and 

Stojan Radic. The dissertation author was the primary investigator, and the primary author 

of these articles. 
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Chapter 4. Alternative Architectures for Frequency 

Referenced Transmitters 

4.1 Introduction 

A natural response to the relentless data growth in today’s information-centered 

society is that of a quest for low cost photonics technology. In optical networks, system 

cost is driven by two factors: firstly, the complex and high power dissipating transceivers 

that have become ubiquitous in the high-speed fiber optic transmission systems and 

secondly, the nonlinear capacity constraint in standard transmission systems, which 

imposes a strict limit on the information density and reach that can be transported over a 

fiber optic link. As a solution, in this section we propose two architectures that successfully 

solve both impediments in transmission systems. On one hand, following the groundwork 

developed in the previous chapter, we demonstrate successful nonlinearity cancellation that 

enables transmission beyond the nonlinear limit. On the other hand, we propose and 

demonstrate two alternative frequency-referenced transmitter architectures with 

components. 

In Chapter 3, a system implementation that relied on frequency (but not phase) 

referenced carriers extracted from a on optical frequency comb was proposed and a 100% 

reach extension was demonstrated in a long-haul transmission experiment. In this chapter, 

we extend the notion of FRCs for nonlinearity cancellation by employing injection locked 

(IL) distributed feedback lasers referenced to an OFC generated in the RF domain, wherein 

the IL lasers serve to regenerate the limited OSNR of the demultiplexed comb lines while 

practically preserving the linewidth of the master oscillator. This scalable architecture is 
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an attractive alternative to the parametric OFC used in Chapter 3 that similarly allows to 

generate independent high-OSNR, narrow-linewidth frequency referenced carriers. To 

validate the new architecture, we demonstrate a 100% increase in system reach of a four-

channel single-polarization coherent link, and show that it is only achievable when the 

carriers are frequency referenced.  

In addition, in a second experimental demonstration, we demonstrate high speed 

coherent transmission based on an ultra-low-cost non-temperature controlled Fabry-Perot 

laser, which again was injection-locked to a reference optical frequency comb. In this case, 

the reach of the 50 GBaud 16-QAM channel is extended to more than 2000 km, breaching 

the nonlinear capacity limit using nonlinearity cancellation  [36]. 

4.2 Experimental Demonstration 4: Injection-Locked Distributed Feedback 

Lasers as Frequency Referenced Carriers  

4.2.1 Experimental Setup 

 

Figure 52. Transmitter-Side Digital Back Propagation relying on frequency referenced carriers 

The block diagram of the DBP transmitter is shown in Figure 52. The data to be 

transmitted on each of the WDM channels is mapped to a desired modulation format, 

replicating the method described in detail in Chapter 3, spectrally combined, and passed to 
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a full-field back-propagating NLSE engine considering the transmission link parameters. 

Subsequently, the NLSE full-field output is channelized into spectral slices and 

independent, but fully-synchronous pre-distorted waveforms were generated for each 

channel. The DBP engine served to calculate the inverse to the actual propagation in the 

physical link with mirror-imaged power evolution (to that of the physical link) and 

considering oppositely signed fiber parameters (dispersion and nonlinearity), as well as 

reciprocals of amplifier gain and fiber attenuation, as explained in detail in [52]. The fiber 

dispersion, dispersion slope and nonlinear parameter of the virtual fiber were acquired by 

direct measurement and optimized by repetitive training of the transmission system. 

 

Figure 53. Step size distribution used in the NLSE solver for a transmission distance of 3060 km and -3 dBm 

launch power (a) 20 steps-per-span and (b) 10 steps per span. 
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The spatial resolution in the NLSE solver was initially chosen to achieve maximum 

accuracy by restricting the amount of nonlinear phase shift in each step to 0.01 degrees. In 

addition, an implementation with limited complexity was investigated by limiting the 

number of steps-per-span to 10 and 20. Figure 53 shows the step-size distribution for the 

case of a transmission distance of 3060 km and -3 dBm launch power. In contrast to the 

case of equidistant steps, when the number of steps is limited, the distribution becomes 

denser in the initial section of the fiber, as dictated by the exponential decay of the signal 

power in propagation, as implied by the notion of accuracy and nonlinear phase 

accumulation in the SSFM. 

 

Figure 54. TS-NLC experimental implementation and recirculating transmission loop 

DAC: Digital-to-Analog Converter. QAM: Quadrature Amplitude Modulator. VOA: Variable Optical Delay 

Line. VOA: Variable Optical Attenuator. PBS: Polarization Beam Splitter. SMF: Single-Mode Fiber. Coh. RX: 

Coherent receiver.  

The four-channel frequency referenced transmitter implementation is shown in 

Figure 54. A 25 GHz-pitched OFC was seeded by a continuous-wave external cavity laser 

with 3 kHz linewidth serving as the master oscillator. The OFC provided spectral tones 

with ~35 dB OSNR, i.e. 20 dB lower than the parametric OFC used in [53, 54]. The comb 

lines were demultiplexed by an optical processor and used to injection-lock four DFB lasers 

with an injection ratio of -15 dB. We again emphasize that, as before, the path lengths of 
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the demultiplexed comb lines were not matched and that the optical phases of the lasers 

were not stabilized nor controlled during the experiment. Injection locking combines the 

best of the two laser sources’ properties – the high coherence of the master oscillator and 

the high power of the DFBs, directly availing a high launch OSNR of the system, normally 

not obtainable by OFCs, except in the case of parametric combs [53, 54, 46]. The spectral 

line shape of the master and injection-locked lasers were measured utilizing self-

heterodyne beating with a decorrelation length of 20 km. As seen in Figure 55, the injection 

locked DFB lasers practically preserved the linewidth of the master lasers for injection 

ratios as low as -15 dB. 

 

Figure 55. DFB laser in free-running and injection locked conditions 

Different shift-register initial conditions were used to generate four pseudo-random 

bit sequences that were subsequently gray mapped to 16-Quadrature Amplitude 

Modulation symbols. Raised-cosine filtering using 4 samples-per-symbol, 512 filter taps 

and roll-off factor of 0.01 was applied to constrain the spectral occupancy. The DBP 

computation was based on a symmetric split-step NLSE solver over a total bandwidth of 

~128 GHz, wherein blocks of 216 symbols were processed with a frequency resolution of 

~48 kHz and a time resolution of ~7.8 fs. 
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Figure 56. Four-channel spectrum before transmission 

Four pairs of digital-to-analog converters with 5 Effective Number of Bits (ENOB) 

[19] were used to generate electrical signals at the rate of 65 GS/s. The 16 GBaud 16-QAM 

signals were imprinted onto the optical carriers by means of nested Mach-Zehnder 

modulators, passively multiplexed and a polarization beam splitter was employed to ensure 

that all channels were co-polarized. The precise time alignment of the data sequences of 

all channels was accomplished to within 1 ps by means of optical delay lines and 

synchronous triggering of the DACs. 

The transmission experiment was performed in the recirculating loop shown in 

Figure 54, which consisted of a single 85 km span of Single-Mode Fiber with 16.53 

ps/nm/km dispersion, nonlinear coefficient of 1.22 W-1km-1 and total attenuation of 15.95 

dB that was compensated by an Erbium Doped Fiber Amplifier with 4.5 dB noise figure. 

The spectrum showing the four channels before transmission is pictured in Figure 56. After 

transmission, the signals were independently filtered and detected using a coherent receiver 

that consisted of a 90-degree hybrid and a pair of balanced detectors with 40 GHz-
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bandwidth. The electrical signals were digitized using a real-time oscilloscope operating at 

100 GS/s sampling rate, and subsequent processing was performed offline on a personal 

computer. The receiver DSP consisted of the standard processing chain [26] that includes 

receiver front-end correction, symbol timing recovery, matched filtering, carrier frequency 

and phase estimation and least mean squares adaptive equalization. The assumed FEC was 

a standard Reed-Salomon (RS) 255,233 code with a BER threshold of 10-3 (Q-factor = 9.8 

dB). 

The performance of the system was characterized in two configurations: initially, 

only Electronic Dispersion Compensation was applied as the first step of the receiver DSP 

by means of an ideal correction of the quadratic phase in the frequency domain. 

Subsequently, only DBP was applied at the transmitter to precompensate both for 

dispersion and nonlinearities. To achieve the maximum nonlinearity compensation, the 

spatial resolution of the NLSE solver was chosen such that the maximum nonlinear phase 

shift in each step did not exceed 0.01 degrees.  

In addition, the performance of an implementation with limited complexity was 

investigated by restricting the maximum number of steps-per-span taken in the NLSE 

solver and optimizing the step size by following the signal power evolution.  

Lastly, the performance of a DBP implementation that relies on an inaccurate fiber 

model was investigated by introducing a 0.5% and 1% mismatches between the dispersion 

parameter of the DBP block (DDBP) and the exact fiber dispersion value (DREAL). 
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4.2.2 Results 

The BER-derived Q-factors for varying launch powers are shown in Figure 58a. 

For the chosen FEC threshold (Q = 9.8 dB), the linear reach was 1530 km. The optimum 

launch power when employing EDC only was -7 dBm and an inner (worst) channel Q-

factor was 10.2 dB. Attempting EDC-based transmission over twice the linear reach (3060 

km) resulted in a Q-factor penalty of 2.1 dB, which fell far below the required threshold 

and would require higher FEC overhead. Nevertheless, as shown in Figure 58b, at 3060 

km, DBP with FRCs yielded a 4 dB increase in signal launch power and a corresponding 

improvement in the inner channel Q-factor of 2.3 dB. The constellations for optimum 

launch power conditions are shown in Figure 59. As demonstrated, operating in the 

nonlinear transmission regime and relying on TS-NLC with FRCs enabled a two-fold 

system reach expansion with an ample margin over the FEC threshold. 

 

Figure 57. Inner (worst) channel constellations at optimum launch power for the linear and nonlinear reach. 

PLaunch = -7 dBm PLaunch = -7 dBm PLaunch = -3 dBm
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Figure 58. Q-factor vs. Launch Power for (a) EDC-only based transmission with FRCs at 1530 and 3060 km (b) 

EDC-only and DBP-only based transmission with FRCs at 3060 km. 

It is important still important to emphasize the role of the frequency reference in 

the results. Namely, note that unlike any previously published work, here we used 

injection-locking as an indirect frequency reference technique, emphasizing the single most 

important property of the mutual coherence of the channel carriers postulated in [11]. The 

comparison of the system performance with and without FRCs is shown in Figure 59. 

When IL was not used as a frequency reference, the wavelength of the free-running DFB 

lasers was finely tuned to match the OFC using an Optical Spectrum Analyzer (OSA) with 

0.1 nm resolution bandwidth. EDC-based transmission without FRCs exhibited a small 
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penalty that was mainly attributed to the broader linewidth of the free-running DFB lasers. 

In sharp contrast, the performance of TS-NLC was severely degraded in the system without 

FRCs, which demonstrated the importance of having a stable frequency reference to 

achieve significant NLC. 

 

Figure 59. Q-factor vs. Channel Number at optimum launch power for (a) EDC-only based transmission at 1530 

and 3060 km with and without FRCs (b) EDC-only and DBP-only based transmission at 3060 km with and 

without FRCs. 

The comparison between the full-complexity DBP and the implementation with 

limited steps-per-span is shown in Figure 60. In the case of DBP with unlimited steps-per-

span, the optimum launch power was -3 dBm. Limiting the number of steps to 20 resulted 

in a small Q-factor penalty, but still enabled a doubling of the system reach. In contrast, 
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the use of 10 steps-per-span reduced the optimum signal launch power to -4 dBm, which 

in turn generated a Q-factor penalty of 0.4 dB. 

 

Figure 60. Inner (worst) channel Q-factor vs. launch power per channel for different choices of the spatial 

resolution used in the NLSE solver. 

The effect of a model inaccuracy in the fiber dispersion parameter can be seen in 

Figure 61, a 0.5% mismatch lead to a reduction of the optimum signal launch power by 1 

dB and a corresponding Q-factor penalty of 0.5 dB. Furthermore, a 1% mismatch lead to a 

penalty of ~2 dB, which severely limited the gain yielded by DBP. 

 

Figure 61. Inner (worst) channel Q-factor vs. launch power per channel for DBP with different model 

accuracies. 
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4.3 Experimental Demonstration 5: Injection-Locked Fabry-Perot Laser as 

Frequency Referenced Carrier 

4.3.1 Experimental Setup 

The experimental setup is presented in Figure 62. An RF-generated optical 

frequency comb (OFC) was derived from an External Cavity Laser with 3 kHz linewidth 

[55] and an isolated comb line was used to injection lock a low-cost Fabry-Perot Laser 

(FPL) with an injection ratio of -5 dB. The FPL had an output power of 1 dBm and was 

subsequently amplified by an Erbium Doped Fiber Amplifier to 14 dBm. A 50 GBaud 16-

Quadrature Amplitude Modulation signal was imprinted on the FPL carrier by an IQ 

modulator driven by two amplified Digital-to-Analog Converters [19] with 16 GHz 3 dB-

bandwidth and a sample rate of 65 GS/s. Raised-cosine filtering with 0.2 roll-off factor was 

employed to constrain spectral occupancy and digital pre-emphasis was applied to 

compensate for the non-ideal responses of the electronic and electro-optic transmitter 

components. 

 

Figure 62. Injection-Locked Fabry-Perot Laser transmission schematic 
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Long-haul transmission was emulated in a recirculating loop that consisted of an 

85-km span of Single-Mode Fiber with 16 ps/nm/km dispersion, a nonlinear coefficient of 

1.22 W-1km-1 and a total attenuation of 15.95 dB, which was compensated by a 4.5 dB 

noise figure EDFA. After transmission, the signal was detected using a coherent receiver 

with 40 GHz bandwidth and a local oscillator ECL with 100 kHz linewidth. The electrical 

signals from the balanced detectors were digitized at the rate of 100 GS/s using a real-time 

oscilloscope with 33 GHz bandwidth and offline processing was performed on a personal 

computer. Linear and nonlinear transmission impairments were compensated using Digital 

Back Propagation [36] with 5 steps-per-span and subsequent DSP consisted of receiver 

front-end correction, symbol timing recovery, carrier frequency-and-phase estimation and 

Least Mean Squares adaptive equalization [26]. Bit-error rate measurements were 

performed by error counting in the same rigorous manner as the previously described 

experiments. 

4.3.2 Results 

The optical spectrum of the free-running FPL is presented in Figure 63 (a), showing 

the typical multi-mode operation and excessive spectral width of the FPL. In contrast, as 

shown in Figure 63 (b), under OIL with an injection ratio of -5 dB, the locked mode 

dominates and the sideband become suppressed by over 30 dB. In addition, as shown in 

Figure 63 (c), the FPL could be injection-locked to several modes away from the center. 
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Figure 63. Fabry-Pero Laser Spectrum (a) Free running (b) Injection-locked to center mode (c) Injection-locked 

to side-modes 

The locked-mode linewidth closely follows that of the injected tone, with a small 

increment caused by the Amplified Spontaneous Emission introduced by the FPL. The 

dependence of the linewidth with respect to the injection ratio can be seen in Figure 64 (a). 

The optical spectrum and the constellation measured at back-to-back are shown in Figure 

64 (b). 

 

Figure 64. (a) Linewidth vs. Injection Ratio (b) Back-to-back spectrum and constellation 

The Q-factors measured at the transmission distance of 2125 km are shown in 

Figure 65 (a). For electronic dispersion compensation, the performance peaked at a Q-

factor of 6.1 dB, which fell below the required Soft Decision (SD)-FEC threshold of 6.25 

dB. In contrast, DBP yielded an increase in the optimum launch power of 1 dB and an 
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improvement in Q-factor of 1.3 dB, easily exceeding the required threshold. The 

constellations for EDC and DBP are shown in Figure 65 (b) and (c), demonstrating the 

improvement yielded by the DBP. 

 

Figure 65. (a) System performance (b) Constellation after NLC (c) Constellation before NLC 

4.4 Summary 

In this chapter, we have proposed and experimentally demonstrated two alternative 

architectures to generate frequency-referenced carriers. By injection locking Distributed 

Feedback and Fabry Perot lasers to an optical frequency comb with lower intrinsic OSNR 

than the parametric comb used in Chapter 3, we demonstrate the possibility of relaxing the 

system cost and component specifications of the source of frequency reference. 

In the first experimental demonstration, the frequency referenced carriers were 

generated by injection locking DFB lasers to a reference optical frequency comb generated 

by amplitude and phase modulation of a CW laser. For a system that comprised of four 16 
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GBaud 16-QAM channels, nonlinearity cancellation enabled a two-fold enhancement of 

the system reach, which was extended from 1530 km to 3060 km. Once again, 

demonstrating the importance of the frequency reference, we observed that the doubling of 

the system reach was only possible when the transmitter carriers were referenced to the 

comb. 

Additionally, with this transmitter architecture, we have investigated the effect of 

utilizing an inaccurate back propagation model, firstly by limiting the number of steps-per-

span in the DBP computation and secondly by introducing a mismatch between the 

dispersion parameter in the DBP engine and the real (exact) dispersion parameter. Our 

findings indicate that in a four-channel system, a departure of the dispersion parameter of 

only up to 0.5% is allowed at the considered propagation distance, whereas at least 20 

steps-per-span in the back-propagation symmetric split step- based computation are needed 

to achieve sufficient nonlinear impairment reversal to enable the system reach doubling. 

In the second experimental demonstration, a frequency referenced carrier was 

generated by injection lacking a low-cost non-temperature controlled Fabry-Perot laser to 

an isolated comb line of the same low-cost optical frequency comb. In this experiment, the 

maximum transmission reach of 2125 km was accomplished by relying on nonlinearity 

compensation. 

Chapter 4, in part is a reprint of the material as it appears in Journal of Lightwave 

Technology, vol. 34, no. 15, pp. 3544-3549, (2016), titled "Transmitter-Side Digital Back 

Propagation with Optical Injection-Locked Frequency Referenced Carriers," by Eduardo 

Temprana, Evgeny Myslivets, Bill P.-P. Kuo, Nikola Alic, and Stojan Radic. In addition, 

Chapter 4 contains material presented in the Frontiers in Optics Conference, San Jose, 
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(2015), titled "50 GBaud 16-QAM Transmission Over 2125 km Based on an Injection-

Locked Fabry-Perot Laser Carrier," by Eduardo Temprana, Bill P.-P. Kuo, Nikola Alic and 

Stojan Radic. The dissertation author was the primary investigator, and the primary author 

of these articles. 
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Chapter 5. Nonlinearity Compensation in High-Capacity 

Systems 

5.1 Introduction 

The experiments shown in previous chapters were achieved with a moderate 

spectral efficiency; the channel spacing was 25 GHz, whereas the signals were 16 GBd 

single-polarization 16-QAM, yielding a spectral efficiency of 2.56 bits/Hz. In this chapter, 

we transmit three 24 GBaud polarization multiplexed (PM) 64-QAM with a 28 GHz 

channel spacing, yielding a spectral efficiency of 10.3 bit/sec-Hz. More importantly, we 

demonstrate for the first time a 200% (i.e. a three-fold) reach extension beyond the 

conventional linear limit in a standard single-mode fiber (SMF)-based link with erbium-

doped fiber amplifiers only, reaching a transmission distance of 1275 km.  

5.2 Dense Wavelength Division Multiplexing 

Keeping up with the capacity demand requires an increase spectral efficiency. The 

latter, in turn, can only be achieved by transmitting channels that are closely packed 

together. As explained in section 2.3.2, pulse shaping can significantly constrain the 

spectrum of modulated signals. However, special considerations must be taken in dense 

wavelength multiplexing due to the non-ideal output of DACs and driver amplifier (DA), 

and the nonlinear transfer function of the modulator (i.e. the MZM). 

The measured electrical spectrum of the 24 GBd signal generated by the DAC is 

seen in Figure 66a. The signal spectrum has content up to 12 GHz, however, beyond that 

there are multiple unwanted tones that appear within the bandwidth of the adjacent channel 
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and thus will interfere and degrade the system performance. These clock feedthrough tones, 

occur due to a spurious coupling of the clock to the data signal [56], and are common in 

Complementary Metal-Oxide Semiconductor (CMOS) based DACs. Additionally, the 

nonlinearity of the DA will also generate frequency content outside of the signal 

bandwidth. As seen in Figure 66b, the DA creates “skirts” that can extend the spectral 

occupancy of the signal well beyond the theoretical expectations. 

 

Figure 66. Electrical spectra measured at the output of (a) DAC (b) DA 

To eliminate the unwanted electrical spectral content both from the DAC and DA, 

a 4th order Bessel filter with 12.5 GHz bandwidth was placed after the DA, which achieved 

the suppression shown in Figure 67 (a). The simulated electrical spectrum overlap for a 28 

GHz channel spacing is shown in Figure 67 (b), demonstrating the feasibility of close 

spectral multiplexing for this baud rate and channel spacing. 



88 

 

 

Figure 67. (a) Electrical spectra measured at the output of AD after filtering (b) Simulated electrical spectrum 

overlap of multiplexed signals 

The measured optical spectrum of the filtered signals after being modulated onto 

an optical carrier with an MZM is shown in Figure 68 (a). When no attenuation was used, 

the modulator was being driven with a voltage swing equivalent to 2Vπ, which accentuated 

the nonlinear transfer function of the MZM and generated significant spectral content 

outside of the optical signal bandwidth, thus precluding wavelength multiplexing with 

narrow channel spacing. As the attenuation was increased, the total optical power out of 

the MZM decreased, and therefore a degradation in the signal OSNR after the EDFA was 

observed, which can be seen in the increasing level of the noise floor in Figure 68 (a). 

However, despite the OSNR degradation, the out-of-band spectral content was reduced 

significantly, thereby improving the overall performance when multiplexing multiple 

channels with a narrow channel spacing. The measured optical spectrum of the multiplexed 

signals with a 28 GHz channel spacing can be seen in Figure 68 (b). 
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Figure 68. (a) Measured spectra of modulated signals with different attenuation into the MZM (b) Measured 

optical spectrum of multiplexed signals 

5.3 Polarization Multiplexing 

Additionally, the spectral efficiency can be further doubled by employing 

polarization multiplexing, that is, encoding information in the two orthogonal polarization 

states of the optical field.  

In Chapters 2 and 3, we introduced the mathematical formalism for wave 

propagation in its scalar form, which is suitable to describe pulse propagation effects when 

the field contains power only in one polarization. When accounting for both polarization 

tributaries, the electric field equation previously introduced in (2.2.1) takes the vectorial 

form 

 𝑬(𝑧, 𝑡) =   ℜ{[𝒙̂𝐸𝑥(𝑧, 𝑡) + 𝒚̂𝐸𝑦(𝑧, 𝑡)]𝑒−𝑖(𝛽0𝑧−𝜔0𝑡)} (5.3.1) 

where 𝒙̂ and 𝒚̂ are unit vectors that represent the two possible linear states of polarization, 

and 𝐸𝑥,𝑦 represent the field amplitudes for their corresponding tributary. Naturally, the 

Nonlinear Schrodinger Equation also has a vectorial form that accounts for the polarization 

diversity. However, it is important to realize that the stochastic nature of fiber birefringence 

generates random scattering events over length scales of ~100 meters, whereas the length 



90 

 

scales of dispersion and the nonlinear effects are in the order of 10 to 100 km, meaning that 

the state of polarization changes much faster than the envelope of the field. The effect of 

polarization on the nonlinear interactions can therefore be effectively averaged over the 

Poincaré sphere, an approximation that transforms the vectorial NLSE into a system of 

equations called the Manakov equations, which have the form 
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To emulate the propagation of dual-polarization signals, the Manakov equations are solved 

using the Split-Step Fourier Method introduced in Chapter 3. 

As in dense WDM, polarization multiplexing introduces practical challenges that 

must be overcome to achieve its maximum potential. The schematic of a DSP-enabled 

dual-polarization coherent transmitter is shown in Figure 69. Essentially, the transmitter is 

comprised of a DSP unit with four digital outputs, four Digital-to-Analog Converters, four 

electrical Amplifier Drivers with electrical filters and a Dual-Polarization Nested Mach-

Zehnder Modulator (DP-NMZM). Per the modulator specifications, in a worst-case 

scenario, the signals in the two polarizations could suffer a timing skew of up to 15 ps and 

their power imbalance could reach 1.5 dB. In addition, components such as the DACs, 

DAs, filters, and coaxial cables will inevitably have different path delays and responses, 

which will further degrade the polarization skews and power imbalances. Nevertheless, the 

DSP capability of the transceiver can be used to compensate any front-end based 

impairments, which is particularly necessary in systems that employ TS-NLC and other 

complex preprocessing techniques.  
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Figure 69. Electro-optic front end of typical coherent transmitters. 

To determine the effect of polarization timing skews and polarization power 

imbalances on the performance of TS- NLC, we transmitted the three dual-polarization 

channels over 850 km. Three system configurations were investigated: firstly, we measured 

the performance of TS- NLC with an ideal transmitter, i.e. when the timing skews and 

power imbalances between the polarizations of all the channels were compensated. 

Secondly, we artificially introduced a power imbalance by attenuating the Y-Polarization 

of the center channel, whereas the side channels were kept in their ideal state (i.e. without 

imbalances nor skews). Lastly, we introduced a time-skew between the polarizations of the 

center channel by adding a delay in the digital waveform of the Y-Polarization, while again 

maintaining the side channels in a perfect state. 

Table 1. Measured polarization timing skews and power imbalances. 

Channel 

Number 

Timing Skew 

[ps] 

Power Imbalance 

[dB] 

1 4.8 -1.2 

2 8.2 0.8 

3 6.9 1.5 

The measured timing skews and power imbalances between the polarizations of the 

three transmitters in our experiment are shown in Table 1. After compensation, the timing 

skews were reduced to less than 1 picosecond, and the power imbalance was equalized 

within 0.1 dB. Figure 70 shows the performance of the center channel when all three 

transmitters were ideally compensated. As seen, the two polarizations had very similarly 
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performance for EDC- and DBP-based transmission. Nevertheless, there was a slight 

advantage from the X-Pol due to the better frequency responses of the front-end 

components, which, as seen in Figure 71, required less pre-emphasis. 

 

Figure 70. DBP and EDC Center channel performance with ideal transmitter 

 

Figure 71. Spectrum of the precompensated digital waveforms with pre-emphasis    

When utilizing DBP-based transmission, the effect of an artificially-introduced 

power imbalance between the two polarizations of center channel is shown in Figure 72. 

As explained previously, in this instance the imbalance was emulated by attenuating the 

power of the Y-pol, whereas the power of the X-Pol was not altered. Thus, the performance 
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of the Y-Pol deteriorated due to the lower received Optical Signal-to-Noise Ratio, whereas 

in contrast, the performance of the X-Pol was not significantly affected. 

 

Figure 72. DBP Center channel performance in the presence of a power imbalance of (a) 0.5 dB (b) 1.5 dB. 

(Transparent lines show ideal case).  

Lastly, the effect of a time-skew between the X- and Y-Polarizations of the center 

channel only is shown in Figure 73. As seen, 5 ps of deskew has a limited effect on the 

overall performance, given that the delay is only 10% of the symbol period, whereas the 

nonlinear effects will still evolve close to the prediction of the compensation model. 

However, as the deskew increases to 15 ps (37% of the symbol period), the penalty on the 

delayed polarization (Y-Pol) exceeds 1 dB, while a 25 ps deskew (61% of the symbol 

period) increased the penalty to more than 2 dB. As demonstrated by the results in Figure 

73, in contrast to the case with a power imbalance, which mostly affects the polarization 

with the lower power, a time-skew will affect the performance of both polarizations, 

whereas the polarization being delayed accrues most of the penalty. The origin of this 

penalty lays in the substantial time misalignment of the channels, which thereby deviate 

from the waveform profile assumed in the DBP engine, and directly hinders the 

nonlinearity compensation process.  
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Figure 73. DBP Center channel performance in the presence of a polarization timing skew of (a) 5 ps (b) 15 ps 

(c) 25 ps (Transparent lines show ideal case). 

5.4 Experimental Demonstration 6: The First Demonstration of High-

Capacity Transmission Reach Tripling 

5.4.1 Experimental Setup 

The high-capacity nonlinear crosstalk cancellation test-bed consisted of a 

frequency-referenced (FR) transmitter array, a transmission link implemented as a 

recirculating loop and a standard coherent receiver, as shown in Figure 74. 
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Figure 74. Nonlinear transmission test bed 

Similarly to Chapter 4, the setup relies on an indirect frequency reference, which 

serves to ensure that the mutual walk-off velocities between WDM channels remain fixed 

with respect to each other, allowing a deterministic evolution, and, consequently, enabling 

substantial nonlinear interference cancellation. 

In the experiment, the 28 GHz-pitched frequency comb shown in Figure 75a served 

as a frequency reference. To demonstrate the sufficiency of an indirect frequency reference, 

three distributed feedback (DFB) lasers with native MHz linewidth were injection-locked 

to selected comb lines, as shown in Figure 75b. The referencing did not incorporate any 

phase tracking in the WDM channels’ paths, but was instrumental in creating mutually 

coherent optical carriers with OSNRs in excess of 55 dB and sub-5 kHz linewidth. 
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Figure 75. Reference optical frequency comb and injection locked lasers spectra 

To achieve the interference cancellation, the transmitted waveforms were pre-

distorted using digital back-propagation [57, 58] implemented by a nonlinear Schrodinger 

(NLS) solver. The transmission performance of nonlinear cancelation (NLC) was 

compared against the same system with only electronic dispersion compensation (EDC). 

In both cases (NLC and EDC-only transmission), different shift-register initial conditions 

were used to generate three pseudo-random bit sequences (PRBS) that were subsequently 

gray-mapped to 64-QAM symbols. Raised-cosine filtering with 2 samples-per-symbol, 128 

filter taps and a roll-off factor of 0.01 was applied prior to the digital back-propagation 

(DBP) computation to constrain the spectral occupancy. Three sets of four digital-to-analog 

converters (DAC) [19] were used to generate the electrical pre-distorted signals at the rate 

of 65 GS/s. The pre-distorted polarization multiplexed 24 GBaud 64-QAM signals were 

cast onto the optical carriers by means of dual-polarization nested Mach-Zehnder 

modulators, passively coupled, whereas the channels’ polarization alignment was ensured 

initially by a polarization beam splitter. The precise time alignment of all channels, as in 

previous experiments, was accomplished by means of optical delay lines and synchronous 

triggering of the DACs. 
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The transmission experiment was performed in a recirculating loop shown in Figure 

74. A single 85 km span of Standard Single-Mode Fiber (SSMF) with 16 ps/nm/km 

dispersion, nonlinear coefficient of 1.22 W-1km-1 and total attenuation of 15.95 dB was 

used as a transmission fiber inside the loop. Fiber loss was compensated by an Erbium 

Doped Fiber Amplifier (EDFA) with 4.5 dB noise figure, while a second EDFA was 

employed to compensate the loop-associated losses and allow for a wide range of channel 

launch powers. In addition, a coarse WDM was used to remove out-of-band ASE noise 

before launching the signals into the fiber. 

 

Figure 76. Loop filter power transfer function 

 

As demonstrated in Section 4.2, for NLC to yield the maximum possible 

improvement, the system model must be accurately replicated in the DBP engine. While 

Figure 76 and Figure 77(a) suggests that a single pass through the WDM filter had little 

effect in the spectral shaping and group delay of the signal, it is clear in Figure 76 and 

Figure 77 (b) that after several passes, the wavelength-dependent loss and group delay 
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variation was significant. Thus, for this experiment, the shape of the WDM filter was 

characterized, and the inverse transfer function was used in the backpropagation engine. 

 

Figure 77. Loop filter group delay transfer function 

Additionally, the wavelength-dependent gain and the power evolution for each of 

the channels was tracked as a function of the span number as shown in Figure 78, and used 

in the backpropagation engine.  

 

Figure 78. Power evolution of each channel for different transmission lengths 

As can be seen in Figure 78, the wavelength-dependent filtering and gain effects in 

the loop were counteracted with the spectrally shaped signals and adequate power levels 
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such that after transmission the channels arrived undistorted, i.e. with flat spectrum and 

equalized power. 

 

Figure 79. Recirculating loop 

After transmission, the signals were independently filtered, and coherently detected 

using a local oscillator (LO) with sub-100 kHz linewidth. The coherent receiver consisted 

of a dual-polarization 90-degree hybrid and four pairs of balanced, 40 GHz-bandwidth 

detectors. The electrical signals were digitized using real-time oscilloscope operating at 50 

GS/s sampling rate, and subsequent processing was performed offline relying on the DSP 

engine introduced previously.  

Two distinct transmission conditions were investigated. In the first case, only linear 

impairment compensation was applied, i.e. without the pre-compensating block, and with 

only EDC applied at the receiver by means of an ideal frequency domain compensator. In 
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the second case, both linear and nonlinear impairment compensation was employed at the 

transmitter side, i.e. the pre-compensation block was enabled, effectively eliminating the 

need for any further dispersion compensation at the receiver. 

5.4.2 Results 

The measured improvement in the Q factor strictly defines the reach extension 

measure, which was the original motivation for this experiment. 

 

Figure 80. Linear reach performance 

The linear reach (i.e. transmission using EDC only) was 425 km for the forward 

error correction Q2 threshold of 5.7 dB, as shown in Figure 80. The uncompensated 

transmission, necessarily operating in the quasi-linear regime, follows a well-known 

performance trend with clearly distinguishable optimal launch power, as shown in Figure 

80, with the cross-talk dominating over the OSNR increase. This ultimately led to a strict 

reach limitation of 425 km in this case, for the measured Q-factor of 6.03 dB. 
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Figure 81. Nonlinear reach performance 

In sharp contrast, as shown in Figure 81, the nonlinear crosstalk cancellation 

allowed the operation in the nonlinear regime that benefited from the elevated OSNR 

(inherent to the higher launch power condition), enabling the transmission reach extension. 

As demonstrated by the measurements plotted in Figure 81, in this instance it was possible 

to increase the average power by 4 dB beyond the optimal quasi-linear level and achieve 

tripling of the reach, closely approximating the improvement expected from OSNR 

increase following from the launch power increase. Figure 82 shows the per-channel 

performance at the nonlinear reach, which was three-times longer than the reach of the 

EDC-only system. 
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Figure 82. Per-channel performance at three-times the reach of EDC-only system 

5.5 Summary 

In this chapter, we have developed practical groundwork to apply NLC to a high-

capacity system that employs Dense Wavelength Division Multiplexing, high cardinality 

constellations and polarization multiplexing. We demonstrated, for the first time, the 

tripling of conventional transmission reach in a coherent WDM link by digital processing, 

wherein the system reach was extended from 425 km to 1275 km, at a 6 dB Q factor 

performance level.  

To achieve this level of nonlinear crosstalk cancellation, aside from employing 

frequency-referencing, we relied on the accurate modeling of the link parameters, 

characterizing every element in the transmission path. The nonlinearity compensation 

allowed transmission well within the previously prohibited nonlinear regime, and operated 

at 4 dB higher power with respect to the conventional linear transmission optimum power 

– a, so far, unmatched experimental achievement.  



103 

 

Furthermore, this demonstration utilized indirect frequency reference provision by 

injection locking DFB lasers (with native MHz linewidth) to a highly coherent, kHz-

linewidth frequency comb, as proposed in Chapter 4. 

Chapter 5, in part contains material presented in the European Conference on 

Optical Communication, (2016), Dusseldorf, titled "Demonstration of Coherent 

Transmission Reach Tripling by Frequency-Referenced Nonlinearity Pre-compensation in 

EDFA-only SMF Link," by Eduardo Temprana, Evgeny Myslivets, Vahid Ataie, Bill P.-P. 

Kuo, Nikola Alic, Vijay Vusirikala, Vinayak Dangui and Stojan Radic. In addition, Chapter 

5 in part contains material currently prepared for submission to Photonics Technology 

Letters, titled “Penalties Associated with Polarization-Power Imbalance and Polarization-

Timing Skew in Multichannel Transmitter-Side Digital Back Propagation”, by Eduardo 

Temprana, Evgeny Myslivets, Bill P.-P. Kuo, Nikola Alic and Stojan Radic. Lastly Chapter 

5 in part or in full contains material currently being prepared for submission to Journal of 

Lightwave Technology, titled “Demonstration of Coherent Transmission Reach Tripling 

by Frequency-Referenced Nonlinearity Pre-compensation in EDFA-only SMF Link,” by 

Eduardo Temprana, Evgeny Myslivets, Vahid Ataie, Bill P.-P. Kuo, Nikola Alic, and 

Stojan Radic. The dissertation author was the primary investigator, and the primary author 

of these articles. 
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Chapter 6. Conclusion 

6.1 Dissertation Summary 

With traffic demands growing at an unprecedented rate, we are rapidly approaching 

the exhaustion of the available bandwidth of deployed optical networks. It has thus become 

imperative to develop techniques that will increase the information-carrying capacity of 

the optical fiber, which is presently only limited by nonlinear crosstalk. 

Previous theoretical investigations have predicted that the limit of fiber capacity 

lies at the onset of the nonlinear crosstalk, wherein the crosstalk was considered an 

unpredictable phenomenon, much like noise. We must, however, realize that at least in 

what refers to signal-signal interactions, nonlinear crosstalk is deterministic and must 

thusly be predictable and lend itself to cancellation. Naturally, nonlinear crosstalk 

cancellation would increase fiber capacity beyond previously established limits, however, 

experimental demonstrations that have attempted to compensate nonlinear crosstalk have 

had limited success. In this dissertation, we have for the first time unequivocally 

demonstrated the importance of frequency reference in the compensation of nonlinear 

impairments using DSP-based techniques in high-speed fiber optic transmission systems. 

The first step towards demonstrating the feasibility of NLC was to validate its 

performance in a noise-unimpaired scenario. In the first experimental demonstration 

featured in this thesis, we force the interaction between a strong pump and a weak probe in 

a short piece of highly nonlinear fiber. The high nonlinearity of the fiber guaranteed strong 

interaction while its short length limited the pump and probe attenuation, and thus the 

accrual and effect of the noise was minimized. The pump, whose power was orders of 
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magnitude larger than the probe, generated significant crosstalk on the uncompensated 

probe, and distorted it from its original form. In sharp contrast, when the probe was 

precompensated for the predicted crosstalk, the probe arrived at the receiver without any 

distortion, clearly proving that nonlinear crosstalk arising from signal-signal interaction is 

cancellable in its totality, thus demonstrating that NLC is indeed achievable (at least in a 

noise free environment). 

Second due was to carry out experiments in more realistic conditions, and to verify 

what system configurations can indeed enable NLC. For this, we carried out a long-haul 

transmission experiment, wherein three channels were transmitted over 1000 km of SMF, 

at 2 dBm per channel, a power that was far higher than the optimum level. Such conditions 

elicited significant nonlinear crosstalk, and severely distorted the constellation of the center 

channel. In the experiment, the performance of the Nonlinearity Cancellation was 

investigated with three different configurations with varying degrees of mutual coherence 

among the propagating carriers. It was observed that when the free-running laser was 

utilized as the carrier for the center channel, the nonlinearity cancellation was significantly 

impeded. Similarly, when the two side channels were free-running, the ability to reverse 

the nonlinear crosstalk dropped even further. Lastly, when all the channels lacked any 

frequency reference, the cancellation failed altogether. Additionally, the same 

demonstration was extended to a system that carried 5 channels, where again it was 

observed that the nonlinearity cancellation was only successful when indeed all channels 

were frequency-referenced. These experiments effectively prove that NLC is realizable 

even in practice, and that fiber capacity can be increased over previous estimates. 
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Nevertheless, fiber capacity cannot be measured in laboratory experiments with 

limited means, and thus the increase in capacity provided by NLC can only be estimated. 

Instead, system reach, which is intimately related to fiber capacity, can be measured with 

and without the aid of NLC. In the third experiment, the linear reach of the same three-

channel system, measured at 1530 km, was doubled to 3060 km by compensating the 

nonlinear crosstalk. Nonlinearity cancellation enabled us to take advantage of the increased 

signal OSNR provided by a higher launch power without incurring in a penalty due to the 

crosstalk, increasing the system reach -in this case- by a factor of two. 

In this thesis, we have also proposed alternative system implementations with 

different complexities and component cost. In Chapter 4, we experimentally demonstrated 

two different architectures which took advantage of frequency-referenced carriers. By 

injection locking Distributed Feedback and Fabry-Perot lasers to an optical frequency 

comb with lower intrinsic OSNR than the parametric comb used in Chapter 3, we 

demonstrate the possibility of relaxing the system cost and component specifications of the 

source of frequency reference. In addition, injection locked DFB lasers provide high-power 

frequency referenced carriers that can overcome the large losses of NMZM modulators and 

other transmitter components, thereby enabling higher launch OSNRs, which prove 

beneficial in NLC applications. 

In the last part of the dissertation, presented in Chapter 6, we developed practical 

groundwork conducive to a NLC implementation for high-capacity systems that employs 

Dense Wavelength Division Multiplexing, high cardinality constellations and polarization 

multiplexing. We demonstrated, for the first time, the tripling of conventional transmission 

reach in a coherent WDM link by digital processing, wherein the 10.3 bit/sec-Hz system 
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reach was extended from 425 km to 1275 km. To achieve this level of nonlinear crosstalk 

cancellation, aside from employing frequency-referencing, we relied on the accurate 

modeling of the link parameters, characterizing every element in the transmission path. 

The nonlinearity compensation allowed transmission well within the previously prohibited 

nonlinear regime, and operated at 4 dB higher power with respect to the conventional linear 

transmission optimum power. 

Thus, in summary, the work covered by this thesis on the one hand firmly proved 

the necessary condition of frequency reference for successful digital NLC, through a set of 

rigorous experiments unmatched in complexity and accuracy.  Furthermore, we have 

revealed various obstacles to practical implementation of the NLC – and much to the 

author’s pride, managed to solve those with an outstanding success in this long and arduous 

journey of discovery.  Indeed, while only a couple of years ago NLC seemed only a 

theoretical possibility, believed to be unrealizable in practice (owing to the repeated 

failures of many predecessors), it is fair to say that following the contributions of the work 

presented, this remarkable concept has been brought to the verge of practical reality.  

6.2 Future Outlook 

While the main challenge in DSP-based NLC methods, namely carrier frequency 

stability, has been covered and demonstrated, there are several other important factors that 

remain to be investigated and solved before the NLC is to become widely adopted.  

First and foremost is to understand what the limitations of DBP-based NLC are. 

Figure 83 shows the comparison between the performance at the nonlinear reach of the 

system presented in Chapter 4, and an equivalent realistic simulation that includes amplifier 
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noise. It is obvious that the experimental demonstration fails to achieve the performance 

predicted by the simulation. Research must be dedicated to understand the shortcomings 

of real-life system implementations, wherein the penalties due to effects such as 

Polarization-Mode Dispersion, limited resolution in DACs and ADCs, and other practical 

issues must be quantified and appropriately addressed. Additionally, we must realize that 

while deployed systems operate in a regime where the signal-noise interactions are weak, 

at high enough powers, these effects will take over, at which point no further improvement 

of NLC shall be possible.  Thus, the exact onset and the involved tradeoffs of this mode of 

operation need to be determined. 

 

Figure 83. Simulation vs. Experimental performance 

Second is the issue of complexity in the NLSE inversion. The Split-Step Fourier 

Method requires forward and inverse fast Fourier transform operations, whose complexity 

scales as a 𝑁 log 𝑁, where N is the number of samples and is typically defined by the 

dispersive length of the system. It is imperative to reduce this complexity for NLC to be 

applicable in real-time high speed systems. In this regard, there have been reports of 

implementations that employ a perturbation-based approach to find an analytical 
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expression for the effect of fiber nonlinearity [59]. Additionally, other approaches have 

also been developed for nonlinearity compensation, such as Volterra-based [60] or memory 

polynomial based DBP [61]. For these, a pragmatic investigation must be carried out to 

weigh the improvement provided of each method versus the required complexity. 

 
Figure 84. NLC over a subset of channels 

Another possible path to reduce the complexity of NLC would be to consider only 

a subset of channels as shown in Figure 84. It is important to note that the experiments 

performed in this dissertation were done with at most 5 channels, whereas real systems 

operate with hundreds of channels. NLC implementations operating over hundreds of 

channels would be prohibitive in complexity. It would be interesting to investigate the 

minimum number of channels that need to be considered to achieve sufficient nonlinearity 

cancellation. Figure 85 shows the results of a simulation of a system that carries 31 

channels, whereas NLC is only applied to a subset of channels; the percentage increase in 

system reach provided by NLC is plotted as a function of the number of channels that are 

considered.  
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Figure 85. Reach increase vs. Number of channels considered for NLC 

As seen, in a system with 50 GHz channel spacing, in order to increase the reach 

by 100% only 13 of the 31 channels must be considered in the NLC. Similarly, when the 

channel spacing is 37.5 GHz, the number of channel increases to 17. In both cases, the 

bandwidth required in the NLC engine is about 650 GHz, implying that the nonlinear 

effects are confined within a given bandwidth, and are independent of the number of 

channels and their spacing. Research should be devoted to derive analytical expressions 

that will predict these optimum bandwidths, and their relation to system parameters such 

as signal power, channel spacing, fiber nonlinearity, dispersion and attenuation. 

As a concluding remark, it is worth noting that the issues posed herein are not 

fundamental limitations. Hopefully, the results presented in this dissertation will serve to 

spark inspiration to advance this research field, so that one day digital NLC becomes a 

practical option that becomes widely adopted in the field.
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