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Abstract
The capabilities of optical communication systems are steadily approaching their lim-
its due to the intrinsic nonlinearity of optical fibers, which are manifested as difficult-to-
compensate nonlinear signal distortions. The goal of the project is to compensate these
distortions by optical signal processing (OSP) techniques, and to demonstrate improved
systems with higher achievable data rates or extended transmission distances.

In particular, this work addresses the impairments with optical phase conjugation
(OPC)-based compensation, which has emerged as a strong candidatemethod for sup-
pressing the fiber nonlinearity. The technique relies on reversing and reapplying the non-
linear distortions throughout the link, though it has remained difficult to efficiently imple-
ment in practice. The thesis is based on theoretical, numerical and experimental results
to discuss the requirements of OPC-aided transmission, and it presents optimized system
designs that are capable of outperforming standard link configurations.

First, means of reversing the nonlinearity by OPC are studied and optimized. The pro-
cess is based on four-wave-mixing (FWM) in χ(3) nonlinear materials, namely integrated
AlGaAs-on-insulator (OI) platform and strained highly nonlinear fiber (HNLF), whereas the
optimization is performed with regard to the input signal parameters, as well as other
system characteristics. The presented setups allow for reversing the accumulated non-
linearity with minimum penalty, and thus they are employed throughout the rest of the
project. Second, we focus on engineering the transmission link to induce identical distor-
tions on either side of the OPC, which is generally referred to as the OPC propagation
symmetry. On top of the standard methods, the demonstrated systems are optimized
using dispersion management, and they exhibit close-to-ideal propagation symmetry.
Third, theOPC-based compensation is encapsulated into scaled-down lumpedmodules
and applied to unrepeatered links at the transmitter- or receiver-side. For such systems,
the degree of symmetry is measured by a new metric that is suitable for evaluation of
non-homogeneous links, and this approach is applied to multiple setups, all of which
demonstrate substantial improvement with the compensation modules included.

Ultimately, the contributions presented in this work introduce novel methods for de-
signingOPC-aided systems that are resilient against the fiber nonlinearity, and theydemon-
strate that it is a viable technique for improving the performance of optical transmission.
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Resumé
Optiske kommunikationssystemer nærmer sig grænsen for deres ydeevne grundet ikke-
lineæreeffekter i optisk fiber, sommanifesterer sig som svært korrigerbare forvrængninger.
Målet for dette projekt er at kompensere disse forvrængninger ved hjælp a optisk sig-
nalbehandling og at demonstrere forbedrede kommunikationssystemer med højere op-
nåelige datarater eller øget transmissionsafstand.

Dette arbejde adresserer specifikt disse forvrængninger ved hjælp teknikker baseret
på optisk fasekonjugering (OPC), som har vist sig at være en lovende tilgang til at reduc-
ere effekten af ikke-lineariteter i optisk fiber. Denne teknik er baseret på invertering af
de effekten af ikke-lineariteter således at efterfølgende påvirkning ophæver effekten fra
den første del af systemet, hvilket dog hidtil har vist sig svært at opnå i praksis. Denne
afhandling er baseret på teoretiske, numeriske og eksperimentelle resultater vedrørende
OPC-baseret transmission og den indeholder optimerede systemdesigns, som gør det
muligt at opnå bedre resultater end standard linkkonfigurationer.

Først undersøges og optimeres selve OPC enheden. Denne proces er baseret på
firebølgeblanding (FWM) i materialer med en 3. ordens ikke-linearitet såsom AlGaAs-på-
isolator platformen og ’strukket’ ikke-lineær fiber (HNLF). Optimeringen af systemerne er
foretaget med hensyn til input signalets parametre samt andre system egenskaber. De
præsenterede setups tillader invertering af de opsamlede ikke-lineariteter med minimal
forvrængning af signalet og det er derfor disse setups der benyttes i resten af projektet.
Dernæst fokuseres på udvikling af transmissions links, der påfører identiske ikke-lineariteter
på begge side af OPC’en. Dette betegnes normalt som OPC transmissions symmetri. Ud
over standard metoderne er de demonstrerede systemer optimeret ved hjælp af disper-
sionskontrol og de udviser tæt på ideel transmissionssymmetri. Den OPC-baserede kom-
pensation bliver dernæst indkapslet i et nedskaleret modul og benyttet på uforstærkede
links i sender- eller modtager enden. I disse systemer er en ny metrik udviklet og benyttet
til at beskrive symmetrien i ikke-homogene links. Denne tilgang er benyttet på adskillige
setups som alle udviser væsentlige forbedringer når kompenseringsmodulet benyttes.

De bidrag der præsenteres i dette arbejde indeholder nye metoder til at designe
OPC-baserede systemer der er modstandsdygtige overfor ikke-lineariteter i fiber. Det er
demonstreret at dette er en relevant teknik til forbedring af optisk transmission.
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Introduction
Advancements in communication technologies over the past decades have been a key
enabler of the modern data-driven society. With the rise of the internet and the digital
connectivity becoming a norm, it is no surprise that the global demand for communica-
tion services has been increasing exponentially [1–3]. Addressing these needs lead to
the outset of optical fiber technology, which has so far been able to accommodate the
ever-growing digital traffic.

The interest in optical communications has been driven by extremely wide band-
width (> 5 Thz) and low loss (< 0.2 dB/km) of silica-based fibers, with the first fiber de-
veloped in 1966 [4, 5]. The next milestone was achieved in 1987 with the development
of erbium-doped fiber amplifiers (EDFAs) [6–8], which replaced the conventional electri-
cal repeaters and allowed for inexpensive and far-reaching transmission. On top of that,
broadband operation of the amplifiers (> 30 nm) enabled transmission of a large num-
ber of frequency channels in wavelength-division multiplexing (WDM) systems [9], which
significantly enhanced the capacity of optical links. In 2006, another turning point hap-
pened with the advent of optical coherent transceivers [10–12], which arguably started
a new coherent era in optical communications. By granting access to both the am-
plitude and the phase of the transmitted field, it allowed for higher order modulation
formats and advanced digital signal processing (DSP) to be incorporated into optical
systems [13,14]. Further advancements included polarization-division multiplexing (PDM)
to transmit independent data streams using orthogonal field polarizations [15], which can
effectively double the system capacity.

The above milestones are only a small part of the many achievements that con-
tributed to the field of optical communications, with many other brilliant results still await-
ing their practical applications. All these advancements lead to a dramatic capacity
increase from 280 Mb/s for the first transatlantic link deployed in 1966 up to and beyond
10 Pbit/s for some of the recently demonstrated state-of-the-art systems [16–18].

However, the demand shows little signs of slowing down. With the onset of new ap-
plications and bandwidth-heavy services, the networks must scale further to sustain the
traffic and avoid capacity crunch in the future. This document aims to help achieve this
goal by lifting some of the current limitations of high-speed optical transmission.



2 Introduction

0.1 Motivation
Over the past decades, the growth of demand has been addressed in a number of
ways. Throughout 2000’s, the throughput of optical systems was continuously increased
by adding more WDM channels, yet the available transmission bandwidth is limited and
has been fully occupied. Consequently, the information rate per bandwidth, referred
to as spectral efficiency (SE), became a concern in 2010’s [13]. The bandwidth utiliza-
tion improved by minimizing the spacing between the adjacent frequency channels via
Nyquist WDM signalling, as well as maximizing the channels’ throughput using advanced
modulation formats. The latter technique allows for squeezing multiple bits into a single
time-slot, thereby effectively transmitting higher bit rates in a given bandwidth.

This evident improvement in SE comes at a cost. Withmore possible states transmitted
over a time-slot, the corresponding symbols become more tightly spaced in the signal
constellation, which hinders detection and increases the probability of errors. Conse-
quently, the signal quality must improve proportionately in order for reliable error-free
transmission to be maintained. The achievable SE is generally governed by the funda-
mental result of information theory, widely referred to as the Shannon limit [19]:

SE = log2(1 + P

N
), (1)

where P and N denote the signal and additive white Gaussian noise (AWGN) powers,
respectively, whereas P/N is widely referred to as the signal-to-noise ratio (SNR). Based
on this general relation, increased SE requires that higher optical power is launched and
maintained throughout the system, counteracting the AWGN from optical amplifiers.

However, high optical powers excite the inherent Kerr nonlinearity of silica glass, which
is unique to optical channels, and causes difficult-to-compensate signal impairments [20–
26]. Once triggered, the nonlinearity distorts SNR on top of the AWGN, causing a sharp
drop in performance, as sketched in Fig. 0.1.

Figure 0.1. SNR vs. launch power for a linear AWGN channel and the nonlinear fiber channel.
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As opposed to anAWGN-limited channel, SNR of the nonlinear fiber channel does not
grow indefinitely with the launch power, and instead it reaches a maximum when the lin-
ear noise and the nonlinearity are balanced out. The apparent peak in SNR, which then
sets an upper bound on SE, is broadly known as the nonlinear Shannon limit [23–28], and
it has imposed a major restriction on the throughput of optical systems. Compensating
or suppressing the nonlinear signal impairments could potentially lift this limitation, and it
has therefore been attracting a lot of attention among the research community.

The nonlinearity can generally be addressed in either digital or optical domains
with varying degrees of success. The digital techniques are based on numerical pre-
compensation or back-propagation of the field in order to compensate the distortions
accumulated during transmission [29–37]. This tends to be computationally expensive,
introduces latency due to significant processing time, and is only suitable for single chan-
nel applications because of limited electrical bandwidth of the transmitter and/or re-
ceiver. As a result, inter-channel distortions generally remain unaccounted for, and will
lead to substantial performance degradation in WDM systems. On the contrary, the op-
tical approaches are based on processing the entire field while it is traversing the optical
channel [20,21], which allows for simultaneous and instantaneous compensation of the
nonlinearity across all of the transmitted channels by avoiding electro-optical conversion.

Among the optical techniques, optical phase conjugation (OPC) has been a strong
candidate method for nonlinearity suppression [38–42], and it is based on reversing and
reapplying the distortions throughout the transmission system. It can be efficiently im-
plemented via four-wave-mixing (FWM) using highly nonlinear fibers (HNLFs) [43–48] or
even more compact integrated platforms [49–52,52,53], and it also allows for all-optical
wavelength conversion to facilitate traffic routing in future networks. However, despite
a number of successful demonstrations of OPC-aided transmission, it has struggled to
become practical because of rigorous requirements of systems that employ it [38,39].

In this work, the results of three years of research work on the OPC requirements, appli-
cability as well as performance improvement are presented, with the goal of making the
approach more universal and practically functional in high-speed transmission systems.

0.2 Scope
The project joins the fields of physics, signal processing and communication theory to
design optical transmission systems, which are resilient against the fiber nonlinearity. The
results are based on theoretical analysis as well as numerical simulations, and they are
accompanied by laboratory experiments designed to validate the findings.

The backbone of the work relies on nonlinear optics to model propagation of optical
fields in nonlinear media [20,21]. The area is essential tomodel the communication chan-
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nel, and account for the different types of impairments that affect the transmitted data
signals. On the system side, the principles of digital communications have been used for
the sake of coherent transmission design, including transmitter and receiver modules, as
well as DSP chain [14,54]. Finally, the standard communication and information theoretic
metrics are employed to evaluate the performance of the systems in question [15].

Ultimately, the aim of this work is to compensate the nonlinear signal impairments
in optical transmission systems. The studied approach employs optical signal process-
ing (OSP) techniques to change the sign of the accumulated nonlinearity at some point
throughout the transmission link bymeans of OPC, and then it relies onmatching the non-
linear distortions before and after the OPC device, such that they cancel out in the end.
As a result, the project is addressed with a two-fold focus. On one hand, we study and
optimize the OPC process in order to provide efficient means of reversing the nonlinearity
with minimum penalties. On the other hand, we design transmission links with maximum
propagation symmetry, i.e. exhibiting the same nonlinear impairments on each side of
the OPC.

This document provides guidelines on what the author believes is necessary to fulfill
the two requirements in practical applications, and it demonstrates systems which have
been successful in tackling the nonlinear distortions using this approach.

0.3 Structure

The thesis is divided into 4 chapters.
Chapter 1 provides the necessary background for the work. First, it introduces the op-

tical communication channel, and discusses the fundamental physical concepts that
govern propagation of light in nonlinear media. Second, the general concepts of all-
optical nonlinearity compensation by OPC are provided, outlining both the OPC gener-
ation process as well as the symmetry requirements of the link. Finally, the basics of co-
herent digital transmission and the relevant performance metrics are reviewed, as they
are extensively referred to in the system design.

Chapter 2 discusses the optimization of the OPC process. We focus on FWM as a
way to convert the input signal into the conjugate copy in order to reverse the accumu-
lated impairments. The chapter introduces the general conversion setup, alongside its
possible implementations based on HNLF or integrated AlGaAs-on-insulator (OI) waveg-
uides. Each scheme is optimized to maximize the quality of the conjugate output with
respect to the system parameters, and the corresponding limitations are outlined. The
HNLF-based converter is then employed to serve as a universal OPC throughout the rest
of the study.
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Chapter 3 starts the discussion on the symmetry requirements, and it presents the re-
sults on distributed nonlinearity compensation, i.e. the link itself is used to provide the non-
linearity cancellation. The chapter focuses on EDFA-amplified transmission links, which
have generally exhibited poor symmetry and limited OPC gains. However, by manipu-
lating dispersion profiles of the transmission fiber, we demonstrate that propagation sym-
metry can still be achieved for such systems, which in turn significantly boosts the OPC
compensation gains.

Chapter 4 introduces the concept of lumpednonlinearity compensation, i.e. the non-
linearity cancellation is performed in anadditional compensationmodule that is not used
for transmission. Because it is OPC-based, for efficient nonlinearity suppression the sym-
metry requirements must still be satisfied. This poses an additional challenge of scaling-
down the module to provide the compensation in a more compact fashion. The chap-
ter discusses the general design principles, the possible implementation schemes, and
it evaluates the effectiveness of this approach for a number of different unrepeatered
systems. For all the considered scenarios, a substantial improvement from the lumped
compensator is shown to be possible.

Finally, the work is concluded in Chapter 5, and the author’s view on the future
prospects is given.
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CHAPTER 1
Fundamentals

This chapter provides the theoretical background for the work.

1.1 Introduction

The chapter is dedicated to fundamental concepts of high-speed optical communica-
tion systems, with focus on nonlinear optical channel as well as optical signal processing.

The discussion starts with a brief introduction to wave propagation through dielectric
waveguides, such as optical fibers, in Section 1.2. The section outlines the accompanying
physical effects that determine transmission properties of optical communication links,
including: loss, chromatic dispersion, the Kerr nonlinearity and nonlinear light scattering.
Among these effects, we focus on the impact of the Kerr nonlinearity on the transmitted
data, andweaim to compensate the Kerr-induceddistortions bymeans of optical phase
conjugation (OPC) in Section 1.3. This part is dedicated to the principles of OPC-based
nonlinearity suppression, and it discusses the achievable improvement as well as the cor-
responding compensation requirements. Then, in Section 1.4, a specific implementation
of OPC by means of four-wave-mixing (FWM) is demonstrated and characterized, as this
process serves the purpose of conjugation throughout the remainder of the work. Finally,
the basic concepts of digital transmission are introduced in Section 1.5 in order to provide
the relevant communication background for coherent data transmission. In the end, the
chapter is summarized in Section 1.6.
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1.2 Nonlinear propagation of optical fields
Propagation of electromagnetic fields is generally governed by the set of Maxwell’s
equations, which has the form of [20,21]:

∇ × E = −∂B
∂t

, (1.1)

∇ × H = J + ∂D
∂t

, (1.2)

∇ · D = ρf , (1.3)
∇ · B = 0, (1.4)

whereEandH represent electric andmagnetic field vectors,DandBdenote induced
electric and magnetic flux densities that arise as medium’s response to a propagating
field, and the current density J as well as the charge density ρf are set to zero for ho-
mogeneous dielectric media, like optical fibers. In such case, Maxwell’s equations can
be combined to obtain the wave equation that governs light propagation in fiber-optic
systems [20,21]:

∇ × ∇ × E + 1
c2

∂2E
∂t2 = −µ0

∂2P
∂t2 , (1.5)

where P is the induced electric polarization of the medium, c is the speed of light in
vacuum, and µ0 is the permeability of vacuum. The wave equation is the starting point
of the derivation, and it can be simplified considerably under several assumptions.

Under the weakly guiding approximation, the propagating fields can be decom-
posed into transverse (x, y) and longitudinal (z) components [20,21]. Under the slowly
varying envelope approximation, the propagating fields can be separated into a fast
varying field components inherent to carrier oscillations, and a slowly varying enve-
lope that carries transmitted data [20, 21]. Moreover, the fields are assumed quasi-
monochromatic, co-polarized during transmission, and the total induced electric polar-
ization P is of the form [20,21]:

P = PL + PNL, (1.6)

where the nonlinear polarization PNL originates from the third-order susceptibility tensor
χ3 that is a property of the medium, and it is treated a small perturbation to the linear
polarization PL.

For such case, the electric fields traversing optical fibers can be expressed in the form:

E(x, y, z, t) = 1
2

x̂ {F (x, y)A(z, t) exp [i(βz − ω0t)] + c.c.} , (1.7)
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where x̂, F (x, y), A(z, t), β, ω0 denote the polarization unit vector, the transverse field
profile, the slowly varying complex field envelope, the propagation constant and the
centre optical frequency, respectively. The wave equation then reduces to a fundamen-
tal equation of propagation, referred to as the nonlinear Schrödinger equation (NLSE)
[15,20,21,55,56]:

∂

∂z
A(z, t) = −α

2
A(z, t) +

(
N∑

n=1
(−i)n+1 βn

n!
∂n

∂tn

)
A(z, t) + iγ|A(z, t)|2A(z, t),

(1.8)
where α represents the linear fiber loss, βn is the n-th order chromatic dispersion, and γ is
the nonlinear coefficient. The NLSE is a nonlinear partial differential equation that defines
the evolution of the complex field envelope A(t) in distance. The equation is particularly
helpful in analyzing optical communication systems, as it directly relates the impact of
the fiber-induced distortions to the complex envelope, which is the information-carrying
quantity of the field. For a general case, the NLSE cannot be solved analytically, and thus
we rely on approximate numerical solutions to simulate fiber propagation. A standard
and very effective way of solving it employs the split-step Fourier method (SSFM), and it
is discussed in more detail in Appendix A.

In the following subsections, we split and analyze the separate parts of the NLSE, while
discussing the origins of each term. Moreover, we introduce nonlinear light scattering ef-
fects that are considered in the project, though they are not explicitly included in Equa-
tion 1.8. These effects could be incorporated into the NLSE [21], but the change substan-
tially increases the numerical complexity of the solution, and it is not strictly required.

1.2.1 Linear fiber loss
Fiber loss is included in the NLSE by means of the coefficient α:

∂

∂z
A(z, t) = −α

2
A(z, t), (1.9)

which implies the following solution to the propagating field amplitude A(t) after dis-
tance z:

A(z, t) = A(0, t) exp
(

−α

2
z

)
. (1.10)

As the optical power P (t) is related to the field amplitude A(t) through:

P (t) = |A(t)|2, (1.11)

Equation 1.10 can be conveniently expressed in terms of exponential decay of the trans-
mitted optical power along the link, as in:

P (z, t) = P (0, t) exp (−αz) . (1.12)
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Thepower decay causes the signal to be undetectable after certain distances, which
necessitates the use of repeaters or amplifiers in long-reach transmission. Repeaters must
read and re-emit the data stream, thus they tend to be expensive, while amplifiers can
provide all-optical amplification without requiring to receive the signal, though at the ex-
pense of additional amplified spontaneous emission (ASE) noise that can distort it [6–8].
Consequently, low loss fibers are certainly beneficial for optical communications and
have been investigated. Nonetheless, the loss cannot be suppressed completely, as it is
a result of physical effects, such as Rayleigh scattering and light absorption mechanisms,
as well as manufacturing defects including impurities and waveguide imperfections [15].
These effects are frequency or wavelength dependent, and so is the loss coefficient
α(λ). The lowest loss of silica fibers is generally around 1550 nm, and it has ultimately
determined the telecommunication bands. The values of the loss coefficient typically
range from 0.15 dB/km for low-loss fibers, through 0.2 dB/km for standard single-mode
fibers (SSMFs), and up to 0.5 dB/km and above for dispersion compensating fibers (DCFs)
or highly nonlinear fibers (HNLFs). Whereas for integrated devices, the loss is generally
much higher, and it can vary greatly from around 0.1 to tens of dB/cm [57–64].

1.2.2 Chromatic dispersion
Chromatic dispersion is manifested through frequency or wavelength dependence of
the propagation constant β(ω). Due to fundamental properties of the Fourier transform,
pulses of finite duration in time are composed of a band of frequencies, with a time-
bandwidth product limitation of [15,65]:

∆ω∆t ∼ 1, (1.13)

with the exact value being pulse-shape dependent. Equation 1.13 implies that a short
pulse in the temporal domain is composed of a broad range of frequencies, and vice
versa. Because of chromatic dispersion, the different spectral components of the field
are subject to a varying value of the propagation constant, which leads to a differential
phase-shift between them in the frequency domain or pulse broadening in time.

Chromatic dispersion is typically quantified by the consecutive terms in the Taylor’s
expansion of β(ω) around the central frequency of the field ω0 [15]:

β(ω) ≈ β0 +β1(ω−ω0)+ β2
2

(ω−ω0)2 + β3
6

(ω−ω0)3 + β4
24

(ω−ω0)4 + ..., (1.14)

where each term is defined as:

βn ==
(

dnβ

dωn

)
ω=ω0

. (1.15)

The consecutive βn terms have a direct impact on wave propagation:
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• β0 represents the common phase-shift and the corresponding β(ω) for a
continuous wave (CW) at ω0;

• β1 =
(

dβ

dω

)
ω=ω0

= 1
vg

determines the group velocity at which the wave enve-

lope propagates without distorting the pulse shape;

• β2 =
(

d2β

dω2

)
ω=ω0

is the group velocity dispersion parameter which does impact

the pulse shape and leads to temporal broadening;

• β3 =
(

d3β

dω3

)
ω=ω0

is a third order term, which defines the change of the group

velocity dispersion in frequency;

• the higher order terms can generally be neglected, unless very short pulses with
broad spectra are considered.

β2 and β3 are defined as functions of angular frequencies, though it is a common prac-
tice to define fiber dispersion with respect to wavelengths instead:

D = −2πc

λ2 β2, S =
(2πc

λ2

)2
β3 +

(4πc

λ3

)
β2. (1.16)

Dispersion coefficient D and dispersion slope S have now become the standard param-
eters that manufacturers provide for quantifying the impact of chromatic dispersion.

In a simplified picture, D and β2 can both be used to estimate the extent of temporal
delay between two extremes of the transmitted spectrum, according to [15]:

∆T = L|β2|∆ω ∆T = L|D|∆λ, (1.17)

where ∆T is the temporal delay, L is the propagation length, whereas ∆ω and ∆λ
both define the corresponding signal bandwidth in frequencies and wavelengths, re-
spectively. This relation implies that the temporal delay between the extremes of the
signal spectrum scales with the group velocity dispersion coefficient, the propagation
distance as well as the transmission bandwidth. Nonetheless, these relations can only
provide an approximate impact of dispersion-induced distortions, while the exact solu-
tion is given by the NLSE, and it also depends on the input pulse shapes. The dispersion
is included in the NLSE by means of the consecutive βn terms, as in:

∂

∂z
A(z, t) =

(
−i

1
2

β2
∂2

∂t2 + 1
6

β3
∂3

∂t3

)
A(z, t), (1.18)
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which includes the terms up to β3, and it has eliminated β1 by employing a coordinate
system that moves with the group velocity [20, 21]. The equation has a solution in the
Fourier domain:

Ã(z, ω) = Ã(0, ω) exp
[(

i
1
2

β2ω2 + i
1
6

β3ω3
)

z

]
, (1.19)

and it can be transformed back to the temporal domain via inverse Fourier transform
after solving.

Chromatic dispersion of waveguides generally stems from two fundamental mecha-
nisms: material dispersion DM and waveguide dispersion DW , and they can be approx-
imately treated independently [15,65,66].

D = DM + DW . (1.20)

The material dispersion results from the frequency dependence of refractive index, and
it is an intrinsic material property, though it can be slightly modified by doping. Still, the
primary way of controlling dispersion is through waveguide dispersion which is defined
by the waveguide design [15,65,66]. Typical values of group velocity dispersion param-
eter D range from around +20 ps/nm/km for standard transmission fibers, and down to
-100 ps/nm/km and lower for DCFs. Despite this significant range, designing fibers with
large positive dispersion is still challenging due to intrinsic material limitations as well as
the fact that waveguide dispersion is generally negative [15,66].

1.2.2.1 Kerr nonlinearity

The Kerr nonlinearity is a result of nonlinear response of electrons to a propagating field,
and it enters the wave equation in Equation 1.5 through the nonlinear polarization term
from Equation 1.6. In a general picture, the effect is manifested through intensity depen-
dence of the refractive index of the medium, according to [15,20,21]:

n = n0 + n2
P

Aeff
, (1.21)

where n0 is the default material refractive index, n2 is the nonlinear refractive index, P
is the optical power and Aeff is the effective mode area. Aeff is calculated directly
from the corresponding transversemode profileF (x, y) of the propagating electric field,
according to:

Aeff =

(∫∫
|F (x, y)|2 dx dy

)2

∫∫
|F (x, y)|4 dx dy

. (1.22)
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As shown in Equation 1.21, the refractive index n depends not only on the considered
material, but also on the ratio of optical power to mode area, i.e. light intensity. Conse-
quently, the impact of the Kerr nonlinearity is substantially more severe for strong fields
confined to small areas.

The Kerr nonlinearity is incorporated into the NLSE by means of the nonlinear coeffi-
cient γ:

∂

∂z
A(z, t) = iγ|A(z, t)|2A(z, t), (1.23)

where γ is defined as:
γ = ωn2

cAeff
. (1.24)

Typical γ values range from around 1/W/km for standard transmission fibers, up to
10/W/km for HNLFs. The values can be considerably higher for integrated waveguides,
as demonstrated in [57–64]. Equation 1.23 can easily be solved in the time domain, with
the corresponding solution of the form:

A(z, t) = A(0, t) exp
(
iγ|A(z, t)|2z

)
(1.25)

As A(t) is a complex function of time that represents transmitted data and is directly
related to power, the induced nonlinear phase-shift due to the Kerr nonlinearity is also
time-varying and power-dependent.

Depending on the definition of the input electric field, this power-dependent phase-
shift can lead to different nonlinear phenomena, with the key effects being:

• self-phase modulation (SPM) for a monochromatic field;

• cross-phase modulation (XPM) for two waves of different frequencies;

• four-wave-mixing (FWM) for three or more waves of different frequencies.

SPM and XPM both modulate the phase of the interacting waves. In SPM, the intensity of
a single wave generates a nonlinear phase-shift onto its own phase. Whereas for XPM,
the intensity of one of the waves modulates the phase of the other, though the effect is
twice as effective as SPM due to the form of the induced nonlinear polarization [20, 21].
On the other hand, FWM originates from beating between more co-propagating waves
at different frequencies, which results in generation of new frequency components. As-
suming three interactingwaves at frequencies: ω1, ω2 andω3, the process can generate
a side-band at ω4 if the following conditions are met [20,21]:

ω1 + ω2 = ω3 + ω4, (1.26)

∆β = β(ω1) + β(ω2) − β(ω3) − β(ω4) = 0. (1.27)
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Equation 1.26 and 1.27 refer to energy and momentum conservation, respectively. In
the quantum picture, the process can be viewed as a pair of photons of energies ℏω1
and ℏω2 converted to a new pair of photons ℏω3 and ℏω4 such that the total energy
of the system is conserved, as in Equation 1.26, though the process is only efficient when
the photons’ momentum is conserved as well, as in Equation 1.27. The momentum con-
servation depends on the relative phase-shifts of the waves, and thus it is referred to as
the phase-matching condition. ∆β is known as the linear phase-mismatch parameter,
and it is heavily dependent upon the medium’s dispersive properties. However, it does
not account for additional nonlinear phase-shifts originating from SPM and XPM, both of
which could impact the efficiency of the process at high power levels. This analysis also
holds for a degenerate case where two of the frequencies coincide, e.g. ω1 = ω2, and
thus three distinct waves are sufficient for FWM to occur.

Despite the separate considerations of the different nonlinear effects, it is important
to note that all of them originate from the Kerr nonlinearity, and they are modelled by
the single nonlinear term in the NLSE.

1.2.3 Nonlinear light scattering
The nonlinear material response to the applied field is also capable of causing light scat-
tering. Contrary to Rayleigh scattering, which is a fundamental loss mechanism in optical
fibers and where the frequency of the wave remains unchanged during the process, the
nonlinear scattering phenomena involve a frequency shift and are power dependent.
The processes discussed in this section are the following:

1. Raman scattering;

2. Brillouin scattering.

Both effects are modelled by the nonlinear polarization of the third order in Equation 1.5,
though they differ in terms of the underlying physical processes. Raman scattering is a
result of the wave interaction with optical phonons, whereas Brillouin scattering concerns
light coupling to acoustic phonons instead. This subtle difference results in a variety of
different characteristics and applications.

1.2.3.1 Raman scattering

Raman scattering results from inelastic scattering of light from material’s molecular struc-
ture, i.e. silica molecules in case of optical fibers. The molecules oscillate at finite temper-
atures, and the oscillations are quantized in the form of phonons, which can be either ab-
sorbed or emitted by the propagating wave. The phonon energy defines the frequency
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shift, and so phonon emission gives origin to a field of a lower frequency than the inci-
dent light, and phonon absorption gives rise to a higher-frequency field. The former, i.e.
phonon emission, is referred to as the Stokes process, and it is more likely to occur [20,21].
Moreover, the Ramanprocess can either be spontaneous or stimulated by another wave,
and the latter configuration is widely employed for optical amplification.

1

Fig1

Figure 1.1. Normalized Raman gain as a function of the frequency shift for SSMF. Data
provided by CPQD.

In Raman-amplified links, the co-propagating fields are separated by thewavelength
corresponding to the phonon frequency, such that Raman scattering is stimulated by the
signal, leading to power transfer and signal amplification. This interaction is described a
set of coupled equations for the signal and the pump [20]:

dPs(z)
dz

= gRPp(z)Ps(z) − αsPs(z), (1.28)

±dPp(z)
dz

= −νp

νs
gRPp(z)Ps(z) − αpPp(z), (1.29)

where Pp,s, αp,s and νp,s are the powers, loss coefficients, and frequencies of the Ra-
man pump and the signal, respectively. The ± sign in Equation 1.29 refers to forward or
backward pumping configuration, and the Raman gain gR derives from the nonlinear
polarization of the material. For silica fibers, gR peaks at around 13 THz wavelength shift
between the signal and the pump, as illustrated in Fig. 1.1.

These coupled equations can easily be solved numerically to provide signal and
pump power distribution across the link. In Fig. 1.2, we illustrate the signal power evo-
lution for the different Raman pumping configurations in a standard single-span link. The
configurations include: forward-pumping, backward-pumping, and no amplification at
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all. The scenarios including Raman-pumping provide full compensation of the transmis-
sion loss, though the corresponding signal power profiles still differ substantially, and their
performance can ultimately vary.

2

Fig1

Figure 1.2. Power profile evolution for 100-km SSMF-based link without amplification (black),
with forward Raman pumping (blue), and with backward Raman pumping (red).

Ultimately, Raman amplification offers several benefits that are extremely useful in
optical transmission [20,21,67–70]:

• gain at any wavelength, as determined by the pump-signal wavelength spacing;

• broad gain spectrum, with a possibility of equalization through pump stacking;

• amplification in standard fibers, though gR can be material dependent;

• distributed power profile tuning.

Because of these features, Raman amplification is particularly beneficial in OPC-aided
transmission where power profile design in transmission is key to achieving high compen-
sation effectiveness [71–77].

1.2.3.2 Brillouin scattering

Brillouin scattering is a result ofmaterial compression that is produced through electrostric-
tion. At high power levels, the electric field induces local density variations, which can be
modelled as a soundwave or propagating Bragg gratings along the fiber. As a result, the
incident wave is reflected back from the grating, and it is accompanied by a frequency
shift due to the Doppler effect associated with the propagation of the grating. The
Brillouin-scattered light therefore only travels backwards in optical fibers, and the back-
scattered wave is frequency-shifted depending on the fiber properties [20,21,78,79]. The
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induced frequency shift is approximately around 11.1 GHz, though it can slightly vary de-
pending on the exact fiber type, as illustrated in Fig. 1.3. Whereas the corresponding
Brillouin gain bandwidth is generally very narrow, and extends only up to around 100 MHz.

3

Fig1
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Figure 1.3. Normalized Brillouin gain as a function of the frequency shift for several fiber
types: dispersion-shifted fiber (DSF) (dashed), depressed cladding fiber (solid), silica core
fiber (dashed-dotted), Aluminium-doped fiber (dotted). Adapted from [80,81].

Similarly to Raman, Brillouin process can be either spontaneous or stimulated. Spon-
taneous Brillouin scattering only needs a forward-propagating field, whereas the stimu-
lated scattering also requires a backward-propagating wave with the frequency shifted
to match the Brillouin gain. As the backward wave can be be generated during the
spontaneous process, the scattering will become stimulated after surpassing a power
threshold. Then, during stimulated Brillouin scattering (SBS), the backward- and forward-
propagating waves beat with each other, enhancing the sound wave, and increasing
the amplitude of the scattered wave. As a result, most of the power will eventually be
transferred to the back-scattered field, i.e. fibers will act as mirrors when the input power
is sufficiently high [20,21,78,79]. This is generally undesired and problematic for applica-
tions where high pump power is required, e.g. optical signal processing (OSP). For this
reason, it is often beneficial to operate below the SBS threshold, which can be estimated
according to [15]:

PSBS = 21 Aeff

gBLeff
, (1.30)

where Aeff is the effective mode area, gB is the Brillouin gain, and Leff is the effective

length calculated as Leff = 1 − exp(−αL)
α

, with α being the fiber loss and L being

the fiber length. A typical value of the Brillouin gain for silica fibers is gB ≈ 5∗10−11 m/W
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[15]. The threshold is therefore shown to scale with the effective area, as well as the in-
verse of the fiber length. High SBS threshold could in principle allow for a stronger nonlin-
ear interaction to occur because of higher power levels available, though it also implies
a smaller γ coefficient, as in Equation 1.24, and a shorter propagation distance. Because
of this trade-off, the fiber parameters should generally be optimized with respect to the
overall accumulated nonlinearity for maximum interaction.

Alternatively, there also exist other techniques for suppressing SBS, while maintaining
high γ and interaction lengths. These include:

• broadening the spectrum of the field beyond the Brillouin gain bandwidth [82–85];

• employing fibers with non-uniform core-radius or doping density [86,87];

• applying strain or temperature gradient along the fiber [88–94].

These methods allow for pushing the SBS threshold to higher powers, though they often
come at a cost and might not be suitable to all kinds of applications. In this work, we
avoid SBS by operating well below the power threshold, or we employ a strained HNLF
where high power is necessary for efficient OSP.

1.3 Optical compensation of nonlinearities
As signals traverse optical fibers, the nonlinear term in the NLSE gives raise to difficult to
compensate signal impairments. The distortions become increasingly more harmful at
high launch powers that are required for spectrally-efficient transmission, according to
Equation 1. Several different techniques have been investigated to address the matter,
and they have had a varying degree of success. These methods include:

• digital back-propagation (DBP) or digital pre-compensation (DPC) [29–37];

• phase-conjugated twin waves (PCTW) [95–97].

• optical phase conjugation (OPC) [71–77,98–105].

Transmitter-side digital pre-compensation or receiver-based digital back-
propagation both rely on the numerical solution to the NLSE to undo the fiber propaga-
tion. However, as there are no analytical solutions to the NLSE, the approach is often
computationally heavy, and it can introduce significant processing delays. Moreover,
the pre- or post-processing is generally restricted to a single channel due to electrical
transmitter or receiver bandwidths. As a result, the inter-channel nonlinearity cannot be
compensated by this purely digital approach, and it severely limits the compensation
gains in practice, as already mentioned in the introduction. The second strategy, PCTW,
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relies on a simultaneous transmission of twin waves, i.e. the signal and the conjugate.
If both waves are available at the receiver end, the nonlinearity cancellation does
not require solving the NLSE, and the computational effort is substantially reduced.
Nonetheless, aside from being limited by the electrical bandwidths of transmitter and
receiver setups, this scheme requires the same information to be transmitted on each of
the waves, effectively reducing the system’s throughput.

Finally, the scheme that is the focus of this work is OPC, which relies on reversion of the
nonlinearity in the middle of propagation, and compensating one half of the accumu-
lated nonlinearity with the other. The approach is almost instantaneous and unlimited by
the receiver or transmitter bandwidths, as it is based on all-optical nonlinear effects that
do not require signal digitization. The scheme is therefore suitable for low-latency applica-
tions and multi-channel transmission, and, unlike PCTW, it does not require redundancy
in the transmitted data. Still, OPC systems depend upon a specific link design for the
compensation to be efficient, and thus they have remained challenging to implement
in practice.

In this section, we introduce the principles of operation of OPC-based nonlinearity
suppression, and discuss the conditions such systems must satisfy. Overall, the provided
requirements serve as a foundation for the future work, where they are expanded upon,
and implemented in practical system applications.

1.3.1 Principle of operation

4

Fig1
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α1, β2,1, β3,1, γ1
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α2, β2,2, β3,2, γ2
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Figure 1.4. Schematic illustration of a two-span transmission link with an OPC in between.

The general approach to employing the OPC technique in optical transmission sys-
tems is illustrated in Fig. 1.4. Here, the link is composed of two distinct parts separated
by an OPC device, and each of the parts can be composed of a single or many fiber
spans. The compensation process is summarized in three steps:

1. accumulation of distortions in the first part (blue);

2. reversing the sign of the impairments by OPC;

3. reapplying the distortions in the second part (red).
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Assuming that the distortions are identical on each side of the OPC, and if they indeed
reverse upon conjugation, perfect cancellation of the impairments along the link is pos-
sible.

We refer to the NLSE for a more rigorous description of the system, and consider the
fiber loss, the second and third order dispersion, and the Kerr nonlinearity:

d

dz
A(z, t) =

(
−i

1
2

β2
d2

dt2 + 1
6

β3
d3

dt3 + iγ|A(z, t)|2 − α

2

)
A(z, t). (1.31)

For compactness, we define operators for the dispersion, nonlinearity and loss, as in:

D̂ = −1
2

β2
d2

dt2 , (1.32)

Ŝ = +1
6

β3
d3

dt3 , (1.33)

N̂ = +γ|A(z, t)|2, (1.34)

L̂ = −α

2
, (1.35)

and Equation 1.31 reduces to:

d

dz
A(z, t) =

(
iD̂ + Ŝ + iN̂ + L̂

)
A(z, t). (1.36)

Using these definitions, the complex envelope of the propagating field after transmission
in the first part of the link (blue) has the following form:

A(L1, t) = exp
[∫ L1

0

(
iD1 + Ŝ1 + iN̂1 + L̂1

)
dz

]
A(0, t), (1.37)

where the subscripts of the operators indicate the part in which the distortions have been
accumulated. Then, the field is processed by the OPC, which mathematically is merely
a complex conjugation of the complex field envelope. As a result, the phase distortions
are reversed and the field at the output of the OPC has the form of:

A∗(L1, t) = exp
[∫ L1

0

(
−iD̂1 + Ŝ1 − iN̂1 + L̂1

)
dz

]
A∗(0, t). (1.38)

Finally, the conjugated field traverses the second span (red), and the complex field am-
plitude accumulates additional impairments during propagation:

A(L1 + L2, t) = exp
[∫ L1+L2

L1

(
iD̂2 + Ŝ2 + iN̂2 + L̂2

)
dz

]
A∗(L1, t). (1.39)
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The output field amplitude is therefore related to the input field amplitude as:

A(L1 + L2, t) = exp
[∫ L1+L2

L1

(
iD̂2 + Ŝ2 + iN̂2 + L̂2

)
dz

]

exp
[∫ L1

0

(
−iD̂1 + Ŝ1 − iN̂1 + L̂1

)
dz

]
A∗(0, t), (1.40)

which can then be expressed in a more convenient form that directly illustrates the im-
pact of the OPC:

A(L1 + L2, t) = exp
[(∫ L1

0
L̂1 dz +

∫ L1+L2

L1
L̂2 dz

)
+

+
(∫ L1

0
Ŝ1 dz +

∫ L1+L2

L1
Ŝ2 dz

)
+

+i

(∫ L1

0
−D̂1 dz +

∫ L1+L2

L1
D̂2 dz

)
+

+i

(∫ L1

0
−N̂1 dz +

∫ L1+L2

L1
N̂2 dz

)]
A∗(0, t) (1.41)

Equation 1.41 ultimately illustrates the compensation requirements for OPC-aided trans-
mission, i.e. it is possible to completely restore the complex field amplitude at the output,
except for the conjugation, by compensating the distortions on one side of the system
with the distortions from the other side of the system:

A(L1 + L2, t) = A∗(L0, t), (1.42)

if the following criteria are satisfied:∫ L1

0
L̂1 dz = −

∫ L1+L2

L1
L̂2 dz, (1.43)

∫ L1

0
Ŝ1 dz = −

∫ L1+L2

L1
Ŝ2 dz, (1.44)

∫ L1

0
D̂1 dz =

∫ L1+L2

L1
D̂2 dz, (1.45)

∫ L1

0
N̂1 dz =

∫ L1+L2

L1
N̂2 dz. (1.46)
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These requirements can be expressed directly in terms of the propagation parameters of
each span, according to: ∫ L1

0
α1 dz = −

∫ L1+L2

L1
α2 dz, (1.47)

∫ L1

0
β3,1 dz = −

∫ L1+L2

L1
β3,2 dz, (1.48)∫ L1

0
β2,1 dz =

∫ L1+L2

L1
β2,2 dz, (1.49)∫ L1

0
γ1|A(z, t)|2 dz =

∫ L1+L2

L1
γ2|A(z, t)|2 dz. (1.50)

In Equation 1.47 to 1.50, we separated the requirements for each of the considered phys-
ical effects to vanish in a system including OPC. The fiber loss and the third-order disper-
sion are real terms in the NLSE, and thus they are not reversed by conjugation, as shown in
Equation 1.38. As a result, loss (α) in the first part of the systemmust be compensatedwith
gain (−α) in the second part. The losses and the gains could of course be distributed
over the entire link length or provided in a lumped fashion by means of optical ampli-
fiers, which is a standard practice [45, 59, 100–105]. Similarly, each side of the link must
have an opposite sign of β3 for the effect to cancel out, and this is generally valid for
dispersion terms of all odd orders. However, as OPC reverses phase impairments, the
signs of the second order dispersion and the nonlinearity are flipped upon conjugation,
as in Equation 1.38. As a result, these impairments have a potential of being cancelled
out if they are identical on each side of the OPC, as illustrated in Equation 1.49 for the
second-order dispersion, and in Equation 1.50 for the nonlinearity. This reasoning applies
to both intra- and inter-channel nonlinearity, as well as dispersion of all even orders, which
is manifested as imaginary terms in the NLSE and can be reversed by OPC.

Assuming that links on each side of theOPCare homogeneous, compensation of the
group velocity dispersion becomes trivial, and it only requires that the total accumulated
dispersion is identical on both sides:

β2,1L1 = β2,2L2 ⇔ D1L1 = D2L2, (1.51)

where D1 and D2 are the dispersion coefficients derived from the group velocity dis-
persion parameters β2,1 and β2,2, respectively. However, since the onset of coherent
receivers, the impact of dispersion can easily be compensated digitally, and thus it is
only a minor advantage of OPC [106,107].

The real potential ofOPC lies in compensating the nonlinearity, though it is also difficult
to match the integrals from Equation 1.50, as they are defined not only by the nonlinear
coefficients, but also by the pulse evolution |A(z, t)|.
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1.3.2 Symmetry requirements
As shown in the previous section, the nonlinearity can be completely compensated in
OPC-aided transmission, if the corresponding nonlinear phase-shifts are identical on both
sides of the OPC, according to Equation 1.50:∫ L1

0
γ1|A(z, t)|2 dz =

∫ L1+L2

L1
γ2|A(z, t)|2 dz, (1.52)

whereL1 andL2 are the lengths of the fiber segments before and after theOPC, γ1 and
γ2 are the respective nonlinear coefficients along each part, and |A(z, t)| is the com-
plex field amplitude of the propagating field, which is power and pulse-shape depen-
dent. Using the relation from Equation 1.11, the integrals can be expressed with regard
to the power variation:∫ L1

0
γ1P (z, t) dz =

∫ L1+L2

L1
γ2P (z, t) dz, (1.53)

where the z-dependence accounts for the exponential power decay, and the t-
dependence relates to the pulse shape evolution. Under the assumption that γ1 = γ2,
matching the integrals implies that the samepowersmust be continuously inducedat the
identical pulse shapes on both sides of the OPC. Similarly, when γ1 ̸= γ2, the integrals
can still be perfectly matched if the relative powers along each part are proportionately
adjusted to counteract the mismatch over the entire range of pulse shapes. In either
case, we have to apply the correct nonlinearity, while also restoring the corresponding
pulse shapes on each side of the OPC, which is often referred to as the OPC symmetry
requirements.

0

c) PADDa) Link w/o OPC

0 L1 L1+L2 L1 L1+L2

b) Link w/ OPC

O
P
C

0

Figure 1.5. Power (solid) and dispersion (dashed) evolution in distance for a system based on
two identical fiber spans without (a) and with (b) mid-link OPC. (c) The resultant PADD.
The signal and the conjugate marked in blue and red, respectively.

These general criteria can be simplified by assuming that pulse shapes are pre-
dominantly determined by the group velocity dispersion, and can be completely de-
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scribed by the corresponding accumulated dispersion value. As a result, the require-
ments reduce to a well known metric of the OPC symmetry called power vs. accumu-
lated dispersion diagram (PADD) [38,39], as illustrated in Fig. 1.5 for a typical system that
satisfies the compensation criteria. In this example, the link is composed of two-identical
fiber spans with an OPC in the middle, and an exponentially decaying power profile on
one side of the OPC, followed by an exponentially increasing power profile on the other
side. As the fibers are identical, the accumulated dispersion simply increases linearly
throughout transmission for the casewithout OPC (Fig. 1.5a). Withmid-link OPC (Fig. 1.5b),
phase-distortions are reversed mid-way, according to Equation 1.38, thus the signs of the
nonlinearity and accumulated dispersion are flipped, though the pulse-shape |A(t)| is
unaffected by conjugation and it gradually returns to the initial state after traversing the
second span. As the nonlinear coefficients are identical for both spans (γ1 = γ2), non-
linearity compensation requires that the same powers are continuously induced at the
opposite values of the accumulated dispersion on each side of the OPC [38, 39], such
that the corresponding PADD is symmetric, as illustrated for this system in Fig. 1.5c.

Symmetric PADDs imply that the nonlinearity on one side of the OPC is matched to
the nonlinearity on the other side, satisfying Equation 1.52, and thus achieving efficient
compensation of the nonlinear distortions. The design of symmetry in PADD is therefore
a key challenge for OPC-aided transmission, and it generally requires a careful link opti-
mization [71–77]. As a final note, it is stressed that a symmetric PADD does not explicitly
guarantee that Equation 1.52 is completely satisfied, as the maps do not account for
OPC and amplifier’s noise [108], higher order dispersion [109] or polarization-mode dis-
persion (PMD) [110], all of which can alter the temporal pulse shape |A(z, t)| in transmis-
sion, causing a mismatch in the generated nonlinearity. Moreover, PADDs only consider
dispersion and powers as measures of the nonlinearity, and they might fail when dealing
with systems that differ with regard to other propagation parameters. As a result, ideal
symmetry in PADDmay not lead to a complete suppression of the nonlinearity in specific
link configurations, though the maps can still be employed for symmetry evaluation of
standard systems, and thus we consistently refer to them throughout the course of the
project.

1.4 Generation of conjugate waves
As discussed in Section 1.3, the requirements for efficient OPC-based nonlinearity com-
pensation include conjugation of the complex amplitude of the field at some point in
transmission, as described by Equation 1.38. Although it is a simple mathematical oper-
ation, it has to be performed on the optical field itself without digitizing the data signal,
which is both challenging and novel. In this section, we discuss means of all-optical con-
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jugation of lightwaves that can be used for the purpose of nonlinearity suppression.
Processing of optical waves can generally be realized by means of nonlinear optics,

and phase-conjugation is known to be possible in media with either χ2 [74, 111–115]
or χ3 [45–48, 58–60, 71, 116] nonlinearity. We focus on the third-order nonlinearity, as it
is employed for processing of waves throughout the project, though it is still remarked
thatmedia with the second-order nonlinearity are also capable of providing functionally-
equivalent effects. In particular, the field conjugation is performed by the same nonlin-
earity that we are trying to compensate, namely the Kerr effect and FWM.

1.4.1 Phase conjugation by four-wave-mixing
FWM was briefly introduced in Section 1.2.2.1, and it is based on beating between op-
tical waves in χ3 materials. Although FWM is completely included in the NLSE through
the nonlinear term, it is insightful to analyze the process analytically for a simplified case
where the propagating electric field only consists of a set of four discrete frequencies:

E(x, y, z, t) = F (x, y)[As(z) exp(i(βsz − ωst)) + Ap1(z) exp(i(βp1z − ωp1t))
+Ap2(z) exp(i(βp2z − ωp2t)) + Ai(z) exp(i(βiz − ωit))].

(1.54)

a) Outer OPC b) Inner OPC c) Distant BS d) Nearby BS

Figure 1.6. Typical FWM configurations, with the length of the arrows denoting power levels,
and the direction indicating the power flow. Adapted from [20].

By convention, the waves are referred to as the signal, the idler and the pumps, with
the corresponding complex field amplitudes As,i,p1,p2, propagation constants βs,i,p1,p2,
and angular frequencies ωs,i,p1,p2, whereas F (x, y) is the transversemode profile of the
total field. For such fields, FWM can be organized in a variety of arrangements, with the
most common configurations including: outer and inner OPC, as well as distant and
nearby Bragg scattering (BS), as illustrated in Fig. 1.6. It is noted that FWM can eventually
generatemorewaves, as the new terms start beatingwith the others, though considering
only the strongest components is often sufficient for many applications. In the remainder
of the section, we focus on the outer-band OPC setup in Fig. 1.6a, which offers the pos-
sibility of conjugate generation, and it can easily be implemented in practice.
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For such system, the NLSE can be reduced to a set of four coupled equations, one
for each of the propagating waves [20,117,118]:

Ap1
dz

= iγ

|Ap1|2Ap1 + 2
∑

n ̸=p1
|An|2Ap1 + 2A∗

p2AsAi exp(i∆βz)

 , (1.55)

Ap2
dz

= iγ

|Ap2|2Ap2 + 2
∑

n ̸=p2
|An|2Ap2 + 2A∗

p1AsAi exp(i∆βz)

 , (1.56)

As

dz
= iγ

|As|2As + 2
∑
n ̸=s

|An|2As + 2A∗
i Ap1Ap2 exp(i∆βz)

 , (1.57)

Ai

dz
= iγ

|Ai|2Ai + 2
∑
n̸=i

|An|2Ai + 2A∗
sAp1Ap2 exp(i∆βz)

 , (1.58)

where γ is the nonlinear coefficient, as in Equation 1.24, and ∆β is the linear phase mis-
match, calculated according to Equation 1.27. The consecutive terms on the right hand
side of the coupled equations refer to the different manifestations of the Kerr effect. The
first term accounts for SPM, i.e. phase-shift induced by the wave itself, the second term
refers to XPM, i.e. phase-shift induced by the other waves, and finally the third term is
responsible for FWM. The FWM part shows that the idler is proportional to the signal con-
jugated, and thus it offers the possibility of OPC. The coupled equations neglect the fiber
loss in order to focus on the power transfer between the waves, though it could be easily
included with an additional −α

2
As,i,p1,p2 term in each of the equations.

The general case is based on interaction between four waves at different frequencies,
though a degenerate FWM process can also be induced when the wavelengths of the
pumps coincide, and only three distinct frequencies are considered. In this single-pump
configuration, the interaction is governed by a similar set of equations [20,117,118]:

Ap

dz
= iγ

|Ap|2Ap + 2
∑
n ̸=p

|An|2Ap + 2A∗
pAsAi exp(i∆βz)

 , (1.59)

As

dz
= iγ

|As|2As + 2
∑
n̸=s

|An|2As + A∗
i A2

p exp(i∆βz)

 , (1.60)

Ai

dz
= iγ

|Ai|2Ai + 2
∑
n̸=i

|An|2Ai + A∗
sA2

p exp(i∆βz)

 . (1.61)

The simplified single-pump configuration is employed throughout the project for the OPC
generation, and therefore it is analyzed in more detail in the next subsections.
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1.4.2 Conversion requirements
The FWM terms in Equations 1.59 to 1.61 are responsible for the power transfer between
the waves, and they are nonzero only if the pump and at least one of the two other
waves are present at the input. Typically, the input field only consists of the pump and
the signal, whereas the idler is generated by FWM from the vacuum fluctuations [117],
and we employ this standard scenario for OPC. However, it is also noted that all three
waves can be present at the input. In such case, the process is controlled by the phase
relation between the input waves, and it has generally been studied for phase-sensitive
amplification [119–124].

For FWM to be induced and efficient, the waves must satisfy the energy and momen-
tum conservation criteria, as introduced in Section 1.2.2.1. Under single-pump configura-
tion, the energy conservation is straight forward, and defined as [20,21,117]:

2ωp = ωs + ωi, (1.62)

which describes two pump photons loosing and gaining energy to transfer it to the signal
and the idler, and vice versa. On the other hand, the momentum conservation is known
as the phase matching, and it includes the linear phase-relation, as well as the nonlinear
phase-shifts from SPM and XPM, according to [20,117]:

∆β + γ(2Pp − Ps − Pi) ≈ ∆β + 2γPp ≡ κ = 0, (1.63)

where κ is the phase-mismatch parameter and should beminimized. The approximation
is valid when the pump power dominates over the signal and the idler powers, which is
a typical case. The linear phase-mismatch ∆β is determined by the propagation con-
stants of the waves, as defined in Equation 1.27, and it depends on dispersion properties
of the nonlinear medium. It can be approximated by Taylor expanding the propagation
constants around the zero-dispersion frequency to obtain a more convenient formula in
terms of angular frequencies or wavelengths [117]:

∆β ≈
{

β3(ωp − ω0) + β4
2

[
(ωp − ω0)2 + 1

6
(ωp − ωs)2

]}
(ωp − ωs)2, (1.64)

∆β ≈ −2πc

λ2
0

dD

dλ
(λp − λ0)(λp − λs)2, (1.65)

where ω0 and λ0 are the zero-dispersion frequency and wavelength, respectively.
The energy conservation from Equation 1.62 is a hard criterion that must be fulfilled

for the conversion to take place at all, whereas the momentum conservation defines
the efficiency of the process, with the maximum when Equation 1.63 is satisfied. As the
nonlinear part of the phase-mismatch is generally positive, the linear contribution ∆β
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must be negative for the equality to hold. According to Equation 1.65, the sign of ∆β

is completely determined by the dispersion slope (
dD

dλ
) and the position of the pump

relative to the zero-dispersion wavelength (λp − λ0), both of which need to be tuned to
optimize the FWM process.

1.4.3 Conversion performance

The coupled equations from 1.59 to 1.61 can be solved numerically to obtain the evolu-
tion of the complex field amplitudes along the propagation distance. This is illustrated in
terms of the propagating powers for each of the interacting waves in Fig. 1.7, with the
following simulation parameters: Pp = 1 W, Ps = 0.2 W, γ = 11 /W/km, λ0 = 1559

nm, λp = 1560.7 nm, λs = 1580 nm,
dD

dλ
= 0.03 ps/nm2/km, and with the powers

related to the field amplitudes through Equation 1.11. As only the pump and the signal
are present at the input, the power from the pump gradually flows to the signal and the
newly generated idler until saturation, when the process is reversed. As also shown in
Fig. 1.7, the total power is conserved along the entire distance, indicating that the pro-
cess is parametric. It is of course only valid when the fiber loss is neglected, as in Equation
1.59 to 1.61.

6

Fig1

Figure 1.7. Power evolution of the pump, signal and idler for arbitrary system parameters.

To evaluate the converter’s performance, it is convenient to define the signal’s gain
and the idler’s conversion efficiency (CE), as:

G = Ps(L)
Ps(0)

, (1.66)
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CEout−in = Pi(L)
Ps(0)

≈ G − 1, (1.67)

CEout−out = Pi(L)
Ps(L)

≈ 1 − 1/G, (1.68)

where the approximations hold in the absence of the propagation loss, and we distin-
guish between output-to-input CE in Equation 1.67 and output-to-output CE in Equa-
tion 1.68. Both are shown to be determined by the gain, with the output-to-input CE ap-
proaching the value of the gain, and the output-to-output CE approaching 1. Through-
out the analysis, we often refer to the latter as it can be directly estimated from the output
spectra of the nonlinear medium. The gain and CE depend on the characteristics of the
medium, as well as the input powers and relative position of the waves. They are typically
evaluated as a function of the signal-pump separation, as illustrated in Fig. 1.8 for the fol-
lowing system parameters: Pp = 1 W, Ps = 1 nW, γ = 11 /W/km, λ0 = 1559 nm,
dD

dλ
= 0.03 ps/nm2/km, and three different pump positions.

a) b) c)

Figure 1.8. (a) Parametric gain, (b) output-to-input CE, and (c) output-to-output CE as a
function of the signal-pump wavelength separation for different pump wavelengths.

As the dispersion slope of the medium is positive (
dD

dλ
> 0), the gain is maximized

for λp > λ0 when perfect phase-matching (κ ≈ 0) can be achieved over a range of
signal wavelengths. This is manifested in the lobes in Fig. 1.8, as marked in blue. For such
case, the gain can be approximated by [117]:

Gs ≈ 1
4

exp(2γPpL), (1.69)

which indicates exponential increase with the nonlinear phase-shift.
On the other hand, when λp = λ0, the linear phase-mismatch is always zero (∆β =

0), thus the spectrum is flat, implying a broad gain or conversion bandwidth. This relation
also holds when wavelengths of the signal and the pump coincide, corresponding to
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the red region in Fig. 1.8. Instead of exponential relation, the corresponding gain then
increases quadratically with the nonlinear phase-shift [117]:

Gs ≈ (γPpL)2. (1.70)

The final case with λp < λ0 is generally not beneficial, as the phase-mismatch grad-
ually increases with the signal-pump separation, limiting the converter’s gain and band-
width, thus providing only marginal CE.

FWM-based converters for OPC applications generally require a meaningful CE to
minimize the conversion penalty and a broad-bandwidth operation to be suitable for
wavelength-division multiplexing (WDM) systems. This is discussed in more detail in Chap-
ter 2, where the implementations of the setups we employ for the project are presented,
alongside the linear and nonlinear noise sources that inherently accompany the process.

1.5 Digital coherent transmission
The optical channel serves the purpose of transmitting digital information, and thus this
subsection highlights the key points of digital communications. The discussion includes:

1. transmitter module;

2. receiver module;

3. digital signal processing chain;

4. performance metrics.

As the entirety of the project employs coherent signals, we refer to coherent systems
throughout this section.

1.5.1 Transmitter
The optical transmitter module is composed of a number of building blocks, as illustrated
in Fig. 1.9. The initial binary sequence of information might at first be compressed by
source encoding, followed by channel encoding to correct channel-induced bit errors
[14,125]. Subsequently, the bits aremapped to symbols of the chosenmodulation format,
and each symbol is pulse-shaped onto an upsampled waveform representation. The
output electrical signal can thenbeconsidereda superposition of the symbol waveforms,
as in [14]:

se(t) =
∑

n

sng(t − nT ), (1.71)
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Figure 1.9. Schematic illustration of the transmitter setup.

where sn is the symbol at time nT , g(t) is the pulse shape, and T is the length of the
symbol’s time slot. In this project, we exclusively employ M-quadrature amplitude modu-
lation (QAM) for transmission, which allows a discrete set of M complex-valued symbols:
S = {sm, m = 1, ..., M}, where each symbol carries k binary bits k = log2M , i.e.
16-QAM modulation allows transmission of 16 distinct symbols, with 4 bits per symbol. For
pulse-shaping, raised-cosine and root-raised cosine filters are typically employed in op-
tical communications as they minimize inter-symbol interference and allow control over
the spectral edges of channels through the roll-of factors [14, 126]. This is particularly
important for spectrally-efficient WDM transmission with densely packed channels.

The electrical signal is then modulated onto a high frequency optical carrier in order
to match the spectral characteristics of the channel, and this process is carried out using
optical in-phase quadrature (IQ) modulators based on nested Mach-Zehnder interfer-
ometers [54,127]. Both quadratures of the modulator are driven by electrical waveforms,
which carve the digital symbols onto the optical wave from a laser diode (LD) using the
χ(2) Pockel’s effect [20]. At the output of the modulator, the data has been transferred
into an optical high-frequency passband signal, which is equivalent to the propagating
electrical field. As single-mode fibers support two degenerate modes of orthogonal po-
larizations [15,65], this process can be conducted for X and Y polarizations separately to
enable dual-polarization transmission.

In a multi-channel WDM scheme, many optical carries can be modulated with sep-
arate data streams, provided that sufficient spectral separation between them is main-
tained, and it is a common practice in high-speed systems [71–74]. After being modu-
lated, the WDM channels are combined altogether with optical couplers, and amplified
using an optical erbium-doped fiber amplifier (EDFA), which inherently adds ASE. The
out-of-band noise contribution can then be filtered out using an optical band-pass fil-
ter (OBPF), and such signal is ready for transmission.
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1.5.2 Receiver
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Figure 1.10. Schematic illustration of the receiver setup.

The implementation of an optical coherent receiver is sketched in Fig. 1.10, and its
primary purpose is to convert the optical signal back into the electrical domain. The
receiver is designed to receive a single WDM channel at a time, and thus the channel of
interest is at first filtered out using a narrowOBPF. It is thenmixedwith a local oscillator (LO)
laser at the same frequency as the carrier wave in a 2x 90° hybrid to generate four output
fields [54]: 

E1
E2
E3
E4

 = 1
2


EL0(t) + Es(t)
EL0(t) + iEs(t)
EL0(t) − Es(t)
EL0(t) − iEs(t)

 . (1.72)

This operation is performed for both X and Y polarizations, which are separated from the
signal and the LO using polarization beam splitters (PBSs). For each polarization, the four
fields are detected using two balanced photodiodes (BPDs) to generate in-phase and
quadrature photo-currents that describe the modulated data symbols [54]:

II(t) = R
√

PsPLOa(t) cos [∆ωt + ϕ0 + ϕ(t) + ϕn(t)] , (1.73)
IQ(t) = R

√
PsPLOa(t) sin [∆ωt + ϕ0 + ϕ(t) + ϕn(t)] , (1.74)

where R is the responsivity of the BPDs, a(t) is the modulation amplitude, ∆ω and ϕ0
are the frequency and the initial phase offset between the signal and the LO, ϕ(t) is the
phase of the received signal, and ϕn(t) is the overall laser phase noise. These photo-
currents are subsequently digitized using analog-to-digital converters (ADCs), and they
are then suitable for digital signal processing (DSP).
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1.5.3 Digital signal processing
After detecting, the digitized signal is processed, as also illustrated in Fig. 1.10, to mini-
mize signal distortions and extract the initial bit sequence. The DSP chain is generally
composed of:

1. Digital low-pass filtering to remove out-of-band noise as well as residual contribu-
tions from the neighbouring channels.

2. Dispersion compensation to compensate the accumulated chromatic dispersion
of the channel, which is deterministic and can be addressed by a linear filter [14].

3. Timing recovery to restore the optimum sampling times and the clock for the re-
ceived signal, which has been shifted in time due to transmission [128–130].

4. Adaptive equalization to compensate all residual linear effects of the channel,
such as chromatic dispersion, polarization mixing, and PMD [14].

5. Carrier recovery to compensate for the phase and frequency mismatch between
the carrier wave and the LO [130,131].

6. Symbol decision to recover the transmitted data by assigning the sampled values
of the processed waveform to the closest symbols in the constellation [14].

7. Channel and source decoding to correct and decompress the data, if applicable
[14,125].

The DSP chain has not been themain focus of the thesis, and thus the algorithms for each
stage have been provided as they are, and adapted into the transmission system.

1.5.4 Performance metrics
Several distinct measures can be used to evaluate the quality of the signal in optical
communication systems, and we introduce definitions for the common metrics in this
subsection. These include:

• optical signal-to-noise ratio (OSNR):

OSNR [dB] = 10 log10

(
Pso

Pno

)
, (1.75)

where Pso is the optical signal power in the signal bandwidth, whereas Pno is the
optical noise power in the reference noise bandwidth, typically fixed at 0.1 nm [15].
OSNR is a convenient measure of the signal quality in the optical domain, as it is
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easily estimated from the optical spectra. However, it only accounts for additive
white Gaussian noise (AWGN), while neglecting its polarization dependence, ad-
ditional phase-impairments, as well as the impact of the Kerr nonlinearity.

• signal-to-noise ratio (SNR):

SNR [dB] = 10 log10

(
Pse

Pne

)
, (1.76)

where Pse and Pne are the total electrical signal and noise powers, as computed
after detection, digitization and processing of the data. For AWGN-limited signals,
SNR can be directly related to OSNR, as in [132]:

SNR = 2Bref

pRs
OSNR, (1.77)

where Bref is the reference bandwidth for OSNR measurements, Rs is the baud
rate, and p is equal to the number of polarizations transmitted. However, in order
to account for other noise sources that accompany nonlinear optical transmission,
throughout this project the signal and noise powers are instead estimated explic-
itly from the transmitted and received symbol sequences, and SNR is calculated
according to [133]:

< SNR >=
Ek

[
|xk|2

]
Ek

[
|yk − xk|2

] , (1.78)

whereE is the expectation operation, whereas xk and yk are the transmitted and
received symbols. The formula is referred to as the effective receiver SNR, and it
accounts for all types of impairments that have distorted the initial sequence.

• mutual information (MI):

I(X, Y ) = E
[
log2

pY |X(y|x)
pY (y)

]
, (1.79)

where X and Y are random variables representing the channel input and output,
x and y are the transmitted and received symbols, pY |X(y|x) is the conditional
probability mass function of the output symbol given the input symbol, and pY (y)
is the probability mass function of the input [125]. MI is a measure of the mutual
dependence between X and Y , and it defines themaximum achievable rate, i.e.
the rate at which bit-error rate (BER) tends to zero for an optimal receiver.
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• bit-error rate (BER):

BER =
2
(

1 − 1√
M

)
log2 M

erfc

[√
3 log2 M

2(M − 1)
SNR

]
, (1.80)

where M is the modulation order, and erfc() is the complementary error func-
tion. This is a pre-forward error correction (FEC) BER that assumes AWGN-limited sig-
nals [134]. Aside from this analytical formula, BER can also be calculated directly
by comparing the transmitted and received bits, and counting errors. In either
case, this value can be further improved by applying appropriate error-correction
techniques to provide reliable communication.

These are some of the well-known measures of optical communication system quality,
though more metrics certainly exist. Throughout this project, we focus on the effective
receiver SNR from Equation 1.78, and we only refer to others when appropriate.

1.6 Summary
In this chapter, we reviewed the fundamental concepts of data transmission in optical
communication systems. We started by discussingwave propagation in dielectricmedia,
and outlined the underlying physical phenomena that govern transmission in fiber-optic
systems. The key effects included the propagation loss, the chromatic dispersion and the
Kerr nonlinearity, all of which were then incorporated into the fundamental equation of
propagation, known as the nonlinear Schrödinger equation (NLSE). The main focus was
directed towards the nonlinearity, which causes difficult to compensate signal degrada-
tions and imposes a serious challenge for future optical networks.

The NLSE was employed to derive the principles and requirements of the nonlinear-
ity compensation by optical phase conjugation (OPC). We showed that the nonlinear
term in the NLSE can be completely suppressed, given that certain conditions are met.
These conditions are generally known as the OPC symmetry criteria, and they make up a
core background for this work. Alongside these requirements, we discussed means of im-
plementing OPC, and focused on conjugation by the four-wave-mixing (FWM) process,
which is employed throughout the rest of this work.

Finally, the concepts of digital communications were introduced to give a complete
overview of optical transmission. In particular, coherent transmitter and receiver designs
were discussed, alongside the receiver-side digital signal processing (DSP) techniques for
optimum detection. In the end, typical performance metrics were presented in order to
provide fair measures of the quality of optical communication systems.
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CHAPTER 2
Characterization of
phase conjugators

This chapter discusses efficient means of optical phase conjugation (OPC) implementa-
tion, and it is based on the results presented in conference contribution C1 and journal
article J1.

2.1 Introduction
Phase conjugation of optical field is necessary to reverse the sign of the nonlinear impair-
ments, and it is therefore an essential part of systems that rely on OPC-based compen-
sation. Mathematically, OPC refers to merely a complex conjugation of the complex
field amplitude A→A∗, though this simple operation must be implemented efficiently
by processing the optical field itself. While it is certainly possible by means of nonlinear
optics, the process is challenging and usually accompanied by additional and unde-
sired degradations of the field. The goal of this chapter is to characterize modern OPC
systems to understand and minimize the penalties associated with the conjugation. The
optimized schemes will then be extensively used for transmission demonstrations in the
later sections.

As outlined in Section 1.4, OPC can generally be realized through four-wave-mixing
(FWM) in χ(3) nonlinear media. This implementation offers low latency, and it is transpar-
ent to modulation formats and data rates [57–61]. On top of the conversion penalties,
it also causes a wavelength shift between the signal and the conjugated idler, which
on one hand poses an extra challenge from the link symmetry perspective [109], but it
can also be taken advantage of in order to facilitate traffic grooming in future optical
networks, increasing the overall spectrum utilization [135]. Consequently, the conversion
systems can have two fundamental functionalities:

• OPC-based nonlinearity compensation,

• all-optical wavelength conversion (WC).
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Regardless of the specific application, a growing number of competing nonlinear media
have been developed, and are being employed for optical signal processing (OSP). We
distinguish twopromising candidates, andbaseour investigation on them: (1) AlGaAs-on-
insulator (OI) waveguideand (2) strained highly nonlinear fiber (HNLF). AlGaAsOI is a high-
potential integrated platform known for extremely broad conversion bandwidth [60–64],
whereas HNLF is amature and reliable technology serving as a benchmark [43–48]. Each
scheme is discussed in more detail in Section 2.3 and Section 2.4, respectively.

Although nonlinear elements are central parts of every wavelength-converter or
phase-conjugator, the corresponding systems consist of more building blocks that must
be considered altogether and optimized jointly, and such devices have been charac-
terized from various perspectives over the past decades. A common strategy relied on
measuring the system’s output-to-input optical signal-to-noise ratio (OSNR) difference,
and estimating the converter’s performance from it. This approach was employed to
derive the theoretical noise figures of quantum limited signals in [44], and could be con-
veniently used for cascaded systems in [116]. However, this purely linear metric does
not account for all the impairments associated with a nonlinear conversion process, and
thus its effectiveness is limited in practice. In [136], the analysis was extended to include
the pump relative intensity noise (RIN) contribution, though the degrading effects of
self-phase modulation (SPM) and cross-phase modulation (XPM) on the signal and the
idler within the nonlinear medium still remained uncaptured. Consequently, higher-level
system metrics have started to be employed to fully quantify the degradations of the
converter, such as bit-error rate (BER) [59, 60], Q-factor [59] and achievable information
rate (AIR) [60]. This approach is more accurate in the sense that it accounts for all kinds of
transmission impairments altogether by directly relying on the corresponding symbol- or
bit-error probabilities. It has so far been applied to characterize systems with maximum
input signal quality, and noise loading at the receiver side [46–48, 58–60, 116], which is
useful to predict how much transmission is possible after the signal has been converted
directly at the transmitter. However, whether it is wavelength-conversion for traffic rout-
ing or phase-conjugation for nonlinearity suppression, the conversion system is generally
required within the optical network far from transmitter and receiver. Therefore, it is to be
expected that degraded and noisy signals will have to be processed instead. This con-
cept has been preliminarily analyzed in [47,137], where the output OSNR was observed
to saturate as the input became more noisy. It is also the focus of our approach to the
device characterization, though we aim to consider both the linear and the nonlinear
noise sources, and therefore we employ a more accurate system metric that can ac-
count for all kinds of impairments. It must also be noted that FWM-based signal-to-idler
conversion employs the sameprinciple and is inherently similar to fiber optical parametric
amplification (FOPA), which has historically beenmore extensively characterized in terms
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of noise sources and achievable performance [44, 119–124, 136, 138–143]. However, in-
stead of attaining a high parametric signal gain, the converters discussed in this chapter
aim to provide a high-quality idler instead. Consequently, despite the many similarities,
the FOPA results cannot be transferred to OPC or WC directly.

In this chapter, we conduct a numerical and experimental analysis of FWM-based
converters with regard to the optimum performance and the principal design require-
ments. Not only do we study nonlinear components alone, but most importantly we
consider full conversion systems to examine the impairments associated with the entire
process. Where appropriate, OSNR is used to quantify the degradations that it can cap-
ture, though we ultimately turn to signal-to-noise ratio (SNR) for the overall system evalua-
tion. The metric can successfully respond to all types of impairments, as it is estimated by
direct comparison of the transmitted and received symbols, as discussed in Section 1.5.4.
Moreover, by varying the OSNR of the input, we consider a more realistic network sce-
nario, where the quality of the input signal is generally far from ideal. Ultimately, we aim
to characterize both the linear and the nonlinear impairments associated with the con-
version process, and maximize the idler performance by reaching a balance between
them. The numerical and experimental results from this chapter serve as practical design
guidelines to optimized converter implementations throughout the rest of the project.

The chapter is structured as follows. In Section 2.2, we introduce a general conver-
sion setup, discuss the basic blocks it consists of, and describe the method employed
for the characterization. Then in Section 2.3, a specific converter implementation based
on AlGaAsOI is presented, and it is characterized both experimentally and numerically.
This part is the core of the analysis, where we evaluate the impact of conversion impair-
ments for varying system parameters, including the input quality (Section 2.3.2), channel
count (Section 2.3.3) and pump characteristics (Section 2.3.4). While the results of the
AlGaAsOI-based converter are encouraging, we present a more standard system imple-
mentation employing a strained HNLF as the nonlinear medium in Section 2.4. This is a
more common, and well-developed technology, which at the time of writing offers su-
perior performance. Finally, the results for both schemes are summarized in Section 2.5.

2.2 General setup and methodology
Regardless of the specific implementation or particular application, FWM-based convert-
ers generally consist of three main building blocks:

1. nonlinear FWM stage for idler generation;

2. optical filtering for signal and pump suppression;

3. output idler amplification.
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Figure 2.1. Schematics of FWM-based conversion system in a single pump configuration.
Adapted from J1.

Such setup is sketched in Fig. 2.1, and it has been widely employed for the purpose of
device characterization and also in transmission [45–48,58–60,71,116]. We note that this
FWM-based converter is closely related to systems exploiting three-wave-mixing (TWM)
in χ(2) nonlinear materials for similar purpose, as in [74,111,112]. However, the schemes
differ in terms of the underlying physical interactions, and therefore the characterization
results cannot be applied to it directly. Throughout the entire project, we base our study
on converters employing FWM, and thus we only consider χ(3) media, with the corre-
sponding setup in Fig. 2.1 for the system’s implementation.

As illustrated in Fig. 2.1, input data signal is mixed with a continuous wave (CW) pump
to induce FWM in a χ(3) nonlinear medium. For the purpose of this analysis, we only con-
sider a single pump configuration, as discussed in Section 1.4. The input signal is defined
by the total OSNR of all channels (OSNRin), and the total input power of all channels
(Pin), whereas the pump has a fixed pump power (Pp), and it is typically placed around
the zero-dispersion wavelength (ZDW) of the nonlinear medium for maximum conversion
bandwidth [57–60]. At the output of the medium, all three waves are present: the signal,
the pump, and the generated idler, and the latter becomes the focus of the charac-
terization. The total OSNR of all channels is measured again for the idler (OSNRout), and
then the signal and the pump are suppressed by means of optical filtering. The remain-
ing idler is amplified to a fixed output power at the converter’s output, and its total OSNR
is measured again (OSNRrx). The typical converter’s implementation from Fig. 2.1 clearly
incorporates more components rather than relying on the FWM process alone, and so
this system must be optimized altogether for maximum performance.

The basic setup from Fig. 2.1 is first simulated numerically, and the system is charac-
terized in a back-to-back fashion, i.e. it is connected directly between the transmitter
and the receiver. At the receiver side, a standard digital signal processing (DSP) chain
is applied, as discussed in Section 1.5.3, and the SNR of the central channel is estimated
according to Equation 1.78. The generated idler is evaluated in terms of the receiver
SNR and the receiver OSNRrx for a varying input signal power Pin, and the general
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Figure 2.2. Numerical comparison between the idler OSNR and SNR at the receiver as a
function of the input signal power. The optimum input power marked in back. Simulations
conducted for a single 16-QAM channel at 16 GBd and 9-mm AlGaAsOI waveguide employed
as NL medium, with Pp = 20 dBm and OSNRin = 40 dB. Adapted from J1.

relation between the metrics is presented in Fig. 2.2. For fixed parameters of the con-
verter, increasing Pin results in a higher power of the idler at the output of the nonlinear
medium. Consequently, less amplifier gain is required, and the impact of the amplified
spontaneous emission (ASE) noise is smaller, which ultimately leads to a linear increase in
OSNRrx. However, the higher OSNRrx does not necessarily imply better performance, as
it only accounts for the impact of ASE noise, neglecting the other types of impairments,
e.g. nonlinearity and phase noise. These remaining impairments are included in the re-
ceiver SNR plotted alongside. At high Pin, the Kerr-induced distortions, including SPM,
XPM and intra-channel FWM, limit the quality of the received idler, and are reflected in
the steep SNR decline. Therefore, OSNR is clearly not sufficient to completely describe
the nonlinear interaction in the converter, and thus SNR is employed for the system’s eval-
uation instead.

With SNR as the metric, the converter’s performance peaks at a specific input signal
power Pin, which is the desired operation point. It is limited by the linear ASE noise at low
input signal powers, and by the nonlinear distortions at high input powers, with a balance
achieved at the optimum. This is consistent with the trends obtained in the preliminary
analysis from [59,60] for Q-factor and AIR, respectively. This general behaviour is inherent
to FWM-based conversion, and it is discussed in more details in the next section for two
experimental implementations of the system: AlGaAsOI- and HNLF-based. The simplified
schematic from Fig. 2.1 is used to support the experimental analysis, and it will be shown
to accurately capture the complex nonlinear interaction within the converter.
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2.3 Characterization of AlGaAsOI-based converter
This section employs AlGaAsOI waveguide as the nonlinear medium for experimental
characterization of FWM-based converters. The waveguides were provided by the
Nanophotonic Devices group at DTU, thus fabrication details fall outside the scope of
the work, which instead addresses their performance and applicability. The conversion
system is analyzed for single polarization (SP) signals, and it is used to characterize the
penalties associated with the process. The experimental trends are validated by the nu-
merical simulations of the setup from Fig. 2.1, and the work is structured as follows:

• experimental setup and AlGaAsOI waveguide characterization in Section 2.3.1;

• impact of the input signal quality on the idler in Section 2.3.2;

• influence of the increasing number of frequency channels in Section 2.3.3;

• optimization of the pump characteristics in Section 2.3.4.

As opposed to HNLF-based converters discussed later, the integrated AlGaAsOI platform
is used for this characterization as it is a novel and on-going field of research, whichmight
find a wide-range of applications in the future due to small footprint, extreme conversion
bandwidth and two-photon absorption (TPA)-free operation around 1550 nm [60–64].

2.3.1 Experimental setup and waveguide characterization

b c

d

b) c) d)

a)

Figure 2.3. Experimental setup for characterization of AlGaAsOI-based converter (a), with
the recorded spectra at the waveguide input (b), the waveguide output (c), and the receiver
(d). The spectra are recorded at the optimum input signal power for five channels, maximum
OSNRin, and 9-mm waveguide with Pp = 20 dBm. Adapted from J1.
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The experimental setup for AlGaAsOI-based conversion is illustrated in Fig. 2.3a. At
the transmitter side, up to seven wavelength-division multiplexing (WDM) channels are
generated around 1545 nm from external cavity lasers (ECLs) on a 25-GHz grid, and they
are subsequently modulated with 16-quadrature amplitude modulation (QAM) SP data
at 16 GBd using two in-phase quadrature (IQ) modulators. Each modulator is fed with
independent data streams, and they are used to modulate even and odd carrier waves
separately, such that the neighboring channels carry different data sequences to avoid
interference. The modulated channels are coupled together, amplified using an erbium-
doped fiber amplifier (EDFA), and the out-of-bandASE noise is suppressedwith an optical
band-pass filter (OBPF). This signal is then launched directly into the converter. At the
converter’s input, the input signal OSNR (OSNRin) and the input signal power (Pin) are
controlledwith variable optical attenuators (VOAs): VOAnandVOAs, respectively. VOAn
controls the inflow of ASE noise from an additional EDFA which serves as a noise loading
stage, whereas VOAs is placed on the signal path to vary the optical signal power directly.
In both cases, VOAs are followed by OBPFs in order to retain the in-band ASE noise only.
Afterwards, the signal is coupled with a high-power CW pump generated around 1550
nm from a sub-kHz fiber laser, and it is injected into a nonlinear AlGaAsOI waveguide by
means of side-coupling using lensed fibers. The study is based on two waveguides of 3-
mm and 9-mm length, as indicated later. In each case, polarization controllers (PCs) are
used to align the polarizations of the signal and the pump to the waveguide’s transverse
electric (TE)-mode in order to maximize FWM and minimize the propagation loss. At the
converter’s output, the generated idler is selected with OBPFs, and amplified with an
EDFA. It is then received using a standard coherent receiver followed by DSP chain and
SNR estimation. Aside from SNR, theOSNR evolution is also tracked throughout the system
by measuring it from the spectra recorded using optical spectrum analyzer (OSA): signal
OSNRin from Fig. 2.3b measured at the waveguide’s input, idler OSNRout from Fig. 2.3c
measured at the waveguide’s output, and idler OSNRrx from Fig. 2.3d measured at the
receiver.

Nonlinear AlGaAsOI waveguides used for this experiment have been characterized
beforehand in terms of loss and conversion efficiency, and the results are shown in Fig. 2.4.
The loss measurements in Fig. 2.4a are presented as the output to input power relation for
two waveguide lengths. The loss stays approximately linear for the entire range of input
powers up to 22 dBm, and it equals 5.4 dB and 8.8 dB at 0 dBm input for 3 mm and 9
mm, respectively. The idler-to-signal CE measured at the waveguide’s output is given in
Fig. 2.4b-c. For both waveguide lengths, the output CE extends well beyondC-band and
it increases quadratically with pump power, reaching up to -23 dB at Pp = 20 dBm for
3-mm waveguide (Fig. 2.4b) and -15 dB Pp = 22 dBm for 9-mm waveguide (Fig. 2.4c).
The pump power and CE are both limited by the burning threshold of the waveguides at
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a) b) c)

Figure 2.4. Experimental measurements of 3-mm and 9-mm AlGaAsOI waveguides: measured
(points) and linear (dashed) loss in terms of output vs. input power (a); output conversion
efficiency (CE) for 3-mm waveguide (b) and 9-mm waveguide (c). Adapted from J1.

around 22 dBm, and it is the main reason why the characterization has been performed
for two different waveguide lengths.

The experimental measurements are accompanied by numerical simulations of the
general system from Fig. 2.1, with consistent modulation formats and data rates. In the nu-
merical analysis, the input signal is defined by Pin and OSNRin at the input to the nonlin-
ear medium, whereas the pump is characterized by pump power Pp, pump linewidth νp

and pump carrier-to-noise ratio (CNR). The CNR sets the pump-induced ASE noise floor,
which can be measured from the input spectrum in Fig. 2.3b, and it will be discussed
in more detail in Section 2.3.4. We note that this pump noise is partially suppressed by
optical filtering, but in practice it cannot be removed completely. Propagation of the
signal and the pump in the nonlinear medium is simulated using asymmetric split-step
Fourier method (SSFM) with a constant step size and polarization-mode dispersion (PMD)
neglected, as discussed in Appendix A. The AlGaAsOI waveguides are emulated using
the parameters from Table 2.1, with an additional coupling loss of 1.8 dB introduced at
the input and output of the waveguide. These parameters have been found by match-
ing the total loss and the output conversion efficiency to the measured values, while
neglecting nonlinear absorption and wavelength dependence of CE, consistent with
the measurements in Fig. 2.4.

Table 2.1. Simulation parameters of the AlGaAsOI waveguides employed for conversion.

Name L, mm γ, 1/W/mm D, ps/nm/mm S α, dB/mm
AlGaAsOI 3 and 9 0.35 1.64 ∗ 10−4 0 0.8

The numerical and experimental schemes are employed for the characterization of
the interactions within the converter. Both systems are designed for a step-by-step anal-
ysis, with the acquired spectra, the OSNR evolution and the receiver SNR all used for the
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performance evaluation. We stress that the numerical simulations do not aim to repro-
duce the measured results exactly, but rather validate the trends in a general manner.
Fitting all the parameters to produce a matching result provides little additional insight
because of a vast parameter space that needs to be considered. Among others, this
includes microscopic parameters of the nonlinear waveguide, details of the remaining
optical equipment and practical limitations of the coherent transmission setup. Conse-
quently, there could exist many possible combinations of the parameters leading to sim-
ilar output values, yet none of these would be guaranteed accurate. Instead, we have
refrained from fitting the values exactly, and we validate the macroscopic behaviour of
the system, while maintaining the generality and simplicity of the numerical model.

2.3.2 Input signal quality

Figure 2.5. Numerical simulations of the idler SNR as a function of the input signal power,
and a varying input signal OSNR. Simulations conducted for a single channel and 9-mm
waveguide with Pp = 20 dBm. Adapted from J1.

Impact of the input signal quality on the converter’s performance is an issue of prac-
tical importance, as such systems are generally located within the network, and thus
required to process noisy signals. The study is conducted by varying OSNRin, and then
optimizing Pin with regard to the receiver SNR. The numerical results for a few values of
OSNRin are presented in Fig. 2.5 to illustrate the procedure. Regardless of the input signal
quality, the performance of the converter is limited by the linear ASE noise on one side,
and the nonlinearity on the other, with the optimum Pin in between, similar to Fig. 2.2.
It is apparent from Fig. 2.5 that the impact of the input power optimization is more im-
portant for inputs with high OSNRin, and it becomes less critical for noisy signals as the
curves flatten out. The reason for this behaviour is explained by the fact that the system’s
penalty ultimately depends on the dominant noise contribution. For signals dominated



46 2 Characterization of phase conjugators

by the input ASE noise, the converter does not add significant distortions compared to
the noise already present, thus the power optimization makes little difference. On the
other hand, the converter’s noise can be dominant for high-quality inputs, thus it is then
important to carefully optimize the system and minimize the additional degradations.

1.8 dB

5.2 dB

a) b)

Figure 2.6. Experimental SNR measurements for five WDM channels and 9-mm waveguide:
(a) the idler SNR as a function of Pin and a varying OSNRin with Pp = 22 dBm. Highlighted
region denotes the optimum input power interval at a fixed OSNRin that falls within 0.2
dB of the maximum SNR; (b) the maximum idler SNR at the optimum Pin as a function of
OSNRin and a varying Pp.

This methodology is applied to the experimental characterization on the impact of
the input signal quality using the AlGaAsOI-based converter, and the results are pre-
sented in Fig. 2.6. In Fig. 2.6a, OSNRin is varied, and Pin is optimized for each value. The
range of optimum input powers resulting in the best performance is highlighted, assum-
ing 0.2 dB tolerance from the corresponding maximum SNR. These experimental results
clearly follow the numerical trends, i.e. maximum SNR increases with OSNRin, and so
does the SNR variation with respect to Pin. The power optimization is again critical for
high-quality inputs and it becomes almost irrelevant, as the input noise starts to dominate.
By fixing Pin to the optimum value, themaximum achievable SNR for a given input signal
quality OSNRin can be obtained, and it is plotted alongside in Fig. 2.6b for a varying con-
verter’s pump power Pp. These conversion results are benchmarked against the back-to-
back SNR reference measured for the unconverted signal at the waveguide input, and
the theoretical SNR for additive white Gaussian noise (AWGN)-limited signals calculated
from Equation 1.77. It is noted that the theoretical and back-to-back references diverge
at high values ofOSNRin, as the back-to-back performance thenbecomes limitedby the
transmitter and receiver noise instead of ASE. It is evident from Fig. 2.6b that for degraded
inputs (OSNRin < 20 dB), all curves blend together, approaching the theoretical maxi-
mum and the back-to-back reference. In this regime, the signal is heavily dominated by
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the input ASE noise, and the conversion penalty is close to irrelevant. On the contrary,
for high-quality inputs (OSNRin > 30 dB), the overall conversion penalty dominates and
thus it determines the idler’s performance. The penalty is measured at 5.2 dB and 1.8 dB
at the maximumOSNRin for Pp = 16 dBm and Pp = 22 dBm, respectively. For all cases,
better results are observed for the higher Pp, as it leads to increasedCE, which effectively
reduces the system’s loss. Nonetheless, the lower pump power (CE) is generally sufficient
for inputs with lower OSNRin, which are dominated by noise sources unrelated to the
conversion process. This is an important remark for practical systems, and it is consistent
with the numerical simulations in C11, where lowering CE did not significantly impact the
system’s performance or the OPC compensation gains in long-haul transmission.

a) b)

Figure 2.7. Numerical simulations of the total idler OSNR at the waveguide output (a), and
at the receiver (b) as a function of OSNRin and a varying Pp. Simulations conducted for a
single WDM channel and 9-mm waveguide.

The SNR results provide accurate evaluation on a system level, but more insight to the
process can be obtained by analyzing the different parts of the converter separately,
which is possible thanks to local OSNR measurements. Although OSNR does not incorpo-
rate all of the types of the converter’s penalties, it does offer more insight into the linear
impairments when it is considered at the optimum input power Pin, which is the opera-
tion point of the converter. The simulated OSNR evolution across the system at the opti-
mum Pin is presented in Fig. 2.7 for a varying OSNRin and different Pp. Both OSNR at the
waveguide output (OSNRout in Fig. 2.7a) and OSNR at the receiver (OSNRrx in Fig. 2.7b)
approach the input OSNR (OSNRin), as the input noise dominates, which has also been
previously observed in [137]. However, they diverge from OSNRin, when the input noise
is small and the converter’s penalty is dominant. OSNRout eventually becomes limited
by the pump ASE noise, as defined by pump CNR in Fig. 2.3b, whereas OSNRrx is further
reduced due to the ASE from the output EDFA. The impact of both noise mechanisms is
shown to be reduced by increasing Pp, leading to a stronger idler power, which in turn is
less susceptible to the pump noise floor and also requires less EDFA-amplification at the
converter’s output. The improved OSNRrx achieved at the higher Pp directly translates
into the SNR gain, as previously shown in Fig. 2.6b.
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Similar results as in Fig. 2.7 were obtained in the experimental measurements of
OSNRout and OSNRrx. We only refer to the numerical results because of practical in-
consistency in the noise and signal polarizations across the experimental system. In the
laboratory, OSNRin is based on a single-polarization signal with unpolarized ASE. Approx-
imately half of this unpolarized noise is filtered out in the waveguide due to polarization
dependent loss and because FWM occurs predominantly between co-polarized pump
and signal fields [21], which impacts OSNRout. On top of that, additional unpolarized
ASE is added from the EDFA at the converter’s output, affecting OSNRrx. As a result, the
experimental measurements of OSNRin, OSNRout and OSNRrx using this system are not
consistent in terms of the noise polarization, and therefore we employed numerical simu-
lations with co-polarized signal and noise only to track OSNR evolution across the system.
It is stressed that this inconsistency is setup specific, and the noise is added uniformly to
both signal polarization in polarization insensitive converters, as discussed in Section 2.4.

a) b) c)

Figure 2.8. Experimental input power measurements for five WDM channels and 9-mm waveg-
uide: the optimum total input signal power Pin (a), and the optimum signal power Ps (b)
as a function of OSNRin and a varying Pp. (c) Numerical simulation of the optimum input
powers for a single channel and 9-mm waveguide with Pp = 20 dBm, with the highlighted
optimum power power tolerance interval within 0.2 dB SNR offset. Adapted from J1.

Having discussed the performance at the optimum launch power, we present the ac-
tual optimum values of Pin in Fig. 2.8. The optimumpower is calculated for eachOSNRin,
and it is defined as the middle of the input power interval that spans the SNR values with
0.2 dB tolerance from the maximum. As the input signal quality is varied, substantial ASE
power can be added to it when low OSNRin is considered, and thus signal and noise
power can differ substantially. These powers are estimated from the recorded spectra,
and they are analyzed separately. The measured optimum total signal power (Pin, sig-
nal+noise) and the optimum signal power (Ps, signal only) are presented for a varying
Pp in Fig. 2.8a-b, respectively. Pin and Ps are nearly identical at high OSNRin, but di-
verge up to 4 dB at OSNRin = 12 dB because of the increased noise contribution. These
results are accompanied by the numerical simulations in Fig. 2.8c, which showsmatching
trends, and it also includes the input power tolerance interval of 0.2 dB SNR. The interval
is narrow at high input signal quality, when the optimization is critical, and it is broad for
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low-quality inputs, when the input noise dominates and the converter’s penalty is negligi-
ble. In both the numerical and the experimental analysis, the optimum total input signal
power Pin is approximately independent of OSNRin, whereas the optimum signal power
Ps decreases at low OSNRin. Maintaining a constant total input power Pin is therefore
practically important to preserve the optimum operation point, in case the input signal
quality changes. Additionally, both Pin and Ps decrease as Pp raises, reaching a new
balance between the linear and nonlinear impairments. Although the optimum Pin is re-
duced by approximately 3 dB as Pp increases from 16 dBm to 22 dBm, the idler power at
the waveguide output is still 9 dB higher due to 12-dB increase in CE. The lower optimum
input signal power reduces the nonlinear impairments in the waveguide, whereas the
higher idler power at the waveguide output limits the impact of the pump ASE and mini-
mizes the required EDFA amplification. Consequently, the higher Pp lowers the optimum
input power, and it can minimize the converter’s penalties to improve SNR, as previously
shown in Fig. 2.6b.

2.3.3 Number of frequency channels

The characterization so far assumed a constant number of WDM channels being con-
verted, whereas in this section, we evaluate the impact of increasing channel count on
the converter’s performance. The analysis is based on experimental measurements with
uniform input power across all the channels, and the system is always evaluated with re-
gard to the SNR of the central channel. The results for 1, 3, 5 and 7 WDM channels are
presented in Fig. 2.9.

a)

c)b)

Figure 2.9. Experimental analysis of the impact of the number of channels for a 3-mm waveg-
uide with Pp = 20 dBm: optimum total input power as a function of total input OSNR (a);
per channel idler OSNR at the waveguide output as a function per channel input OSNR (b),
spectra recorded at the waveguide output for 1 and 7 WDM channels at the optimum input
powers. Adapted from J1.

In Fig. 2.9a, we show that the optimum input power equals approximately Pin =
13 dBm for this converter’s implementation, and it is independent of the channel count.
As Pin refers to the total power of all channels, the power per channel in fact decreases
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as the number of channels rises. The input power power channel decrease is dictated
by the additional nonlinear penalty from extra XPM and intra-channel FWM, which are
induced for multi-channel processing. Consequently, the lower input power per channel
leads to a decrease in per channel idler OSNR at the waveguide output, as in Fig. 2.9b,
because of the increased pump noise floor contribution to a weak idler. The impact of
the pump noise floor for 1 and 7 channels is illustrated in Fig. 2.9c, and it becomes more
severe as the generated idler power decreases, approaching the pumpnoise level. Note
that we refer to per channel OSNR in Fig. 2.9b in terms of both input and output values
to make a fair comparison between the different WDM systems. Moreover, as discussed
earlier, OSNRin includes noise in both polarizations, whereas OSNRout is measured at the
waveguide output and thus it has half of the noise filtered due to polarization-sensitive
conversion. In order to compare the values directly, we decrease OSNRout in Fig. 2.9b
by 3 dB to account for the filtering effects.

a) b) c) d)

0.7 dB

1.3 dB
1.9 dB

2.1 dB

Figure 2.10. Experimental measurements of maximum idler SNR at the optimum input power
for a 3-mm waveguide with Pp = 20 dBm, and a varying channel count. Adapted from J1.

Ultimately, increased channel count raises the nonlinear penalties, and consequently
reduces the allowed input power per channel. This in turn decreases per channel output
OSNR of the generated idler, and per channel OSNR at the receiver. As a result, the sys-
tem’s performance is hindered, and we quantify this additional penalty by means of SNR
measurements in Fig. 2.10. The conversion penalty ranges from 0.7 dB for a single channel
up to 2.1 dB for seven WDM channels, assuming maximum input signal quality. However,
the penalty does not scale linearly with the channel count, and it tends to saturate for
more channels. For noisy inputs, the penalty becomes negligible as the input noise dom-
inates, which is consistent with Fig. 2.6b. Note that the back-to-back measurements in
Fig. 2.10a-d were recorded separately for each channel count, as the transmitter and
receiver performance can be susceptible to the number of channels transmitted.

These measurements are consistent with the FOPA characterization in [144–146],
where similar performance degradation was observed for WDM processing. In [145], the
penalty was also observed to saturate as the channel count increased, which further
highlights the similarities between FOPA and the converters discussed here. For FOPA, the
nonlinear crosstalk could be reduced by employing a shorter nonlinear medium with a
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lower nonlinear coefficient, and in turn increasing the pump power to maintain a steady
CE, as discussed in [145–148]. Though this approach requires devices with higher burning
threshold, if applied directly to the discussed integrated AlGaAsOI platform.

2.3.4 Pump characteristics
The impact of pump power was initially discussed in Section 2.3.2, and it was shown that
increasingPp generally improves the SNR of the converted idler. In this subsection, we fur-
ther investigate this relation, and also consider the impact of other pump characteristics,
including CNR and linewidth. These parameters are rather difficult to control experimen-
tally, and thus we refrain to numerical analysis to evaluate their impact on the system’s
performance.

Figure 2.11. Numerical simulations of maximum idler SNR as a function of pump power and
for a varying pump CNR. Simulations conducted for a single channel at the optimum input
power and OSNRin = 40 dB, with 9-mm waveguide. Adapted from J1.

First, we apply numerical simulations to extend the analysis of the impact of pump
power to higher values, as the experimental characterization was limited to Pp = 22 dB
by the burning threshold of the waveguides. The analysis is conducted for a single chan-
nel at the optimum input power Pin and maximum input OSNRin, as the performance
was shown to approach the back-to-back when the input noise dominates (Fig. 2.6b).
The simulation results are presented in Fig. 2.11, and they also illustrate the interaction with
pump CNR, which quantifies the noise floor set by the pump, and it is defined as the ratio
between the pump power and the pump noise power in 0.1 nm bandwidth (Fig. 2.3b).
The pump noise floor is uniform in frequency, and thus it is identical within and outside the
bandwidth of the pump. The in-band contribution results in amplitude and phase noise
transfer from the pump to the idler, whereas the out-of-band contribution is added to the
idler generated on top of the noise floor, degrading OSNRout. It is a standard approach
to partially suppress the out-of-band pump noise by means of optical filtering, as we also
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did in the experimental setup from Fig. 2.3. However, because of the trade-off between
the filtering loss and the extinction ratio, it is challenging to achieve very high CNR values,
and the residual pump noise floor will remain, impacting the conversion.

In Fig. 2.11, the theoretical and back-to-back performance limits of the unconverted
signal are plotted for reference, and the idler SNR is evaluated with respect to Pp and
pumpCNR. It is observed that increasing pump power to moderate values (Pp < 28 dB)
enhances the converter’s performance, as also demonstrated in Fig. 2.6b. However, SNR
then saturates and starts to deteriorate, if Pp is further increased. The optimum Pp raises
with increased pump CNR, and the performance approaches the back-to-back refer-
ence at large values (CNR > 80 dB). Increasing Pp improves the performance at the
beginning, as it boosts CE along with the idler power at the waveguide output, which
consequently lowers the impact of the system’s ASE noise. As Pp rises further, parametric
noise amplification is no longer negligible, and it starts to amplify the pump noise floor,
effectively reducing the output CNR of the pump. Consequently, more noise is trans-
ferred from the pump to the idler, and the performance is ultimately reduced. This effect
is further illustrated in Fig. 2.12, while also outling the OSNR evolution of the idler. Again,
all the values are considered at the optimum Pin and maximum OSNRin.

Figure 2.12. Simulated pump CNR at the waveguide’s input and output as a function of
pump power for the initial CNR = 60 dB, with the corresponding idler OSNR evolution
attached alongside. Simulations conducted for a single channel at optimum input power and
OSNRin = 40 dB, with 9-mm waveguide.

Based on Fig. 2.12, the input and output pump CNR remain the same for Pp < 25 dB,
as no parametric noise amplification is observed. However, with Pp rising, the out-
put pump CNR drops significantly, reaching down to 36 dB from the initial 60 dB at
Pp = 40 dB. This is a direct consequence of the noise floor amplification, as illustrated
in Fig. 2.13a-c. The reduction in CNR in turn impacts the OSNR evolution. At low Pp, the
idler power at the waveguide output is relatively low, it is therefore reduced by both the
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CNR=60 dB CNR=60 dB

CNR=60 dB CNR=55 dB
CNR=60 dB CNR=36 dB

Figure 2.13. Input (blue) and output (red) pump spectra for a varying pump power.

pump noise floor (OSNRout) and the output EDFA (OSNRrx). Whereas at large Pp, the
idler power at the waveguide output is high, but so is the amplified noise floor of the
pump. Consequently, the amplified noise floor degrades the idler OSNR at the waveg-
uide output significantly (OSNRout), but it then requires very little additional amplification
at the output, meaning that OSNRrx is not reduced any further.

This is an important result which illustrates that the higher pump power, or equivalently
CE, might not always lead to a better performance of the converter, and the optimum
Pp is strictly related to the pump CNR. In the experimental characterization from Fig. 2.6,
we remained in the regime where increasing Pp always improved SNR, yet the numerical
results clearly show an optimum at e.g. Pp = 28 dB for CNR = 60 dB. Given that even
higher Pp is available, CNR of the pumpmust be increased alongside to allow for further
SNR improvement.

CNR=60 dB

CNR=100 dB

CNR=60 dB

1.1 dB

2.3 dB

Figure 2.14. Numerical simulations of maximum idler SNR as a function of pump power and
for a varying pump linewidth, with CNR = 60 dB (solid) and CNR = 100 dB (dotted).
Simulations conducted for a single channel at the optimum input power and OSNRin = 40
dB, with 9-mm waveguide. Adapted from J1.

Finally, we numerically evaluate the impact of the pump laser linewidth, which can
induce phase noise transfer to the signal and the idler. In the experimental setup, 10-kHz
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ECLs are employed at the transmitter side for carrier generation, and at the receiver side
as a local oscillator, whereas a sub-kHz fiber laser is used as the OPC pump. Similarly,
throughout the numerical simulations so far, the linewidths of the transmitter and receiver
lasers were fixed to 10 kHz, and theOPCpumpoperated at 1-kHz linewidth. In this section,
a varying pump laser linewidth is simulated, and the results are presented in Fig. 2.14 for
maximum input signal quality and two different pump CNR: 60 dB and 100 dB. Note that
the SNR values for νp = 1 kHz correspond directly to the results in Fig. 2.11.

At CNR = 60 dB, the penalty remains below 0.2 dB for pump linewidths below 10 kHz,
though it rapidly increases to over 1.1 dB at 100 kHz. Similar behaviour is observed at
CNR = 100 dB, with the penalty below 0.3 dB up to 10 kHz, and as much as 2.3 dB for
a 100-kHz pump laser. It is noted that the SNR penalty due to pump linewidth is most
significant for signals with maximum quality, and will decrease when other noise con-
tributions start to dominate, e.g. at low OSNRin or sub-optimum Pp. These results are
consistent with the trends in the preliminary analysis in [60], where the OPC performance
was measured for several pump types, and it was degraded by the lower quality lasers.

It is evident from the numerical results that the pumpphase noise becomes significant
once the pump linewidth exceeds the transmitter and receiver linewidths (fixed at 10 kHz).
For a simple back-to-back setup, the received field is a product of the signal and the local
oscillator fields [54]:

ERX ∝ ES · ELO, (2.1)
and the resultant total beat-linewidth of the received field corresponds to [54]:

∆νeff ≈ νT X + νRX . (2.2)

In this analysis, the linewidths of the transmitter and receiver are equal, and so they con-
tribute equally to the total beat-linewidth. For applications involving a FWM-based con-
version, the generated idler is a product of the signal and the pump fields [139]:

EI ∝ E∗
S · E2

P . (2.3)

The pump field is squared due to degenerate FWM considered in this analysis. The total
beat-linewidth must then also include the pump linewidth contribution according to:

∆νeff ≈ νT X + νRX + 2νp. (2.4)

This result is consistent with the numerical analysis, and it implies that the pump linewidth
should be comparable to the transmitter and receiver linewidths, such that it does not
dominate the beat-linewidth term entirely. Consequently, the pump linewidth of:

νp ≤ (νT X + νRX)/2 (2.5)

is sufficient for practical applications of the converters with negligible penalty from the
additional pump phase noise transfer.
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2.4 Characterization of HNLF-based converter
The section discusses another implementation of the converter based on a strained HNLF.
Nonlinear fibers have historically been widely applied to OSP for the past decades [46–
48], resulting in a well-developed technology today, which generally outperforms novel
integrated platforms, including AlGaAsOI. The analysis of the converter therefore serves
a more practical purpose, as this implementation will be applied throughout the project
to perform the OPC operation. The work is structured as follows:

• characterization of the strained HNLF used for conversion in Section 2.4.1;

• experimental conversion setup and system optimization in Section 2.4.2.

The discussed fiber has been chosen to best suit the conversion needs, and it operates
in a polarization-insensitive configuration to allow for processing of dual polarization (DP)
signals. Ultimately, the setup is universal, and it offers minimum penalties, once optimized.

2.4.1 HNLF characterization
The nonlinear medium of the converter is expected to provide a strong nonlinearity
and broad bandwidth operation within C-band, where transmission typically occurs. As
shown in Section 1.4, this requirements implies that ZDW of the candidate fiber should be
found around 1550 nm, and it must be accompanied by large nonlinear coefficient and
high input power tolerance. An HNLF that meets these criteria is introduced in Table 2.2.
The fiber has been manufactured and provided by OFS Denmark.

Table 2.2. Key parameters of the HNLF used for conversion.

Name L, m γ, 1/W/km S, ps/nm2/km ZDW, nm α, dB/km
strained HNLF 254 9.7 0.07 1544 0.82

Achievable nonlinear phase-shift, and thus CE, is effectively determined by the al-
lowed input power. As opposed to AlGaAsOI waveguides, where the nonlinearity is
upper-bounded by the burning threshold of the device, fibers tend to experience a dif-
ferent limitation. High CW input power triggers stimulated Brillouin scattering (SBS), which
causes a strong back-reflection and consequently reduces the power propagating in-
side the fiber [21]. The threshold for SBS is proportional to fibers’ effective area, and it is
typically small in HNLF in order to achieve high γ values. As a result, SBS generally poses a
serious challenge for fiber-based OSP. One of the possible means of addressing the limi-
tation is through applying a strain gradient across the fiber, which can raise the allowed
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input powers considerably [86, 91–94], and this strategy is used for the HNLF in Table 2.2.
The SBS measurements for the discussed fiber are presented in Fig. 2.15.

Figure 2.15. Reflected vs. input power measurements. SBS threshold in black.

a) b)

Figure 2.16. Output CE at Pp = 25 dBm for pump wavelengths: 1545.32 nm (a), 1544 nm (b).

The reflected power is shown to grow linearly with the input power at low values, and
the linear reflection is caused by the Rayleigh scattering, which is one of the common loss
mechanisms in fiber-optic communications [15]. Though, as the input power increases
further, the SBS threshold is reachedaround 25 dBm, and it triggers an exponential growth
in the reflected power. If not for straining, the threshold would occur at significantly lower
power levels. While in the SBS regime, the fiber acts like a mirror, eventually reflecting
most of the power that is launched into it. The effect prevents the interaction between
the fields inside the fiber, and should be avoided. Throughout the project, the pump
power is set to operate at the SBS threshold Pp = 25 dBm, and the results for the corre-
sponding output CE are illustrated in Fig. 2.16 for two distinct pumpwavelengths: 1544 nm
and 1545.32 nm. For both pump wavelengths, CE reaches up to -6 dB, but the conver-
sion bandwidths differ substantially. At 1544 nm, the pump is placed around the ZDW
of the HNLF, which satisfies the phase-matching condition of FWM for a broad range of
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wavelengths, as discussed in Section 1.4. The resultant 3-dB conversion bandwidth ex-
tends beyond C-band with minimum variation, and thus such converter is excellent for
broadband applications. On the other hand, pump at 1545.32 nm has the 3-db band-
width reduced slightly, but it is still appropriate for conversion of narrow- to medium-band
signals.

In this project, we set the pump to 25-dBm power and 1545.32-nm wavelength. The
power results in maximum CE, while avoiding SBS, whereas the wavelength provides
enough conversion bandwidth, and it complies with WDM couplers employed in the
setup to minimize the total system’s loss. This is discussed in detail in the next section.

2.4.2 Converter setup and optimizationExperimental Setup
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Figure 2.17. Experimental setup for characterization of HNLF-based converter (a), with the
recorded spectra at the input to the loop (b), the output of the loop (c), and the receiver
(d). The spectra are recorded for seven channels at Pin = 12.5 dBm, and Pp = 25 dBm.

The experimental implementation of the converter based on the HNLF is sketched
in Fig. 2.17a, and it is inherently similar to the system using AlGaAsOI from Fig. 2.3. We
employ the same coherent transmitter and receiver setups for signal generation and de-
tection, except for the addition of polarization-dependent delay lines at the transmitter
side to emulate DP transmission. The characterization is conducted for sevenWDM chan-
nels, which are generated around 1540 nm with 25-GHz spacing from ECLs with 10-kHz
linewidth, then modulated with 16-QAM data at 16 GBd by means of two IQ modulators
(one for even, and one for odd channels), with polarization-multiplexing emulated at
the transmitter’s output. This signal is fed directly to the HNLF-based converter, where it
is amplified, and coupled with a CW high-power pump from an additional 10-kHz ECL.
The randomly-polarized signal and the linearly-polarized pump are injected into a bi-
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directional loop via a polarization beam splitter (PBS), where they split into two counter-
propagating orthogonally-polarized waves. FWM is induced between the co-polarized
and co-propagating pump and signal components inside the HNLF, and it can occur in
either direction. For polarization-insensitive operation, the pump must be split equally at
the PBS, and so the pump’s polarization is adjusted accordingly with a PC. Another PC
is used next to the HNLF inside the loop to optimize the polarization as the waves recom-
bine. At the output of the loop, the pump and the signal are suppressed by filtering, and
the conjugated idler is amplified and received. The pump power is set to Pp = 25 dBm
per polarization at each side of the HNLF, and it is centered at 1545.32 nm to comply with
the WDM couplers in the setup. The couplers are used for combining the pump with the
signal at the converter’s input, and they also help filter out the pump at the converter’s
output, while in reverse configuration. At the receiver side, the idler is detected using a
coherent receiver, processed by a standard DSP chain, and evaluated with SNR, as in
Equation 1.78. With the signal around 1540 nm, and the pump at 1545.32 nm, the corre-
sponding idler is generated around 1550 nm, as illustrated in the spectra in Fig. 2.15b-d,
which capture the evolution of the waves at the input to the loop, the output of the loop,
and the receiver.

Figure 2.18. Input power optimization with regard to receiver SNR for seven WDM channels.
Back-to-back references for the unconverted signal provided alongside for both modulators.

This system is optimized with respect to the input signal power, and evaluated at the
maximum input signal quality, with no noise loading considered, i.e. OSNRin = 42 dB.
As discussed in Section 2.2, the optimization is performed with regard to the receiver SNR
to capture all the impairments associated with the conversion, and the results for each
of the seven WDM channels are presented in Fig. 2.16. For all channels considered, the
converter’s performance peaks at around 12.5 dBm total input signal power, and the
SNR reaches up to 23.5 dB for even channels and 22.1 dB for odd channels. The discrep-
ancy is a result of two distinct IQ modulators being applied to even and odd channels,
resulting in a slightly different path loss and modulation characteristics. Nonetheless, the
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converter’s penalty remains well below 0.5 dB in SNR for all channels, when compared to
unconverted back-to-back signal reference. This is significantly lower than the penalty
of the AlGaAsOI-based converter in Fig. 2.6b, which is no less than 1.8 dB.

The HNLF-based converter outperforms the AlGaAsOI system because of the higher
CE and the lower setup’s loss, while it also enables polarization-insensitive operation for
DP tramsmission. Consequently, we employ the HNLF scheme throughout the project, as
indicated accordingly. Finally, we remark that this section analyzed the setup for fixed
input signal characteristics, i.e. seven-channel 16-QAM 16-GBd DP transmission, though
the signal properties will vary in the experiments to follow. The system might therefore
need fine input-power adjustments to hold on to the optimum, but the converter’s con-
figuration and close to back-to-back performance is always maintained.

2.5 Summary
In this section, we introduced a general four-wave-mixing (FWM)-conversion setup, and
discussed two distinct implementations of it: AlGaAs-on-insulator (OI)-based and highly
nonlinear fiber (HNLF)-based, both of which are capable of providing the optical phase
conjugation (OPC) operation for the sake of nonlinearity suppression. The performance
of each system was optimized with respect to the input signal power, and evaluated by
means of receiver signal-to-noise ratio (SNR), which is estimated directly from the trans-
mitted and received symbols, and thus captures all the impairments associated with the
process.

The AlGaAsOI-based converter offers extremely wide bandwidth as well as poten-
tial for on-chip integration, and thus the platform is being researched for future applica-
tions. We used this system’s implementation for a comprehensive characterization of the
converter’s behaviour, and discussion on the key sources of performance degradation.
It was shown that the idler’s quality is ultimately limited by the amplifier’s and pump’s
amplified spontaneous emission (ASE), pump’s phase noise and nonlinearity inside the
waveguide. These distortions can beminimized by optimizing the input signal power and
the converter’s pumppower (or equivalently conversion efficiency (CE)), while alsomain-
taining a sufficiently small pump linewidth. Moreover, we considered practical network
scenario with multi-channel transmission, and a varying input signal quality. Increasing
the channel count resulted in a greater nonlinear interference, which led to a higher
conversion penalty, though the converter’s requirements becamemore relaxed for noisy
inputs. Indeed, as the input optical signal-to-noise ratio (OSNR) decreased, the signal be-
came dominated by the input noise, and the additional converter’s degradations grad-
ually became less relevant. Nonetheless, the SNR penalty induced by the AlGaAsOI-
based converter approached 2 dB for wavelength-division multiplexing (WDM) signals
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with high input quality. It was caused by the pump power limit due to burning thresh-
old (22 dBm), as well as relatively high propagation loss (0.8 dB/mm). Both features are
generally inherent to nonlinear AlGaAsOI devices.

In the second part, we showed that the other discussed converter implementation
using HNLF could lead to a better performance. Having a strained HNLF employed as
the nonlinear medium, the setup offers a very high CE of around -6 dB combined with a
negligible propagation loss. This converter is characterized for a seven-channel WDM sig-
nal with maximum input signal quality, and it achieves an extremely low SNR conversion
penalty below 0.5 dB.

In summary, the section provided a general overview of the performance and limits
of FWM converters. The discussed HNLF-based system substantially outperformed the
AlGaAsOI setup, and therefore it will be employed as OPC in transmission demonstrations
throughout the project. It is noted that this HNLF-based OPC could potentially be further
enhanced by employing more advanced fiber types, multiple pumps or pump dithering
[46,72,104], though these changes cannot substantially increase SNR any further, as the
current setup already approaches the back-to-back reference for unconverted signals.



CHAPTER 3
Distributed nonlinearity

compensation
This chapter discusses symmetric link designs for efficient optical phase conjugation
(OPC)-based nonlinearity suppression in distributed fashion, i.e. the compensation is car-
ried out throughout transmission. It is based on the results presented in conference con-
tributions C3, C4 and journal article J2.

3.1 Introduction
The general approach to applying the OPC technique for all-optical nonlinearity com-
pensation requires anOPCdevice at some point in the system, and link symmetry around
it, as discussed in detail in Section 1.3. Efficient means of OPC implementation were dis-
cussed in Chapter 2, and thus the remainder of the work addresses the link symmetry in-
stead. In this chapter, we study a typical scheme, where an OPC device is placed within
the link, and both the left-side and the right-side of the OPC are used for transmission, i.e.
the compensation is distributed across the entire system. The symmetry design is crucial
for OPC-aided transmission, as it is directly responsible for matching and negating the
nonlinearity, as opposed to the OPC device which in fact only performs the conjugation
operation.

The degree of link symmetry can generally be quantified by the symmetry in power vs.
accumulated dispersion diagrams (PADDs), which are derived from the specific link de-
sign, as discussed in Section 1.3.2. Symmetric PADD ensures that the nonlinearity on both
sides of the OPC is matched, and the most common strategy to achieving it is through
manipulation of the power profiles bymeans of distributed Raman-amplification. Indeed,
links with close-to-perfect PADD have been demonstrated for such systems [71–77], but
matching the power profiles accurately requires very short amplifier spacing, which raises
the system’s total cost and complexity. Consequently, realistic systems with a more stan-
dard span length still suffer from the symmetry mismatch [71–74], which limits the com-
pensation gains and undermines the OPC benefits for practical applications. Aside from
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Raman-amplified systems, the technique has also been studied extensively for erbium-
doped fiber amplifier (EDFA)-based links, though they generally fail to satisfy the strict
compensation criteria because the power profiles cannot be easily controlled, resulting
in only moderate OPC improvement [45,59,99–105]. As EDFA systems are standard, very
popular andwidely deployed, this is another serious limitation for the applicability of OPC.

In this chapter, we focus on the link design, and aim to produce a symmetric PADD
in practical system scenarios. Instead of the typical approach which relies on manipulat-
ing the power profiles, we accept the exponential power decay due to fiber loss, and in-
stead we rely on advanced dispersion mapping for the symmetry design. Consequently,
the strategy we present can be applied to simple EDFA-based systems, and it does not
require complex distributed amplification schemes for efficient nonlinearity suppression.
The core of the analysis is a comparison between three distinct link configurations:

• dispersion uncompensated (DU);

• dispersion managed (DM);

• dispersion optimized (DO).

All of the three configurations are EDFA-amplified systems, and each of them is analyzed
for two-span or multi-span system scenarios, as indicated accordingly. The uncompen-
sated [59,100,101] and managed [45,102,103] links are standard and well-known strate-
gies, both of which demonstrate limited propagation symmetry for OPC-aided transmis-
sion. On the other hand, the dispersion optimized scenario is the scheme we propose
to improve the symmetry and boost the compensation gains. As we will show later in
the section, the optimized design is in fact capable of attaining a perfectly symmetric
PADD, which has generally not been feasible for other, also Raman-amplified, system
configurations.

The study is based on both numerical and experimental work, and the chapter is
organized as follows. In Section 3.2, we introduce and numerically analyze the three
considered system configurations. Each configuration can be built from several fiber
types, and so we discuss two distinct possibilities of implementing them with: standard
single-mode fiber (SSMF) and inverse dispersion fiber (IDF) in Section 3.2.1 and super large
area fiber (SLA) and inverse dispersion fiber, type 2 (IDFx2) in Section 3.2.2. In either case,
the systems are simulated and compared against each other, outlining the impact of
the transmitted signal bandwidth, the OPC compensation gains as well as the overall
performance. The numerical results are then verified experimentally for the SLA and IDFx2
systems in Section 3.3, as these fibers are commercially available and has been widely
deployed. The laboratory work allows to validate the findings and confirm the benefits
of the new symmetry design. Finally, the chapter is concluded in Section 3.4.
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3.2 Numerical analysis
In this section, we conduct a numerical comparison between the three dispersion map-
ping strategies with respect to the effectiveness of the OPC-based nonlinearity com-
pensation. The discussed links fall into one of the categories: (1) dispersion uncompen-
sated (DU), (2) dispersion managed (DM), and (3) dispersion optimized (DO). Each link
is simulated using the same numerical setup illustrated in Fig. 3.1.
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Figure 3.1. Numerical characterization setup employed in simulations. Adapted from J2.

At the transmitter side, we generate up to seven carrier waves around 1550 nm from
laser diodes (LDs). The waves are modulated using separate in-phase quadrature (IQ)
modulators driven by independent 16-quadrature amplitude modulation (QAM) dual
polarization (DP) data streams, and combined altogether. The channel count, baud rate
and frequency spacing is varied throughout the analysis, as indicated accordingly. The
generated signal is then amplified, and the out-of-band amplified spontaneous emission
(ASE) noise is suppressed by means of optical filtering, before entering one of the links for
transmission. In all considered scenarios, noise figures (NFs) of all EDFAs are fixed to 5 dB,
and the optical signal-to-noise ratio (OSNR) at the input to the link is kept constant at
40 dB per channel. At the end of the link, the signal is amplified and detected with
a standard coherent receiver followed by a digital signal processing (DSP) chain and
effective signal-to-noise ratio (SNR) estimation. The DSP chain is discussed in more detail
in Section 1.5.3, and the SNR is always estimated for the central channel according to
Equation 1.78. The numerical analysis is performed for systems based on SSMF and IDF
in Section 3.2.1, and SLA and IDFx2 in Section 3.2.2. For both cases, fiber propagation is
emulated by means of asymmetric split-step Fourier method (SSFM) with a varying step
size, as discussed in Appendix A, and the OPC is modelled with ideal conjugation of the
complex field amplitude: A→A∗. The polarization-mode dispersion (PMD) as well as the
higher-order chromatic dispersion are neglected in this analysis to allow focusing on the
symmetry design.
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3.2.1 Systems based on SSMF and IDF

Here, we implement the dispersion management techniques using SSMF and IDF fiber
types, with the corresponding parameters listed in Table 3.1. SSMF is the most standard
fiber type, whereas IDF is identical to SSFM except for the negative second-order dis-
persion sign. This scheme can offer a perfectly symmetric PADD, leading to the highest
compensation gains. However, it is challenging to implement in practice because IDF
has never been commercialized, and the fiber is difficult to acquire. This analysis is con-
ducted for two-span systems, with an optional mid-link OPC.

Table 3.1. Simulation parameters of SSMF and IDF fiber types.

Name α, dB/km D, ps/nm/km γ, 1/W/km
SSFM 0.2 17.0 1.3
IDF 0.2 -17.0 1.3

3.2.1.1 Two-span analysis

The three link configurations: DU, DM and DO are sketched in Fig. 3.2 for the implemen-
tation based on SSFM and IDF fibers. Each link consists of two 80-km spans with EDFA-
amplification and an optional OPC in the middle.

3

Our Systems: SMF/IDF
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Figure 3.2. Transmission systems based on SSMF and IDF: power evolution (solid) and
dispersion accumulation (dashed) for the link without (a) and with (b) mid-link OPC. (c)
The resultant PADD for the OPC scenario. Signal and conjugate denoted in blue and red,
respectively. Adapted from J2.
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The first scenario under analysis is a typical dispersion uncompensated link (DU1 in
Fig. 3.2), with both spans composed of identical spools of SSMF. The reference link with-
out OPC (Fig. 3.2a) is simply EDFA-amplified after the first span, whereas it is amplified
and conjugated for the case with OPC (Fig. 3.2b). The resultant PADD for the link in-
cluding OPC is illustrated in Fig. 3.2c, and it is highly asymmetric due to the exponential
power decay in each span. The PADD indicates that the nonlinearity in the spans is
mismatched, as the high-power region occurs at low (positive) accumulated dispersion
for the signal, and at high (negative) accumulated dispersion for the conjugate. As a
result, the OPC compensation gains are known to be marginal for such links [59, 100].
The second analyzed scenario is a dispersion managed system (DM1 in Fig. 3.2), which
still consists of two SSMF spools, but it also employs a lumped dispersion compensating
module mid-link, which completely compensates the accumulated dispersion from the
first span. Because the accumulated dispersion is zero at the point of conjugation, the
OPC operation does not change its value by reversing the sign, and the maps with and
without OPC look very much alike for DM1 (Fig. 3.2a-b). The PADD for DM1 (Fig. 3.2c)
is still asymmetric, as positive accumulated dispersion is maintained throughout the link.
Nonetheless, the high-power regions for both the signal and the conjugate occur close
to zero accumulated dispersion, where some nonlinearity matching exists and partial
nonlinearity suppression is possible [45, 102, 103]. Finally, we propose a dispersion opti-
mized system (DO1 in Fig. 3.2), which consists of SSMF in the first span and IDF in the
second span. Without OPC, the system is only EDFA-amplified mid-link, such that the
accumulated dispersion increases linearly in the first span, and then returns to zero after
the second span (Fig. 3.2a). With OPC, the signal is also conjugated and an additional
dispersion compensating component is added in the middle to compensate the accu-
mulated dispersion of the first span (Fig. 3.2b). As a result, the accumulated dispersion
increases starting from zero in the first half of the system, and it decreases starting from
zero in the second half. The high-power regions for the case with OPC now occur at low
(positive) and low (negative) accumulated dispersion for the signal and the conjugate,
respectively, as manifested in the perfectly symmetric PADD (Fig. 3.2c). This PADD resem-
bles the ideal system with exponentially decreasing/increasing power profile discussed
in Section 1.3.2, though it is noted that the nonlinearity here is effectively compensated
in a reversed order, as indicated by the arrows, i.e. the distortions from the beginning of
the first span are cancelled out by the distortions at the beginning of the second span.
Even though the two schemes are not perfectly identical, DO1 still boosts the OPC gains
substantially, as we will show next.

The dispersion managed (DM1) and dispersion optimized (DO1) systems rely on dis-
persion compensating modules installed mid-link. Although such modules certainly ex-
ist [149,150], they increase the system’s complexity as well as costs. In Fig. 3.3, we present
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Figure 3.3. Alternative implementations of DM and DO links using composite SSMF+IDF
fibers: power evolution (solid) and dispersion accumulation (dashed) for the link without
(a) and with (b) mid-link OPC. (c) The resultant PADD for the OPC scenario. Signal and
conjugate denoted in blue and red, respectively. Adapted from J2.

alternative implementations of these links: DM2 and DO2, both of which do not require
lumped dispersion compensation, but completely correspond to DM1 and DO1 in terms
of the symmetry design. The new links are now composed of a composite SSMF+IDF fiber,
such that net dispersion is completely compensated after each span. DM2 consists of
two identical SSMF+IDF spans, and thus accumulated dispersion is positive across the en-
tire link, leading to a one-sided PADD, similar to DM1. In the case of DO2, the fiber order
is reversed in the second span, such that accumulated dispersion is positive in the first
span, and negative in the second span. As a result, the same powers are continuously
induced at the opposite values of accumulated dispersion, and the PADD is perfectly
symmetric, as in DO1. DM2 and DO2 are very similar to each other in a sense that they
require the same types and amount of fibers used, and they can be interchanged easily
simply by flipping the fiber ends in the second half of the link. However, the OPC com-
pensation results will be drastically different for these schemes due to the corresponding
changes in PADD.

The five discussed systems: DU1, DM1, DO1, DM2, DO2 are simulated with and without
OPC. In each case, the same power is launched into the first and the second span,
and the links are compared by means of the SNR of the central channel measured as
a function of the total input power into each span. The simulations are conducted for a
varying baud rate and channel count in order to outline the impact of the transmitted
signal bandwidth. The SNR results are presented in Fig. 3.4, and they include transmission
of: single channel at 8GBd (Fig. 3.4a); single channel at 16GBd (Fig. 3.4b); single channel
at 32 GBd (Fig. 3.4c); and seven channels at 32 GBd with 37.5 GHz spacing (Fig. 3.4d).
For clarity, we only plot the three systems: DU1, DM1 and DO1 in Fig. 3.4a-b, whereas all
the links are shown in Fig. 3.4c-d.
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Figure 3.4. Numerical SNR results as a function of the input power for two-span systems:
DU1, DM1, DO1, DM2, DO2 without (solid) and with (dashed) mid-link OPC. Baud rate
and channel count varied as indicated.

For single-channel transmission at 8 GBd and 16 GBd (Fig. 3.4a-b), the performance
is almost identical for the systems without OPC, as it is not heavily impacted by the link
symmetry design. However, once OPC is included, the symmetry starts playing a key
role, and the difference between the schemes is apparent. The SNR improvement from
inclusion of OPC reaches up to 4.6 dB and 2.1 dB for both DU1 and DM1 at 8 GBd and
16 GBd, respectively. Despite similar gains for both systems, it is noted that they originate
from matching of different nonlinear regions of the links. For DU1, the symmetry in PADD
is limited, but the accumulated dispersion takes positive values on one side, and neg-
ative values on the other side of the OPC, and thus weak compensation takes place
across the entire system. On the other hand, for DM1, the PADD is one-sided, but both
nonlinear regions occur at or close-to zero accumulated dispersion, where the nonlin-
earity is matched and effectively compensated. The achieved gains are already sub-
stantial, but they are enhanced even further for DO1 link, which demonstrates up to 6.6
dB improvement at 8 GBd and 5.6 dB at 16 GBd, with the performance approaching
the back-to-back reference. The simulated OPC gains are also generally impacted by
the baud rate. An increase in the signal baud rate translates into a higher transmission
bandwidth, which consequently leads to a greater temporal broadening due to disper-



68 3 Distributed nonlinearity compensation

sion, according to Equation 1.17. Given asymmetric PADD, the temporal mismatch of
the waveforms is therefore larger at a broader signal bandwidth, which consequently
reduces the matching and the compensation effectiveness. This effect is manifested in
the decreasing OPC gains for DU1 and DM1 scenarios, as baud rate raises, though the
gains remain high and close to back-to-back for DO1 with a perfectly symmetric PADD,
which ensures that the temporal pulse shapes remain matched.

As we increase the transmission bandwidth further in Fig. 3.4c-d, the disparities be-
tween the configurations become even more important. The scenarios with asymmetric
PADDs blend together with little to no compensation, as the temporal mismatch of the
waveforms becomes severe at such large bandwidths. Only the optimized scenarios,
DO1 and DO2, still provide enough symmetry to maintain significant gains, with the SNR
improvement reaching 4.6 dB and 5.2 dB for a single and seven channels, respectively.
In this analysis, the OPC gains are found to be even higher for multi-channel transmis-
sion, as the additional inter-channel nonlinearity is then also suppressed. Moreover, we
note that there is indeed a complete correspondence in terms of performance and com-
pensation gains between the links: DM1 and DM2, as well as DO1 and DO2, as already
outlined beforehand with regard to the symmetry design.

It is apparent from Fig. 3.4 that propagation symmetry determines the compensa-
tion gains in OPC-aided transmission, and thus the symmetric links have been shown to
consistently outperform the other configurations, once OPC is included. Moreover, the
results highlight the impact of the symmetry in broadband transmission, where the non-
linearity compensation is essentially impossible without proper link optimization, and the
OPC effectiveness will rapidly decline for standard asymmetric links, as also observed
in [104, 105]. Nonetheless, the proposed DO1 and DO2 systems with perfectly symmet-
ric PADDs demonstrate superior performance at all bandwidths considered, nearing the
back-to-back performance by a small SNR margin down to 1.2 dB for seven-channel
transmission.

3.2.2 Systems based on SLA and IDFx2

Table 3.2. Simulation parameters of SLA and IDFx2 fiber types.

Name α, dB/km D, ps/nm/km γ, 1/W/km
SLA 0.19 20.2 0.85

IDFx2 0.23 -44.0 3.08

The links from the previous section are capable of forming perfectly symmetric PADDs,
though they rely on IDF to be available. However, such fiber is not mass-produced, and
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thus the applicability of this approach is limited in practice. In this section, we introduce
equivalent implementations of the link configurations, but we base them on SLA and
IDFx2 fiber types, both of which have been commercialized and are readily available
[45, 102, 103], with the parameters given in Table 3.2. The analysis is conducted for two-
span systems in Section 3.2.2.1, and it is extended to multi-span links in Section 3.2.2.2.

3.2.2.1 Two-span analysis
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Figure 3.6. Numerical SNR results for SLA+IDFx2-based links: DM in a-b and DO in c-d
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optimization with respect to the maximum SNR. (b,d) The corresponding (average) input
power sweep at the given launch power difference. The systems are benchmarked against
the optimized system based on SSMF and IDF from Fig. 3.2 (black). Adapted from J2.

The new link configurations are sketched in Fig. 3.5, and they are made of two spans
of a composite SLA+IDFx2 fiber. Each span consists of 55 km of SLA and 25 km of IDFx2,
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such that dispersion is completely compensated in the end. Between the spans, stan-
dard EDFA amplification is used and the signal is conjugated, when indicated. The sys-
tems are categorized as dispersion managed (DM) and dispersion optimized, with the
corresponding PADDs illustrated in Fig. 3.5c. DM links are made of SLA followed by IDFx2
spans on both sides of the OPC, whereas the fiber order on one of the sides is reversed
for the optimized scenario. For completeness, we separately analyze the link with the left
side of the OPC reversed (referred to as DO1), and the link with the right side of the OPC
reversed (referred to as DO2).

We note that the PADDs for the optimized links are no longer ideal due tomismatch in
the fiber loss and the group velocity dispersion between SLAand IDFx2, which is expected
to limit the compensation gains. Moreover, the fibers are also substantially different with
regard to the nonlinear coefficients, which are not captured by the standard PADD. As
the compensation requires that the nonlinearity from SLA is reapplied in IDFx2, and vice
versa, the propagating powers should be adjusted accordingly in each fiber type. This is
possible, to certain extent, by controlling the launch powers into each span separately.
Instead of one-dimensional power optimization, we therefore jointly optimize the power
into the span proceeding the OPC (P1) and the power into the span following the OPC
(P2). As a result, we can define an optimum power difference for each system that
maximizes the receiver SNR as:

∆P [dB] = P1 [dBm] − P2 [dBm]. (3.1)

The optimization results for seven-channel wavelength-division multiplexing (WDM) trans-
mission at 32-GBd with 37.5 GHz spacing are presented in Fig. 3.6a-b for DM, and in
Fig. 3.6c-d for DO1 and DO2.

In Fig. 3.6a, we plot the maximum achievable SNR for DM link as a function of ∆P ,
where bothP1andP2 havebeen jointly optimized. With exactly the sameorder of fibers
on each side of the OPC, the maximum SNR is attained when the powers into both spans
are equal, i.e. ∆P = 0, and P1 = P2 = 9 dBm for the case without OPC, whereas
P1 = P2 = 10 dBm for the case with OPC. In Fig. 3.6b, we attach the corresponding
launch power sweep at the optimum power difference, i.e. P1 and P2 remain equal
and are simultaneously incremented. Because of the limited symmetry in PADD for DM
link, inclusion of OPC only results in a modest 0.6 dB improvement in SNR. This result is
compared against the perfectly symmetric system based on SSMF and IDF from Section
3.2.1.1, which is as much as 4.6 dB better with OPC included.

In Fig. 3.6c-d, the analogous results are presented for DO1 andDO2, and they are also
benchmarked against the optimized system based on SSMF and IDF. For both schemes,
the nonlinearity induced in SLA is compensated in IDFx2, and vice versa, thus the relative
powers launched into each span are optimized to counteract the difference in the fiber
parameters. As shown in Fig. 3.6c, the maximum SNR is attained when the power into
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SLA is approximately 3 dB higher than the power into IDFx2, i.e. ∆P = ±3 dB, because
SLA is less nonlinear than IDFx2. As the powers are no longer equal, in Fig. 3.6d, we plot
the average launch power sweep defined as: Pavg = (P1 + P2)/2 with the optimum
power difference ∆P , i.e. P1 and P2 are simultaneously incremented such that ∆P
is constant. Because of the enhanced propagation symmetry, DO1 and DO2 exhibit
substantially stronger OPC compensation gains, reaching up to 3.2 dB in SNR. However,
as the corresponding PADDs are not ideal, the performance still lags behind the perfectly
symmetric links based on SSMF and IDF from Section 3.2.1.1 by approximately 2.4 dB. It is
also noted that the performance of DO1 and DO2 is shown to be completely equivalent,
as they essentially form the same links with identical PADDs, but only have the span order
reversed.

3.2.2.2 Multi-span analysis
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Figure 3.7. Transmission links based on SLA+IDFx2 composite fiber in a multi-span config-
uration: power evolution (solid) and dispersion accumulation (dashed) for the link without
(a) and with (b) mid-link OPC.

The discussion based on SLA and IDFx2 is extended to multi-span simulations in order
to evaluate the benefits of the links in practical applications. As previously, the analysis
is conducted for seven WDM channels at 32 GBd, and the considered links include dis-
persion managed (DM), and dispersion optimized (DO1 and DO2) systems, with N-span
links formed by repeating the fiber spans N/2 times on each side of the OPC, which is
illustrated in Fig. 3.7. For the case with OPC, the conjugation is performed once only, and
always in the middle of the system. In this way, the links maintain their characteristics with
respect to PADD, and they are suitable for long-haul transmission. All three systems are
optimized with respect to the relative launch powers in Fig. 3.8, and the maximum SNR
performance in Fig. 3.9.
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(b) DO1 and DO2.

As in the previous section, the relative launch power optimization is conducted for
DM in Fig. 3.7a, and for DO1 and DO2 in Fig. 3.7b. Consistent with the two-span analysis
from Fig. 3.6, the maximum SNR is attained at ∆P = 0 dB for DM, and at ∆P = ±3 dB
for DO1 and DO2. Moreover, it is also verified that the optimum relative launch powers
are independent of the number of spans. These optimum ∆P values are employed to
identify and compare the maximum achievable SNR of each system as a function of
total transmission distance up to 1600 km in Fig. 3.9.
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Without OPC, the standard DM system is shown to outperform DO1 and DO2 by up to
0.7 dB in SNR at 1600 km, which corresponds to 20 transmission spans. The scheme is supe-
rior because for DM the high-power regions always occur in the less nonlinear SLA fiber,
whereas for DO1 and DO2 they are induced in SLA fiber on one side of the OPC, and in
IDFx2 on the other side of the OPC. Consequently, the overall accumulated nonlinearity
is lower for DM, and thus the system performs better than the counterparts. Nonetheless,
whenOPC is included, DMonly demonstrates amarginal improvement of up to 0.7 dB, as
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the corresponding PADD is asymmetric, and the nonlinearity cannot be compensated
efficiently. At the same time, the optimized DO1 and DO2 systems are enhanced by as
much as 4.1 dB because their PADDs exhibit a higher degree of symmetry. Similarly to the
previous sections, the performance of DO1 and DO2 is again completely equivalent, as
the links feature the same properties. Ultimately, DM is the better configuration without
OPC, whereas DO1 and DO2 are superior with OPC included, and they offer up to 3.4 dB
net gain in SNR at 1600 km, when compared to DM without OPC.

3.3 Experimental validation
In this section, the effectiveness of the dispersion mapping techniques are verified exper-
imentally for the systems based on SLA and IDFx2 fiber spans, forming links depicted in
Fig. 3.7. The considered schemes now only include DM and DO1 links, whereas DO2 is
omitted because it was shown to be equivalent to DO1 anyway. The analysis is based
on SLA and IDFx2 because the fibers are commercial, and thus easily accessible in prac-
tice. The experimental investigation is carried out for seven WDM channels with 16-QAM
DP modulation at 32 GBd data rate, which is consistent with the numerical analysis. The
performance of each system is again evaluated bymeans of SNR of the central channel,
and the measurements are conducted for multi-span transmission beyond 2000 km.

3.3.1 Experimental setup
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Figure 3.10. Experimental setup for characterization of systems based on SLA+IDFx2 fiber.
Adapted from J2.

The setup used for the characterization is sketched in Fig. 3.10, and it resembles the
numerical system from Fig. 3.1. At the transmitter side, we generate sevenWDMchannels
around 1540 nmon a 37.5 GHz grid from external cavity lasers (ECLs), andmodulate them
with 32 GBd data using two IQmodulators. The modulators are applied to even and odd
carrier waves separately, such that the neighboring channels are alwaysmodulatedwith
distinct data streams. The channels are combined, amplified, and DP transmission is em-
ulated by splitting and delaying one polarization with respect to the other. The signal
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then enters the link, which is based on two time-synchronized recirculating loops with
an optional OPC in between. Each loop consists of two 80-km spans made of SLA and
IDFx2 fibers, with EDFA amplification between the spans. The additional loop loss is com-
pensated by an extra EDFA, and it is followed by a gain-flattening filter (GFF) to equalize
the amplifier’s gain tilt and maintain a constant power per channel. The transmission is
controlled with four acousto-optic modulators (AOMs) which serve as switches, and they
operate as follows:

1. signal enters Link1 and it fills up the loop completely
(AOM1 set to pass; others blocked);

2. signal circulates the first loop for the desired number of turns (160 km per turn)
(AOM2 set to pass, others blocked);

3. signal exits Link1, enters Link2 and it fills up the loop completely
(AOM2 and AOM3 set to pass, others blocked).

4. signal circulates the second loop for the desired number of turns (160 km per turn)
(AOM4 set to pass, others blocked);

5. signal is detected with a time-synchronized receiver.

The number of loop turns are controlled by measuring the propagation time of the signal
inside the links. The first loop (Link1) emulates the part of transmission proceeding the
OPC, and it consists of SLA+IDFx2 fiber spans for both DM and DO1 configurations. The
second loop (Link2) emulates the part following theOPC, thus the fiber order of the spans
is maintained for DM, but reversed for DO1. The measurements are carried for up to
2240 km, which corresponds to a maximum of seven loop turns on each side of the OPC.
At the receiver side, the signal is processed with a standard DSP chain, as discussed in
Section 1.5.3, and evaluated with SNR according to Equation 1.78.

The OPC from the setup relies on degenerate four-wave-mixing (FWM) in a highly
nonlinear fiber (HNLF), and it is implemented using bi-directional loop configuration for
polarization-sensitive operation. The exact scheme is discussed in detail in Section 2.4,
and it results in a wavelength shift from 1540 nm to 1550 nm as well as a back-to-back
conversion penalty of 0.3 dB in SNR for the signal defined in this section. This penalty be-
comes completely negligible for longer transmission distances, when the OPC processes
noisy input signals instead, as demonstrated in 2.3.2.

3.3.2 Experimental results
The measured SNR results for the discussed configurations with and without OPC are illus-
trated in Fig. 3.11 for a single loop turn on each side of the OPC, and in Fig. 3.12 for all
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distances considered. For DO1 link with OPC included, we optimize the relative launch
power difference ∆P into the spans before and after the OPC in order to equalize the
nonlinearity in SLA and IDFx2. Themaximumperformance is obtained for ∆P = 3 dB, i.e.
when the power before the OPC is 3 dB higher than the power after the OPC. The value
is consistent with the numerical power optimization from Section 3.2.2, and this power
difference is therefore maintained for DO1 scenario with OPC. For all other link configu-
rations: DM with and without OPC, and DO1 without OPC, the launch power is always
kept the same on both sides of the OPC.
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In Fig. 3.11, we present the power optimization results for four-span systems (320 km),
i.e. with a single loop turn on each side of the OPC. For DO1 with OPC, the SNR results
are plotted against the average launch power into the spans, as the powers differ by
approximately 3 dB. The measured results are consistent with the numerical trends, i.e.
DM scenario is superior without OPC, but DO1 is the better system with OPC. Without
OPC, DM outperforms DO1 because all high-power regions occur in SLA fiber, which is
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less nonlinear. Whereas with OPC, DO1 outperforms DM because of the enhanced link
symmetry.

The results for multi-span transmission are illustrated in Fig. 3.12, with the maximum
SNR of each configuration in Fig. 3.12a, and the relative OPC gains in Fig. 3.12b. For
all transmission distances up to 2240 km, we observe the same trends, i.e. DM is better
without OPC, and DO1 is better with OPC. The relative SNR gains from Fig. 3.12b outline
the effectiveness of the method, as the optimized DO1 system including OPC is shown to
achieve up to:

• 2.8 dB gains compared to D1 without OPC (∆SNR DO1);

• 1.9 dB gains compared to DM without OPC (∆SNR DO1/DM);

• 0.4 dB gains compared to DM with OPC.

Equivalently, the addition of OPC to DO1 results in over 80 % reach enhancement at
SNR = 12 dB for this system, and it leads to more than 40 % reach enhancement com-
pared to DMwithout OPC. This improvement was achieved despite practical real-life lim-
itations, including imperfect PADD symmetry and in-loop power fluctuations, amplifier’s
and OPC noise, OPC-induced wavelength shift, and higher-order chromatic dispersion
as well as PMD.

3.4 Summary
In this chapter, we discussed symmetry design for distributed optical phase conjuga-
tion (OPC)-based nonlinearity suppression, i.e. for systems where the compensation is
performed across the entire transmission link. Contrary to the standard schemes em-
ploying complex distributed amplification, here we presented a novel strategy that re-
lies on optimized dispersion management and thus it is suitable for erbium-doped fiber
amplifier (EDFA)-amplified systems. After introducing the optimized scenario, we com-
pared it against the standard links in terms of power vs. accumulated dispersion dia-
grams (PADDs) and achievable signal-to-noise ratio (SNR). The analyzed systems there-
fore generally fall into one of three categories:

• dispersion uncompensated (DU);

• dispersion managed (DM);

• dispersion optimized (DO).

The work was based on both numerical simulations and experimental validation of the
findings, and we presented two implementations of the systems using either standard
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single-mode fiber (SSMF) and inverse dispersion fiber (IDF), which results in a perfectly
symmetric PADD, or super largearea fiber (SLA) and inverse dispersion fiber, type 2 (IDFx2),
which only provides an approximate symmetry, but is commercially available.

In the first part, we carried out a comprehensive numerical analysis of the systems for
a varying baud rate and channel count. It was demonstrated that symmetry in PADD
becomes increasingly more important for broadband transmission due to rapid changes
in pulse shape evolution. Consequently, the standard systems (DU and DM) generally
offered marginal improvement at high baud rates or for multi-channel scenarios. Still,
the optimized link (DO) with a symmetric PADD maintained substantial OPC gains even
at large bandwidths and consistently outperformed the counterparts. This behaviour
was observed for both system implementations using the different fiber types, with the
respective SNR gains for two-span seven-channel transmission at 32 GBd reaching up to:
5.2 dB for the optimized SSMF+IDF system, and 3.2 dB for the link employing SLA+IDFx2.
The latter case was also simulated in a multi-span configuration, and achieved up to
3.5 dB improvement for 3200-km transmission, when compared to systems without OPC.

In the second part, we validated the effectiveness of the method experimentally us-
ing SLA+IDFx2 composite fiber spans. The systems (DMand DO) were implemented using
two time-synchronized recirculating loops, and in each case the performance with and
without OPCwasmeasured for up to 2240-km transmission. Consistent with the numerical
analysis, the dispersion optimized (DO) scheme offered superior performance for all dis-
tances considered, once the OPC was incorporated into the link. The enhanced propa-
gation symmetry resulted in net SNR gains reaching up to 1.9 dB at maximum transmission
length relative to non-OPC configurations.

In summary, we demonstrated and validated a novel approach to designing the
symmetry in OPC-aided systems without requiring distributed amplification. The method
has a potential of achieving a perfect symmetry in PADD, offering substantial compensa-
tion gains, and thus it could be of significant practical importance for future OPC-aided
system design.
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CHAPTER 4
Lumped nonlinearity

compensation
This chapter discusses a lumped approach to optical phase conjugation (OPC)-based
nonlinearity suppression, i.e. nonlinearity is compensated in an extra module that is not a
part of the link. It is based on the results presented in conference contributions C2, C5, C6.

4.1 Introduction
The OPC technique requires efficient means of field conjugation, accompanied by link
symmetry to cancel out the nonlinearity on both sides of it. We studied the conjugators
in Chapter 2, and discussed highly-symmetric systems with mid-link OPC in Chapter 3,
though this approach generally depends upon accessing the transmission link and plac-
ing active devices along it, which is often impractical or even impossible, e.g. for un-
repeatered systems. In this chapter, we present a different strategy to OPC-based non-
linearity suppression which relies on specifically designed lumped compensation mod-
ules. The general principle of operation is similar to the standard scheme i.e. nonlinear
distortions are accumulated in the first part of the system, then reversed by OPC, and
finally reapplied in the second part. However, the OPC as well as one of the parts are
now confined to a discrete module, as illustrated in Fig. 4.1a for transmitter-based optical
pre-compensation (OPreC) and in Fig. 4.1b for receiver-based optical back-propagation
(OBP). Consequently, the requirements for efficient lumped nonlinearity suppression gen-
erally remain the same as in distributed systems, i.e. minimum penalty of OPC, and max-
imum propagation symmetry on both sides. However, now the module is not used for
transmission itself, and it only serves the purpose of applying the proper nonlinear phase-
shift to complement the nonlinearity in the link.

This strategywas employed in [151] for lumpednonlinearity suppression at the receiver
side, and the compensation medium was designed with a cascade of nonlinear and
linear sections based on highly nonlinear fiber (HNLF) and highly dispersive fiber (HDF),
respectively. Stacking the sections effectively emulated fiber propagation in a similar
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Figure 4.1. Schematic diagram of optical pre-compensation (OPreC) (a), and optical back-
propagation (OBP) (b).

manner to the split-step Fourier method (SSFM), but instead optically, and it was shown
viable in numerical simulations. However, accurate mapping of power and dispersion
evolution with such structure required a large number of nonlinear/linear sections, and
thus it remains quite impractical for real-life applications. A similar strategy was adapted
in [152,153], but instead it relied on ad-hoc designed dispersion decreasing fiber (DDF) or
dispersion varying fiber (DVF) as the compensation media. The work demonstrated the-
oretically that these schemes can provide an excellent symmetry and substantial OPC
gains, though such fibers are not commercial and remain extremely challenging to man-
ufacture. A more practical approach based on dispersion compensating fiber (DCF)
was simulated in [154], and it was demonstrated sufficient to provide meaningful com-
pensation gains for simple unrepeatered links. Despite a growing number of numerical
studies, there have only been few experimental demonstrations on the topic [155–157],
all of which were based on standard single-mode fiber (SSMF) in a transmitter-based con-
figuration, resulting in limited propagation symmetry. Although these findings show great
future potential, maximizing the symmetry using practical and widely-available equip-
ment has remained difficult, with only few such schemes designed.

In this chapter, we discuss general guidelines for the design of new lumped nonlin-
earity compensation modules, and we apply them to demonstrate improvement in real
systems. As the module does not take part in transmission, we aim to scale down the
length of the compensation medium to a minimum, while still maintaining the propaga-
tion symmetry for efficient nonlinearity suppression. The results involve several transmission
links with an increasing degree of complexity, and for each case we present a specifi-
cally designed lumped compensation module which operates either at the transmitter
or receiver. The module is always rigorously matched to the link, and thus it is capable
of providing substantial compensation gains. We start with a simplified scheme with no
dispersion along the link, and we show that the nonlinearity of such systems can be com-
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pensated with basic and short compensation structures that can completely satisfy the
symmetry criteria. Then, we move on to more realistic links that include dispersion, and
require a more complex compensation module design. In order to scale the compen-
sation structure, we go beyond power vs. accumulated dispersion diagrams (PADDs)
in the description of symmetry, as they are defined on the basis of power profile alone,
and neglect other fiber parameters. Instead, we construct a new metric, referred to as
nonlinearity vs. accumulated dispersion diagram (NADD) thereafter, which can be used
to evaluate propagation symmetry with regard to the actual nonlinear pulse evolution.
Based on this measure, we employ all tools at our disposal, e.g. advanced dispersion
mapping and distributed amplification, to optimize the system symmetry, while scaling
down the size of the compensation medium. In all cases, only commercially available
equipment is considered in the design process to keep the analysis practical, and enable
experimental verification of the findings.

The chapter is divided into twomain parts. First, we analyze a simplified scenario that
operates under the assumption of zero dispersion in Section 4.2, and then in Section 4.3
we discuss the applicability of the lumped compensationmodules for realistic links includ-
ing dispersion. Ultimately, we demonstrate nonlinearity compensation for the following
systems:

1. zero-dispersion link based on dispersion-shifted fiber (DSF) in Section 4.2.2;

2. standard links based on non-zero dispersion-shifted fiber (NZDSF) and standard
single-mode fiber (SSMF) in Section 4.3.2;

3. state-of-the-art Raman-amplified link in Section 4.3.3.

All the schemes operate in unrepeatered configuration, and thus they only allow
transmitter- or receiver-based nonlinearity suppression. In each case, we introduce the
newmetrics that allow for scaling the propagation down to a fraction of the link, and we
demonstrate substantial performance improvement with an ad-hoc nonlinearity com-
pensation module. The analysis is based on both numerical simulations and experimen-
tal work, as indicated accordingly in each part. In the end, the chapter is concluded in
Section 4.4.

4.2 Compensation of non-dispersive links
In this section, we discuss the design of lumped nonlinearity compensation modules for
non-dispersive unrepeatered links. This work was performed in collaboration with Johan
Bertram Thjalfe Ulvenberg and Christian Koefoed Schou as parts of their B.Sc. projects.



82 4 Lumped nonlinearity compensation

4.2.1 Design of propagation symmetry
The OPC symmetry requirements have generally been understood as link symmetry, i.e.
the transmission link as well as the signal power profiles are to be symmetric with respect to
the OPC position, which also implies mid-link conjugation. This standard strategy can be
conveniently quantified through PADD. A symmetric PADD implies that the nonlinearity
(power) continuously occurs at identical pulse shapes (accumulated dispersion) on both
sides of the OPC, and thus the nonlinearity can be perfectly suppressed, as discussed in
Section 1.3.2. However, this approach can be simplified in the limit of zero-dispersion, for
which the accumulated dispersion is unchanged throughout the system and thus the
pulse shape remains approximately constant. As a result, the temporal dependence of
the nonlinearity can be neglected, PADDs reduce to isolated power-dependent points,
and the nonlinear phase-shift can be completely defined by power according to:∫

γ|A(L, t)|2 dL =
∫

γP (L) dL =
∫

γP0 exp (−αL) dL. (4.1)

Assuming a two-span link with an OPC in between, matching the nominal power-
dependent phase-shifts before and after the OPC is therefore sufficient to completely
compensate the nonlinearirty induced in the system, which implies:∫ L1

0
γ1P01 exp (−α1L) dL =

∫ L1+L2

L1
γ2P02 exp (−α2L) dL. (4.2)

These integrals can easily be controlled by varying the relative launch powers into the
spans: P01 and P02, with perfect matching achieved at:

P01
P02

=
∫ L1+L2

L1
γ2 exp (−α2L) dL∫ L1

0 γ1 exp (−α1L) dL
. (4.3)

Consequently, under the assumption of zero-dispersion throughout the link, matching
the nonlinear phase-shifts before and after the OPC can be done merely by tuning the
relative launch powers into the spans, as sketched in Fig. 4.2, where the generated non-
linearity on each side of the OPC is represented by a colored region. With the launch
powers tuned properly and the areas of the regions equalized, the system can be con-
sidered perfectly symmetric, regardless of the mismatch in the other fiber parameters.
Additionally, if one side of the OPC is significantly more nonlinear, or equivalently more
power is launched into it, it can be proportionately shorter and still induce the same total
accumulated nonlinearity over a shorter fiber segment. This is one of the scaling princi-
ples employed in the following sections.

It is stressed that this approach is only valid under the assumption of zero-dispersion
across the systems, and any residual dispersion will reduce the matching of nonlineari-
ties due to pulse spreading. Moreover, polarization-mode dispersion (PMD), amplifier’s
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Figure 4.2. Power evolution in the link (blue) and compensation fiber (red), with the shaded
regions representing the corresponding nonlinear phase-shifts.

amplified spontaneous emission (ASE) and OPC noise will also impact and change the
propagating field, leading to a mismatch in the generated nonlinearity on both sides
of the OPC, thus hindering the compensation. Despite these limitations, the symmetry
requirements are still greatly simplified, and significant gains are to be expected.

4.2.2 System based on DSF
The simplified symmetry requirements are employed to demonstrate receiver-based OBP
designed for a simple unrepeatered link with an exponentially decaying power profile.
The symmetry is satisfied by employing a DSF-based link on one side of the OPC, and a
short spool of HNLF for compensation on the other side. Both fibers are characterized by
approximately zero dispersion around 1550 nm, and thus the symmetry canbe satisfiedby
matching the relative launch powers on each side of theOPC according to Equation 4.3.
This scheme follows the graphical representation from Fig. 4.2, where the colored regions
denoting the nonlinearity must be equalized. The parameters of the fibers used in the
system are given in Table 4.1.

Table 4.1. Parameters of DSF employed in transmission and HNLF used for compensation.

Fiber type α, dB/km D, ps/nm/km γ, 1/W/km L, km
DSF 0.2 ≈ 0 1.5 varied

HNLF 0.5 ≈ 0 11.3 0.5

These fibers are incorporated into the system, as illustrated in Fig. 4.3 for the case with
and without OBP. At the transmitter side, we generate up to seven carrier waves from
10-kHz laser diodes (LDs) around 1550 nm, and modulate them with separate in-phase
quadrature (IQ) modulators driven by 16-quadrature amplitudemodulation (QAM) data.
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Figure 4.3. Transmission setup with DSF-based link and receiver-side OBP.

The channels are combined, erbium-doped fiber amplifier (EDFA)-amplified, and the out-
of-band ASE noise is suppressed with an optical band-pass filter (OBPF). This signal then
traverses a DSF-based unrepeatered link of varying length, and it is pre-amplified and
detected at the receiver end. For the case including OBP, the signal is conjugated and
propagated through the HNLF where the nonlinearity from the link is reapplied and com-
pensated. After detection, the signal is processed with a standard digital signal process-
ing (DSP) chain, as discussed in Section 1.5.3, and it is evaluated by means of the signal-
to-noise ratio (SNR) of the central channel, calculated according to Equation 1.78.

The setup is used for the numerical simulations in Section 4.2.2.1, and also for the ex-
perimental investigation in Section 4.2.2.2. In both cases, the analysis is conducted for
a single or seven channels with 16-QAM dual polarization (DP) data at 16 GBd per po-
larization, as well as 25 GHz spacing between the channels for the wavelength-division
multiplexing (WDM) scenario. The numerical and experimental analyses reflect the same
transmission system, but with tiny implementation details adjusted, as discussed in the re-
spective sections. It is noted that we do not aim to reproduce the exact numerical results
during the experiment, but instead we wish to verify the effectiveness of the approach
in practice, and validate the obtained trends.

4.2.2.1 Numerical analysis

The section employs the fibers from Table 4.1 into the setup from Fig. 4.3 to evaluate it
numerically. The simulationsmodel theOPCwith an ideal conjugation of the fieldA→A∗

without any penalties or shift of wavelength. Additionally, fiber propagation relies on
SSFM with a varying step size, as discussed in Appendix A, with the impact of PMD and
higher order dispersion neglected. Finally, noise figures (NFs) of all EDFAs in the setup are
maintained at 5 dB.

The simulation results for 200-km single-channel transmission with and without OBP are
presented in Fig. 4.4 in terms of SNR as a function of the launch power into the link (P1).
For the casewithOBP, the power into the HNLF (P2) is adjusted according to Equation 4.3,
i.e. P2 is approximately 7.5 dB higher than P1, such that the total nonlinear phase-shift is
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Figure 4.4. Numerical SNR results at 200 km as a function of the input power into the link
with (dashed) and without (solid) OBP for single-channel transmission.

equal on both side of the OPC. The inclusion of the compensationmodule results in up to
5.6 dB improvement in SNR, with the gains only limited by the ASE from the receiver EDFA,
which distorts the waveform in the compensation medium, causing a mismatch in the
generated nonlinearity. Still, a substantial improvement from the OBP can be achieved,
which implies that the OPC symmetry requirements have been largely satisfied.
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Figure 4.5. (a) Numerical SNR results at 200 km with (dashed) and without (solid) OBP for
single-channel transmission and a varying dispersion of the link. (b) Maximum SNR gains
in distance for single (blue) and seven (red) channels with zero (solid) and nonzero (dashed)
dispersion along the link.

However, these requirements are only satisfied because zero-dispersion is assumed
across the link, and the impact of the link dispersion is illustrated in Fig. 4.5. In Fig. 4.5a,
we plot the same SNR results for 200-km single-channel transmission, but for a couple of
small values of dispersion of DSF. In each case, the dispersion is assumed uniform and
constant across the link, with no local variations, and P2 is kept 7.5 dB higher than P1. It
is evident that even small values of dispersion can hinder the propagation symmetry, as
the nonlinearity on each side of the OPC will then be induced for different pulse shapes,
causing amismatch. As a result, the gains are observed to drop from 5.6 dB improvement
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at 0 ps/nm/km dispersion to only 2.7 dB at 1 ps/nm/km. The impact of the link dispersion
is even more detrimental for the OPC gains in WDM configuration, as shown in Fig. 4.5b
for all the considered distances. With the launch powers optimized, and assuming a
modest link dispersion of 0.2 ps/nm/km, the gains only drop slightly by up to 1 dB for
a single channel, whereas they vanish completely at seven channels. The reason for
the disparity is caused by the fact that the change in temporal pulse shape increases
proportionately to the occupied bandwidth, as in Equation 1.17. Consequently, multi-
channel transmission is more sensitive to symmetry mismatch, and thus it imposes stricter
requirements on the link parameters, as also observed in [104,105].

4.2.2.2 Experimental results

In this part, we experimentally investigate the performance of the system from Fig. 4.3
to verify the numerical trends. Because of equipment limitations, the channels are
not strictly modulated with separate modulators, instead only two IQ modulators are
used for even and odd carriers, respectively, and additional channel- and polarization-
dependent delay lines are employed to effectively decorrelate the corresponding data
streams in each channel and polarization. The OPC is now implemented based on de-
generate four-wave-mixing (FWM), as discussed in Section 2.4, and it is accompanied by
a wavelength shift from 1550 nm to 1540 nm, as well as a negligible conversion penalty
below 0.5 dB in SNR. Consequently, the signal generated at the transmitter and traversing
the DSF is centered around 1550 nm, whereas the idler around 1540 nm is propagating
in the HNLF.
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Figure 4.6. (a) Experimental SNR results with (dashed) and without (solid) OBP for single-
channel transmission at 180 km. (b) Maximum SNR gains in distance for a single channel.

The experimental results for single-channel transmission are illustrated in Fig. 4.6. In
Fig. 4.6a, the results at 180 km are presented in terms of SNR as a function of the launch
power into the link (P1). For the case with OBP, the input power into the HNLF (P2) is also
varied to match and optimize the nonlinear phase-shifts on each side of the OPC. The
powers are swept, instead of calculating the relative gain explicitly from Equation 4.3,
as it would be difficult and troublesome to account for all laboratory impairments, e.g.
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additional connector losses. Nonetheless, the optimization of powers provides a lot of
insight to the matching of the nonlinearity. When P2 is too high relative to P1, the non-
linearity in the link is overcompensated, and additional penalty from inclusion of OBP is
observed. Similarly, when P2 is too low compared to P1, the nonlinearity is undercom-
pensated, lowering the compensation gains. On the other hand, when P1 and P2 are
chosen such that the induced nonlinearities arematched, substantial compensation has
been achieved, with up to 2.9 dB gains in SNR.

With P1 and P2 optimized, the gains ranged from 1.6 dB to 2.9 dB for distances from
140 km to 190 km, as shown in Fig. 4.6b. For small distances, the received SNR is not limited
by the fiber nonlinearity, but rather by different noise sources, e.g. transmitter, receiver
andOPCnoise, thus thegains from the nonlinearity suppression are thengenerally smaller.
As distance increases, the nonlinearity becomes a significant or even dominant noise
contribution, thus OBP gains tend to raise. On the other, we also observe a drop in the
gains at 190 km, and it is caused by the increased ASE contribution from the receiver
EDFA, which then distorts the induced nonlinear phase-shift in the compensation fiber.
Nonetheless, the approach is clearly valid, and it offers substantial improvement in single-
channel configuration.
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Figure 4.7. Experimental SNR results with (dashed) and without (solid) OBP for seven-
channel transmission at 120 km.

However, this approachmight not be suitable for WDM scenarios. The compensation
of seven-channel transmission is hindered due to a broad signal bandwidth, as outlined
in the numerical analysis, and also illustrated in Fig. 4.7 for the experimental results at
120 km. For such case, no gains are observed and the OBP module in fact leads to an
SNR penalty because of the additional equipment. The measurements are only taken
for a limited range of P2, and the SNR is shown to consistently decrease as P2 raises. No
gains have been observed in WDM configuration, although the power sweep range is
not extensive. Still, these experimental results agree with the numerical simulations, and
imply very little tolerance to link dispersion in multi-channel transmission.
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4.3 Compensation of dispersive links
For dispersive links, the accumulated dispersion varies across the system, inducing pulse
shape changes and affecting the corresponding nonlinearity. It must therefore be ac-
counted for to provide efficient nonlinearity compensation in practical applications. In
this part, we extend the analysis from the previous section to more standard and disper-
sive links by upgrading the compensation module with the capacity of pulse restoration.

4.3.1 Design of propagation symmetry
A standard approach of matching the nonlinearity in dispersive systems relies on PADDs,
which keep track of both the nonlinearity (power) and the pulse shape (accumulated
dispersion) evolution. When the same powers are induced at the opposite values of ac-
cumulateddispersion, it is inferred that the samenonlinearity occurs at the identical pulse
shapes, allowing the OPC-based compensation. However, the maps only take into ac-
count the power profile alone, and they assume homogeneous links with identical fiber
parameters throughout transmission. If the fiber parameters change, PADD is no longer
a reliable metric. Instead of relying on PADD, in this section we redefine the nonlinear
phase-shift in order to completely describe it as the pulse shape changes:

ΦNL =
∫

γP (L) dL =
∫

γP (Dacc)
D

dDacc, (4.4)

by substituting:
Dacc = L ∗ D. (4.5)

Equation 4.4 illustrates accumulation of the nonlinearity as a function of accumulated
dispersion. It is proportional to transmitted power P and nonlinear coefficient γ, both
of which determine the nominal nonlinearity strength, and it is inversely proportional to
dispersion D, as smaller dispersion implies that a given phase-shift has been accumu-
lated over a longer physical distance L. Instead of achieving symmetry in PADD, we
define a more general metric based on Equation 4.4, referred to as NADD thereafter,
and optimize it to satisfy the OPC requirements. A symmetric NADD ensures that the total
nonlinearity is matched for the same pulse shapes on both sides of an OPC, and thus it
maximizes the compensation effectiveness. The comparison between PADD and NADD
is illustrated in Fig. 4.8 for a system, which does fulfill the OPC requirements, but would be
marked as highly asymmetric by the standard PADD mapping.

The link in Fig. 4.8a is based on two fiber spans separated by an OPC. The second
span is half the length of the first span, while its dispersion, loss and launch power is dou-
bled. As a result, pulse propagation in both spans is equivalent, though the evolution in
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Figure 4.8. Symmetric system with unequal transmission lengths and powers (a), the resultant
PADD (b) and NADD (c).

the second span is essentially twice as fast in distance. The corresponding PADD and
NADD of this system are illustrated in Fig. 4.8b and Fig. 4.8c, respectively. Because the
powers of the signal (blue) and the conjugate (red) are not strictly the same, the PADD is
highly asymmetric and it incorrectly implies a mismatch in the induced nonlinearity. On
the other hand, the NADD does include the other propagation parameters, and it accu-
rately captures the matching of nonlinearities for scaled down structures. It is noted that
the absolute value in NADD is used to discard the sign of D, as the nonlinearity strength
(y-axis) only depends on the rate of change of accumulated dispersion, whereas the
sign of D is still taken into account and determines the actual value of accumulated
dispersion (x-axis) for which the nonlinearity occurs. The system from Fig. 4.8 employs a
nonstandard dispersion mapping technique which relies on fibers with opposite disper-
sion signs on each side of the OPC, as discussed in Chapter 3. The method allows for
achieving a perfect symmetry without complex distributed amplification, and thus it is
suitable for standard EDFA links with exponentially decaying power profiles. NADDs can
be freely combined with other tools, e.g. scaling, advanced dispersion mapping and
fine power profile tuning, all of which could be used for the OPC symmetry design. In
the following sections, we make extensive use of these features and demonstrate real
systems with scaled down compensation modules, which are symmetric in NADD and
yield high compensation gains.

4.3.2 Systems based on NZDSF and SSMF

In this part, we analyze several standard dispersive links with exponentially decaying
power profiles, and design lumped compensation modules for them. We employ the
more general NADD mapping for symmetry evaluation because the size of the module
is scaled down relative to the link. The investigation ultimately illustrates a number of tech-
niques for obtaining symmetric NADDs in standard unrepeatered systems, and it outlines
the achieved compensation gains in single and multi-channel scenarios.
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Figure 4.9. Transmission setup with a dispersive link and receiver-side OBP.

The analysis in this section is conducted for single- and seven-channel transmission.
Each channel is modulated with 16-QAM DP data at 16 GBd per polarization, and 25-
GHz spacing is maintained between the channels for the WDM scenario. The investiga-
tion is based on numerical and experimental work, both of which are conducted for the
general setup sketched in Fig. 4.9, which largely resembles the system from Fig. 4.3. At the
transmitter side, up to seven WDM channels are generated around 1550 nm, modulated
with IQ modulators, amplified and combined. The signal then traverses a dispersive un-
repeatered link, discussed in more detail later, and it is pre-amplified and received with
a coherent receiver in the end. After receiving the signal, it is processed with a standard
DSP chain, as in Section 1.5.3, and evaluated by means of SNR of the central channel
estimated from Equation 1.78. For the case with OBP, the compensation module now
consists of three main components:

• lumped dispersion compensation unit for pulse shape matching;

• OPC for reversing the sign of the nonlinearity;

• compensation fiber for reapplying the nonlinearity.

This general setup can be implemented by means of different fiber types in trans-
mission and/or compensation. In this analysis, we investigate three different scenarios
employing NZDSF, SSMF, and DCF in the following system configurations:

1. System1: NZDSF for transmission and SSMF for compensation;

2. System2: NZDSF for transmission and DCF for compensation;

3. System3: SSMF for transmission and DCF for compensation.

The parameters of the relevant fiber types are provided in Table 4.2.
In each of the three scenarios, we optimize the parameters of the OBP module to

match the link in order to ensure symmetric propagation that maximizes the OPC gains.
All three systems are investigated numerically in Section 4.3.2.1, whereas System1 is also
characterized experimentally in Section 4.3.2.2.
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Table 4.2. Parameters of transmission and compensation fibers employed in the system.

Fiber type α, dB/km D, ps/nm/km γ, 1/W/km L, km
NZDSF 0.2 5.0 1.5 varied
SSMF 0.2 17.0 1.3 varied
DCF 0.5 -100.0 5.4 varied

4.3.2.1 Numerical analysis

The numerical simulations are carried out for all of the three systems with a fixed length
of the link (L1) at 200 km. The analysis assumes ideal conjugation of the field, employs
the SSFM with a varying step size for fiber propagation, neglects PMD and higher order
dispersion, and sets NFs of all EDFAs to 5 dB, similarly to Section 4.2.2.1. The optimization
of the systems is the challenging part, and it is conducted in terms of:

1. the launch power into the link (P1);

2. the launch power into the compensation fiber (P2);

3. the accumulated dispersion of the lumped dispersion compensation unit (DA2);

4. the length of the compensation fiber (L2).

Instead of relying on absolute fiber lengths, for convenience we express the compen-
sation length L2 in terms of coefficient β:

β =
∣∣∣∣L2D2
L1D1

∣∣∣∣, (4.6)

where β is in range of 0 to 1, and it is calculated as the ratio between the accumulated
dispersion of the compensation fiber relative to the link. Ultimately, it defines the range of
pulse shapes in the link which we are really trying to replicate in the compensation fiber.
Note that β only depends on L2 as all the other parameters: D1, L1, D2 are fixed for
each of the three systems. β = 1 implies that the total accumulated dispersion of the link
and the compensation fiber are equal in magnitude, whereas β = 0 indicates that the
compensation fiber length is zero. As shown later in the section, this is a key parameter
to optimize for each scheme.

The optimization of DA2 is system-dependent, and it is slightly different for the three
cases because of the corresponding changes in the dispersion signs of the fibers used.
In particular, System1 is based on positive dispersion fibers on both sides of the OPC,
whereas System2 and System3 have fibers with different dispersion signs on each side of
the OPC. For System1, we adjust the dispersion compensation unit to only compensate
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the part of the link’s accumulated dispersion that is not compensated by the compen-
sation fiber:

DA(1)
2 = L1D1 − L2D2. (4.7)

As D1, L1 and D2 are fixed for System1, the value of DA(1)
2 is uniquely determined by L2

(and thusβ), with DA(1)
2 = 0 forL2D2 = L1D1 (β = 1), andDA(1)

2 = L1D1 forL2 = 0
(β = 0). In other words, the parameters L2, β and DA(1)

2 are completely correlated, e.g.
β = 0.2 indicates that 80% of the accumulated dispersion in the link is compensated
in the dispersion compensating unit (DA(1)

2 = 0.8L1D1), whereas the compensation
fiber’s length is adjusted to match the remaining 20% (L2D2 = 0.2L1D1). This depen-
dence allows reducing the parameter space, while ensuring all-optical dispersion com-
pensation for System1 with OBP as the total accumulated dispersion is always identical
on both sides of the OPC (L1D1 = DA(1)

2 + L2D2). On the contrary, System2 and Sys-
tem3 both have positive dispersion fibers in the link, and a negative dispersion fiber in the
compensation module, which implies a design change. In these setups, the dispersion
compensating unit always compensates all of the accumulated dispersion of the link:

DA(2,3)
2 = L1D1. (4.8)

For instance, in System2 and System3 β = 0.2 implies that all of the link’s dispersion is
compensated in the dispersion compensating unit (DA(2,3)

2 = L1D1), whereas the com-
pensation fiber’s length is adjusted to provide 20% of the link’s accumulated dispersion
(L2D2 = −0.2L1D1). These schemes do not provide all-optical dispersion compensa-
tion, and thus the residual chromatic dispersion (L2D2) must be compensated digitally
after receiving the signal. The three link designs will certainly becomemore obvious later
in the section, when the optimized scenarios are visualized.

The systems are evaluated with respect to the SNR of the central channel, and the
simulations are conducted for single and seven-channel transmission with and without
OBP. Without OBP, the systems are only optimized by varying the launch power into the
link P1, whereas the other propagation parameters are fixed according to Table 4.2. For
the case with OBP, we jointly optimize the launch powers, P1 and P2, as well as β, which
uniquely defines DA2 and L2. The parameter space is therefore reduced to a single
parameter for the case without OBP, and to three parameters for the case with OBP.
Consequently, a standard grid search is sufficient to optimize the systems, and it thus has
been employed for the analysis.

The systems including OBP are visualized in Fig. 4.10 for the optimum parameters, as
given in Table 4.3. The power and dispersion evolution for each scheme at single- or
seven-channel transmission is presented in Fig. 4.10a-f, and the resultant NADDs are illus-
trated in Fig. 4.8g-l. For all cases, the lengths of the compensation fibers constitute only
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Table 4.3. Optimum parameters for the three systems including OBP.

System No. of channels P1, dBm P2, dBm L2, km (β)
System1 1 13.0 16.0 14.7 (0.25)

NZDSF + SSMF 7 14.0 18.0 8.8 (0.15)

System2 1 13.0 16.0 4.0 (0.4)
NZDSF + DCF 7 15.0 20.4 1.5 (0.15)

System3 1 13.0 13.8 8.5 (0.25)
SSMF + DCF 7 17.0 17.0 5.1 (0.15)

fractions of the links because of the scaling, and thus they contribute marginally to the
total propagation losses. These scenarios all assume exponential power decay in both
transmission and compensation fibers, whereas accumulated dispersion behaves differ-
ently depending on the system type. In System1, after growing linearly in transmission, the
accumulated dispersion is partially compensated by the lumped dispersion compensa-
tion unit (DA(1)

2 ), then the remainder is reversed by applying the OPC, and restored back
to zero in the compensation fiber. In System2 and System3, the accumulated dispersion
of the link is instead completely compensated by the lumped dispersion compensation
unit (DA(2,3)

2 ), and negative accumulated dispersion is accumulating in the compensa-
tion fiber. These design guidelines allow approximate matching of the nonlinear regions
at the opposite values of accumulated dispersion, as illustrated in the corresponding
NADDs. Because of the exponential power decay in both spans, matching the slopes
of the nonlinearity in NADD requires that fibers with opposite dispersion signs are used for
transmission and compensation. Because both fibers have positive dispersion in System1
(NZDSF and SSMF), the slope of the nonlinearity in NADD is mismatched for this scenario.
Still, gains are possible because the respective powers are tuned such that roughly the
same nonlinear phase-shifts occur over the same range of accumulated dispersion val-
ues, effectively cancelling the corresponding nonlinearity. The slope of the nonlinearity
is better matched in System2, though the compensation fiber (DCF) is much more dis-

persive (
D2
D1

= 20) than the transmission fiber (NZDSF), meaning that the equivalent
dispersive propagation in the compensation fiber occurs over a much smaller distance,
and the power profile is essentially flat over that distance. The best matching is achieved
for System3, where the transmission (SSMF) and compensation (DCF) fibers have oppo-
site dispersion signs, but the compensation fiber has only a moderately higher dispersion

(
D2
D1

= 5.9). This scheme still allows for scaling, but also results in a better fit of the non-
linearity in NADD, which directly implies that significant nonlinearity suppression can be
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Figure 4.10. Power (solid) and accumulated dispersion (dashed) evolution for the optimized
systems with OBP for single (a-c) and seven channels (d-f). The resultant NADD for each
case (g-l).

achieved. We note that fitting of the shapes of the slopes of the nonlinearity can be
improved by manipulating the relative loss of the transmission and compensation fibers,
as we will also consider in the end.

The systems from Fig. 4.10 have been optimized in terms of launch powers (P1 and
P2), and β, which also determines DA2 and L2. In an ideal scenario, the NADD should
be symmetric, i.e. the nonlinearity should be perfectly restored over the full range of
accumulated dispersion values. In practice, as the range of accumulated dispersion
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values increases, it becomes increasingly more difficult to accurately restore the shapes
of the nonlinearity. This is a key system trade-off that is optimized throughβ, which defines
how far the compensation region extends, and the optimization is illustrated in Fig. 4.11.
To focus on β alone, each point in Fig. 4.11 represents the central channel SNR for the
optimum launch powers with a constant relative difference ∆P defined as:

∆P [dB] = P2 [dBm] − P1 [dBm]. (4.9)
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Figure 4.11. Numerical β optimization for each system in a single- and seven-channel config-
uration. The reference link without OBP provided alongside for reference (black).

For small β (or equivalently L2), we only attempt to reapply the nonlinearity gener-
ated over a small range of accumulated dispersion values from the beginning of the link,
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though we can match the phase-shifts over this range very precisely using the relative
launch powers. As shown in Fig. 4.11, this approach only produces marginal gains, be-
cause only a small part of the total link’s nonlinearity is addressed. On the other hand,
for large β (or L2), we attempt to restore the nonlinearity from the entire link, but it is
very difficult to match the exact slopes over the whole range of accumulated dispersion
values. Additionally, larger β also implies more loss due to increased L2 in all system sce-
narios, which inevitably leads to more ASE noise and hindered performance. Not only is
the compensation ineffective, but theOBP can in fact degrade the performance in such
scenarios. As a result, for each scheme there is an optimum β that ultimately leads to a
maximum SNR, and it generally oscillates around 0.2, as outlined in Table 4.3 and Fig. 4.11.
The exact values vary slightly, as the matching of propagation in the scaled down struc-
tures is impacted by ratios of all the fiber parameters. The optimum β is slightly higher
(0.25 and 0.4) for single-channel scenarios, and slightly lower (0.15) for seven-channel
transmission. The impact of β variation can be observed in Fig. 4.10 in the respective
compensation fiber lengths aswell as the ranges of accumulateddispersion forwhich the
nonlinearity is compensated in NADDs, e.g. for β = 0.15 the accumulated dispersion of
the compensation fiber is 15% of the accumulated dispersion of the link. The smaller β in
WDM transmission originates from the more strict symmetry requirements in NADD. As the
number of channels increases, the transmitted signal bandwidth grows larger, which in
turn leads to stronger temporal broadening due to accumulated dispersion, according
to Equation 1.17. Consequently, given asymmetric NADD, the temporal mismatch of the
waveforms becomes larger in multi-channel transmission, and it can significantly reduce
the compensation gains. This relation has been previously observed in [104,105], and it is
also discussed for the systems considered in Chapter 3. Ultimately, broadband transmis-
sion consistently favours smaller β because of the more precise control of the symmetry
in NADD that can then be attained.

Despite addressing only a small fraction of the link by the OBP, the proposed designs
for all of the three configurations force the matching of the compensation fiber to the
high-power region of the link, where the dominant nonlinearity is generated. The opti-
mized systems are therefore capable of offering substantial performance gains relative
to the case without OBP, as illustrated in Fig. 4.12. The results are presented in terms of SNR
as a function of the launch power into the link (P1) for the analyzed systems and channel
counts with and without OBP. For the case with OBP, the parameters of the module are
set to the optimum, with the launch power into the compensation fiber (P2) increasing
alongside P1 such that the optimum relative power difference ∆P is maintained for all
points. The results for System1 and System2 are illustrated in Fig. 4.12a-b, and they are
compared against a 200-km link based on NZDSF, as both systems have been designed
for this link. Similarly, in Fig. 4.12c-d the results for System3 including the optimized OBP are
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Figure 4.12. Numerical SNR results as a function of the input power into the link without
(solid) and with (dashed) optimized OBP. Results for System1 and System2 (a-b) and
System3 (c-d) for single and seven-channel transmission.

put up against a 200-km link based on SSMF. All the considered compensation schemes
achieve substantial gains, reaching up to 4.3 dB for System1, 4.7 dB for System2, and
4.5 dB for System3 in single-channel configuration, and up to 2.0 dB for System1, 2.3 dB
for System2, and 2.7 dB for System3 with seven channels transmitted. The simulated SNR
improvement is a direct result of the approximate symmetry in NADD that these systems
have been able to attain.

For all three cases, the analysis assumed fixed propagation parameters of the fibers
and a constant transmission distance of the link, with the only adjustable parameters
being the launch powers (P1 and P2), and the compensation fiber length (L2 or equiv-
alently β). In this final part, we try to fine-tune System2 and System3 by also controlling
the loss of the compensation DCF fiber (α2), which in practice is available with a range
of possible loss coefficients. The loss of the compensation fiber ultimately determines the
change of the power profile with the accumulated dispersion, and therefore it is a key
parameter that determines the symmetry in NADDs, as illustrated in Fig. 4.10. As DCF is 20
times more dispersive than NZDSF (in System2) and 5 times more dispersive than SSMF (in
System3), the dispersive propagation in DCF happens proportionately faster in distance.
As a result, matching of the slopes in NADD requires that the loss of the DCF is increased
by the same amount in each system scenario, though this approach also leads to more
ASE noise, which can reduce the SNR instead. To validate the impact of the compen-
sation fiber loss, we perform the loss optimization and present the results in Fig. 4.13 for



98 4 Lumped nonlinearity compensation

System2, and in Fig. 4.14 for System3, both of which are conducted for seven WDM chan-
nels. Similarly to Fig. 4.11, the results are presented in terms of β optimization, and each
point corresponds to optimumpowers P1 and P2 with a constant relative difference ∆P .
For reference, the previous optimization with DCF loss at 0.5 dB/km is attached alongside.

System1 / channels: 7

α2 = 1.25 dB/km

α2 = 0.75 dB/km

α2 = 1.00 dB/km

α2 = 0.50 dB/kma) b)

c) d)

2.3 dB 2.3 dB

2.4 dB 2.5 dB

Figure 4.13. Numerical β optimization for a varying loss of the compensation fiber in System2.

a) b)

c) d)

α2 = 1.25 dB/km

α2 = 0.75 dB/km

α2 = 1.00 dB/km

α2 = 0.50 dB/km

2.7 dB

3.1 dB

3.7 dB 3.8 dB

Figure 4.14. Numerical β optimization for a varying loss of the compensation fiber in System3.
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For System2 in Fig. 4.13, increasing the loss of the compensation fiber only offers a
marginal improvement of around 0.2 dB in SNR, relative to the case with α2 = 0.5 dB/km.
Moreover, the optimum β is maintained at around 0.2, and the overall compensation
scheme is not very much affected. In this optimization, the loss is only moderately in-
creased, whereas the dispersive propagation in the DCF is 20 times faster than in the link.
Consequently, the shape of the nonlinearity in NADD is not significantly improved by the
modest increase in the compensation fiber loss, and little impact is indeed expected for
System2. On the other hand, for System3 in Fig. 4.14, the changes are more substantial.
As the loss of the compensation fiber raises, the slopes of the nonlinearity in NADDs are
better matched, thus compensation of larger parts of the link becomes feasible. Con-
sequently, larger values of β are allowed, and the system’s SNR can increase by up to
1.1 dB, compared to to the case with α2 = 0.5 dB/km.

Regardless of the optimization of the compensation fiber loss and despite all the dif-
ferences, all of the three systems can offer significant gains and be conveniently imple-
mented in real-life applications, as demonstrated in the next section.

4.3.2.2 Experimental results

In this section, we experimentally implement System1 from Fig. 4.10 into the general setup
from Fig. 4.9 to verify the applicability of the method. The transmission system closely
follows the scheme of System1 with only a few implementation tweaks. At the transmit-
ter, seven WDM channels are now generated around 1540 nm and then modulated by
only two IQ modulators, such that the even and odd channels carry independent data
streams. The link is based on 210 km of NZDSF fiber (L1 = 210 km), and the OBP module
is implemented with:

• fiber Bragg grating (FBG) which serves as the lumped dispersion compensation unit
(DA(1)

2 ≈ −560 ps/nm) [150];

• OPC which is based on FWM in HNLF, with the details discussed in Section 2.4;

• 10.25 km of SSMF employed as the compensation medium (L2 = 10.25 km).

The OPC is accompanied by a negligible back-to-back conversion penalty below
0.5 dB, as well as a wavelength shift from 1540 nm to 1550 nm. The wavelength shift im-
plies propagation at 1540 nm in the link based on NZDSF and propagation at 1550 nm
in the SSMF compensation fiber, and thus it leads to a change in the corresponding
dispersion parameters, as illustrated in Fig. 4.15. As a result, the signal experiences dis-
persion of approximately D1 = 3.5 ps/nm/km in the link, and D2 = 17.0 ps/nm/km
in the compensation fiber. With these dispersion values, the compensation fiber length
and the accumulated dispersion of the lumped compensation unit are matched to fully
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LEAF SSMF dispersion: CHANGE!!!

Signal

Idler

Figure 4.15. Dispersion characteristics of NZDSF and SSMF, with the signal (blue), the OPC
pump (black), and the idler (red) marked alongside.

compensate the accumulated dispersion of the link (L1D1 ≈ DA(1)
2 + L2D2), offer-

ing all-optical dispersion compensation. For this implementation, the ratio β ≈ 0.24, as
given by 4.6, which implies that the OBP module restores the pulse shapes to compen-
sate the nonlinearity in the initial 24% of the link, and the value is close to the numerical
optimum from Table. 4.3. The entire system with the OBP is visualized in Fig. 4.16a, and it
is accompanied by the corresponding NADD in Fig. 4.16b to illustrate the propagation
symmetry.
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Figure 4.16. Power and dispersion evolution in distance for the optimized system with OBP
(a), and the resultant NADD (b). Signal and conjugate in blue and red, respectively.

The experimental measurements are conducted for 210-km transmission and seven
WDM channels with 16-QAM DP modulation at 16 GBd, consistent with the numerical
analysis. They are taken by sweeping the total input power into the link (P1), and for
the case including OBP the power into the compensation fiber (P2) is optimized at each
point. The performance is evaluated in terms of SNR and mutual information (MI), as pre-
sented in Fig. 4.17 for the central channel. For reference, transmission results of a shorter
188-km link without OBP are provided alongside.
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b) Central Channel MIa) Central Channel SNR

1.80 dB 0.85 b/sym

Figure 4.17. Experimental SNR (a) and MI (b) of the central channel as a function of the
launch power into the link. Results for seven-channel 210-km transmission without (blue)
and with (red) OBP. Performance of 188-km system without OBP attached in black.

As shown in Fig. 4.17, the OBP module introduces a negligible penalty at low values
of P1 because the transmission is then dominated by the ASE noise from the receiver pre-
amplifier. With P1 increased further and P2 tuned accordingly, the nonlinearity compen-
sation becomes apparent, enabling both SNR and MI gains. The performance peaks at
approximately P1 = 14.5 dBm and P2 = 19.5 dBm, where the improvement for the
central channel reaches 1.80 dB in SNR and 0.85 bit/2D-symbol in MI. Moreover, the
results for 210-km link with OBP achieve a similar performance as the shorter 188-km sys-
tem without OBP, which indicates a possibility of up to 22-km extension of unrepeatered
transmission. The compensation gains are measured to be consistent across all the WDM
channels, as illustrated in Fig. 4.15. The average SNR gain reaches 1.98 dB, whereas the
average MI improvement is 0.95 bit/2D-symbol.

a) Per channel SNR b) Per channel MI

1.98 dB 0.95 b/sym

Figure 4.18. Experimental SNR (a) and MI (b) results for all the channels for the case without
(blue) and with (red) OBP at 210 km.

In this experiment, we verified the effectiveness of the OBP scheme, and the results
imply apossibility of nearly 16%data rate enhancement, andalmost 12% reachextension.
Although the complexity of the system was increased considerably, the OBP is shown to
offer substantial improvement in practical applications.
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4.3.3 State-of-the-art Raman-amplified link
In this final part, we employ the OPC technique to design a compensation module for a
state-of-the art unrepeatered link. The link is highly dispersive and has a complex power
profile due to Raman- and remote-amplification, and thus the symmetry designbecomes
rather challenging. As opposed to OBP, the proposed lumped compensation scheme
now operates at the transmitter side, with the signal being optically pre-distorted before
transmission. The placing of the module is dictated by the link design, as discussed later
in the section.

The investigation is entirely numerical, though we keep it practical by only employing
commercially available equipment. The parameters of the fibers used in the system are
given in Table 4.4: with the transmission link built from large effective area fiber (Vascade
EX2000) and low-loss single-mode fiber (LL-SMF), and the compensation module relying
on DCF for pre-distortions. The compensation scheme is designed and optimized for two
transmission links, as illustrated in Fig. 4.19.

Table 4.4. Parameters of transmission and compensation fibers employed in the system.

Fiber type α, dB/km D, ps/nm/km γ, 1/W/km L, km
EX2000 0.19 20.2 0.85 varied
LL-SMF 0.23 -44.0 3.08 varied

DCF 0.50 -100.0 5.40 variedLink / NADD

EX2000

TX RX

LL-SMF EX2000

TX RX

DRADRA

LL-SMF LL-SMF

ROPA

DRA DRA

EX2000 LL-SMF LL-SMFEX2000 LL-SMF

a) Link1 b) Link2

DRA

DRA

Figure 4.19. Block diagrams and calculated power profiles for two transmission systems con-
sidered: 250-km link (a) and 350-km link (b).

Link1 is built from 100 km of forward-Raman pumped EX2000, followed by 150 km of LL-
SMF, and thus the link length is 250 km in total. Link2 is similar to Link1, though it is extended
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by an additional 100 km of backward-Raman pumped LL-SMF, and it also includes a
remote optically pumped amplifier (ROPA) at 250 km to boost the signal power along
the link. Such systems exist, and they have recently been employed for record trans-
mission performance demonstrations by the Optical Communication Solutions group at
CPQD [33,158,159], who kindly provided a simulation model of Raman pumping for this
analysis. In both cases, the nonlinearity is pre-dominantly generated in the high-power
region at the beginning of the link, thus this part is specifically targeted with the com-
pensation module. The module relies on pre-distortions at the transmitter side, as it is
directly adjacent to the nonlinear region, which ultimately simplifies pulse shape match-
ing and lowers the impact of transmission ASE. The general design of the module is the
same for both systems, but in each case it is finely tuned to achieve maximum perfor-
mance gains. Finally, the proposed setup is entirely based on commercially available
equipment, though it has only been evaluated by means of numerical simulations, as
discussed next.

4.3.3.1 Numerical analysis
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Figure 4.20. Transmission setup with a transmitter-side OPreC and the Raman-amplified link.

The complete setup for numerical simulations is sketched in Fig. 4.20 for the case with
and without OPreC. At the transmitter side, we generate seven WDM channels around
1550 nm from 10-kHz LDs on a 37.5-GHz grid. The channels are subsequently modulated
using seven IQ modulators driven by 16-QAM DP data at 32 GBd per polarization, com-
bined altogether, and amplified using an EDFA. NFs of all EDFAs in the setup are fixed at
5 dB. The signal is then pre-distorted using an OPreC module. The module resembles the
previously considered OBP setups and it consists of three main components:

1. compensation DCF fiber for accumulating the nonlinearity;

2. lumped dispersion compensation unit for pulse shape matching;

3. OPC for reversing the sign of the nonlinearity.

The DCF employs the parameters from Table 4.4, and it is forward Raman-pumped to
fine-tune the power profile and maximize the symmetry of the system. The correspond-
ing Raman-noise is assumed uniform across the entire transmission band, and it is added
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at the end of propagation. The lumped dispersion compensating unit is designed to
completely compensate the dispersion from the DCF, and the OPC is emulated using
ideal conjugation of the complex field amplitude A→A∗ with no penalties or wave-
length shift associated with the process. After the compensation module, the signal is
amplified and launched into the transmission link, which is based on the systems from
Fig. 4.19. Fiber propagation is modelled by means of the SSFM with a varying step size,
as discussed in Appendix A, with PMD and higher order dispersion neglected to focus on
the symmetry design. After transmission, the signal is pre-amplified and detected with
a coherent receiver, and it is processed using a standard DSP chain. The processing
includes digital dispersion compensation for the case with and without OPreC, as the dis-
persion of the link is not compensated optically. In the end, the systems are evaluated
in terms of SNR of the central channel, as in Equation 1.78, and compared against each
other. Every Raman pumping stage in the system employs two pumps of equal powers,
with the assumption that each pump is capable of delivering up to 23 dBm power to
keep the analysis practical. In Link2, the additional backward-Raman pump Pp2 is al-
ways fixed at the maximum of 23 dBm, and the extra ROPA operates at a constant 10 dB
of gain. Overall, these parameters and assumptions reflect the properties of real systems
in [33,158,159].

Link / NADD

a) Pump power optimization b) Signal power optimization

Figure 4.21. (a) Numerical SNR as a function of the forward Raman pumping power for Link1,
with the input signal power into the link optimized at each point. (b) Input signal power
optimization for Raman pumping power at 23 dBm.

For the case without OPreC, the parameter space of the system reduces to only two:

1. signal input power into the link (Ps1);

2. forward Raman-pump power into the link (Pp1).

Ps1 and Pp1 are therefore jointly optimized, with the results for Link1 depicted in Fig. 4.21.
In Fig. 4.21a, the maximum achievable SNR is plotted as a function of Pp1, with Ps1
optimized for each point. The corresponding input signal power Ps1 optimization at
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Pp1 = 23 dBm is attached alongside in Fig. 4.21b for completeness. Increasing the
forward Raman pumping is observed to consistently improve the performance of such
unrepeatered links, and thus Pp1 is fixed at the maximum of 23 dBm per pump in both
Link1 and Link2 for the case without OPreC, whereas Ps1 is fine-tuned for each system,
as shown later.

For theOPreC-aided schemes, precise symmetry matching requires joint optimization
with regard to all the following parameters:

1. signal input power into the compensation fiber (Ps0);

2. forward Raman-pump power into the compensation fiber (Pp0);

3. compensation fiber length (L0);

4. signal input power into the link (Ps1);

5. forward Raman-pump power into the link (Pp1).

Instead of a standard grid-search, which in this case is lengthy and impractical, the sys-
tems are optimizedwith regard to SNR bymeans of the particle swarmoptimization (PSO),
as discussed in detail in Appendix B. The optimization is carried out for acceleration co-
efficients C1 = 1.2 and C2 = 0.1, inertia W = 0.05, and 100 randomly initialized
particles, running in parallel to speed up the process. The parameters are chosen to pro-
vide small enough step-sizes as well as reasonable convergence times. The optimization
results are given in Table 4.5.

Table 4.5. PSO optimization results for the considered systems including OPreC.

System L0, km Ps0, dBm Pp0, dBm Ps1, dBm Pp1, dBm
Link1 35.5 18.2 16.0 18.0 23.0
Link2 29.0 19.2 16.8 19.2 23.0

The resulting compensation modules are found to be rather similar for both links. The
key difference between the two scenarios is a boost to Ps0 and Ps1 for the longer trans-
mission distance, whereas the other parameters are only finely adjusted. This is expected
as the longer transmission generally leads tomore loss andASE noise, thus requiring higher
launch powers to counteract it.

The optimized systems with OPreC are illustrated in Fig. 4.22 in terms of the power and
dispersion evolution, as well as the resultant NADDs, which reveal a high degree of prop-
agation symmetry. The compensation fiber does not count towards transmission now,
as the scheme assumes lumped compensation. It is also noted that there is a disconti-
nuity in NADD at accumulated dispersion of 2020 ps/nm, which is caused by a change
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c) Link2: System Configuration d) Link2: NADD

Figure 4.22. Power and accumulated dispersion evolution, and the resultant NADD for the
optimized systems: 250-km Link1 (a-b) and 350-km Link2 (c-d).

of transmission fiber from EX2000 to LL-SMF at 100 km. The change does not impact the
symmetry significantly, but it further outlines the applicability of NADD, which is capable
of capturing such details. Similar discontinuity is observed for Link2 at 250 km (or equiva-
lently 4570 ps/nm accumulated dispersion), where the ROPA provides 10 dB of lumped
signal gain. The symmetry of the maps is translated into substantial compensation gains,
as illustrated in Fig. 4.23.

Link / NADD

b) Link2a) Link1

4.0 dB

2.6 dB

Figure 4.23. Numerical SNR results as a function of the signal launch power into the link
without (solid) and with (dashed) the optimized OBP: Link1 (a) and Link2 (b).
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For the systems including OPreC, the parameters are fixed to the optimum, as given
in Table 4.5, with only the launch power into the link Ps1 varied. Similarly, Ps1 is also
varied for the case without OPreC, whereas Pp1 is then fixed to 23 dBm. For both links,
the OPreC module results in a penalty in SNR, when Ps1 deviates from the optimum,
indicating a mismatch between the nonlinearity in the module and the link. However,
when the powers are tuned correctly, the nonlinearity on both sides of theOPCbecomes
complementary and ultimately cancels out. At the optimum, the compensation gains
in SNR reach up to 4.0 dB for the 250-km link (Link1), and 2.6 dB for the 350-km link (Link2).
The lower net gain for the longer system is mostly due to increased ASE contribution from
the link extension, as well as the uncompensated nonlinearity beyond the initial high-
power region at the beginning of the link. Still, despite complex power and dispersion
profiles, we could design a scaled-down structure that matches the transmission system,
and offers substantial net improvement.

4.4 Summary
In this chapter, we discussed the principles of symmetry design for lumped nonlinear-
ity suppression, i.e. with the compensation performed in an additional transmitter- or
receiver-based module that is not a part of the transmission link. This is a novel approach
to optical phase conjugation (OPC)-based compensation, and it is particularly suitable
for unrepeatered systems which do not allow for any active devices to perform the con-
jugation along the link. The compensation modules are scaled down to a fraction of the
link, while maintaining the propagation symmetry to satisfy the general OPC criteria. Be-
cause of the scaling, we proposed a new metric for symmetry evaluation, referred to as
nonlinearity vs. accumulated dispersion diagram (NADD), which is a generalized version
of power vs. accumulated dispersion diagram (PADD), but it accounts for the actual
nonlinear phase-shift instead of relying on the power profile alone.

This method was successfully applied to several distinct unrepeatered systems with a
varying degree of complexity:

1. zero-dispersion link in Section 4.2.2;

2. standard dispersive links based on different fiber types in Section 4.3.2;

3. state-of-the-art Raman-amplified system in Section 4.3.3.

In the first example, the assumption of zero-dispersion greatly simplified the symmetry
requirements by neglecting the dispersion-induced pulse shape evolution. As long as
this condition holds, successful compensation could easily be demonstrated numerically
and experimentally, achieving respective gains up to 5.6 dB and 2.9 dB in signal-to-noise
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ratio (SNR) for single-channel transmission. The second case based on dispersive links was
more challenging, as dispersion in the link changes the pulse shape, which must then be
restored in the compensationmodule to generate amatching nonlinearity. This is approx-
imately possible with the right choice of the compensation fiber, as well as additional dis-
persion compensation units. For such links, we presented several possible designs, which
were capable of attaining up to 3.80 dB and 1.98 dB gains in SNR in a numerical and
experimental investigation for seven wavelength-division multiplexing (WDM) channels.
Finally, we applied the compensation technique to a state-of-the-art long-reach Raman-
amplified system, andwere able to engineer a scaleddowncompensation structure that
mitigates the nonlinearity, despite complex power and dispersion profiles of the link. The
system was evaluated numerically, and it demonstrated up to 4.0 dB gains in SNR for
seven-channel transmission.

In summary, it is evident that the OPC technique can be applied in a more lumped
fashion by artificially creating the propagation symmetry in scaled-down structures that
are matched to links. We employed this approach to demonstrate the principle for five
systems characterized by different power and dispersion profiles, and we achieved sub-
stantial gains for all of them. Consequently, the method could be applied to almost
arbitrary link configurations, and it might serve as a potential upgrade to existing systems,
where accessing the mid-point of the link is difficult or not possible at all.



CHAPTER 5
Conclusion

This chapter summarizes the main achievements of the project, and it provides future
prospects, as well as the author’s assessment on the applicability of the work.

5.1 Summary
The project investigated means of optical phase conjugation (OPC)-based compensa-
tion of nonlinear signal impairments in coherent high-speed data transmission. As dis-
cussed in Chapter 1, it is required that two basic conditions are satisfied for the compen-
sation to be efficient:

1. all-optical conjugation of the field in transmission;

2. propagation symmetry around the point of conjugation.

In this work, we aimed to address both of the requirements, with the ultimate goal of
improving the signal quality to enable longer transmission distances or higher bit rates.

In Chapter 2, means of field conjugation were studied and optimized. The analy-
sis focused on two distinct implementations of four-wave-mixing (FWM)-based conjuga-
tors, and included both numerical and experimental results. The first implementation
was based on a novel AlGaAs-on-insulator (OI) integrated platform, which is capable of
offering the conjugation for broadband signals in a compact fashion, and it has great
potential for future on-chip optical signal processing. The second studied implementa-
tion employed a more standard strained highly nonlinear fiber (HNLF), which is a mature
and well-established technology that currently provides the best performance. In either
case, the performance of the conjugators was limited by a combination of linear and
nonlinear impairments, studied in more detail in the respective sections, and the opti-
mization of the systems was amatter of reaching a balance between these effects. Most
importantly, we showed that the converter’s penalty depends on the input signal qual-
ity, and it becomes negligible for noisy inputs. This also implies that the noise associated
with the conjugation is generally small relative to transmission noise in long-haul links, and
therefore the OPC does not limit the performance of such systems. For both converter
implementations, the conjugation penalty was measured in signal-to-noise ratio (SNR),
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and it was found to be around 2 dB for the AlGaAsOI platform, and 0.5 dB for the HNLF
setup. Because of the better performance, the HNLF-based converter was chosen to
serve as the OPC throughout the rest of the project.

Then in Chapter 3, we investigated the second requirement of OPC-aided transmis-
sion, i.e. the propagation symmetry of the link with respect to the OPC position. In this
part, we implemented the OPC in the middle of transmission, and aimed to match the
propagation in each half. Contrary to the standard approach, which relies on matching
the power profiles on either side of the OPC, we instead relied on dispersion manage-
ment to create the symmetry of the system. The analysis was based on numerical and ex-
perimental results, and it provided a comparison between several system configurations
achieving a varying degree of propagation symmetry. The analyzed setups included
links based on standard single-mode fiber (SSMF) and inverse dispersion fiber (IDF), as
well as super large area fiber (SLA) and inverse dispersion fiber, type 2 (IDFx2). The former
configuration was shown capable of providing perfect propagation symmetry, whereas
the latter was only an approximation, but still offered substantial improvement. The dis-
cussed systems are based on realistic fiber types, and thus the entire discussion is directly
applicable in practice. In both cases, the improved symmetry translated into high com-
pensation gains, leading up to 5.2 dB and 3.2 dB improvement in SNR for the simulated
two-span SSMF+IDF and SLA+IDFx2 links, respectively. The SLA+IDFx2 system was then
also evaluated experimentally, and achieved gains up to 1.9 dB in multi-span transmis-
sion. Ultimately, in this part we introduced and validated new tools for the symmetry
design, and these tools were also utilized in the final chapter.

Finally in Chapter 4, we continued the investigation of the symmetry designs, though
instead of relying on the link itself, we conducted the compensation in a lumped fashion
at the transmitter- or receiver-side. This is a novel approach to OPC-based compensa-
tion, and it is particularly suitable for unrepeatered systems with no active devices along
the link. The work is based on several distinct link configurations that can be grouped
into three general categories: simple non-dispersive links, standard dispersive links, and
Raman-amplified dispersive systems. For each case, we designed an OPC-based com-
pensation module that is matched to the link in the sense of propagation symmetry, and
it is therefore capable of suppressing the nonlinearity. The modules are optimized using
all tools at our disposal, e.g. power profile tuning, dispersion management, as well as
scaling of the compensation structure relative to the link. The optimization is performed
with regard to the performance gains as well as the achieved propagation symmetry,
which is now measured by a new metric that we propose, referred to as nonlinearity
vs. accumulated dispersion diagram (NADD). The maps are capable of quantifying
propagation symmetry of non-homogeneous systems, and thus they have been exten-
sively employed for evaluation of the symmetry between the scaled-down compensa-
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tion structures and the links. Ultimately, we demonstrated substantial SNR improvement
for all studied link configurations, with the simulated gains of 5.6 dB, 3.8 dB and 4.0 dB for
the non-dispersive, dispersive and Raman-amplified systems, respectively. The first two
configurations were also implemented experimentally to validate the findings, achieving
the respective gains of 2.9 dB and 2.0 dB. It is therefore evident that OPC-based com-
pensation is possible without accessing the transmission link itself, and such systems can
offer significant performance improvement over standard uncompensated scenarios.

5.2 Remarks and outlook
This work designed and optimized transmissions links with OPC-based nonlinearity com-
pensation, and it addressed the two conditions that such systems must satisfy.

Regarding the first requirement, efficient means of field conjugation already exist,
and they have been presented in Chapter 2, or by other research groups over the past
years [46–48, 58–60, 116]. Such optimized conjugators routinely result in a small penalty
even for ideal or close-to-ideal signals. In our characterization, we showed that this
penalty becomes completely negligible when the signal is dominated by the input noise,
and thus it does not generally limit the signal’s quality or the OPC compensation gains
in transmission. Therefore, in the author’s opinion, the first requirement for OPC-based
nonlinearity compensation can be smoothly satisfied in terms of performance with the
existing technology, though the conjugators still require optimization with regard to other
system-level requirements, e.g. stability, energy efficiency, bandwidth, or even integra-
tion, compactness and packaging.

Consequently, the OPC compensation gains of real systems are in fact limited by
the second requirement, i.e. the degree of propagation symmetry, and therefore it has
become the focus of this work. For standard links with little or no symmetry, the OPC
technique is generally ineffective, while the gains only become significant if the system
is designed to have a high degree of symmetry [75–77]. In Chapter 3 and Chapter 4,
we presented and optimized multiple setups that to a large extent satisfy the symmetry
requirements and can be implemented in practical applications. For all of these systems,
we demonstrated compensation gains in SNR that have a potential of exceeding the ca-
pabilities of digital signal processing (DSP) [29–37], and it certainly implies good prospects
for the technique. This is valid for both multi-span and unrepeatered links, as we demon-
strated the OPC approach and the symmetry design to be adaptable and versatile. In
terms of future work, distributed compensation based on SSMF and IDF yielded the most
promising results of Chapter 3 in terms of the symmetry and the gains, though the system
has not been verified experimentally. If these results hold in deployed links and despite
real-life limitations, they have a potential of vastly outperforming standard configurations,
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and it would be the author’s priority to verify it. Regarding lumped compensation from
Chapter 3, the discussed techniques provided tools to apply OPC to a number of differ-
ent unrepeatered link configurations, but still only few such schemes have been demon-
strated experimentally. Additional experiments employing standard links with optimized
compensation modules could provide more insight into the validity of this approach as
well as a better estimate of the achievable gains. Eventually, it would also be extremely
beneficial and practical for the compensation modules to be tunable and universal to
match a variety of different link configurations.

On the other hand, as pointed out at the very beginning in Equation 1, spectral
efficiency (SE) scales logarithmically with SNR, and thus substantial improvement in
SNR only translates to a moderate improvement in the channel’s capacity. This re-
lation puts the OPC at a disadvantage compared to some of the other techniques
that rely on multi-dimensional signal multiplexing, e.g. polarization-division multiplex-
ing (PDM), wavelength-division multiplexing (WDM) or space-division multiplexing (SDM)
[16–18,160].

In conclusion, it is evident that links with OPC-aided nonlinearity compensation can
outperform standard configurations, given that the entire system is properly designed.
However, the method is not trivial to implement and might be difficult to optimize, thus
the achievable gains should be evaluated from the economic standpoint. Nonetheless,
with a stable OPC and a universal way of attaining the symmetry, good prospects are
certainly possible for this compensation technique.
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APPENDIXA
Split-step Fourier

method
Propagation of the field through optical fibers is described by the nonlinear Schrödinger
equation (NLSE), though it can only be solvedanalytically if either chromatic dispersion or
the Kerr nonlinearity is neglected. When both effects are considered, solving the general
equation requires numerical treatment, and we consistently refer to the split-step Fourier
method (SSFM) to find an approximate solution to field propagation.

A.1 General principle
The general principle of SSFM is based on decoupling the propagation effects into linear
and nonlinear parts. For the NLSE of the general form:

∂

∂z
A(z, t) = −α

2
A(z, t) +

(
N∑

n=1
(−i)n+1 βn

n!
∂n

∂tn

)
A(z, t) + iγ|A(z, t)|2A(z, t),

(A.1)
the SSFM splits the equation by defining the linear and nonlinear operators::

∂

∂z
A(z, t) =

(
D̂ + N̂

)
A(z, t), (A.2)

where D̂ and N̂ are of the form:

D̂ = −α

2
+
(

N∑
n=1

(−i)n+1 βn

n!
∂n

∂tn

)
, (A.3)

N̂ = iγ|A(z, t)|2. (A.4)

Although the loss, dispersion and nonlinearity all continuously act together in reality, un-
der the SSFM it is possible to treat them independently over a small distance ∆z. In such
case, the operators D̂ and N̂ can be applied separately, and both of them have the
analytical solutions readily available.



116 Appendix A Split-step Fourier method

Consequently, the propagation from distance z to z + ∆z is performed in two steps.
The first step only includes the linear effects, with the corresponding solution in the Fourier
domain:

∂

∂z
A(z, t) = D̂A(z, t) F−→ Ã(z + ∆z, ω) = Ã(z, ω) exp

(
D̂∆z

)
, (A.5)

where Ã(z, ω) is the Fourier transformofA(z, t). The linear step is followedby the second
part that accounts for the nonlinearity, and it is solved in time:

∂

∂z
A(z, t) = N̂A(z, t) −→ A(z + ∆z, t) = A(z, t) exp

(
N̂∆z

)
. (A.6)

As a result, solution to propagation over a short fiber segment ∆z can be approximated
as:

A(z + ∆z, t) = F−1
{

F {A(z, t)} exp
(
D̂∆z

)}
exp

(
N̂∆z

)
. (A.7)

To simulate optical transmission, the fiber is divided into small segments of length ∆z,
and EquationA.7 is applied to each segment. The resulting output field is an approximate
solution to the NLSE, with the precision strongly dependent on the chosen step size, and
the exact SSFM implementation.

A.2 Precision
The previous section describes a symmetric SSFM, where the linear and nonlinear steps
are performed sequentially, and the error scales quadratically with the step size ∆z for
such scheme [21, 161]. This is a common but not the only SSFM implementation. The
same method can be employed in an asymmetric configuration, where the linear step
is split in two halves (∆z/2), and the nonlinear step (∆z) is calculated in between them.
The accuracy of the asymmetric approach improves to cubic precision [21, 161], and
thus it is employed for simulations throughout the project.

Whether it is the symmetric or asymmetric SSFM, the choice of the step size ∆z is an
important task that must provide an accurate enough solution, while ensuring realistic
processing times. Typical strategies to optimizing the step size include a fixed length step
or adaptive step [161]. In the latter case, the step size is chosen, such that the maximum
nonlinear phase rotation (N̂∆z) is maintained below a pre-set threshold. As a result, the
method allows small steps in regions of high-power, where the impact of the nonlinearity
is strong, and larger steps in low-power regions, where the nonlinearity is negligible. In
this work, we employ both fixed and adaptive step size SSFM, as indicated in the respec-
tive section, and in each case the steps are optimized by running many simulations for
decreasing sizes until the solution converges.
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The general SSFMmodel can be validated by comparing it to existing expressions de-
veloped for certain specific propagation scenarios. In Fig. A.1, wepresent the parametric
gain spectrum of a single-pump system based on four-wave-mixing (FWM) obtained us-
ing the asymmetric SSFMmodel with a fixed step size, andwecompare it to the solution of
the coupled equations 1.59 to 1.61. The parameters of the systems are set to: Pp = 1.4W,

Ps = 1 nW, γ = 11 /W/km, λ0 = 1559 nm, λp = 1560.7 nm,
dD

dλ
= 0.03 ps/nm2/km,

and excellent agreement is observed between both methods.
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Figure A.1. Comparison between the NLSE and the FWM coupled equations with regard to
the calculated parametric signal gain for arbitrary system parameters.
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APPENDIXB
Particle swarm

optimization
The particle swarm optimization (PSO) is an evolutionary computational technique that
is used for iterative optimization of complex problems. It employs a population of candi-
date solutions that move around a multi-dimensional search space of the problem, and
should eventually converge towards the optimum result.

B.1 General principle

The PSO can be used to optimize an N -dimensional function y = f(a1, a2, ..., aN ). The
general principle of the algorithm can be summarized in the following steps [162]:

1. Initialize a population of particles with random positions in N -dimensional search
space, and the coordinates corresponding to a1, a2, ..., aN .

2. For each particle, evaluate the function y at the particle’s position.

3. Update personal best position of each particle: Pd, where d is a particle.

4. Update the global best position of the population: G.

5. Compute N -dimensional velocity for each particle according to:

vd,i+1 = Wvd,i + C1r1 (Pd − xd,i) + C2r2 (G − xd,i) (B.1)

where vd,i and xd,i is the velocity and position of particle d in iteration i, r1 and r2
are normally distributed randomnumbers, whereasW ,C1 andC2 are optimization
parameters of the algorithm to be discussed later.

6. Update position of each particle:

xd,i+1 = xd,i + vd,i+1. (B.2)

7. Iterate from step 2 until convergence or until a preset number of iterations.
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B.2 Optimization parameters
The particles search the parameter space of y, and they should converge towards the
optimum solution as the particles’ velocity is updated based on the current evaluation
of y. The velocity, as given in Equation B.1, is composed of three contributions with a
stochastic weighting. The first contribution is weighted by inertia W , and it pulls the parti-
cle in the direction of the previous movement, whereas the remaining two contributions
are weighted by acceleration coefficients C1 and C2, and they pull the particle towards
the personal and global best positions, respectively. This process is illustrated schemati-
cally for a single particle in Fig. B.1.

Pd

G
Xd,i+1

Xd,i

Figure B.1. Schematic illustration of updating particle’s position under the influence of the
previous velocity, i.e. momentum, as well as the components associated with its personal
best and the global best.

The adjustments of C1 and C2 define the tension in the system, i.e. low values al-
low particles to roam freely, while high values result in directed movements towards the
presumed optimal solution. Additionally, inertia W has been added to better control
the exploration of the space by relative weighting of the particle’s momentum. Suitable
choice of these parameters provides a balance between the random, local and global
parts that define exploration, and results in fewer iterations required to approach the
optimum solution.

The PSO can be applied to most optimization problems, where a standard N -
dimensional grid search is lengthy or insufficient [162, 163]. In this work, it is employed
for the optimization of long-reach transmission systems in Section 4.3.3, where it is also
shown to produce a viable result.
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