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Abstract

The fundamental limitations in fiber-optic communication are caused by optical
amplifier noise and the nonlinear response of the optical fibers. The quantum-
limited noise figure of erbium-doped fiber amplifiers (EDFAs) or any phase-
insensitive amplifier is 3 dB. However, the noise added by the amplification
can be reduced using phase-sensitive amplifiers (PSAs), whose quantum-limited
noise figure is 0 dB. PSAs can also compensate for the nonlinear distortions
from the optical transmission fiber in the copier-PSA implementation. At the
transmitter, a copier which is nothing but a phase-insensitive amplifier, is used
to create a conjugated copy of the signal. The signal and idler are then co-
propagated in the fiber link, experiencing correlated nonlinear distortions. The
nonlinear distortions are reduced by the all-optical coherent superposition of
the signal and idler in the PSA.

In this work, an investigation is made for the nonlinearity mitigation using
the PSAs, by calculating the residual nonlinear distortion after the coherent su-
perposition in a copier-PSA link. The nonlinearity mitigation efficiency in PSA
links is studied with respect to modulation formats, symbol rates and number
of wavelength channels. The effectiveness of nonlinearity mitigation is found to
increase with higher-order modulation formats. However, the efficiency of non-
linearity mitigation decreases with increasing number of wavelength channels
and increasing symbol rate resulting in larger residual nonlinear distortions. A
modified Volterra nonlinear equalizer (VNLE) is implemented to reduce the
residual nonlinear distortions after PSAs in single- and multi-channel PSA
links. Cross-phase modulation mitigation using PSAs is also demonstrated.

Keywords: optical transmission, nonlinearity mitigation, phase-sensitive am-
plifier, low-noise amplification, self-phase modulation mitigation, cross-phase
modulation mitigation, copier-PSA, modulation formats
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Chapter 1

Introduction

Almost everything in this world is connected to the internet. The internet has
revolutionized the way we learn, work, shop and more. The internet has made
it easy, convenient and comfortable for people to accomplish anything from
anywhere and anytime. People use the internet to gather needed information
to keep them up to date on the news and trends in the world, to socialize with
society, to communicate with their friends and relatives, to entertain themselves
by watching movies, playing games, reading books and listening to music, and
for business purposes including video conferencing and online trading.

The number of internet users, internet-based applications and devices using
the internet are increasing every day. According to Cisco, the monthly global
internet protocol (IP) traffic in 2017 was 122.4 Exabytes and is predicted to
reach 396 Exabytes by 2022 |1], as shown in Fig. (black dashed line with
circle markers). Moreover, the global internet users will make up to 60% of
the world’s population, the number of connected devices will reach 28.5 billion
and augmented reality and gaming will make up for 85% of the total traffic by
2022.

At the time of writing this thesis, the global pandemic caused by Covid-
19 |2| has vastly changed our lifestyles [3]. There have been many restrictions
on the movement of the people within the continents and countries, and even
within buildings. However, most people were still able to carry out their work
[4] or study [5] comfortably sitting at home, thanks to the internet. Apart from
this, the internet is still playing a significant role in controlling this pandemic’s
spread by keeping people engaged and in developing the vaccines by sharing
various test and diagnostics information through the cloud. This has also put
an extra burden on the internet traffic |6].

The vast majority of the internet traffic passes through optical fiber net-
works. The various inventions in the field of fiber-optic communication have
paved the way to meet these data traffic demands.

In this chapter, we will go through the evolution of fiber-optic communi-
cations, pointing out the important breakthroughs, which helped to meet the
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Figure 1.1: Evolution of the internet protocol (IP) data traffic (adopted from |[1])
and fiber capacity |7] over the years. The IP traffic is shown by the dot-
ted black line with circle markers. The red and magenta solid lines with
square markers correspond to the capacity of a single-channel in terms
of products and research, respectively. The capacity of wavelength-
division multiplexed (WDM) links is shown in blue and cyan solid lines
with triangle markers for products and research, respectively.

ever-increasing demands of internet traffic. We will then discuss the fundamen-
tal limitations of fiber links and how phase-sensitive amplifiers (PSAs) can be
used to push these limits further. After that, other techniques to compensate
for the detrimental nonlinear effects in the optical fiber are briefly reviewed.
Finally, we will focus on what this thesis is about, summarizing the content of
this thesis

1.1 Evolution of fiber-optic communication

The first historic event in the field of optical communication dates back to
1880. Alexander Graham Bell transmitted sound signals over 200 m with sun-
light as the optical carrier known as the ‘photophone’ [8]. However, this did
not create a significant impact in the field of communication due to the lack
of a reliable intense light source and confined low-loss medium for light prop-
agation. The first major breakthrough in fiber-optic communication was the
realization of a coherent and monochromatic light source called the laser in
1960 [9], emitting light at 694.3 nm. This break-through not only sped up the
research in optical communication but also in other fields of optics. Followed




1.2. Fundamental limits

by that, in 1962 came the demonstration of a semiconductor laser diode with
gallium arsenide (GaAs) lasing around 850 nm [10,|11]. The first proposal to
use clad glass fiber for transmitting information in the telecommunication in-
dustry came in 1966 [12]. The single-mode silica fibre losses were reduced to
0.2 dB/km in 1979 at 1550 nm [13] making it the best medium for long-distance
communication. This major breakthrough made fiber-optic communication a
viable solution. The first commercial optical transmission happened in 1977 at
44.736 Mb/s |14]. Due to the increasing data traffic demand and the inventions
to meet the demand, the transmission window shifted to 1300 nm due to lower
dispersion |15] and then to 1550 nm due to lower losses. The next major break-
through in optical communication is the invention of the erbium-doped fiber
amplifier (EDFA) in 1987 [16]. The introduction of EDFAs removed the need
for repeaters in the fiber-optic communication links. Moreover, the capabil-
ity of EDFAs to amplify multiple wavelength channels simultaneously made it
possible to use wavelength-division multiplexed (WDM) signals. This was the
beginning of the WDM era [17]. Another bottleneck was the dispersion in the
single-mode fiber. The dispersion was compensated using dispersion compen-
sating fibers (DCFs) [18l[19]. One other way to compensate for the dispersion
is to use fiber-Bragg grating (FBG)-based dispersion compensating modules
(DCMs) [20L21]. The ever-increasing demand for data traffic led to the intro-
duction of coherent communication |22[23]. The information was encoded in
both the amplitude and phase of the optical waves. The introduction of coher-
ent communication enabled the usage of higher-order modulation formats [24],
dual-polarization (DP) signals and compensation of fiber impairments in the
digital domain [25]. This was one of the important breakthroughs in the field of
optical communication. One of the latest transmission record achieved a data
rate of 71.65 Th/s over 6970 km with C- and L-band |26]. Comparing the first
data transmission and this one, one can imagine the importance of the techno-
logical breakthroughs that have revolutionized fiber-optic communication. The
evolution of fiber capacity in terms of products and research over the years is
shown in Figure [7]. The capacity of the WDM link is predicted to get
saturated in both products and research. To increase the data rate further,
space-division multiplexing (SDM) [27] was proposed. The data rate can be
increased spatially, either be multiple cores [28] or multiple modes [29].

1.2 Fundamental limits

To increase the capacity of fiber-optic links, we need to understand the fun-
damental limitations and try to push the boundaries set by these limits. The
signal when propagating in fiber is attenuated due to a small loss of 0.2 dB/km.
Optical amplifiers are used to compensate for the fiber loss. The optical am-
plifiers apart from amplifying the signal also adds noise. At low signal powers,
the noise added by the amplifiers limit the received signal quality as shown
in Figure (top). The noise cloud for the constellation point at low signal
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Figure 1.2: Top: Received signal quality after a fiber span and an EDFA is plotted
against the signal (launch) power for PIA-linear medium (dotted blue
line), PIA-fiber (solid blue line) and PSA-fiber (solid red line). The
constellation points are shown for low and high signal powers.

Bottom: Illustration of the central idea of this thesis. This thesis studies
the nonlinearity mitigation using copier-PSA in three different aspects
- Modulation format, symbol rate and number of WDM channels.
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power have a circularly symmetric Gaussian probability density function. To
overcome the limit imposed by the amplifier loss, one can increase the signal
power. Increasing the signal power improves the signal quality in a linear link
(blue dotted lines), e.g. free space. At higher signal power, the Kerr non-
linearity in the optical fiber limits the signal quality, as shown by the solid
blue lines. This is known as the nonlinear Shannon limit [30H32| which is still
not well defined. Banana-shaped constellation points are obtained in the non-
linear regime due to the Kerr effect. Also, there exists an optimum between
the limit imposed by noise and nonlinearity. Some techniques to push this
nonlinear limit are optical solitons [33|, optical phase conjugation (OPC) [34],
phase-conjugated twin waves (PCTWs) 35|, copier-PSA [36], digital-back prop-
agation (DBP) [37[38], Volterra nonlinear equalizer (VNLE) [39,/40], nonlinear
Fourier transform (NFT) [41] and constellation shaping [42,/43]. The optimum
shifts to lower signal power if the system can accommodate more noise and to
higher signal power if more nonlinearity can be tolerated.

1.2.1 Phase-sensitive optical amplifiers

One solution to address the limits on noise and nonlinearity is to use phase-
sensitive amplifiers (PSAs) which forms the core of this thesis. The most com-
mon amplifier used in optical communications is the erbium-doped fiber ampli-
fier (EDFA) [16,44], which is a phase-insensitive amplifier (PIA) as the gain is
independent of the signal phase. PTA has a quantum-limited noise figure of 3
dB at high gain 45|, considering the input signal is shot-noise limited. There
is a special kind of amplifier known as phase-sensitive amplifiers (PSAs) whose
gain depends on the signal phase. PSAs could have a NF of 0 dB, i.e., PSA
can amplify signals without adding any excess noise.

One way to implement PSAs is to use the copier-PSA scheme [46,47]. The
copier is used to create the idler, which is a conjugated copy of the signal. Both
the signal and idler are co-propagated in the transmission span, experiencing
correlated nonlinear distortions. The signal and idler are coherently super-
imposed at the PSA, enabling low-noise amplification [48,49] and nonlinearity
mitigation [50]. In this case, the received signal quality is given by the solid red
curve in Figure[T.2] PSA has improved the signal performance with regards to
noise and nonlinear distortion. Copier-PSAs have been realized in x(?) |51] and
x®) 48] media based on parametric amplification. In this thesis, highly non-
linear fibers (HNLFs) based on x(®) nonlinearity are used for copier and PSA.
The copier-PSA implementation is WDM compatible, and modulation format
independent [49]. Though copier-PSA improves the transmission reach or the
received signal-to-noise ratio (SNR), the main disadvantage of the copier-PSA
implementation is the loss in spectral efficiency [52] due to the need of two
waves, i.e, the signal and the idler.
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1.3 This thesis

This work is focused on studying the nonlinearity mitigation efficiency using
copier-PSAs against signal characteristics as shown in Figure (bottom) i.e.,
modulation formats, symbol rates and number of WDM channels. Although a
lot of experiments have been performed to verify the nonlinearity mitigation
using PSAs [36,[50L/53], no complete analytic analysis has been presented. In
[A], it is analytically shown that the nonlinearity mitigation in PSAs leads to
residual distortions which depends on the involved optical bandwidth, disper-
sion map and power map. Also, a modified VNLE with less computational
effort is proposed to compensate for the residual nonlinear distortion. The
nonlinearity mitigation dependence on optical signal bandwidth is experimen-
tally studied in [B] and [C] with different symbol rates and number of WDM
channels, respectively. We verify in [D] that PSAs can mitigate both self-phase
modulation (SPM) and cross-phase modulation (XPM). In [E], the nonlinearity
mitigation dependence on modulation formats is studied. The enhancement in
nonlinearity mitigation using the modified VNLE for the WDM PSA link is
studied in [F].

This thesis is outlined as follows, the various impairments when an optical
wave travels in the optical fibers are explained in chapter 2. The optical ampli-
fication and dispersion compensation used to overcome the linear impairments
are discussed in chapter 3. Here. focus is given to fiber-based parametric am-
plifiers and their implementations in phase-sensitive mode. In chapter 4, the
various optical and digital methods to compensate for nonlinear impairments
are briefly discussed. Also, a detailed analysis on nonlinearity mitigation us-
ing copier-PSAs is outlined. The possible future works are listed in chapter 5.
Finally, the papers are summarized in chapter 6.




Chapter 2

Wave Propagation in Optical
fibers

The relationship between the induced dielectric polarization of the material
and applied field depends on the field’s strength. When the field is strong,
the material response becomes nonlinear and at lower field strength it is lin-
ear. Therefore, if the propagating optical field is weak, only the linear effects
are present and at high powers both linear and nonlinear effects affect the
propagating field. Nonlinear effects can cause exchange of energy between fre-
quencies or even create new frequency components. The linear effects that
affect the optical field on propagation are fiber loss, chromatic dispersion and
polarization-mode dispersion. The nonlinear effects are the Kerr effect and
inelastic scattering effects, which includes the stimulated Raman and the stim-
ulated Brillouin scattering. In this chapter, we start with modelling the prop-
agation of optical fields in the fiber and then the linear and nonlinear effects
are discussed with respect to the standard single-mode fiber (SSMF) used as
transmission span and the highly nonlinear fiber (HNLF) used as the nonlinear
medium to realize parametric amplifiers.

2.1 Numerical modelling

The propagation of electric field ignoring polarizaton in an optical fiber can be
modelled using the scalar nonlinear Schrédinger equation (NLSE) as [54]

OE(z,1) B2 E(z,t) B3 3E(z,t)  g(2) —a(z) =
o 3 e 6 oo ; Pl
dispersion power evolution (2.1)
+ 7| E(z, )P E(z,1),
Kerr effect
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The terms have been labelled according to the different effects. The envelope
of the electric field, E(z,t) is assumed to be slowly varying compared to the
carrier wave, where the field is propagating in the z direction and t is co-moving
time frame. For dispersion, up to third-order Taylor expansion coefficients are
included. In the above mentioned effects, polarization-mode dispersion, Raman
and Brillouin scattering have been neglected. The term g(z) in the power
evolution can be used to model the distributed Raman amplification (DRA) in
the transmission link and a(z) is the attenuation corresponding to fiber loss.

2.1.1 Split-step Fourier method

The split-step Fourier method (SSFM) is the most widely used numerical
method for solving the NLSE. The method performs numerical operations in
steps and involves moving back and forth between time and frequency domain
which leads to the name, SSFM. First, the fiber is divided into small sections
whose length corresponds to the step size (Az). Although the linear and non-
linear effects act simultaneously in the fiber, an approximate solution can be
obtained by dividing each step in equation into two parts. One part to
consider the linear effects in the frequency domain and the other for the non-
linear effects in the time domain. The linear effects in equation are the
dispersion, fiber loss (assuming ¢g(z) = 0 - no DRA) whereas the nonlinear one
is the Kerr effect. The linear part is
jBe O B3 3 «a

D=-2_-_4+5- = 2.2
28t2+68t3 2’ (2:2)

while the nonlinear part is given by the nonlinear operator,
N = | B2, (2.3)
The propagation is then done in steps with size Az as
E(z 4 Az, t) ~ exp(AzD) exp(AzN)E(z,t), (2.4)

To increase the accuracy of the SSFM, symmetrized SSFM was suggested [54].
Here the nonlinear part is sandwiched by half of linear part on either side as,

E(z+ Az, t) = exp(AZD

Yexp(AzN) eXp(A%D)E(z,t), (2.5)

In this work, symmetrized SSFM was used to model the propagation of single-
and multi-channel signals for single- and multi-span transmission links.

2.2 Fiber loss

The optical fibers made from silica are used as the medium for long-haul com-
munications due to the low loss in the C-band (1530-1570nm). The loss is due
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to material absorption and Rayleigh scattering. Material absorption can be re-
duced by increasing the purity of the fused silica. Then, the Rayleigh scattering
dominates the fiber loss. The Rayleigh scattering is inversely proportional to
the fourth power of wavelength. The power evolution of the optical field in the
fiber is dictated by the Beer-Lambert law [54],

P(z) = P(0) exp (—az), (2.6)

where « is the attenuation constant in linear units corresponding to the one
in the NLSE (equation (2.1)). It is common to represent « in units of dB/km
known as the fiber-loss parameter (« [dB/km]). For an SSMF and an HNLF,
the typical fiber-loss parameters are 0.2 dB/km and 0.9 dB/km, respectively.
The fiber-loss parameter is wavelength-dependent and can be as high as a few
dB/km in shorter wavelength regimes. However, it is almost constant over the
C-band. The current lowest reported single-mode fiber loss is 0.14 dB/km [55].

2.3 Dispersion

The frequency-dependent effective index of the optical fiber leads to chromatic
dispersion. Dispersion is due to material properties and waveguide design. The
contribution from material properties is due to the dispersive behaviour of silica
itself. The use of core and cladding for guiding the optical field in the fiber leads
to dispersion from waveguide design. One can model the linear propagation of
an optical field in the frequency domain neglecting losses as,

E(sz) - E(O,W) exp[jﬂ(w)z], (27)

where 8(w) is the propagation constant:

flw) = : (2.8)

where n(w) is the refractive index and ¢ is the velocity of light in vacuum. To
account for the frequency dependence of the propagation constant, the prop-
agation constant can be expanded using a Taylor series around the carrier
frequency (wp) as

p B
B(w) = Bo + B1(w —wp) + g(w —wo)? + Fs(w —wo)+..., (2.9)
where 3; = g:f is the Taylor expansion coefficients. [y corresponds to

w=w
the phase velocity of ‘the carrier wave by v, = 42 and the group velocity at the
carrier frequency (vy) is related to £ as vy = % (B2 describes the frequency
dependence of group velocity and is known as the group velocity dispersion
(GVD) parameter given in units of [ps?/km|. The GVD changes the shape of
the optical pulse during propagation. The frequency dependence of the GVD
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is given by the third-order Taylor expansion coefficient (83). The third-order
Taylor expansion coefficient can distort ultra-short pulses and its effect is signif-
icant at lower values of GVD parameter. These Taylor expansion coefficients
are used to include the dispersion in the NLSE (equation ) However,
the more commonly used are the dispersion parameter (D) in [ps/(nm km)]
and the dispersion slope (S) in [ps/(nm? km)], which are related to the Taylor
expansion coefficients as

—27e
D= 7627 (2.10)
27e 2 4me
S=(53) P+ 53 b2 (2.11)

where A is the wavelength of the light. The wavelength at which the disper-
sion parameter changes sign is called the zero-dispersion wavelength (Azpw ).
In general, terms only up to the dispersion parameter are often considered,
but higher-order terms should be taken into account for wide bandwidth op-
eration and operation near Azpyw. For the SSMF, the dispersion parameter,
D = 16 ps/(nm km) at 1550 nm and the Azpw is 1310 nm. The dispersion
parameter for the HNLF at 1550 nm is usually between +2 ps/(nm km).

2.4 Fiber birefringence

A single-mode optical fiber supports two orthogonal polarizations of the electric
field oscillating at the same frequency. The two orthogonal polarization modes
can have different phase velocities due to fiber birefringence. When the effec-
tive index is different for different polarizations in the optical fiber, then fiber
is said to birefringent. Fiber birefringence can be random or deterministic.
Polarization maintaining fibers (PMFs) are designed to have a deterministic
birefringence. The PMF may use longitudinal stress rods along the fiber that
induces strong linear birefringence leading to a slow and a fast axis. The group
velocity for the fast axis is higher compared to that of the slow axis. If an in-
put field is launched along either of the two axes, the polarization state of the
input field does not change during propagation. The group velocity difference
between the fast and slow axis leads to differential group delay (DGD) between
the polarizations also known as polarization mode dispersion (PMD). In the
case of fibers with random birefringence, the orientation of the slow and fast
axis is constant only for short distances and will vary across the fiber length.
Also, the polarization coupling between change of fast and slow axis is random,
leading to DGD variation with respect to frequency. Neglecting polarization-
dependent losses, there exist two polarization states where the polarization of
the output wave is independent of the optical wave frequency over a narrow
frequency range (first-order approximation) known as the principal states of
polarizations (PSPs) [56L|57]. Also, these correspond to the fast and slow axis
locally. For the ideal SSMF, the PMD is zero due to the circular symmetry
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of the fiber. However, fiber asymmetries due to non-uniformities in manu-
facturing, any stress or bending, environmental fluctuations in temperature,
vibrations and any stress can lead to differences in the group velocities because
of randomly varying birefringence. The PMD induced differential group delay
in the SSMF can be calculated as [54]

At,, = DV, (2.12)

where D,, is the PMD parameter. The typical value of (D,) is 0.1 ps/vkm.
HNLFs can also be PMFs. However, obtaining homogeneous HNLFs with re-
quired dispersion and nonlinearity is difficult.

2.5 Kerr effect

The nonlinear response of a medium depends on the relationship between elec-
tric field and induced dielectric polarization. The total polarization of the
medium (P) induced by a strong electric field is [54]

P=c(xW-E+x?:EE+x® : EEE), (2.13)

where, x(V) is the susceptibility of N*" order and a tensor of rank N + 1.
€ is the vacuum permittivity. The first order susceptibility term corresponds
to the linear polarization. The dispersion and fiber loss are related to the
real and imaginary part of the first order susceptibility. The second-order
susceptibility gives rise to second-order nonlinear effects like second harmonic
generation, sum- and difference-frequency generation, which are present only
in medium without inversion symmetry. The third-order susceptibility leads to
the third-order nonlinear effects like third-harmonic generation and the Kerr
effect. Silica fiber exhibits inversion symmetry due to the amorphous nature
of the material. Then, the third-order nonlinear effects become dominant.
Assuming that the electric field is linearly polarized and neglecting the third
harmonic term (attenuated in the fiber), the total polarization induced in the
optical fiber can be written as

3|E|

P =e(x'V + =xV)E = eoxenF, (2.14)

where Yo is the effective susceptibility. The refractive index of the medium is
related to the effective susceptibility as

712 =1+ Xet, (215)
Then, the refractive index taking into account the nonlinear effects is |54]

n(w, I) = n(w) + nol = n(w) + 7z|E|?, (2.16)

11
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where n(w) is the linear refractive index, 73 is the nonlinear-index coefficient,
ng is the nonlinear Kerr parameter and I is the instantaneous intensity given
by I = ineoc|E|%. The nonlinear-index coefficient is

3
flg = %Re(x@). (2.17)

The nonlinear Kerr parameter and the nonlinear-index coefficient are related

as o
ng = 2 (2.18)
€egnc

The refractive index is not only wavelength-dependent but also depends on the
instantaneous intensity of the field. The Scottish physicist and mathematical
lecturer John Kerr discovered the Kerr effect in 1875 [58]/59]. The Kerr effect
can be defined as the change in the refractive index of the medium due to
the intensity of the propagating field. The nonlinear coefficient () expresses
the strength of the nonlinear effects taking into account the transverse field
distribution in an optical fiber.

21Ny

Y= )\Aeﬂ‘7

(2.19)

where A.g is the effective mode area which depends on the fiber core radius and
the core-cladding index difference [54]. For the SSMF, the nonlinear coefficient
() is about 1.3 (W km)~!. In the case of the HNLFs used in our experiments, ~
is around 10 (W km)~!. HNLFs with v as high as 30 (W km)~! have also been
demonstrated [60,/61]. The Kerr effect induces a nonlinear phase shift on the
propagating signal. The accumulated nonlinear phase shift during propagation
in the optical fiber can be calculated as

onr(z) = V/OZ P(z"d, (2.20)

where, P(z’) represents the evolution of power along propagation. The accu-
mulated nonlinear phase shift over a physical length (L) can also be calculated
using the effective length (L.g) as

éNL(L) = vLeg P(0), (2.21)

where L
Leg = a[l —exp (—al)], (2.22)

where « is the attenuation constant in m~! and L is the physical length of the
fiber. The effective length can be defined as the length over which a constant
power can give the same nonlinear phase shift (¢x7) as the total accumulated
phase shift over the actual physical length. For a very long SSMF with o« =
0.2 dB/km, the effective length is approximately 21 km. The different Kerr
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nonlinear effects such as self-phase modulation (SPM), cross-phase modulation
(XPM) and four-wave mixing (FWM) are discussed in this section. The SPM
and XPM are phase-matched and causes phase modulation on the signals. The
FWM involves transfer of energy between different frequency and needs to be
phase matched to be efficient.

2.5.1 Self-phase modulation

The propagating optical signal field is phase modulated due to the variation in
the refractive index of the optical fiber caused by its own intensity distribution.
This is known as self-phase modulation (SPM). By neglecting dispersion and
taking into account the fiber loss with the effective length, the nonlinear phase
shift induced on the propagating field due to SPM is given by
s
L) =T
where P is the power of the propagating wave. However, it is important to
include dispersion especially for data signals and in this case, the NLSE has to
be solved numerically. SPM causes a frequency chirp in the propagating optical
pulses which changes the pulse shape and broadens the optical spectrum. The
spectral broadening due to SPM was first observed with silica fibers in 1978 [62].
To illustrate the detrimental effect of SPM in fiber-optic communication system,
the NLSE was solved with a 10 GBaud quadrature phase shift keying (QPSK).
As the signal launch power in to the optical fiber was increased, penalties were
observed in the error-vector magnitudes (EVMs) as shown in Figure (top).
At the bottom, the normalized power spectral density (NPSD) is plotted for
different signal launch powers. One can observe that the spectral broadening
increases with the launch powers. Mostly, SPM causes symmetric spectral
broadening. SPM acts as one of the major limitations in single-channel fiber-
optic transmission systems. The interaction between SPM and dispersion can
also lead to an interesting phenomenon known as optical solitons [33,(63}/64].
The dispersive phase shift in the anomalous dispersion regime (82 < 0) and the
nonlinear phase shift cancels each other, leading to pulse propagation without
any change in shape. In fact, this was one of the first techniques used to
compensate transmission span nonlinearity.

’FL2|E|2Leff :’yPLeff, (223)

2.5.2 Cross-phase modulation

The propagating optical signal field is phase modulated due to the variation in
the refractive index of the optical fiber caused by another field with different
wavelength, direction or state of polarization. This is known as cross-phase
modulation. Similar to SPM, neglecting dispersion, the nonlinear phase shift
in one wavelength field due to cross phase-modulation caused by N other wave-
length fields which are co-polarized and co-propagating is

NLA (L) =29PyLegs 4+ 2YPsLegp + ..+ 2YPyLess + ...y (2.24)
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Figure 2.1:
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Numerical simulations illustrating self-phase modulation (SPM). Top:
Error-vector magnitude (EVM) in decibels after propagation in an op-
tical fiber plotted against the signal launch power, bottom: Normalised
power spectral density (NPSD) of the signal spectrum after propaga-
tion for different launch powers. A 10 GBaud, 10%-root raised cosine,
quadrature phase shift keying (QPSK) was propagated numerically in a
fiber solving NLSE with a = 0.2 dB/km, D = 16 ps/(nm km), v = 1.3
(W km)~1 and L = 80 km. The signal SNR at the input of the fiber
was set to be 30 dB and no amplifier noise was added after propagation.
As the launch power increases, the SPM becomes stronger resulting in

EVM penalties and higher spectral broadening.
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Figure 2.2:
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Numerical simulations illustrating cross-phase modulation (XPM). Top:
EVM of channel B in decibels after propagation in an optical fiber plot-
ted against the channel A launch power for different channel spacings,
bottom: Normalised power spectral density (NPSD) of the channel B
spectrum after propagation for different channel A launch powers spaced
50 GHz apart. Two 10 GBaud, 10%-root raised cosine, quadrature
phase shift keying (QPSK) was propagated numerically in a fiber solv-
ing NLSE with @ = 0.2 dB/km, D = 16 ps/(nm km), v =1.3 (W km)~1
and L = 80 km. The channel A and B SNR at the input of the fiber
was set to be 30 dB and no amplifier noise was added after propagation.
As the channel A launch power increases, the XPM becomes stronger
resulting in EVM penalties and higher spectral broadening for channel
B.

15



Chapter 2. Wave Propagation in Optical fibers

1 1 | | I I 1 1 >(1)

0‘)113 0.)112 0.)231 0')1 0‘)321 0")223 (‘02 ('03 ('0332 0’)221 ('0321 0‘)331
('0123 ('0331 (‘0132 (’0113 0‘)112 0‘)231
w. w. w.

221 332 223

Figure 2.3: Possible FWM components from degenerate and non-degenerate FWM
processes. The blue lines correspond to the input fields. [68]

where Py is the power of N*" field. The first experimental verification of
XPM was reported in 1985 [65]. For co-polarized different wavelength sig-
nals, the phase shift induced by XPM by a wavelength signal is two times
stronger than that of SPM on itself. The strength of XPM depends on the
degree of relative polarization between involved fields. XpolM can be defined
as polarization modulation of an optical field caused by another field in dif-
ferent wavelength |66], which is a major limitation in polarization multiplexed
optical transmission systems [67]. However, concerning this work, only single-
polarization signals are used making XPM the dominating nonlinear effect lim-
iting the performance. For XPM, the walk-off due to dispersion also plays a
major role when the interacting fields are data signals. Numerical simulations
were performed to study the impact of XPM with respect to channel spac-
ing (walk-off) and power of the adjacent channel using a two channel system.
Two channels A and B were co-propagated together in the same polarization
with the scalar NLSE. Both channels contained 10 GBaud QPSK signals. The
launch power of channel A and the spacing between channel A and B was swept.
The launch power of channel B was kept constant at -10 dBm where there was
no SPM. The EVM of channel B is plotted against the channel A launch power
as shown in Figure (top). As the channel A launch power was increased,
the EVM increased for channel B due to XPM for all channel spacings. Also,
as the channel spacing was increased, the XPM penalties reduce for the same
channel A launch power due to higher walk-off. The NPSD of channel B after
propagation is shown in Figure (bottom) for a channel spacing of 50 GHz.
The spectral broadening increases with the channel A launch power.

2.5.3 Four-wave mixing

As the name implies, four-wave mixing (FWM) involves nonlinear interaction
between four fields. The nonlinear interaction leads to exchange of energy
between them. FWM was first observed in 1974 in silica fibers [69] when com-
pensating for dispersion. Two co-polarised co-propagating fields, E; and FE,
with frequencies w; and wy and propagation constants 51 and (- in the optical
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fiber produces an intensity beating at frequencies ws —w; which leads to varia-
tion in the refractive index due to the Kerr effect. The induced refractive index
variations acts as a moving grating with propagation constant, S2 — 3;. Now,
if a third co-polarized field, E5 is added at the frequency ws with propagation
constant (3, then it will be phase modulated by the moving grating, generating
side bands at wy = w3 & (w2 — w1 ) on co-propagation in the optical fiber. The
efficiency of this process depends on the phase matching, also known as the
Bragg condition, 84 — 83 = £(82 — £1) [52,68,/70]. Similarly, Fy beats with E3
and phase modulates 7, and F5 is phase modulated by the beat of E3 and Ej.
If the FWM process involves optical fields oscillating at different frequencies,
it is said to be non-degenerate and degenerate process involves two fields of the
same frequency. In general, N frequency fields interaction creates a total of
NEN-1) frequency fields |71]. Starting with three waves and only considering
first order FWM processes as shown in Figure [2.3] new fields are generated at
frequencies,

Wikl = Wj + W — Wy (225)

The non-degenerate FWM processes, j,k,l € {1,2,3}, j #k, j #1, k #1
and the degenerate FWM processes, j,k,l € {1,2,3}, j = k # [, create three
unique new frequency fields each. Some of the created frequencies may overlap
with the original optical waves providing gain. Since only single-polarization
signals are considered in this work and all the interacting fields are co-polarized,
we will only consider scalar FWM.

In quantum-mechanical interpretation, two photons at frequencies of w; and
wo are annihilated to produce two photons at frequencies of w3 and w4 fulfilling
energy (w; +ws = ws +wy) and momentum conservation. In SSMF, operating
in the C-band reduces the effect of FWM due to large dispersion. However in
HNLFs with low dispersion, FWM processes can be used to realize parametric
amplifiers. These parametric amplifiers are known as fiber-optic parametric
amplifiers (FOPA). In this work, FOPAs based on scalar FWM processes are
used for amplification. A more complete description of phase matching in FWM
and how it affects the parametric amplification will be given in section [3:2}

2.6 Stimulated inelastic scattering

The nonlinear effects discussed so far are elastic meaning that there is no loss of
energy to the medium. There exist certain effects where a part of the energy is
given to the medium through the excitation of the vibrational modes. These are
known as stimulated inelastic scattering. There are two important nonlinear
effects that fall under this category known as stimulated Brillouin scattering
and stimulated Raman scattering.
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2.6.1 Stimulated Raman scattering

An optical field excites the vibrational modes of the material which emits an-
other optical field of lower frequency or higher frequency. This is known as
spontaneous Raman scattering. The lower frequency field is called the Stokes
wave whereas the higher frequency is called the anti-Stokes wave. Raman scat-
tering was observed first by C.V. Raman in 1928 [72] for which he was awarded
the Nobel prize in Physics in 1930. In a simple-quantum mechanical picture, a
photon is annihilated to give a photon of lower energy (Stokes) and a phonon
conserving energy and momentum. Since the phonon energy corresponds to
optical frequency, it is known as optical phonon. If an optical phonon of right
energy and momentum is available, a photon of higher energy (anti-Stokes) can
be obtained, which can happen at higher temperatures. The Raman scattering
can be spontaneous or stimulated depending on the strength of the input op-
tical field. Stimulated Raman scattering (SRS) was first observed with a ruby
laser in 1962 |73]. SRS is observed at higher optical field strengths above a
threshold. In optical fibers, the Raman gain bandwidth is broad due to the
amorphous nature of silica. The peak gain is downshifted from the pump fre-
quency by 13.2 THz. SRS also corresponds to the delayed Kerr response. The
Raman scattering can produce the Stokes field in both forward and backward
direction relative to the direction of pump propagation. SRS can be exploited
to obtain amplification. Distributed Raman amplification (DRA) in the trans-
mission span not only improves the span noise figure but also enhances the
nonlinearity mitigation for copier-PSA systems. DRA has be used in [B] to
study the optical bandwidth dependence on nonlinearity mitigation in copier-
PSA systems. The implementation of DRA is discussed in section [3.1.3.1} For
the HNLFs used for FOPAs, Raman scattering affects the noise figure, which
will be discussed in section B.2.H

2.6.2 Stimulated Brillouin scattering

Brillouin scattering is similar to Raman scattering except that it involves an
acoustic phonon instead of an optical phonon. The involved phonon’s energy
is much lower compared to the Raman scattering. An optical field is absorbed
by the medium, emitting a lower frequency field and an acoustic phonon. This
phenomenon can also be spontaneous or stimulated, depending on the strength
of the optical field. Stimulated Brillouin scattering (SBS) was first observed
in 1964 |74] when exciting crystals with a maser. When the pump exceeds a
certain threshold, the stokes field grows rapidly only in the backward direction
relative to the pump. The peak gain is downshifted from the pump frequency
by approximately 10 GHz with a frequency bandwidth less than 100 MHz in
silica fibers.

The maximum continuous wave (CW) power that can be launched into the
optical fiber is limited by SBS. With respect to the transmission span, there
are no problems with SBS as only modulated signals are launched at higher
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powers where the power is distributed over a frequency band. In the case of
FOPAs, a high power CW pump is required for the nonlinear interaction. Any
increase in power pump after a certain threshold reflects the pump back due
to SBS. This limits the maximum power that can be launched into the FOPA.
Several methods have been used to increase the SBS threshold.

As SBS depends on the acoustic phonons in the medium, one way to increase
the threshold is to change the material properties. This can be done by doping
the core with Al instead of Ge [75H77]. The down side is the increase in the
fiber loss.

One other method is to phase modulate the pump with a number of RF
tones [78] so that the pump power is spread over a frequency band. The
frequency of the RF tone should be larger than the SBS gain bandwidth and
each tone gives approximately three times increase in the SBS threshold. For a
copier-PSA implementation with single-pump FOPAs, the phase modulation is
transferred to the idler in the copier and due to dispersion in the transmission
link, phase modulation is converted into intensity modulation distorting the
idler. This affects the phase-sensitive operation at the PSA. However, in dual-
pump FOPAs, the two pumps can be counter-phase modulated resulting in no
broadening of the idler spectrum [79].

Another way to suppress the SBS is to apply temperature gradient [80,81|
or strain gradient [82}85] along the FOPA so that the reflected SBS peak from
each point ends in different frequencies. However, the temperature or strain
gradient will also affect the dispersion along the fiber. The dispersion variations
in turn will affect the FOPA’s gain bandwidth and noise properties which will
be discussed in section [3.2.4] Significant improvement to fiber design lead
to the fibers whose dispersion properties remain almost unchanged even with
straining [86].

As the SBS gain is exponentially dependent on the Stokes field, using iso-
lators [87H89] in between the HNLFs and dividing them into many sections
can increase the SBS threshold. The disadvantage is that the FOPAs cannot
be used bidirectionally and the insertion loss increases due to the isolator and
extra splicings.

Some of these methods can be used together to obtain higher SBS threshold.
In our work, the HNLF used for FOPAs are the special fibers strained having
minimum dispersion variations along the length. The 600 m FOPA is separated
into four sections with isolators in between them to further suppress the SBS.
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Chapter 3

Overcoming linear
Impairments

The linear impairments that limit the performance of optical fiber transmis-
sion systems are fiber loss and dispersion. As this thesis involves only single-
polarization signals, fiber birefringence is not considered. Though the losses in
the SSMF are as low as 0.2 dB/km, the data signals are attenuated consider-
ably at longer distances. Dispersion limits the transmission distance through
pulse-broadening. In this chapter, we will discuss the various techniques to
overcome fiber loss and dispersion. Fiber loss can be compensated by amplify-
ing the signal with optical amplifiers, and dispersion can be undone by using
dispersion compensating modules (DCMs) or filtering in the digital domain.

3.1 Optical amplification

In a fiber-optic communication systems, the signal gets attenuated on prop-
agation. Repeaters were used to recover the signal before the advent of op-
tical amplifiers, one for each wavelength channel. Repeaters are nothing but
transceivers where the optical signals are converted to electrical domain and
back to the optical domain. However, with increasing propagation distance
and number of wavelength-division multiplexed (WDM) channels, the cost and
complexity of optical networks would have increased drastically. The major
breakthrough that helped to overcome these limitations were the introduction
of optical amplifiers (EDFAs). The repeaters were replaced with EDFAs ampli-
fying WDM channels simultaneously. There are also other amplifiers apart from
EDFAs such as semiconductor optical amplifiers (SOAs), Raman amplifiers and
parametric amplifiers. These amplifiers have different working principles but
all fall under the category of phase-insensitive amplifiers (PTAs) as the gain is
independent of the signal phase. However, parametric amplifiers on the other
hand can be implemented in phase-sensitive mode which will be discussed in
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section [3.2.7] During the process of amplification, noise is also added to the
signal which degrades the signal quality in the form of the amplified sponta-
neous emission (ASE). Assuming that the gain, G is required to compensate
for the loss in the fiber, the power spectral density of the ASE noise is [90,91]

Sase = nsphvy(G — 1), (3.1)

per polarization, where ng, is the spontaneous emission factor, h is the Planck’s
constant and vq is the frequency of light. The parameter that determines the
performance of an amplifier in terms of added noise is known as the noise figure
(NF). The NF is defined as the ratio of the electrical signal-to-noise ratio (SNR)
at the input to the electrical SNR at the output of the amplifier when the input
is shot-noise limited [92],

_ SNR;,
B SNRout )

In the high gain regime, NF = 2n,,. In general, an ideal amplifier needs the
following characteristics to support modern fiber-optic communication links
with WDM and polarization-division multiplexed (PDM) signals, 1) low NF -
to add as little noise as possible 2) broad gain bandwidth range - to amplify over
the entire transmission window 3) polarization insensitive - to support PDM
signals 4) low cross gain modulation on bit-level - no nonlinear distortions at
saturation and 5) power-efficiency - low power consumption per unit gain.

Optical amplifiers are used in different configurations as shown in Figure
An optical amplifier can be used to obtain the high signal powers before
launching into the transmission link as the power after the laser and modulators
might be low. These amplifiers are known as boosters as shown in Figure [3.]]
(a). The important requirement for the booster amplifier is to have high output
saturation power. To increase the sensitivity of the receiver, optical amplifiers
can be used before the detectors, called the preamplifier as shown in Figure
(b). The NF of the preamplifier determines the sensitivity of the receiver
and should be as low as possible. In long-haul links, optical amplifiers are used
periodically spanwise to compensate for the loss in that section of fiber known
as the inline amplifiers.

The amplifier can be used before the span to pre-compensate for the span
loss falling under type-A inline amplifier as shown in Figure (¢). The
amplifier can also be used after the transmission span to compensate for the
span loss known as type-B inline amplifier as shown in Figure|3.1|(d). Assuming
linear transmission, amplifiers operating in the linear regime, identical losses
and amplifiers in each span and high signal input power, the link NF for type-A
and -B inline amplifiers are given as [52,93]

NF (3.2)

1
NFfR s pra=1+2N(1- 5)7 (3.3)
1
NFFp_pra=1+2NG(1 - 5), (3.4)
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Figure 3.1: Different configurations in which optical amplifiers (OA) can be used in
a fiber-optic communication link, a) booster amplifier, b) pre-amplifier,
¢) inline - type A amplifier, d) inline - type B amplifier. TX - transmitter
and Rx- receiver.

where G is the gain in each span and N is the number of spans. The sponta-
neous emission factor is always greater than 1. Therefore, the quantum-limited
NF is 3 dB [45]. In practice, the NF usually varies between 4-10 dB in com-
mercial amplifiers. In this section, the various properties and applications of
the above-mentioned amplifiers are discussed.

3.1.1 Erbium-doped fiber amplifiers

EDFAs are the most commercially used optical amplifiers. After its invention
in 1986 [94], the EDFAs replaced the repeaters in the fiber links. The gain
medium is the erbium-doped fiber which is pumped optically. The two different
pumping wavelengths used to achieve population inversion are 980 nm and
1480 nm. The excited erbium ions would relax to the ground state through
stimulated or spontaneous emission. Stimulated emission gives a photon of the
same frequency, phase and polarization as the incoming photon. This amplifies
the input signal. Spontaneous emission produces noise photons of random
polarization, direction and frequency over the entire gain bandwidth. However,
the spontaneous emission noise is amplified in the gain medium leading to
amplified spontaneous emission (ASE). The ASE is added to the signal and acts
as an optical noise source. Commercially available EDFAs have gain bandwidth
that extends over the C- (1535 to 1565 nm) and L-band (1565 to 1610 nm). The
EDFAs are polarization insensitive |95, can have high gains [96] and saturation
powers, and low NFs [96]. Moreover, since the gain response time is in the order
of milliseconds, they can amplify the signal without nonlinear distortions even
when saturated [97]. EDFAs have been used in every possible configuration
as listed above - booster, preamplifier and inline amplifier by optimizing the
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design parameters. Though ng, close to 1 have been demonstrated for EDFAs,
the usual values lie between 2 and 3.

3.1.2 Semiconductor optical amplifiers

A semiconductor optical amplifier (SOAs) can be seen as a semiconductor laser
without feedback. The SOAs were designed to work at 850 nm in the 1980s
and in the late 1980s were operated at 1300 and 1550 nm. Population inver-
sion is achieved through electrical pumping, the electrons and holes recombine
producing stimulated and spontaneous emission. The stimulated and spon-
taneous emission leads to the gain and noise in the SOA, respectively. The
main advantage of the SOAs is the electrical pumping which makes them more
power-efficient and compact. The gain bandwidth of the SOAs can be 30-50 nm
anywhere between 850 nm and 1600 nm. The n, is typically 2 [98]. The main
issue with SOA is coupling loss between the device and the fiber which affects
both the black-box gain and NF. The SOAs have a gain response time in the
range of nanoseconds, which induces nonlinear distortions with multiple input
channels especially when saturated [99,/100]. Also, the amplification in SOA is
usually polarization-dependent. All these shortcomings make SOAs unpopu-
lar for amplification in fiber-optic communication systems. However, SOAs has
attracted interest in terms of high-speed optical nonlinear processing [101,(102].

3.1.3 Raman amplifiers

Raman amplification is based on the stimulated Raman scattering discussed in
section[2.6.1] A strong pump and a weak signal of lower energy than the pump
is injected into the silica fiber. The pump photons are inelastically scattered
resulting in lower energy photons corresponding to the energy of the weak sig-
nal and optical phonons. In this way, the weak signal is amplified. The optical
phonon’s energy is equal to the difference between the pump and signal pho-
ton energy. As the pump power is increased above a certain threshold, the
signal gain increases exponentially. Raman gain was first observed in fibers in
1972 [103]. In silica fiber, the Raman gain bandwidth is 40 THz and the peak
gain is around 13 THz downshifted from the pump frequency [54]. Thus, to
amplify the signal at 1550 nm, the fiber needs to be pumped at 1450 nm. The
broader gain bandwidth is due to the amorphous nature of silica. The gain
in Raman amplification is also polarization-dependent, but can be made po-
larization independent by randomly scrambling the Raman pump polarization
or by using backward pumping. The power efficiency of the Raman amplifier
is low. The main advantage of Raman amplification is that the broad gain
bandwidth can be tuned by just changing the pump frequency which makes it
a strong contender for WDM amplification outside C- and L-band. In Raman
amplification, the noise is caused by spontaneous Raman scattering which de-
pends on temperature. The ng, is atleast 1.3 at room temperature which is
close to the quantum limit. The Raman gain response time is in the order of
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tens of femtosecond and can cause nonlinear distortions in a WDM system at
saturation. Raman amplifiers can be used as a lumped or distributed amplifier.
The distributed Raman amplification (DRA) is attractive due to an increase
in the transmission reach as a result of decreased link NF [1041106].

3.1.3.1 Distributed Raman amplification

Distributed Raman amplification (DRA) is where the transmission span itself
acts as the gain medium. The distributed amplification can be visualized as
many small amplifiers placed very close to each other compensating for the
loss at every point in the transmission span leading to transparency. Such
transparency can be obtained using ideal DRA. Since the signal power across
the transmission span is constant, it said to be a flat power map. For an ideal
DRA, where the local gain counterbalances the loss at each point along the
span, assuming there are infinite amplifiers in the transmission link, the NF in
decibels converges to [104],

NFDRA,ideal(dB) ~ 10 IOg(QOéSL + 1) (35)

where exp(a;L) is the net gain needed to compensate the entire span loss and
o is the attenuation constant at the signal wavelength. The link NF for a
span of length 100 km with attenuation constant 0.2 dB/km followed by an
EDFA of NF 4 dB is 24 dB. If the same span is amplified with ideal DRA,
the link NF would be 10 dB. In this way, DRAs can reduce the link NF and
improve the transmission reach. DRAs also enhance the nonlinearity mitiga-
tion in links utilizing copier-PSAs [107]. A symmetric power map is required
to ideally compensate for transmission span nonlinearity. The easiest and sim-
ple method to increase the power map symmetry is to use a single-backward
pumped Raman. In this configuration, the signal is initially attenuated but
gets amplified in the latter part of the span such that the total net gain is
equal to the span loss. However, the degree of flatness is not high in this DRA
configuration. To further improve the flatness in the transmission span, one
can divide the total transmission span into different segments and pump each
of this segment backwards individually with a Raman pump. This was done
in the [B] to obtain a flat power map to study the efficiency of nonlinearity
mitigation with different symbol rates. The normalized power map for the
three-segmented backward pumped DRA used in [B] is shown in Figure
There are also other ways to achieve similar or better flatness such as using
bidirectional pumping with higher-order Raman amplification and fiber-Bragg
gratings [108}|109] or by using fibers with different Raman gain parameters in
cascade [110].

3.2 Parametric amplifiers

Parametric amplifiers are based on the process of four-wave mixing (FWM) in
optical fibers. FWM leads to the exchange of energy between the four interact-
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Figure 3.2: Normalized transmission span power map for the DRA used in [B]. The
81 km transmission span was divided into three sections of length 27 km
and each section was individually backward pumped with the Raman
pump. The glitches in the power map corresponds to the WDM coupler
used to add the Raman pump into the transmission span.

ing fields at high powers in the optical fiber. Only scalar FWM is considered
here and so all fields are assumed to be co-polarized. When two strong pumps
at wpy and wpsy are launched into the optical fiber with a weak signal at wg,
one photon of each pump is annihilated to create one photon of the signal and
one other photon of energy corresponding to w; called the idler. The newly
generated idler frequency will be w; = 2wp —wg. This process is known as non-
degenerate or dual-pumped FWM. During the above process, the weak signal is
amplified and the idler is produced. This can happen also with a single pump at
wp. Two pump photon of same energy gives one signal photon and idler photon
such as w; = 2wp —wg. This is known as degenerate or single-pumped FWM.
The degenerate and non-degenerate FWM processes that are used to achieve
parametric amplification in optical fibers known as the fiber-optic parametric
amplifiers (FOPAs). The gain in FOPAs are polarization-dependent. How-
ever, polarization-independent FOPAs have been demonstrated with orthogo-
nal pumps [111}/112] or using the polarization diversity technique [113]. The
gain bandwidth depends on the fiber design which will be discussed in detail in
section[3.2.4] The gain response time is in the order of femtoseconds and there-
fore can cause nonlinear distortions to WDM signals under saturation [114].
However, the fast response time makes them interesting in high-speed signal
processing [115,/116]. The main noise source is the amplified quantum noise
(AQN) which is similar to the ASE. In this work, parametric amplifiers have
been used as pre-amplifiers or inline amplifiers either in phase-insensitive (PI)
or phase-sensitive (PS) mode. In this section, we will solve the coupled equa-
tions for the non-degenerate (dual-pumped) and degenerate (single-pumped)
FWDM processes in optical fibers to obtain the corresponding transfer functions.
Then, the phase-matching conditions are explained describing the FOPA gain
bandwidth. The phase-(in)sensitive operation of FOPAs are analysed. Finally,
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the implementation of the copier-PSA is presented.

3.2.1 Dual-pumped or non-degenerate FWM

For a dual-pumped scalar FWM process, two pumps at wp; and wps, a signal at
wg and an idler at wy are launched in the fiber. Assuming the all the interacting
fields have the same transverse field distribution, f(z,y) and are co-polarized,
the total electric field can be written as [54}/117|

Bua(e..2) = LED B, () expl—ifwopt — Bleoen)2)
+Epy(2) exp(—i(wpst — Blwp2)z)) (3.6)
+Eg(2) exp(—i(wst — Bws)z))
(-

+E1(2) exp(—i(wrt — B(wr)z))] + c.c.,

where c.c. denotes the complex conjugate. Using equation , the above
expression can be written as four-coupled equations for propagation along z,
ignoring fiber loss, wavelength dependence on 7, the c.c. terms and other weak
newly generated nonlinear frequency terms and considering the pumps, signal
and idler are CWs [54L[117],

dEPl B2 D2 o2 D12\
= E 2|FE 2|F 2|Er|“)E
7 = JVEP" + 2| Epo|” + 2| Es|” + 2| E1[7) Epy (37)
+j2vEsErEpg exp(iAfBz),
dEpy (B e |2 o2 12 12\ 7
= E 2|E 2|E 2|Ef|*)E
iz JY(|Ep2|” + 2|Ep1|” + 2|Es|” + 2|Ef|”) Epa (3.9)
+j2vEsErEpy exp(iABz),
dES T2 L2 L2 12\ I
— = E 2|F 2|FE 2|Er|“)E
2, = JV(Es|” +21Ep1|” + 2| Ep|” + 2|E1 ) Es (3.9)
+j2’VEp1Ep2E}k exp(—iAﬁz),
cTI = j7(|E1]® + 2| Epi|® + 2|Epo|* + 2|Es|*) Es
z N
SPM XPM (3.10)
+j2’yEp1Ep2E;€Xp(—iAﬂZ),
FWM
where
AB = B(ws) + Blwr) — B(wpr) — B(wpa), (3.11)

is the linear phase mismatch. On the right-hand side of equations ({3.7)) to
(3.10), the first term corresponds to the SPM-induced nonlinear phase shift,
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the second group of terms correspond to the XPM-induced nonlinear phase-
shift, and the last term corresponds to the FWM. The XPM-induced phase
shift is twice that of the SPM-induced phase shift as all the interacting fields
are co-polarized. It is also clear that the FWM depends on A which causes
the energy transfer between the fields. Assuming E(z) = \/P(z) exp(jd(z)),
where P is the power and ¢ is the phase of the wave, then to can
be written as [117]

dP, dP,
PL_ 22 o 4y\/Ppy PpyPs Py sin(f), (3.12)

dz dz
dPs _dPr _ o
- 4 - 4~/ Pp1 Ppy Ps Py sin(6), (3.13)

where

do
o= AP+ ~(Ppy + Ppa — Ps — Pr)

Pp1Pp2Ps \/PP1PP2PI
2
+ ’Y(\/ P + Pq (3.14)
_\/PP1PSPI _\/PPQPSPI)COS(G)

Ppo Ppy ’

where 0(z) = ABz — ¢p1(2) — dppa(2) + ds(z) + ¢1(z) describes the relative
phase between the interacting fields. The first term in equation on the
right hand side represents the linear phase shift and the second and third term
correspond to the nonlinear phase shift. From equations (3.12)) to , by
controlling the relative phase, we can dictate the direction of power transfer
either from the pump to the signal and idler waves or from signal and idler
to the pump waves. For § = 7/2; the power transfer is from the pump to
signal and idler waves resulting in parametric amplification whereas § = —m/2
makes the power to flow from the signal and idler waves to the pump giving
rise to parametric attenuation. Keeping the relative phase, 6(z) = /2 all
along the fiber, phase matches the parametric amplification and is discussed in
detail in section [3:2.3] Also, it is evident that the change in power is the same
in the signal and idler and corresponds to change in the two pump powers
such that the total power is conserved which leads us to the Manley-Rowe
relation [117]. If we initially have strong pumps, a weak signal and no idler,
the idler will be generated at an infinitesimal propagation distance [118] with
6 = w/2. Considering the phase-matched FWM process that amplifies the
signal, § = 7/2, the last term on the right-hand side of becomes zero.
Then becomes
do

- = AB+~v(Pp1 + Ppy — Ps — Pr). (3.15)

Introducing the phase mismatch parameter, K = AS + v(Ppy + Pp2) and as-
suming the power of pumps are much higher than the signal and idler waves,
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we can write the condition to remain phase-matched as

do
dz

Assuming the pumps are not depleted and the signal and idler powers are low
compared to that of the pumps, the solutions to the coupled equations (3.9) to
(3.10), neglecting a common phase term is [52]

=0=AB+~(Pp1 + Pp2) =k (3.16)

Es(z) = u(2) Es(0) + v(2)E7 (0), (3.17)

Ei(2) = u(2) E1 (0) + (=) B5(0), (3.18)
where 1 and v are the transfer functions for the fiber given by

LR
p(z) = cosh(gz) + I3, sinh(gz), (3.19)

Ep1(0)Ep2(0)
g

v(z) = 25y sinh(gz). (3.20)

Also, |u(2)]? — |v(2)|? always equal to 1 which comes from the Manley-Rowe
relation addressed above. The parametric gain coefficient is

K
= \/472PP1PP2 - (5)2 (3:21)

3.2.2 Single-pumped or degenerate FWM

For single pump degenerate FWM where the pump fields cannot be distin-
guished in frequency, the analysis should be carried out with just three waves.
Assuming wp; = wpa = wp and AS = S(ws) + B(wr) — 26(wp), similar to
equations (3.12)) (3.13)) and (3.14) for the dual-pump FWM, the equations for
the single-pumped FWM processes are derived as [68,[119}[120]

dPp .
o= —4~4/ P2 PsPrsin(9), (3.22)

APy AP . oo
% = E = 2’}/ PPPSPISZTL(G), (323)
de
*—A5+7(2PP—P5—PI)
P P P P (3.24)
\/ 5 \/ L_4 Ps Pr)cos(8),
where the relative phase difference, 0(2) = ABz — 2¢p(2) + ¢s(2) + ¢1(2), and

the phase-matching condition can be ertten as

k=AB+2vPp = 0. (3.25)
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The transfer functions are [121]
LR
p(z) = cosh(gz) + T5g sinh(gz), (3.26)

2
v(z) = j’yEPg@) sinh(gz). (3.27)

The parametric gain coefficient,

at (3.28)

g= VQP%—(Q

3.2.3 Phase-matching

Phase-matching refers to the process of maintaining the relative phase () be-
tween the different interacting waves constant during propagation. During
propagation, the interacting optical fields experience relative phase shifts due
to the linear phase mismatch caused by the difference in their propagation
constants and the nonlinear phase shift due to SPM and XPM. The Af in
equations and , corresponds to the linear phase mismatch and the
next term describes the nonlinear phase-shift. If the linear and the nonlinear
phase shift cancel out each other, perfect phase matching is achieved where
x = 0. In the nearly phase-matched condition, the relative phase changes
by a small amount during propagation still providing a good gain. For the
single-pumped FOPAs operating at high gain, the maximum gain obtained
with perfect phase-matching, i.e., Kk =0, is

Grsnam — Gesch ~ eXP(2ZPPZ), (329)
where the phase-matching condition becomes

AB = —2yPp. (3.30)

In the case of the dual-pumped FOPAs, the maximum gain and the phase-
matching condition is

maxr __ ETP
G = GEP ~

exp(4vv/Pp1 Ppaz) (3.31)
4 )
where the phase-matching condition becomes
AB = —y(Pp1 + Pp2). (3.32)
At maximum gain, the gain exponential depends on the nonlinear phase shift

and is known as the exponential gain regime. The other special case is when
the linear phase shift becomes zero, i.e., A = 0, then for a single-pumped
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FOPAs with k = —2vPp, a quadratic dependence on the nonlinear phase-shift
is obtained as

QL ~ (2yPpz)?, (3.33)

whereas for the dual-pumped FOPAs, still an exponential gain can be obtained
[54[122).

3.2.4 Gain bandwidth

The gain bandwidth of the FOPA depends on the linear phase mismatch. Tay-
lor series coeflicients for dispersion above fourth-order (84) is neglected in this
analysis as their effect is very minimal. Also, the third-order Taylor series co-
efficient does not affect the linear phase mismatch. The linear phase mismatch
can be Taylor expanded around the pump frequency (wp) for the single-pump
configuration and written as [54}/68|

AB = B(ws) + B(wr) — 28(wp)

—wp)t (3.34)
~ fa(ws — wp)? + 7@1@512 wr)

The gain bandwidth of the single-pumped FOPA can be plotted with equation
(13-34). Figure shows the gain bandwidth for a single-pumped PIA with
different Azpw which is similar to sweeping the pump wavelength with fixed
Azpw. By pumping in the normal dispersion regime (D < 0), we obtain a
quadratic gain as seen for A\p = Azpw — 1.0 nm. When pumped at the Azpw,
we obtain a flat quadratic gain limited by (4 as shown in Ap = Azpw. As
we pump in the anomalous dispersion regime (D > 0), the gain increases more
than the quadratic gain as seen for A\p = Azpw=+0.2 nm, A\p = Azpw+0.35 nm,
Ap = Azpw+ 1 nm and Ap = Azpw + 2 nm. We obtain exponential gains for
Ap = Azpw + 0.35 nm, Ap = Azpw + 1 nm and Ap = Azpw + 2 nm. The
single-pumped PIA should be pumped in the anomalous dispersion regime to
achieve perfect phase matching. For large values of A, — Azpw, second-order
Taylor series dispersion coefficient, 83 dominates and the fourth-order Taylor
series dispersion coefficient, 5, is less important. However, when operating
close to Azpw where the Taylor series dispersion coefficient, 8o, is very small,
(B4 becomes dominant as seen for Azpw + 0.35 nm.

For the dual-pump configuration, the linear phase mismatch can be Taylor

expanded around the center frequency we = “PLECP2 with wp = “EIZ@E2
as [54,/122]
AB = B(ws) + B(wr) — Blwp1) — B(wpz)
21, Ballws — we)* —wh) (3.35)

~ Bal(ws — we)? —wh] + 19

By placing the two pumps far away on either side of the Azpw such that
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Figure 3.3: Analytically calculated gain bandwidth for a single-pumped FOPAs
with Ap = 1550 nm, z = 500 m, B3 = 0.1 ps®*/km, B4 = 1 x
107 ps*/km, v =10 (W km)™' and Pp = 1 W

32



3.2. Parametric amplifiers

40 , , ,

w
o
T

flat-exponential gain |

Signal gain (dB)
N
o

dual-pum
10+ pump 1
JJJ single-pump
O Al ) ) N A, e
1450 1500 1550 1600 1650

Signal wavelength (nm)

Figure 3.4: Comparison of the analytically calculated maximum gain bandwidth
with single and dual-pump FOPAs with A\¢ = 1550 nm, z = 500 m,
B3 = 0.1 ps®/km, By = 1 x 107 ps*/km, v = 10 W 'km™'. For
single-pumped FOPA, A\c = Ap = Azpw + 0.35 nm and Pp = 1 W.
For dual-pumped FOPA, A¢c = ﬁ = Azpw + 0.05 nm and
Pp1 = Pp2 = 0.5 W. In both conﬁguf;ta,tiogg, the pump wavelength were
optimized with respect to the zero-dispersion wavelength (Azpw) for
maximum gain bandwidth.
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wce is close to the zero-dispersion frequency, perfect phase matching can be
achieved over the entire gain bandwidth. We also compare the gain bandwidth
for the single-pumped and dual-pumped FOPAs in Figure [3:4] The pump fre-
quencies are optimized in each case with respect to the Azpw for flat gain
bandwidths and we can find that the dual-pumped FOPAs can have exponen-
tial gain even in the center of the gain bandwidth which is not possible in the
case of the single-pumped FOPAs. Dual-configuration FOPAs has certain ad-
vantages over the single-pump configuration. The gain depends on the total
pump power and with dual-pump configuration, 3 dB higher total pump power
can be obtained for the same SBS threshold providing higher gain. Moreover
as mentioned in section the two pumps can be counter phase-modulated
to further increase the SBS threshold without broadening the idler spectrum.
The main advantage is the flat broad gain bandwidth with exponential gain in
a dual-pump configuration which is important for WDM systems. These gain
bandwidths are obtained only considering four interacting fields but in reality,
one might need to include more possible interactions. In case of the two pumps,
a signal and three idlers might need to be considered [117}[122,/123]. Moreover,
pump depletion should also be taken into account [117,[124]. The AQN interac-
tion with the pump also should be considered especially when modelling high
gain FOPAs [52|. Solving the equation numerically using SSFM is the most
reliable way of modelling the gain bandwidth in FOPAs. In our experiments,
the single-pumped FOPAs have been used as the signal bandwidths are not
more than 35 GHz. However, it will be advantageous to move to dual-pumped
FOPAs due to their flat gain bandwidth.

3.2.5 Noise in fiber-optic parametric amplifiers

In FOPAs, there are four different noise sources [125]. The fundamental noise
is due to the amplification of vacuum fluctuations by the pump known as the
amplified quantum noise [52[126]. This leads to the quantum-limited NF of 3
dB in the case of phase-insensitive operation. The other three additive noise
sources are Raman-scattering-induced noise, pump transferred noise (PTN)
and pump residual noise [524|125]. The Raman-scattering-induced noise is re-
sponsible for the asymmetric NF around the pump especially at high pump
power and broader gain bandwidth [127,[128|. The fast gain response time of
the FOPAs transfers the intensity noise from the pump to the signal and idler.
This leads to significant PTN, especially at high signal power [129]. The inten-
sity noise can be caused by the low optical signal-to-noise ratio (OSNR) of the
pump |130]. Therefore, to reduce the detrimental effect of PTN, a high OSNR
pump is required. The last one is the pump residual noise due to the imperfect
filtering of the pump ASE after amplification. One can use cascaded filters to
reduce the out of band ASE for the pump but the insertion loss also increases.
Furthermore, the noise figure of the FOPAs can be affected by the variation of
the fiber dispersion properties along the fiber length [131-133].
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3.2.6 Phase-insensitive amplifier

In case of no idler at the input, i.e., E;(0) = 0, from equations (3.17) and
(3.18]), the output signal and idler are given by

Es(2) = u(2)Es(0) (3.36)

and
Er(2) = v(2)E5(0), (3.37)

respectively. From the above equations, the output signal and idler do not de-
pend upon the relative phase difference between the interacting waves. There-
fore, they are said to be operating in PI mode, also know as phase-insensitive
amplifiers (PIAs). The phase-insensitive operation is shown in figure a).
The signal gain for the PIAs can be calculated from equation as

Gs = |u(2)|%, (3.38)

which in the case of dual-pumped PIAs can be written as

29v/ Pp1 P
Gs =1+ [% sinh(g2)]2, (3.39)
and for single-pumped PIAs is [68],
P
Gs—1+ ﬂg” sinh(gz)]2. (3.40)

The conversion efficiency for the generated idler which is the ratio of the output
idler power to the input signal power, from equation (3.37) is

Gr=v(2)% (3.41)
which for the dual-pumped PIAs is

2vv/Pp1 Pps
g

Gr =] sinh(gz))%. (3.42)

and in the case of the single-pumped PIAs 68|,

Gr = [% sinh(g2)]?. (3.43)

At high gain, with the shot-noise limited input signal, the output signal and
idler can have a quantum-limited NF of 3 dB [126}/134]. From equation m
one can note that the generated idler is the conjugated copy of the signal. In
this way, the PIA can act as the copier. Moreover, the noise in the idler will
also be the conjugated copy of the signal noise. This enables the copier-PSA
to mitigate nonlinear phase noise (NLPN) [135].
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3.2.7 Phase-sensitive amplifiers

For the phase-insensitive (PI) operation, no idler was present at the FOPA
input. If an idler is present at the input for the FWM process, coherent super-
position of the signal and idler takes place. From equations and ,
one can note that the output signal and idler depends on the relative phase
between the interacting fields. This process is phase-sensitive and paramet-
ric amplifiers when implemented in phase-sensitive (PS) mode are known as
phase-sensitive amplifiers (PSAs). One can categorize PSAs depending on the
number of distinct signal and idler frequencies. If the signal and idler have
the same frequency i.e., if only the signal is present which also satisfies the
frequency condition to be an idler, it is known as one-mode PSA. If a signal
and a idler with different frequencies are used, it is a two-mode PSA. Even
four-mode PSAs have been analysed with one signal and three idlers occupying
three different frequencies. However, four-mode PSAs cannot be described us-
ing equations and , as three different FWM processes are involved.
The one- and two-mode PSAs can be implemented using single-pump or dual-
pump FOPAs whereas the four-mode PSAs can be implemented only using
dual-pump FOPAs. The different PSA configurations [52[70] are shown in Fig-
ure[3.5]and will be briefly discussed in this section. The one-mode PSAs can be
implemented with fully-degenerate FWM or signal-degenerate FWM process.
In the fully-degenerate FWM process, the signal, the pump and the idler lie on
the same frequency, wp = wg = wy as shown in Figure (a). Therefore, imple-
menting the fully-degenerate PSA requires interferometry techniques [136H138].
Moreover, the signal gain depends only quadratically on the nonlinear phase
shift as the linear phase mismatch is zero whereas is other configurations ex-
ponentially dependence can be obtained. In general fully degenerate one-mode
PSA is of no practical interest. The frequency relation between the interacting
fields in case of the signal-degenerate FWM process is wp; + wps = 2wg = 2wy
as shown in Figure (b). The output signal for one-mode PSA implemented
with signal degenerate FWM is given as

Es(2) = u(2) Es(0) + v(2) E4(0). (3.44)
Then, the PSA gain can be calculated as

_Es()P

Bs(0)2 [1(2)* + [v(2)|* + 2|u(2)||v(2)] cos(d(2)), (3.45)

Gs

where the relative phase, ¢(z) = 2¢g(z) assuming the pump phases are
zero. The signal is amplified when ¢g(z) = 0 and de-amplified at ¢s(z) = 7.
Therefore, one signal quadrature will be amplified while attenuating the other
quadrature, producing a squeezed output signal as shown in Figure (b). In
practice, one can choose which quadrature have to be squeezed by controlling
the pump phase, ¢p1(2) or ¢pa(z). The one-mode PSAs has been used for

optical phase regeneration [139]. However, one-mode PSAs cannot be used
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Figure 3.5: PSAs based on (a) fully-degenerate FWM, (b) signal-degenerate FWM,
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Figure 3.6: Amplification in the high-gain regime with (a) PIA (b) one-mode PSA
(¢) two-mode PSA, where Es(0) and E;(0) are the input signal and
idler waves, respectively. The signal and idler output is given by Es (%)
and Ej(z), respectively. The gain in PSA is four times larger than the

gain in PTA.

38
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for amplifying signals modulated in both amplitude and phase like quadrature-
amplitude modulation. Also, they are not compatible with wavelength-division
multiplexed (WDM) signals.

The two mode PSAs can be realized using pump degenerate or non-degenerate
FWM processes. In the pump-degenerate FWM, the signal and idler are lo-
cated symmetrically around the pump with frequency relation, 2wp = wg 4+ wy
as shown in Figure (c). The non-degenerate FWM process for two-mode
PSAs is shown in Figure (d), the relation between the pump, signal and
idler frequencies are given by wpi +wpe = wg +wy. The signal and idler at the
output is given by equations and 7 respectively. The PSA gain can
be calculated assuming that the input signal and idler are balanced in power
as

7 2
Gs = ZO0 _ ) 4 p@ P 2@l cos(0(2). (3.6
[Es(0)?
where ¢(z) = ¢5(2) + ¢1(z) when the pump phase(s) are zero. If the input
idler is a conjugated copy of the signal as ¢g(z) = —¢(z), then the signal will
be amplified in both quadratures. Such an idler can be obtained from a PIA
acting as a copier as discussed in section [3:2.6] The implementation is known
as copier-PSA [461{47]. The maximum PSA gain is
% 2
G5 = 1Bl _ 1(2) 2+ ()P +2]p(2)l[v(2)] = (In(2)]+v(2)])?. (3.47)
[Es(0)[?
In the high regime where pu(z) &~ v(z), the maximum phase-sensitive gain is
equal to four times the gain of the phase-insensitive amplifier (equation )
with the same pump power as shown in Figure (c). If the signal and idler
are shot noise limited, considering only the signal, a quantum limited -3-dB
NF can be obtained [70]. Considering both the signal and idler, the quantum-
limited NF of two-mode PSA is 0 dB [|45/123|. This can result in a transmission
reach improvement of 6 dB. However, the major disadvantage is that the idler
needs to be transmitted without carrying extra information. Therefore, the
spectral efficiency is halved compared to the PIAs or the one-mode PSA at
high SNRs. The two-mode PSA can be used for amplifying any modulation
format and WDM signals.

A four-mode PSA can be implemented with a dual-pump FOPA. There are
three FWM processes [52,/70,{123] involved between two pumps, one signal and
three idlers as shown in Figure (e). At high gain, the coherent superposition
of the signal and idlers, increases the gain by 12 dB compared to PIAs [140].
With shot-noise limited input signals, a quantum limited NF of -6 dB can be
achieved only considering the signal and 0 dB with signal and idlers. However,
the spectral efficiency is reduced four times compared to a PIA and one-mode
PSA and two times compared to two-mode PSA. Therefore it is not very inter-
esting for fiber-optic communication. From now on we restrict our analysis and
discussion to the two-mode PSAs using pump-degenerate and fully-degenerate
FWM processes.
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3.2.8 Copier-PSA implementation

The two-mode PSAs are mostly implemented using the copier-PSA scheme [53].
The copier-PSA implementation consists of two HNLFs which utilize pump-
degenerate or non-degenerate FWM processes as shown in Figure The
signal in this section will correspond to the signal band which can be a single-
channel [A,B,E]| or a number of WDM channels [C,D,F]. The signal is combined
with a high power pump(s) and launched into the first HNLF. The first HNLF
acts as the copier. It generates the idler, a conjugated copy of the signal at w; =
2wp — wg for the pump-degenerate case and w; = wpy +wps — wg for the non-
degenerate case. Assuming the signal is shot-noise limited, the uncorrelated
noise at the signal and idler frequency add incoherently and produce correlated
signal and idler noise at the output. After the copier, a set of three or four
phase- and frequency locked waves are obtained. The second HNLF acts as the
PSA. If the noise at the input of the PSA for the signal and idler is below the
quantum-noise limit, which is the case if the loss between the copier and PSA is
large enough, the frequency and phase-locked waves will provide a 6-dB higher
SNR due to phase-sensitive operation at the linear transmission regime [49].
The loss attenuates the correlated noise and adds vacuum noise [93}/141,|142],
leading to uncorrelated noise in the signal and idler. The transmission span
is placed in between the copier and PSA which acts as the loss element in
fiber links. However, if the noise at the PSA input is above the quantum-limit,
depending upon the correlation between the signal and idler noise the SNR
advantage of 6-dB decreases [135L|143].

The three or four frequency- and phase-locked waves at the output of the
copier are ideal for phase-sensitive operation at the PSA. The transmission
span is SSMF that distorts the waves due to dispersion and polarization-mode
dispersion (PMD). The waves at the input of the PSA should be synchro-
nized in time, aligned in polarization and stabilized in phase relative to each
other for phase-sensitive operation. Let us assume that the signal and idler
fields are given by Es(t,0) and E;(t,0) = E%(t,0), respectively at the in-
put of the transmission span. In the Fourier domain, the signal and idler are
Es(w,0) and Er(w,0) = E5(—w,0), respectively. After propagation in the fiber
of length L with second order Taylor series dispersion coefficient, (s, the signal
field is Fg(w,0) exp( 2,2 L) whereas the idler field is E;(w,0) exp( 22L) =
E%(—w,0) exp( L) One can note that the idler is no more the conju-
gate of the s1gnal because of the the extra phase terms due to dispersion.
Therefore, the signal and idler need to be dispersion compensated in copier-
PSA links. For dispersion compensation, two tunable channelized fiber-Bragg
grating-based dispersion compensation modules slope-matched to SSMFs were
used, sandwiching the transmission span. The two DCMs are used to set the
required pre- and post-dispersion compensation in the transmission link. which
plays an important role in nonlinearity mitigation with PSAs. Further, in or-
der to temporally synchronize the signal and idler pulses, i.e., to compensate
for the group delay difference, path length matching was done by separating
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the signal and idler. Also, the polarization of the signal and idler are aligned
in the polarization alignment and delay tuning stage. In order to avoid FWM
between signal, idler and pump in the transmission span, the pump(s) is at-
tenuated to lower powers. PSA requires a high OSNR, high power pump(s)
to avoid pump transfer noise. The weak pump tone(s) is optically injection
locked (OIL) in distributed feedback lasers (DFBs) to obtain the high quality
pump(s). In OIL, the phase of the incoming light is seeded to the laser out-
put within a bandwdith known as the locking bandwidth and the amplitude
noise is suppressed [144}/145|. OIL at as low injected powers as -65 dBm has
been demonstrated [146]. The generated pumps are then combined with the
signal and idler launched into the PSA. As signal, idler and pump(s) are split,
propagated in different fibers and then combined, the relative phase between
the waves might fluctuate due to vibrations or thermal drifts. A phase-locked
loop (PLL) fed with a fraction of the PSA output power is used to stabilize
the relative phase along with the piezoelectric-transducer which is part of the
pump recovery stage by maximising the PSA gain. A 40 kHz tone is phase-
modulated on to the pump, which gets transferred from the pump to the signal
through FWM is used as the reference for the PLL.

For a PSA-amplified multi-span link, the section between A and B in the
Figure 3.7 has to be repeated for each transmission span. In our experiments,
two-mode PSA was used utilizing pump-degenerate FWM for the copier and
PSA. However, non-degenerate PSAs will be the better scheme for WDM ap-
plications due to the flatter gain bandwidth. For a single span transmission
with the span in between the two HNLFs, PSA can act as a pre-amplifier. A
copier-PSA implementation with PSA as a pre-amplifier was used in [D-F] to
study cross-phase modulation mitigation, modulation format dependence and
enhancement using Volterra nonlinear equalizer (VNLE) for multiple channels,
respectively. The copier-PSA was also used in multi-span configurations us-
ing a circulating loop arrangement corresponding to type-A inline amplifiers in
papers [A-C| to study nonlinearity mitigation dependence on dispersion map
along with the VNLE, symbol rate and number of WDM channels, respectively.

3.2.8.1 Link noise figure

For the single-span link, in the linear transmission regime and linear region
of operation for the amplifier, the noise figure for the copier-PSA is given
as [49,141]

G

NFcopieT7PSA ~ 5 (348)

Similarly, for two cascaded PIAs, the link NF is [49)
NFPIA,pIAQQG. (349)

In both the cases, the loss between the two stages is assumed to be large and
also it is considered that the second amplifier compensates for the loss with
the gain G. Comparing equations (3.48)) and (3.49)), a 6 dB advantage in SNR
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can be seen for copier-PSA system compared to the PIA-PIA system. The
principle 6-dB sensitivity improvement using copier-PSAs in single-span links is
demonstrated with single [50,/147|[E] and multiple [D] channels. For the multi-
span link consisting of N spans, the PSA can be used as inline amplifier in two
configurations namely type A and type B as shown in section [3.1] using copier-
PSA. For multi-span links, in linear transmission regime and linear operation
for the amplifier, the link NFs can be approximated as [52}/142],

5 N
NchgpierprS'A ~ 5 + 57 (350)
3G NG
NES ier_psa ™ -t (3.51)

where G is the inline amplifier gain which is equal to the transmission span
losses. Also, identical power profiles are assumed for the signal and the idler.
The copier is also considered to be operating with a high gain. From equations
, , and , in many number of spans, with high gain, a
four times lower NF is obtained for both the types of inline amplification using
copier-PSA compared to PIA-PIA. Therefore, in multi-span links, close to four
times higher reach has been obtained for PSAs compared to PIAs in single-
[53,/148|[B] and multi-channel [C] systems.

3.3 Dispersion compensation

Unchirped pulses broaden during propagation in an optical fiber due to dis-
persion. This causes significant limitations in the fiber-optic communication
systems in the form of inter-symbol interference (ISI). To overcome this, disper-
sion compensation is performed. Dispersion compensation can be done in either
the optical or the digital domain. The optical compensation uses inline disper-
sion compensating fiber (DCFs) or dispersion-compensating modules (DCMs)
made of chirped fiber-Bragg grating (FBG), whereas the digital compensation
is performed at the transmitter or receiver.

3.3.1 Dispersion compensating fibers

In order to compensate for the accumulated dispersion and to undo the broad-
ening in SSMF, fibers with negative dispersion (D < 0) called dispersion com-
pensating fibers can be used. The dispersion parameter (D) can be as large
as -300 ps/(nm km) in DCFs compared to the 16 ps/(nm km) for the SSMF.
So, dispersion over very long SSMF can be compensated with short DCFs. To
obtain high negative dispersion parameter and to stay in single mode regime,
the core diameter is decreased and the refractive index difference is increased
by doping. The addition of dopants increases the losses. The measure of dis-
persion compensation efficiency is given by a figure of merit (FOM). The FOM

43



Chapter 3. Overcoming linear impairments

is defined as the ratio of the dispersion parameter (D), and the loss per unit
DCF length,

D
a/Lpcr’
In DCFs, typically FOM is between 150 and 200 ps/(nm dB). But, DCFs with
high FOM of 459 ps/(nm dB) have been demonstrated [149]. However, the
DCFs also have high nonlinearities due to tighter confinement in the core which
is another important limitation. Morover, to compensate dispersion for WDM
systems, DCFs should also be slope-matched [150].

FOM = (3.52)

3.3.2 Fiber-Bragg grating based-dispersion compensating
modules

A fiber-Bragg grating (FBG) is obtained by creating periodic gratings in the
optical fiber. A photosensitive fiber is exposed to UV lasers in the presence
of a grating which gets inscribed in the fiber. A chirped grating is fabricated
by changing the period of grating along the length of the fiber which can used
for dispersion compensation. These are known as the FBG based-dispersion
compensating modules (DCMs) |21]. The absence of nonlinearities, lower loss,
negligible latency have made the FBG-based DCMs attractive for dispersion
compensation. They may be tunable and can be channelized or continuous in
frequency. However, the group-delay ripple in FBG-based DCMs can limit the
performance of the fiber-optic communication link [151].

In this work, the accumulated dispersion in the transmission span is com-
pensated inline for every span using tunable channelized FBG-based DCMs.
The tunability of the dispersion settings in the DCMs is useful when optimis-
ing the dispersion map for nonlinearity mitigation in PSA links. As DCMs
are channelized, they have a limited bandwidth which also depends on the
dispersion setting. The limited DCM bandwidth and the group-delay ripple
can cause penalties in multi-span experiments. Moreover, to use more WDM
channels and space them widely apart, moving from FBG based-DCMs to slope-
matched DCF is required. However, the downside is that the dispersion map
is no more easily tunable. This makes optimizing the dispersion map experi-
mentally difficult.

3.3.3 Compensating dispersion in digital signal process-
ing

In coherent systems, the dispersion compensation can be moved to the DSP
at the receiver |152,/153|. By using electronic dispersion compensation (EDC),
the dispersion compensation in the optical domain can be removed, reducing
the loss in the transmission system and thus improve the overall link noise
figure. EDC is performed by applying an inverse dispersion transfer function
of the link. It can be implemented in both frequency and time domain. For

44



3.3. Dispersion compensation

compensating smaller dispersion values, the time domain method is less com-
plex and faster and vice versa. EDC is performed channel-wise and so is not
energy efficient. As the modern transmitters also rely on the digital-to-analog
converters (DACs), the EDC can also be performed in the transmitter.

45



46



Chapter 4

Overcoming nonlinear
Impairments

The Kerr nonlinearity is a major limiting factor in fiber-optic links giving rise to
the nonlinear Shannon limit [30H32,/154H157]. These distortions can be caused
due to intra-channel effects and inter-channel effects [30,/50]. The nonlinear
beating within the frequencies of the same channel band causes the intra-
channel effects which includes the signal-signal beating leading to SPM and
signal-noise beating giving rise to the nonlinear phase noise (NLPN) [158,/159).
The intra-channel effect is a feature of single-channel transmission system.
The inter-channel effects are caused by the interaction between the frequen-
cies of neighbouring channel bands and the channel band of interest, where
signal-signal beating leads to XPM and FWM and signal-noise beating results
in NLPN. The WDM transmission systems are mainly affected by the inter-
channel effects due to the Kerr nonlinearity. For SSMF, due to dispersion,
the XPM becomes the dominant Kerr nonlinearity as pointed out in section
2.2. In this chapter, we first start with the analytical expressions for the Kerr
nonlinear distortions in an optical fiber based on perturbation theory. Then,
different techniques widely used to compensate the Kerr nonlinear distortions
are discussed.

4.1 Nonlinear distortions in a weakly nonlinear
regime

The NLSE is used to model the propagation of complex field envelope in the
optical fiber as discussed in section 2.1. Assuming operation in a weakly non-
linear regime, i.e., the nonlinear distortions oN r(w, L) are small compared to
the actual propagating field E (0, w), the nonlinear distortions can be modelled
as small perturbation to the linear solution using the perturbation theory [160].

47



Chapter 4. Overcoming nonlinear impairments

This results in the power series expansion of the field as a function of 7. The
field after propagating a distance L is given as

E(L,w) = Eo(L,w) +vE1(L,w) + v*Ey(L,w) + ....., (4.1)

SNL (L, w)
where, Eo(L,w) is the solution to the linear part of the NLSE and F) (L, w)

and E5(L,w) are the higher order field contributions. Including only up to the
first order expansion of -, the nonlinear distortions is given by [161,162]

Onr(w —37/ (AQ, L) E(wy, 0) E* (ws, 0)

E(w — wi + wa, 0)dw; dws,

(4.2)

where, n(AQ, L) is the nonlinear link transfer function and AQ = (w; —w) (w1 —
wz). The nonlinear distortion (equation ([£.2)) consists of two parts. The
first part is the nonlinear link transfer function which is independent of the
signal and the second part which is dependent on the interacting signals. The
nonlinear distortions are calculated by summing the possible FWM products
between spectral components at w1, ws and wg = w—w1 +ws under the influence
of the nonlinear link transfer function. Also, it is important to note that the
influence of amplifier noise and NLPN is not taken into account in equation
when calculating the nonlinear distortions. The nonlinear link transfer
function is given by [163]

L
n(AQ, L) = /0 exp[G(z) + jAQD(z)|dz, (4.3)

where, G(z) describes the evolution of the signal amplitude on propagation also
known as the power map and D(z) corresponds to the accumulated dispersion.
i.e., the dispersion map. The power map can be calculated from [162]

0G(2)
0z
where, « is the fiber-loss parameter and g(z) describes the evolution of signal

power due to distributed Raman amplification (DRA). The dispersion map
considering up to third-order dispersion is given as [163]|

= g(Z) - a(z), (44)

0D(z)
0z

where, (z) and S3(z) corresponds to the second-order and third-order dis-
persion along the link. With no DRA and assuming the loss and dispersion

= Ba(2) + (w+ w2)532(z) , (4.5)
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Figure 4.1: Normalized nonlinear interaction strength in decibels for D =
16ps/nm/km (top) and D = 2ps/nm/km (bottom). The nonlinear
link transfer function is calculated with wy = 0, D = 16ps/nm/km,
a = 0.2 dB/km and L = 80 km and normalized. The nonlinear inter-
action is stronger for larger bandwidth in low dispersion fiber.
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parameter are constant along the fiber, the nonlinear transfer function for a
fiber length of L is given by

1 —exp(—al + jAQ[Bs + (w + w2) Z]|L)
a— JAQ[By + (w+ wa) Z]

n(AQ, L) = (4.6)

Moreover, the nonlinear link transfer function also corresponds to the strength
of the nonlinear interaction between different frequencies, which is illustrated
for different dispersion parameters in Figure The normalized absolute
value of the nonlinear link transfer function in decibels for D = 16 ps/nm/km
is shown at the top which corresponds to SSMF and D = 2 ps/nm/km at the
bottom. Stronger nonlinear interactions are observed for larger bandwidths
for the low-dispersion fiber compared to the high dispersion one. It was also
shown that for dispersion values corresponding to SSMF (D = 16 ps/nm/km),
the third-order dispersion term can be neglected as it has a small impact on
the nonlinear distortions [163]. Therefore, from now, we will not consider the
third-order dispersion term in our work.

The main focus of this work is on PSA links which should be dispersion
managed, i.e., the accumulated dispersion in each span is zero, as discussed in
section[3.2:8] The nonlinear link transfer function for dispersion-managed links
with pre- and post-dispersion compensation and D(z) = 82z — Dy is [162]

1 —exp(—aL + jAQB:L)

npm(AQ, L) = o — A5,

exp(—jAQDy), (4.7)

where Dy is the dispersion pre-compensation which can vary from 0 to Sy L.
Assuming that the loss is also compensated in each span, the nonlinear link
transfer function for the dispersion-managed links can be extended to N spans
as [163]

ngM(AQ7 L) = Nnpm (AQ’ L)7 (48)

The nonlinear distortion after N spans is equal to the coherent addition of dis-
tortions from each span. The above analysis is valid only for the weakly non-
linear regime. One can extend the analysis to include higher-order terms in the
power expansion of 7 to make it valid at higher powers. Moreover, the inline-
amplifier noise and NLPN were not taken into account. In order to analyse the
nonlinear distortions at high powers, with inline-amplifier noise and NLPN;, the
NLSE should be solved numerically with the split-step Fourier method. Based
on the above analysis, the nonlinearity compensation using Volterra nonlinear
equalization and copier-PSAs is explained later in this chapter.
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4.2 Nonlinearity compensation

The nonlinear distortions can be compensated using optical, digital and hybrid
techniques. For digital techniques, the nonlinear compensation is carried out
in the digital domain [25], which includes digital backpropagation (DBP) [164],
Volterra nonlinear equalization (VNLE) [165], constellation shaping and nonlin-
ear Fourier transformation (NFT). The idea behind using constellation shaping
for nonlinearity mitigation is to reduce peak-to-average power. This is done
in geometric shaping [42}/166] by restricting the higher energy symbols in the
constellation and reducing the probability of the higher energy symbols in prob-
abilistic shaping [43]. In NFT [41], the information is encoded into a nonlinear
Fourier spectrum which is more robust to the Kerr nonlinear effects in the
optical fiber. The major advantage of digital techniques is that implementing
them does not require any change in the existing optical network infrastructure.
The disadvantage of digital techniques, in general, is the increased complexity
and energy consumption in processing especially when using a high bandwidth
signal. When the nonlinear compensation is performed in the optical domain it-
self, it is referred to as an optical technique. The main advantage of the optical
techniques is the ability to compensate nonlinearity with ease when using a wide
bandwidth signal. However, this needs modification of the existing optical net-
work. The different optical techniques to compensate nonlinear distortions are
optical phase conjugation (OPC) [34] and copier-PSAs [36]. Phase-conjugated
twin waves (PCTWs) [35] falls under the hybrid category since the nonlinear-
ity is compensated in the digital domain whereas it involves the propagation
of signal and conjugated copy of the signal in the optical domain. The spectral
efficiency of copier-PSA and PCTWs is halved at high signal-to-noise ratios
(SNRs) due to the requirement of the conjugated copy of the signal. The opti-
cal techniques can be used together with digital techniques to further enhance
nonlinearity compensation as in [167], [A,F], which can also be called as hybrid
techniques. In the section below, we will briefly discuss the most widely used
nonlinearity compensation techniques.

4.2.1 Digital backpropagation

The most practised digital domain technique for nonlinearity compensation
is digital backpropagation (DBP) [37,/38,/164,/168]. The DBP also acts as a
benchmark for other nonlinearity compensation techniques. The transmission
span nonlinearity and dispersion is simultaneously compensated by numerically
backpropagating the signal field with inverted fiber parameters compared to the
actual transmission fiber after detection. The major limitations in compensat-
ing nonlinear distortions using DBP are caused by the nonlinear phase noise
(NLPN) [169,]170] and polarization-mode dispersion (PMD) |171L|172]. More-
over, DPB is computationally demanding [37] and to obtain effective nonlin-
earity mitigation in WDM systems, all the channels need to be simultaneously
detected and backpropagated in the NLSE solver, increasing the complexity
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Figure 4.2: Schematic representation for digital backpropagation (DBP) and
Volterra nonlinear equalization (VNLE). The Kerr nonlinearity in the
transmission span are mitigated in the digital domian after detection
either using DBP or VNLE. The constellation points are for illustration
purpose.

drastically. The schematic representing the working principle of DBP is shown
in Figure A quadrature-phase shift keying (QPSK) signal is obtained from
the transmitter. A booster amplifier is used to amplify the signal before propa-
gation. The signal is propagated in an optical fiber with parameters («, 82,7).
After propagation, the signal is amplified to compensate for the link loss. The
constellation representations with QPSK signals are also shown before and after
propagation. The banana-shaped constellations after propagation in IV spans
clearly shows the nonlinear distortions. The constellation representations are
only for the purpose of illustrating nonlinearity compensation and dispersion
is neglected. Then, the signal is detected and propagated in a virtual opti-
cal fiber numerically with inverse parameters (-«, —f32, —7) compared to the
actual transmission span. The numerical backpropagation is done by solving
the NLSE using the split step Fourier method (SSFM). The constellation after
DBP shows that the nonlinear distortions are compensated.

4.2.2 Volterra nonlinear equalization

Any nonlinear systems can be modelled using a Volterra series expansion [173|
174]. Volterra series can also be used to solve the NLSE to model the signal
propagation in the optical fiber resulting in the Volterra series transfer func-
tion (VSTF) [165]. The VSTF gives the relationship between the input and
output signals in the frequency domain with Volterra kernels. The signal after
propagation in the optical fiber using the Volterra series transfer function is
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given as [165],

i i (4.9)
x E(wy,0)....E(wp_1,0)

xE’(w—wl + Wy — . + wp—1)dwy....dwy,_1.

The n**-order Volterra kernel is given by K,,. The first order linear kernel cor-
responds to the linear response of the optical fiber, whereas the higher-order
kernels are related to the nonlinear response. The even order kernels can be ne-
glected as the second-order nonlinearities are absent in the NLSE. The VSTF is
computationally efficient compared to solving the NLSE with recursive SSFM.
One can also notice that the power expansion of the optical field as a function
of v in section coincides with the VSTF. The N*® order perturbation term
in power expansion corresponds to the (2N + 1) kernel term in VSTF [160).
Including the higher-order kernels increases the computational complexity as
well as the accuracy at higher powers. The VSTF can be used to apply an
inverse filter to compensate for the linear dispersion and fiber nonlinearity.
This is known as Volterra nonlinear equalizer (VNLE). Less complex VNLE
with just the first- and third-order kernels have been demonstrated to mitigate
nonlinearity [175]. In general, a third-order VNLE for N spans with length, L,
and considering only second-order dispersion is [39}/40]

E(w,0) ~ K (w, NL)E(w, NL)
+T(w, NL) // F(AQ, L, N)K3(AQ, L)E(w, NL)E* (wy, NL) (4.10)
><E(w — w1y + we, NL)dwydws,

where K is the first-order kernel that compensates for the fiber loss and dis-
persion and is given by,

L 2
Ki(w,NL) = exp(o‘7 - zﬂzé” NL], (4.11)

K3 is the third-order kernel that compensates for the nonlinear distortions:

1 — exp[(a — if2AQ)L]

K3(AQ, L) = —a+ifAQ

(4.12)

F(AQ) describes the phased-array effect which takes into account the coherent
additions of nonlinearities over several spans.

B AQ(N — 1)L sin(2220NL)
F(AQ,L,N) =
( y ) eXp(Z 2 Sin('BZAQQL) ’

(4.13)
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T is the frequency-dependent nonlinear term:
INw,NL) = —iyK;(w, NL). (4.14)

Usually, the losses are compensated inline every span except for the last span.
Therefore, the linear kernel, K7, in the VNLE compensates for the whole dis-
persion in the transmission link and loss only for the last span. One can notice
from equations ) and that the nonlinear link transfer function is
the same as the third-order nonlinear kernel of the VNLE. The nonlinear dis-
tortions in dispersion-managed links can be compensated by just replacing the
third-order kernel and the phased-array effect corresponding to the link trans-
fer function for IV dispersion managed links. The required block size in the
frequency domain for VNLE increases with the accumulated dispersion. In
equation , a single step VNLE is demonstrated. However, to improve the
performance of VNLE, multi-step implementation is required where the step
size corresponds to an integer number of spans. The main limitation of VNLE
is the complexity arising from the required block size and the step size. There
have been substantial efforts to reduce the implementation complexity of the
VNLE [175{176]. The working principle for the VNLE is similar to the DBP as
shown in Figure [£.2] except that the VNLE is applied in the digital signal pro-
cessing as in equation . A modified Volterra nonlinear equalizer can be
used along with the PSA to enhance nonlinearity mitigation which is discussed

in section {.2.4]

4.2.3 Optical phase conjugation

Optical phase conjugation [34l177,[178| is the most studied optical nonlinearity
compensation technique. The dispersion and nonlinearity accumulated in the
first part of the transmission span is reversed in the second part after optical
phase conjugation resulting in net zero dispersion and nonlinearity compensa-
tion. As discussed in section [2.I] the NLSE is given by,

23] By PE  B3OPE | g(z) —al2) & | . mop

— =—j= = E E|*E 4.15

9. ‘2 ar "ol T 2 +NIEFE, (4.15)
After phase conjugation, the propagation of the phase-conjugated signal is given
by,

E* 2p* 3E* z) —a(z) ~ g

88—2 :j%aat2 + %635)) L) 5 ) g — jVIE*PE", (4.16)
By comparing equations and , one can understand the reversal of
second-order dispersion and nonlinearity. However, to perfectly compensate
for the nonlinearity, the third-order dispersion and the power map needs to be
taken care of. The power map needs to be symmetric around the OPC unit
for effective nonlinearity compensation. A flat power can be obtained with
ideal DRA but is impossible in practice. However, DRA can be used to obtain
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Figure 4.3: Schematic representation for optical phase conjugation. At the top is
the mid-span spectral inversion (MSSI) and the inline OPCs is at the
bottom. In the MSSI, the dispersion and nonlinearity in the first N/2
spans are compensated in the next N/2 spans by performing phase-
conjugation in the mid-link. In the inline OPCs, the phase-conjugation
is performed at the end of every span. The constellation points are for
illustration purpose.
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a high degree of symmetry in the power map [108]. An ideal OPC system to
compensate for dispersion and nonlinearity was demonstrated in [179]. There, a
specially designed fiber with required dispersion parameters was used with DRA
to compensate nonlinearity and dispersion. OPC was first used for dispersion
compensation in 1993 |180]. The nonlinearity mitigation using OPC was first
experimentally demonstrated in 1994 [181]. The OPCs can be implemented in
two ways as illustrated in Figure One way is to use the OPC unit at the
mid link, i.e., for N spans, an OPC unit is placed after N/2 spans, also known
as mid-span spectral inversion (MSSI) [182}/183] as the spectrum is mirrored
at the OPC unit. At the mid-span, OPC is performed, which inverts the
constellation around the imaginary axis. In the representation of constellation
points, dispersion is neglected. Then the signal is propagated in the second
half to reverse dispersion and nonlinearity. The other way is to use many OPC
units inline in the optical link [1841186| called as inline OPCs. Assuming a
symmetric power map, the limiting factor in OPC links is the polarization-
mode dispersion, whose detrimental effect can be reduced by decreasing the
spacing between OPC units and employing more OPC units |184].

4.2.4 Copier-PSA

Another optical technique used to compensate for nonlinearity is the copier-
PSA which is also the interest of this thesis. The implementation of the copier-
PSA has already been discussed in section [3.:2.8] The copier generates a con-
jugated copy of the signal called the idler. The signal and the idler propagate
together in the transmission link. They experience correlated distortions due
to the Kerr nonlinearity in the optical fiber. At the PSA, they are coherently
combined, enabling nonlinearity mitigation [36}/50].

4.2.4.1 Analysis of nonlinearity mitigation

Let us start with a single span link of length L, the input signal to the trans-
mission link is Eg(t,0) and the idler is E;(t,0) = E%(t,0). In the frequency
domain, the input signal and idler are given as Eg(w,0) and Ej(w,0) =
E‘g(—w,O). Assuming the optical fiber as weakly nonlinear medium and the
nonlinear distortions very small compared to the signal, the nonlinear distor-
tions can be modelled as small perturbation to the linear solution using the
perturbation theory [162]. In the time domain, considering nonlinear distor-
tions up to first-order power expansion of v (section , the signal and idler
after propagation is given as

Es(t, L) = By(t, 0)[exp(—%L T jﬁ22°”2 L) +6n1s(t L), (4.17)
By, L) = Eq(t, O)[exp(—%L + 42 22“’ ’ L) +6npa(t L). (4.18)
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respectively. In copier-PSA links, the dispersion is compensated inline with
optical dispersion compensation modules as explained in section [3.2.8] More-
over, assuming the link loss are compensated exactly by the PSA at high gain
with 2|u| = 2|v| = exp(4L), where Gpsa = |p + v|?, from equation (3.47), the
signal at the PSA output is

Es.out(t, L) = 0.5[Es(t,0) + dn1.s(t, L)] + 0.5[E;(t,0) + dnp.1(t, L)]*

3 (4.19)
= Ejs(f7 0) + 5NL,res(ta L)v

PSA can mitigate some of the nonlinear distortions in the transmission span
due to the coherent superposition of the signal and idler [35] but there remains
the term given by dnr res(t, L) known as the residual nonlinear distortion:

ONLres(t, L) = 050N s(t, L) + 0np f(t, L)]. (4.20)
By taking the Fourier transform of equation (4.20)), we get
5NL,T&S(W7 L) = 0.5[51\[[/)5(&), L) + 5?VL,I(7(U’ L)], (421)

which is similar as in [A]. There, the above analysis was carried out in the
frequency domain assuming that the g and v are constant over the signal
bandwidth. From equation , the nonlinear distortion in the signal and
idler can be written as,

onrp,s(w —J’Y//US AQ, L)Eg(w1,0)E% (w2, 0) (4.22)
Es(w — wi + wa, 0)dw; dwa,
dnr,1(w, L) = jv // nr(AQ, L)Er(w1,0)Ef (w2, 0) (4.23)
Er(w— w1 + ws, O)dwldwg,
respectively. We can calculate 6%, ;(—w, L) as follows,
Sive.a(—. L) = iy [ [ mnl(en +)(r = wa). L) Er(e,0) .
E;‘(OJQ, O)EI(—OJ — w1 + wa, O)dwldUJQ]*,
Sivg,r(—: L) = =7 [ [ i (n + )er = ), DB 1,0) .
E[(Wg, O)E~}“(—w — w1 + wa, O)dwlde.
Substituting E;(w,0) = jE%(—w,0) in the above equation,
O // (w1 +w)(w; —w L)(GEL(—wr,0))*
NLI 17 (w1 1 2), L)(jE5(—w1,0)) (4.26)

(JE(—w2,0) (jES(w + w1 — w2,0))*dwidws,
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63, 1(—w, L) = — / / 77 (@1 + @)(@r — w2), L) Bs(—w,,0)

(4.27)
Ei(—ws2,0)Es(w + wy — wa, 0)dw; dws,
Replacing wq a2 <— —w1 2,
(- L) = =37 [ [ (89 1) Bs(eor, 0 B3 2,0)
(4.28)
Es(w — w1 + wa, O)dwldwg.
Substituting equations (4.22)) and (4.28) in equation (4.20)),
Sutren@: L) =37 [ [ 1:0s (B0, 1) Bis(en,0) B3 2, 0) 129)

E’S(w — w1 + wa, 0)dw dws,

where 7¢s(AQ, L) = 0.5[ng(AQ, L) —nj(AQ, L)] is the effective link transfer

function after the nonlinear compensation in the PSA. Assuming that the signal

and idler are propagated in identical links, i.e., ng(AQ, L) = n;(AQ, L),
Nres(AQ, L) = 0.5[ns(AQ, L) — ns(AQ, L)]

_ jIm(ns(AQ, 1), (4:30)

Expanding for the residual nonlinear distortions with equations (4.7, (4.30)
and (4.29),
1 —exp(—aL + jAQBsL)

6NL,TES(W’L> :]’y//jlm( o 7]AQ/32 exp(—jAQDo))

Es(w1,0)E%(ws,0)Es(w — wy + ws, 0)dw dw,.

(4.31)

The residual nonlinear distortion corresponds only to the imaginary part
of the link transfer function as the nonlinear distortions corresponding to the
real part is cancelled by the PSA. The residual nonlinear distortion shows the
effectiveness of the nonlinearity mitigation in PSAs. The smaller the value
of the residual nonlinear distortions, the more efficiently the nonlinearity is
mitigated and vice versa. The effective link transfer function for the PIA and
PSA links are shown in Figure [£:4] Also, it is worth noting that the residual
nonlinear distortion depends on the dispersion map (D), power map (a or
g(z) — a(z) considering DRA) and the optical signal bandwidth. For plotting
the link transfer function, the optimum dispersion map for a 10 GBaud signal
was assumed. This analysis can be extended easily to multi-span link, assuming
the nonlinear distortion from each span is the same as there is no accumulated
dispersion in each of the spans. Therefore, the nonlinear distortions add in-
phase, and the electric field of a link with N spans is

Es(w,NL) = Es(w,0) + NOxp res(w, L). (4.32)
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Figure 4.4: Normalized nonlinear interaction strength in decibels for PIA (top) and
PSA (bottom) links. The nonlinear transfer function is calculated with
w1 = 0, D = 16ps/nm/km, a = 0.2 dB/km and L = 80 km and nor-
malized. The nonlinear distortions can be obtained by integrating the
nonlinear transfer function over the required signal bandwidth. From,
this one can understand that the nonlinear distortions are lower for PSA
links compared to the PIA links.
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Chapter 4. Overcoming nonlinear impairments

The assumptions made in section still holds for the above analysis. In
addition to that, it is assumed that the signal and idler are propagated in the
identical fiber parameters to have the same link transfer function, which is not
the case in practice. The signal and idler are centered at different frequencies
leading to differences in the dispersion and power maps.

4.2.4.2 Modified third-order VNLE

One way to compensate the residual nonlinear distortion is to use a modified
VNLE as shown in [A] for single channel and [F] for WDM system. In the PSA
link, with inline dispersion compensation and optical amplification, the first
order kernel from equation is reduced to

Ki(w,2) =1, (4.33)

The PSA would remove the nonlinear distortion due to the real part of the link
transfer function and therefore, the third-order kernel, K3 have to just com-
pensate for the residual nonlinear distortion after the PSA. Therefore, equation

(4.12) becomes

Ks(AQ, 2) = jImi 1 —exp(—aL + jAQB2L)

a— jAQS,

exp(—jAQDy)}. (4.34)

With inline dispersion compensation, there is no accumulation of dispersion in
each span and the nonlinear distortions in each span are the same. Therefore,
F(AQ, N, L) becomes equal to the number of spans to account for the coherent
addition of nonlinear distortions over all the spans.

4.2.4.3 Nonlinearity mitigation dependence on dispersion map

The dispersion map plays an important role in nonlinearity mitigation with
PSAs. The dispersion pre-compensation and post-compensation are optimized
numerically [36}/504/107] or experimentally [53] in copier-PSA links for best link
performance at high launch powers. Also, the optimum dispersion map de-
pends on the optical signal bandwidth and power map. One can note that, from
equation , the dispersion pre-compensation adds a phase shift to the link
transfer function, by which one can reduce the residual nonlinear distortions.
Moreover, different dispersion pre-compensation values might be required de-
pending on other parameters (optical signal bandwidth and power map) to
lower the residual distortions. This is why dispersion map optimization im-
proves nonlinearity mitigation in PSA links. For all the experiments involved
in this thesis (A- F), the dispersion map was optimized experimentally with
the help of tunable fiber-Bragg grating-based dispersion compensating mod-
ules. It was also shown in [A] & [F] that the impact of the dispersion map on
the residual nonlinearity can be reduced by using the modified VNLE.

For multi-span links, we considered that the same nonlinear distortions co-
herently add up in each span. Omne can reduce the total residual nonlinear
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distortions for IV spans by combining the nonlinear distortions from each span
in a destructive way. However, the optimization space increases as D%aps,
which is almost impossible to perform at a higher number of spans, where
Dipaps corresponds to the number of dispersion maps in one span. The dis-
persion map optimization has been performed with fewer spans in [187,/188].
To perform dispersion map optimization for a large number of spans, one can
assign random dispersion maps with all possibilities to each of the span so that

the coherent build-up of the nonlinear distortions is restricted.

4.2.4.4 Nonlinearity mitigation dependence on power map

The effectiveness of nonlinearity mitigation also depends on the power map. As
the fiber loss is fixed, the power map can be altered with DRA. Assuming the
input signal bandwidth is fixed, one has to optimize the dispersion and power
map together to reduce the residual nonlinear distortions. One special case
worth mentioning is to consider a symmetric power map (G(z) = G(L — z))
and an asymmetric dispersion map (D(z) = —D(L — 2)). In equation (4.31)),
one can substitute Dy = ﬁQTL for antisymmetric dispersion map and a = 0 for
symmetric power map, which makes the residual nonlinear distortion zero. One
way to achieve a symmetric power map is to use ideal DRA. Therefore, with
ideal DRA and 50% dispersion pre-compensation, PSA can perfectly mitigate
nonlinearity irrespective of the optical signal.

With ideal DRA a flat power map can be obtained, but it is not easy
to achieve a flat power map in practice. However, using higher-order Raman
pumps and bi-directional pumping, the highest degree of symmetry in the power
map can be attained. In [B], for the experiments, though the symmetry in the
power map was achieved to a certain extent, the net gain for the signal and
idler was not the same. It is due to the Raman gain differences at the signal
and idler frequencies. In this case, ns(AQ, L) # nr(AQ, L), and PSA was not
able to compensate perfectly for the nonlinearity.

4.2.4.5 Nonlinearity mitigation dependence on optical signal band-
width

The optical signal bandwidth can be increased by increasing the symbol rate [A-
B] or by including more WDM channels [C] & [F]. Moreover, the optical signal
spectrum also changes with pulse-shaping which in turn changes the residual
nonlinear distortions. The residual nonlinear distortion increases with optical
signal bandwidth even with optimum dispersion pre-compensation. By using
the modified VNLE over the entire signal bandwidth, the residual nonlinear
distortions can be reduced [A] & [F].

4.2.4.6 Dependence on modulation format

The spectral efficiency of an optical link can be increased using higher-order
modulation formats. The higher-order modulation formats are more suscep-
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Figure 4.5: Schematic representation of coherent superposition in the copier-PSA:
a) Constellation points of signal (orange) and idler (green), b) Constel-
lation points with nonlinear distortions modelled as phase rotations (46)
neglecting dispersion, c¢) After conjugation of idler, d) Coherent addition
of the signal and idler maximising the output signal power and e) The
output signal after coherent superposition in the PSA with amplitude
distortions (0A).
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Figure 4.6: Schematic representation for phase-conjugated twin waves. The signal
and the conjugated copy of the signal called the idler are co-propagated
in the span to experience correlated distortions, which are then cancelled
at the receiver digital signal processing with coherent superposition.
The constellation points are for illustration purpose.

tible to noise as the constellation points are close to each other. Neglecting
dispersion, one can model the nonlinear distortions in the transmission span
as phase rotations (d6). The nonlinear compensation using coherent superpo-
sition with just phase rotations is explained step by step in Figure PSAs
mitigate these phase distortions converting them into amplitude distortions
(6A =~ (66)?) |E]. Small phase distortions lead to small amplitude distortions
and vice versa. Therefore, PSAs are better at mitigating smaller nonlinear
distortions. Also, the amplitude distortions affect the gain, and noise figure of
the PSA [50]. Therefore, the transmission improvement using PSAs compared
to PTAs are enhanced for higher-order modulation formats [E]. However, the
enhancement might decrease when operating at a higher bit-error rate.

4.2.5 Phase-conjugated twin waves

The Phase-conjugated twin waves (PCTWs) are very similar to the copier-
PSAs. Figure [L.0] illustrates the principle behind PCTWs. The signal and
phase-conjugated copy of the signal are propagated together in the transmission
span either in orthogonal polarization [35], frequencies [189], time [190], or
space [191]. The signal and phase-conjugated copy of the signal are detected
synchronously, and then the coherent superposition is performed in the digital
domain to mitigate span nonlinearity. A similar analysis as in the case of
PSAs has been performed for PCTWs |192] and most of the analysis which is
done above for the PSA still holds for PCTWs. Symmetric power map and
asymmetric dispersion map leads to ideal cancellation of nonlinearity. The
nonlinearity mitigation can be performed only once in PCTWs at the receiver,
however, with the PSA, the compensation can be performed spanwise.
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Chapter 5

Outlook

In this chapter, the possible future works with respect to parametric amplifiers
and transmission nonlinearity mitigation are discussed.

5.1 Broadband parametric amplifiers

Fiber-optic parametric amplifiers (FOPAs) have gathered attention due to their
high gain, broad gain bandwidth, and ability to work in phase-sensitive mode,
performing almost noiseless amplification. The PSAs implemented in this work
are based on the pump-degenerate FWM process. As discussed in section
this scheme can only provide exponential gain in two side lobes where
perfect phase matching occurs. Near the pump frequency, only quadratic gain
is obtained as the linear phase mismatch term becomes zero. If one want to
extend our wavelength-division multiplexed (WDM) systems to occupy larger
bandwidth, a flat broad gain bandwidth is required. This can be achieved in
many ways. One technique uses phase-shifters in between the different spools
of the HNLFs to change the pump phase improving phase-matching known
as quasi-phase-matching [193|. Another technique already discussed is to use
two pumps to utilize non-degenerate FWM for amplification. By choosing the
proper pump frequency and power according to the dispersion properties of the
fiber, broad flat gain bandwidth can be obtained with also exponential gain in
the center as shown in Figure This could be the first step to move closer
to the implementation of PSAs that supports large signal bandwidths.

5.1.1 Integrated platform

A promising nonlinear platform for parametric amplifiers based on x©®) is
Si3Ny. SizN,; waveguides can have ten times higher nonlinear-index coeffi-
cient (ng) as well as confine light ten times more tight compared to the HNLFs
used in FOPAs. Si3N, waveguides can provide a hundred times larger non-
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linear phase shift compared to HNLFs of the same length and pump power.
Therefore, a few meters of SizN, waveguides can produce the same gain as a
few hundred meters of HNLFs, making them compact. The SBS threshold is
very high in Sis Ny waveguides and is not a limiting factor as it is for HNLFs.
The dispersion properties can be engineered more precisely, and this leads to
much broader gain bandwidth. Multiple waveguides can be fabricated on the
same chip for amplifying signals in different polarization, wavelength bands and
cores. Moreover, the Raman scattering, which fundamentally limits the noise
performance in FOPAs, is small. Recently, parametric amplifiers operating in
phase-sensitive mode with the on-chip gain of 9.5 dB and noise figure (NF) of
approximately 1.2 dB have been demonstrated [194]. However, the coupling
loss from the fiber to the waveguide is few dBs, affecting the black-box NF for
the Sis N4 platform. If the coupling issue is solved, Si3N4 platform will be a
viable contender for implementing PSAs.

5.2 PSA fiber links at low SNR

The need to co-propagate an idler, containing no additional information, along
with the signal, normally leads to a reduction of the spectral efficiency (SE)
in PSA links. However, PSA-based links can actually reach higher SE than
PIA links when operating at low SNRs. PSAs with higher SE than PIAs have
already been demonstrated for deep-space communication applications where
the benefit of low-noise amplification was exploited [195]. This can be extended
to fiber links. A preliminary numerical study is performed here with single-
channel 10 GBaud QPSK data signal.

The SE is plotted against the SNR of the PIA (SNRpra) in terms of the
Shannon limit and for the QPSK format in Fig. 5.1} The SE corresponding
to the Shannon limit [52] is plotted for PIA (red-dotted curve) with log,(1 +
SN Rp1a) whereas for the PSA (red-solid curve) it is %logQ(l +4SNRp1p). In
case of the PSA, the factor of 4 comes from the SNR improvement due to the
low-noise amplification and the factor of % accounts for the extra bandwidth
occupied by the idler. The PTA and PSA links are studied at low SNRs,
where FECs are required to provide error free transmission (post-FEC BER
< 10715). Tt has been shown that a better metric to predict the post-FEC BER
of soft-decision (SD) FECs is generalized mutual information (GMI) [196]. In
this study, the GMI provides the maximum number of information bits per
transmitted symbol over a memoryless AWGN auxiliary channel with bit-wise
decoder [197}[198]. The GMI is obtained by Monte Carlo simulations |[199]. The
GMI is equal to the SE for PIAs. In case of the PSA, the SE curve is shifted to
left by 6 dB due to the SNR improvement and divided by 2 as the PSA requires
the signal and a copy. The PIA and PSA Shannon SE cross at SINRpia = 3
dB. Therefore, the PSA links have higher SE than PIA links below 3 dB SNR.
For the QPSK modulation format, since the upper bound SE in case of PSAs
is 1 (bits/s/Hz), the PIA and PSA curves cross at SNRpia = -0.6 dB. At high
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Figure 5.1: Spectral efficiency versus signal-to-noise ratio (SNR) of the PIA. The
red curves correspond to Shannon and the blue curves correspond to
quadrature phase shift keying (QPSK). The dotted and solid lines cor-
respond to phase-insensitive amplifiers (PIAs) and phase-sensitive am-
plifiers (PSAs), respectively. For Shannon, the PIA and PSA curves
cross at 3 dB whereas for QPSK it happens at -0.6 dB.

SNRs, the SE of PIAs are twice that of the PSAs. As the SNR decreases,
the ratio of the SEpg4 to SEpra increases and becomes one at SNRs which
correspond to the crossing point of PTIA and PSA curves. The PSAs become
more spectrally efficient than the PIAs for SNRs below the crossing point as
the ratio of SEpga to SEpra starts to increase. Moving to still lower SNRs,
the ratio of SEpga to SEpra reaches two.

Simulations were performed with single- and multi-span links utilizing PIAs
and PSAs. A 80 km SSMF was used as the transmission span. The propaga-
tion was modelled by solving NLSE using SSFM. The transmission span was
dispersion managed and optimized for both PIA and PSA links. Additional
span losses were emulated using variable-optical attenuator assuming linear
propagation. The NF for the PTA was 4 dB. The PSA was emulated as in [C]
where the NF of the PSA was 1 dB. In the single-span links, the GMI was
calculated at optimum launch powers (Pry) for different span losses and the
SE was obtained from the GMI. The SE for the PIA links is equal to the simu-
lated GMI. However, we divide the GMI by two to take into account the extra
bandwidth occupied by the idler for the PSA. The spectral efficiency is plotted
for a single-span PIA and PSA links against the span loss in Figure 5.2} The
SE of PIA starts to decrease at lower span losses and crosses the SE of PSA at
approximately 70.4 dB span loss. This shows us that the SE of PSA links is
larger than the PIA links at span losses above 70.4 dB.

The multi-span transmission links were simulated with PIA and PSA as
inline amplifiers. For the PIA, dispersion unmanaged links are considered as
they have less penalties from nonlinear distortions. For each span, the GMI
was calculated for different P;y. The GMI is obtained from the optimum Py
from which the SE is calculated similar to single-span links. The SE is plotted
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Figure 5.2: Spectral efficiency (SE) is against the span loss for single-span links for

phase-insensitive amplifier (PIA) and phase-sensitive amplifier (PSA).
The maximum spectral efficiency for the phase-insensitive amplifier uti-
lizing single-polarization (SP) quadrature phase shift keying (QPSK)
signal is two whereas for PSA it is one due to the need for the conju-
gated copy of the signal. The SE curves for PTA and PSA crosses at
approximately 70.4-dB span loss. This also shows that the single-span
links using PSAs as preamplifier has higher SE than PIA links when
the span loss is greater than 70.4 dB.
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Figure 5.3: Spectral efficiency (SE) is against the distance for phase-insensitive am-

plifier (PIA) and phase-sensitive amplifier (PSA) used inline in multi-
span links with different span losses. The maximum spectral effi-
ciency for the phase-insensitive amplifier utilizing single-polarization
(SP) quadrature phase shift keying (QPSK) signal is two whereas for
PSA it is one due to the need for the conjugated copy of the signal.
The SE decreases with distance for both PIA and PSA links. As the
span loss increases, the SE curves of PIA and PSA crosses at shorter
distances after which the PSA links are spectrally efficient than the PIA
links.
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against the distance for different span losses in Figure The different span
losses are 32, 40, 48 and 56 dB that correspond to spans of length 160, 200, 240
and 280 km assuming the fiber loss is 0.2 dB/km. For a span loss of 32 dB, the
SE of PIA links are always higher than the PSA links considering a maximum
distance of 8000 km as the curves for PTA and PSA do not cross. When the
span loss is 56 dB, the SE curves for PIA and PSA cross at approximately 1000
km. Therefore, the PSA has higher spectral efficiency than that of the PIA
beyond 1000 km.

In the multi-span links, the reach improvement using PSAs compared to
PIAs are studied at the same SE. At SE of 0.95, the transmission reach for
PIA with 48 dB span loss is approximately 2300 km whereas for PSA it is
approximately 6500 km. So, the transmission reach improvement obtained
when using PSA compared to PIA is approximately 2.8 times. At a distance
of 5400 km, the PIA link with 40 dB span loss and PSA link with 48 dB span
loss have a SE of 0.99. However, using PSA reduces the number of amplifiers
from 27 to approximately 22.

Though only single-channel systems are discussed here, we expect the PSAs
to be more spectrally efficient than the PIAs even for a WDM system as PSAs
are capable of amplifying WDM channels and mitigating XPM. However, as
reported in [C], the XPM mitigation is less effective than the SPM mitigation in
PSAs. By combining digital techniques with PSAs, the efficiency of nonlinearity
mitigation can likely be further enhanced especially in WDM systems.

5.3 Nonlinearity mitigation

There are different optical techniques for nonlinearity compensation, as ad-
dressed in this thesis. One possible work is to compare them assuming ideal
conditions. With ideal distributed Raman amplification (DRA), optimized dis-
persion map, generalized mutual information (GMI) as the metric, the perfor-
mance of inline optical-phase conjugation (OPC), phase-conjugated twin waves
(PCTWs) and copier-PSAs can be compared at the same SE for multi-channel
systems. One would expect that the copier-PSAs and PCTWs would perform
very similar in terms of nonlinearity mitigation. However, the PSAs can also
provide the benefits of low-noise amplification. The most interesting part will
be the comparison between OPCs and PSAs, where the additional bandwidth
occupied by the idler needs to be taken into account for PSAs as we do in the
above section. One could also study the effect of the OPC unit or PSA spacing
on system performance.

The fiber nonlinearity can be mitigated spanwise by inline PSAs. The
effectiveness of nonlinearity mitigation in PSAs depends on the dispersion map.
It was studied in [200] that by performing multi-span dispersion optimization,
the residual nonlinearity can be further reduced. One other technique used in
this thesis to reduce the residual nonlinearity is to apply the modified VNLE
after the mitigation in the PSAs. The modified VNLE can be computationally
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complex, especially with many wavelength channels. One possible work could
be to compare the performance of these two techniques considering their pros
and cons.
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Chapter 6

Summary of papers

This thesis is about the nonlinearity mitigation in phase-sensitively amplified
links and contains seven appended papers as summarized

PAPER A

B. Foo, M. Karlsson, K. Vijayan, M. Mazur, and P. A. Andrekson, "An
Analysis of Nonlinearity Mitigation Using Phase-Sensitive Optical Parametric
Amplifiers", Optics Express, vol. 27, no. 22, pp. 31926-31941, October 2019.

In this paper, a thorough investigation has been done analytically on the nonlin-
earity mitigation in PSAs, similar to section[4.2.4.1] Using perturbation theory,
a residual nonlinear distortion has been established when the PSA mitigates
nonlinearity using the copier-PSA implementation in single- or multi-span links.
A modified Volterra nonlinear equalizer (VNLE) with low computational effort
is proposed to compensate for the residual nonlinear distortion after nonlinear
compensation in the PSA. The investigation was verified with numerical simu-
lations using a 10 GBaud, 28 GBaud and 50 GBaud signals. As the symbol rate
was increased, the residual nonlinear distortion after the PSA also increases,
reducing the reach improvement when using a PSA compared to a PIA. Also,
the VNLE was found to be more effective in mitigating the residual nonlinear
distortions, especially at higher symbol rates.

My contribution: I assisted B. Foo in the experiments. I presented the
corresponding conference paper [K] at the European Conference on Optical
Communication (ECOC) 2019 in Dublin, Ireland.
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PAPER B

K. Vijayan, H. Eliasson, B. Foo, S. L. I. Olsson, M. Karlsson, and P. A. An-
drekson, "Optical Bandwidth Dependency of Nonlinearity Mitigation in Phase-
Sensitive Amplifier Links", in European Conference on Optical Communication
(ECOC), Sept 2018. DOI: 10.1109/ECOC.2018.8535427

In this paper, the optical bandwidth dependence on nonlinearity mitigation in
PSAs is studied by comparing a 10 GBaud signal and a 28 GBaud signal in a
multi-span link. The reach improvement from using a PSA compared to a PTA
was 5 times for the 10 GBaud signal and 3.4 times for the 28 GBaud signal,
showing that the effectiveness of nonlinearity mitigation in PSAs decreases with
increasing symbol rate. As per the analytical investigation, adding distributed
Raman amplification should increase the efficiency of nonlinearity mitigation
in PSAs. This was also demonstrated for the 10 GBaud signal, where the reach
improvement for PSA compared to PIA increased to 5.3 times. However, for
the 28 GBaud signal such an increase was not observed due to the experimental
limitations, .

My contribution: I performed the experiments with H. Eliasson and B. Foo.
I wrote the paper with assistance from the co-authors. I presented it at the
European Conference on Optical Communication (ECOC) 2018 in Rome, Italy.

PAPER C

K. Vijayan, B. Foo, M. Karlsson, and P. A. Andrekson, "Long-haul Transmis-
sion of WDM Signals With In-Line Phase-Sensitive Amplifiers", in Furopean
Conference on Optical Communication (ECOC), Sept 2019.

DOLI: 10.1049/¢p.2019.1116

In this paper, three wavelength-division multiplexed (WDM) channels were
used to study the efficacy of nonlinear mitigation in a PSA link. In a multi-
span link, one, two and three 10 GBaud channels with a 12.5 GHz spacing
were used in both simulations and experiments. As the number of channels
was increased, the reach and optimal launch power decreased for both PIA
and PSA systems. It was also found that PSAs can mitigate SPM better than
XPM.

My contribution: I performed the measurements and simulations with the
support of B. Foo. I wrote the paper with assistance from the co-authors. I
presented it at the European Conference on Optical Communication (ECOC)
2019 in Dublin, Ireland.
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PAPER D

K. Vijayan, B. Foo, M. Karlsson, and P. A. Andrekson, "Cross-Phase Mod-
ulation Mitigation in Phase-sensitive Amplifier Links", IEFE Photonics Tech-
nology Letters, vol. 31, no. 21, pp. 1733-1736, November 2019.

In this paper, wavelength-division multiplexed (WDM) system was used to
study the cross-phase modulation (XPM) mitigation in a single-span PSA link.
Two 10 GBaud channels spaced 25 GHz apart was used to study the mitigation
of SPM and XPM separately in a PSA link. This is to our knowledge, the first
demonstration of XPM mitigation in a PSA amplified link. In the simulations,
the PSA was found to mitigate SPM better compared to XPM. However, the
SPM and XPM mitigation has similar performance in the experiments. Also,
three 10 GBaud channels spaced 12.5 GHz apart were used to obtain a 9.5 dB
allowable span loss increase using PSA compared to PIA for the center channel.

My contribution: I performed the measurements and simulations with the
support of B. Foo. I wrote the paper with assistance from the co-authors.

PAPER E

K. Vijayan, Z. He, B. Foo, M. Karlsson, and P. A. Andrekson, "Modulation
format dependence on transmission reach in phase-sensitively amplified fiber
links", Optics Express, vol. 28, no. 23, pp. 34623-34638, November 2020.

In this paper, we show that the reach improvement when using PSAs compared
to PIAs is enhanced for higher-order modulation formats. This is due to the
fact that higher-order modulation formats are more susceptible to smaller phase
noise and PSAs are better in mitigating smaller phase distortions. Numerical
simulations were performed for single- and multi-span links with single- and
multi-channel systems using 10 GBaud signals. For all the configurations, the
transmission reach increase using PSAs with respect to PIAs was higher for
higher-order modulation format signals. This was also experimentally verified
with a single-span, single-channel experiment. A 13.3-dB transmission reach
increase was obtained for PSAs compared to PTAs with 64-QAM signal.

My contribution: I performed the experiments and simulations. I wrote the
paper with assistance from the co-authors.
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PAPER F

K. Vijayan, Z. He, B. Foo, J. Schréder, M. Karlsson, and P. A. Andrekson,
"Phase-sensitively amplified wavelength-division multiplexed optical transmis-
sion systems", - submitted to Optics Express, March 2021.

In this paper, the transmission reach improvement when using modified VNLE
with PSAs for a WDM system is studied. The transmission reach was improved
for ten 10 GBaud channels in PSA links by applying the modified VNLE to the
entire signal band. The VNLE also reduced the dispersion map dependence on
nonlinearity mitigation significantly. This was also verified in experiments with
three 10 GBaud channels in a single-span link.

My contribution: I performed the experiments and simulations. I wrote the
paper with assistance from the co-authors.
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