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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 amplifier (EDFA)
or any phase-insensitive amplifier is 3 dB. However, the noise added by
the amplification can be reduced using phase-sensitive amplifier (PSA)
whose quantum-limited noise figure is 0 dB. PSAs can also compen-
sate for the nonlinear distortions from the optical fiber with 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 sig-
nal. The signal and idler are co-propagated in the span, 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 analytical investigation is performed for the nonlin-
earity mitigation using the PSAs, by calculating the residual nonlinear
distortion after the coherent superposition in PSAs. The optical band-
width and the dispersion map dependence on the nonlinearity mitigation
in the PSAs are analytically and experimentally studied. A modified
Volterra nonlinear equalizer (VNLE) is used to reduce the residual non-
linear distortions after PSAs. Experiments were performed to show that
PSAs can mitigate cross-phase modulation (XPM), which was evident
by observing the constellation diagrams. The maximum allowed launch
power increase was also measured to quantify the XPM mitigation. To
the best of our knowledge, this is the first experiment that showed the
mitigation of XPM in a phase-sensitively amplified transmission link.
Also, the effectiveness in mitigating self-phase modulation (SPM) and
XPM using a PSA is studied.

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

Introduction

Almost everything in this world is connected to the internet. The in-
ternet users, the internet-based applications and the number of devices
using the internet are increasing every day. According to Cisco, the
monthly global IP traffic in 2017 was 122 Exabytes and is predicted to
reach 396 Exabytes by 2022 [1], as shown in figure 1.1. Moreover, the
global internet users will make up to 60% of world’s population and the
number of connected devices will reach 28.5 billion by 2022. Fiber-optic
communication acts as the backbone to these networks. The various in-
ventions in the field of optical communications have paved way to meet
these data traffic demands.

The first historic event in the field of optical communication is the
transmission of the sound signals over a distance of 200 m with sunlight
as the optical carrier by Alexander Graham Bell known as the ‘photo-
phone’ [2]. However, this did not create a significant impact in the field
of communication at that time due to the lack of a reliable intense light
source. The realization of the first laser in 1960 [3], lead to an increase in
research on topics of optical devices, components, and signal-processing
techniques. On a large scale, even initiated research on the subsystems
including the transmission media, which consisted of periodic focusing
elements [4] as the available glass fibers were found to have losses of
1000 dB/km. This marked the beginning of the current optical commu-
nications research. The first proposal to use clad glass fiber for trans-
mitting information in telecommunication industry came in 1966 [5] with
the announcement of doped silica fiber having a loss of 20 dB/km [6] in
1970. The losses in the silica fiber were reduced to 0.2 dB/km in 1979 at
1.55 pm [7] making it the best medium for long-distance communication.
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Figure 1.1: Evolution of the IP data traffic over the years (adopted from [1]).

The next major break-through in optical communication is the invention
of erbium-doped fiber amplifier (EDFA) in 1986 [8]. The introduction
of EDFAs not only removed the need for repeaters in the fiber-optic
communication links but also provided the ability to use wavelength-
division multiplexed (WDM) signals. However, then the bottleneck was
the dispersion, which was overcome with the help of dispersion compen-
sating fibers (DCFs) [9] or fiber Bragg grating (FBG)-based dispersion
compensation modules (DCMs) [10]. The amount of transmitted infor-
mation can be increased further by encoding the information not only in
amplitude of the optical wave but also in phase using coherent communi-
cation systems. However, this needs the detection of both amplitude and
phase of the received signal. Coherent communication enabled the usage
of higher-order modulation format increasing the amount of transmitted
information. Also, the impairments in the transmission system can be
compensated in the digital domain by signal processing after detection
in the coherent systems. These inventions made it possible to meet the
ever-increasing demands in data transmission.

Moving on to a more fundamental level of the fiber-optic communi-
cation systems, one of the main limitations is the noise from the opti-
cal amplifier. As the optical wave travels inside the optical fiber, the
small loss of 0.2 dB/km attenuates the signal. These losses have to be
overcome through the process of optical amplification with the optical



amplifiers, which also adds some noise to the signal. The most com-
mon amplifier used in optical communications is the EDFA which is a
phase-insensitive amplifier (PIA). The gain in the PIAs is independent
of the signal phase. There is a special kind of amplifier known as the
phase-sensitive amplifiers (PSAs) adding 3 dB less noise theoretically
compared to the PIAs [11]. In this thesis, the PSAs based on highly
nonlinear fibers (HNLFs) are used as the optical amplifiers to add less
noise to the signal compared to the EDFAs.

The other major limitation is the Kerr effect in the optical fiber. The
nonlinear distortions due to the fiber nonlinearities can be compensated
in the optical domain by using optical phase conjugation (OPC) [12].
The signal is phase-conjugated in the mid of the transmission span, to
compensate for the dispersion and nonlinearities from the first part of
the span. The other technique to compensate the nonlinearities is by
performing coherent superposition of the signal and the phase-conjugate
copy of the signal in the digital domain after detection known as the
phase-conjugated twin waves (PCTW) [13]. However, the copier-PSA
is capable of doing the same in the optical domain and at the same
time adding less noise to the signal. In this thesis, an analytical model
has been obtained that describes the nonlinearity compensation in the
copier-PSA. Also, several experiments have been performed to study the
effectiveness of nonlinearity mitigation in PSAs. In the digital domain
after detection, digital back-propagation (DBP) [14] and Volterra nonlin-
ear equalizers (VNLE) [15] are mostly used to compensate for nonlinear
distortions. The digital and optical domain techniques can also be used
together. It is also been shown in this thesis that the residual nonlinear
distortions after the coherent superposition in the PSAs can be further
reduced by using a modified Volterra nonlinear equalizer.

Further in this thesis, the various impairments when the optical wave
travels in the optical fibers are explained in chapter 2. The optical am-
plification and dispersion compensation used to overcome the linear im-
pairments are discussed in chapter 3. A detailed study on parametric
amplifiers based on optical fibers is performed in chapter 4. The phase-
sensitive amplifiers in different configurations are studied in chapter 5. In
chapter 6, the various optical and digital methods to compensate nonlin-
ear impairments are listed. In particular, a detailed analysis is performed
for nonlinearity mitigation using PSAs. The papers are summarized in
chapter 7.
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Chapter 2

Wave Propagation in Optical
fibers

The main physical effects in an optical fiber that affect the optical field
during propagation can be categorized into the linear effects and nonlin-
ear effects. At low optical powers, the nonlinear effects can be neglected.
The linear effects occur independently for each frequency component in
the fiber and are not affected by the presence of optical waves at other fre-
quencies. As the optical power is increased, the nonlinear effects become
important. The nonlinear effects are capable of changing the properties
of the optical waves at other frequencies or can even create a new fre-
quency wave. In this chapter, these effects are explained with respect to
the standard single-mode fiber (SSMF) used for data transmission and
the HNLF that is used as parametric amplifiers in this work.

2.1 Linear effects

The linear effects affecting the wave propagation in the optical fibers are
attenuation, dispersion and polarization-mode dispersion (PMD).

2.1.1 Fiber attenuation

Optical fibers made from silica are extremely transparent and therefore is
used as a medium for long-distance communication with light. For long-
haul communication, the C-band spanning from 1530-1570 nm is used
in the optical fiber where the attenuation is mainly caused by Rayleigh
scattering and material absorption. As the optical wave propagates in
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the fiber, the evolution of the optical power can be modelled with Beer’s
law as

P(z) = P(0) exp (—az), (2.1)

where « is the attenuation coefficient in linear units. It is common
to represent « in units of dB/km known as the fiber-loss parameter
(o |[dB/km]). For a SSMF and a HNLF, the fiber-loss parameters are
0.2 dB/km and 0.6 - 1.2 dB/km, respectively. The fiber-loss parameter
can be assumed constant over the communication window as their vari-
ation is minimal. An ultra-low loss optical fiber with « of 0.14 dB/km
has been reported in [16].

2.1.2 Dispersion

The wavelength-dependent refractive index of the optical fiber due to
material properties and waveguide design causes different frequencies
of the optical wave to travel with different velocities leading to group-
velocity dispersion (GVD), also known as dispersion. Dispersion changes
the temporal shape of the pulse during propagation in the optical fiber.
In the frequency domain, the linear propagation of an optical field can
be modelled as

E(z,w) = E(0,w) expif(w)z, (2.2)

where (w) is the propagation constant:

Blw) = ; (2.3)

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 propagation constant can be expanded using a Taylor series around
the carrier frequency (wg) as

B(w) = Bo + B1(w — wo) + %(w —wo)+ %(w —wo)? 4., (24)
where 3; = g:ﬁ is the Taylor expansion coefficients. 5y corresponds

w=wo
to the phase velocity of the carrier wave by v, = % and the group ve-

locity at the carrier frequency (vy) is related to i as vy = é B
describes the frequency dependence of group velocity and is also known
as the GVD parameter given in units of [ps?/km]|. The frequency depen-
dence of the GVD is given by the third-order dispersion parameter ((3).
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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

—27c
D= 2 Ba, (2.5)
27e 2 4re
S = (V) B3 + Fﬁ% (2.6)

where )\ is the wavelength of the light. In general, the higher-order terms
are often neglected but should be taken into account for wide bandwidth
operation. For the SSMF, the disperion parameter, D = 18 ps/(nm km)
at 1550 nm. The dispersion parameter for the HNLF is usually less
than |0.5| ps/(nm km). In such cases, the dispersion slope and even
the higher-order dispersion parameters should be considered. The gain-
bandwidth of the parametric amplifiers are dictated by the dispersion
properties of the HNLF. The variation of the dispersion properties along
the fiber also affects the gain-bandwidth [17,18] and even the noise prop-
erties [19] of the parametric amplifiers.

2.1.3 Polarization-mode dispersion

Optical waves with the same frequency when launched in different polar-
izations into the optical fiber, travel at different group velocities known as
fiber birefringence. Fiber birefringence can be random or deterministic.
Polarization-maintaining fibers (PMFs) have deterministic birefringence
which are manufactured with longitudinal stress rods along the fiber to
have a robust linear birefringence containing a fast and a slow axis. If
an input wave is launched either of the two axes, the polarization of the
input wave is preserved during propagation. In case of the fiber with
randomly varying birefringence, the orientation of any locally defined
fast or slow axes can be considered constant only for small distances
as they change randomly along the fiber. If a polarized optical wave is
launched into a fiber with varying birefringence, the polarization of the
optical wave changes randomly during propagation along the fiber. The
polarization rotations are also frequency-dependent. There are two po-
larization states in the fiber where the polarization of the output wave is
independent of the optical wave frequency to first-order approximation
is known as the principal states of polarization (SOPs) [20]. The PMD
corresponds to the difference in group velocity of the two SOPs. For the
ideal SSMF, the PMD is zero due to the rotational symmetry. However,
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fiber asymmetries due to non-uniformities in manufacturing, any stress
or bending, environmental fluctuations in temperature, vibrations and
any stress can lead to differences in the group velocities leading to ran-
domly varying birefringence. The PMD induced differential group delay
in the SSMF can be calculated as

Aty = DyVL, (2.7)

where D,, is the PMD parameter. The typical value of (D)) is 0.1 ps/v/km.
The HNLFs can be of PMFs or fibers with random birefringence. Po-
larization determines the strength of the nonlinear process. Therefore,
the HNLFs which are polarization-maintaining is better compared to the
HNLFs with random birefringence. However, manufacturing a polarization-
maintaining HNLFs with required dispersion and nonlinearities is more
expensive and complicated. For parametric amplification, HNLFs with
random birefringence are used in a controlled environment in this work.

2.2 Nonlinear effects

There are two classes of nonlinear effects in the optical fiber. The non-
linearities due to Kerr effect make up one class whereas the other class is
made of the inelastic scattering due to the vibrational excitation modes
of the optical fibers.

2.2.1 Kerr effect

The Scottish physicist John Kerr discovered the Kerr effect in 1875
[21,22]. The Kerr effect can be defined as change in the refractive in-
dex of the medium due to the intensity of the propagating light. The
refractive index is not only wavelength-dependent but also depends on
the instantaneous intensity of the light. The refractive index dependence
on optical intensity is due to the nonlinear polarizability of the medium.
The refractive index can be rewritten when taking into account the Kerr
effect by introducing an intensity-dependent term as [23]

n(w,I) = no(w) + nal, (2.8)

where ng(w) is the linear part, ng is the nonlinear refractive index and
I is the optical intensity associated with the propagating light wave.
In optical fibers, the second-order nonlinear effects vanish due to inver-
sion symmetry of the molecules, making the third-order nonlinear effects
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dominant. The nonlinear refractive index is

3 ®)
ng = —5—x"’, 2.9
2 4ngeocx (29)
where () is the third-order susceptibility, and ¢ is the vacuum per-
mittivity. The nonlinear coefficient () expresses the strength of the
nonlinear effects in an optical fiber given by
2719

= 2.10
7 )\Aeff7 ( )

where A.yy is the effective mode area. The effective mode area corre-
sponds to the confinement of the propagating optical field. The nonlinear
coeflicient includes the effect of the field distribution with A.s¢. 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 7 as high as 30 (W km)~! have also been demonstrated [24]. The
accumulated nonlinear phase shift during propagation in the optical fiber
can be calculated as

ONL(2) = ’y/oz P(2)dz'. (2.11)

The accumulated nonlinear phase shift over a physical length (L) can
also be calculated using the effective length (Lss) as

dNL(L) = vLespP(0), (2.12)
where

Lepr = —(1 —exp (—al), (2.13)

1
a
where « is the attenuation coefficient 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 (¢yr,) as the total
accumulated phase shift over the actual physical length. For a very long
SSMF, the effective length is approximately 21 km. In the case of HNLF,
being used in nonlinear applications such as parametric amplification,
the physical length should be limited to the order of the effective length
as increasing the physical length further only increases the accumulated
losses and not the nonlinear interaction. For the parametric amplification
in our experiments, the typical lengths of the HNLFs were around 600 m.

The main nonlinear effects due to the Kerr nonlinearities are self-
phase modulation (SPM), cross-phase modulation (XPM) and four-wave
mixing (FWM).
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Self-phase modulation

An optical wave can phase modulate itself by inducing a change in the
refractive index of the optical fiber. This process is known as SPM.
The accumulated nonlinear phase-shift from SPM for a continuous wave
(CW) can be calculated as

NM(L) = yPLeyy, (2.14)

where P is the power of the propagating wave. This also shows how
useful is the effective length, L.;y in defining the strength of nonlinear
process. However, the above equation is valid only in cases where the dis-
persion can be neglected, i.e., for narrowband signals or when operating
at the zero-dispersion wavelength (ZDW) of the optical fiber. Therefore,
in other cases where dispersion plays a major role, numerical simulations
are required in order to study the interplay between dispersion and SPM.
SPM causes a frequency chirp in the propagating optical pulses chang-
ing the pulse shape through GVD interaction and broadens the optical
spectrum [25], acting as one of the major limitations in single-channel
fiber-optic transmission systems. The interaction between SPM and dis-
persion can also lead to an interesting phenomenon known as optical
solitons [26,27] where the dispersive phase shift and the nonlinear phase
shift cancels each other. Optical solitons occur when the optical wave
propagates in the anomalous dispersion regime (52 < 0) as the nonlinear
phase shift is always positive.

Cross-phase modulation

The phase modulation of an optical wave due to a change in the refractive
index induced by another co-propagating optical wave is known as the
XPM. In case of a CW, the accumulated phase shift due to XPM when

both the waves are propagating in the same polarization is
%ILD,IJMQ(L) =2yPyLeyy, (2.15)

where Ps is the power of the co-propagating wave. The phase shift due to
XPM is two times stronger than that from SPM. However, the factor of
two reduces if the amount of co-polarization between the waves decreases.
For two orthogonally polarized waves, it becomes

%5,1]\42(11) =P Leyy, (2.16)

10
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Figure 2.1: Possible FWM components from degenerate and non-degenerate
FWM processes.

which has the same strength as SPM. The walk-off due to dispersion also
plays a major role when the interacting waves are pulses in case of XPM.
The polarization dependence of XPM causes cross-polarization modula-
tion (XpolM) [28|, which can be defined as the polarization modulation
of a wave due to another wave. We should also take dispersion into ac-
count when calculating the strength of XPM and XpolM as in case of
SPM. In fiber-optic WDM links with polarization multiplexed signals,
apart from SPM, both XPM and XpolM affect the performance of the
link [29]. However, concerning this work, only single-polarization signals
are considered making XPM the dominating nonlinear effect limiting the
throughput.

Four-wave mixing

FWM also known as four-photon mixing involves the nonlinear interac-
tion of four waves and energy transfer between them. Two co-polarised
co-propagating waves, F and Es with frequencies wy and we and prop-
agation constants 41 and (2 in the optical fiber modulate the refractive
index with the intensity beat tone at frequencies wo — wy as a moving
grating with propagation constant, 82 — 81 . Now, if a third co-polarized
co-propagating wave, F3 is added at the frequency ws with propagation
constant (3, then it will be phase modulated with the frequency ws — wi
generating sidebands at wy = w3 + (we — wy) on propagation in the op-
tical fiber. The strength of the process depends on the Bragg condition,
Ba — P3 = £(P2 — B1) [30]. Similarly, E5 beats with E3 and phase mod-
ulates F4, and Es is phase modulated by the beat of E3 and E;. If
the FWM process involves different frequency optical waves, it is said
to be non-degenerate and degenerate process involves two waves of the
same frequency. With all possible non-degenerate and degenerate FWM

11
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processes, new frequencies are generated at frequencies,
Wikl = Wj + wi — Wy, (2.17)

For non-degenerate FWM process, j, k,l € {1,2,3}, j#k, j#1, k#1
and in case of degenerate FWM process, j, k,l € {1,2,3}, j = k # L.
Non-degenerate FWM generates six new frequencies. Starting with three
waves and only considering first order FWM proceses, both from degen-
erate and non-degenerate FWM, a total of nine new frequencies are ob-
tained as shown in figure 2.1. Some of the created frequencies will overlap
with the original optical waves providing gain while some overlap with
each other. Also, few of the created frequencies are stronger known as the
idlers. The other weak frequencies are neglected. As in the case above, if
all the interacting waves are co-polarized we can call them scalar FWM.
In vector FWM, the interacting waves can have different polarizations.
Two waves F7 and Es are co-polarized producing a intensity beat tone
which phase modulates a cross-polarized wave, E3 with respect to Ej
and Fo. F3 scatters energy at ws + (wa — wy) in the polarization of Es.
In quantum-mechanical interpretation, two photons at frequencies of wy
and wo are annihilated to produce two photons at frequencies of w3 and
wy fulfilling energy (w; + wy = w3 + w4) and momentum conservation.
The momentum conservation is the quantum-mechanical manifestation
of phase matching similar to the Bragg condition determining the effi-
ciency of the FWM. In SSMF, operating in the C-band reduces the effect
of FWM due to dispersion. FWM processes in HNLFs 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 chapter 4.

2.2.2 Inelastic scattering

Inelastic scattering can be defined as the exchange of energy between
the optical wave and the vibrational modes of the optical fiber. The two
types of inelastic scatterings are Brillouin and Raman scattering.

Brillouin scattering

The electrostriction effect due to an optical field causes Brillouin scat-
tering in the optical fiber inducing acoustic phonons. The energy is
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2.2. Nonlinear effects

transferred from the propagating optical pump wave to the medium in
the form of acoustic vibration producing a downshifted wave called the
Stokes wave. This phenomenon can be spontaneous or stimulated, de-
pending on the intensity of the optical wave. Stimulated Brillouin scat-
tering (SBS) was first observed in 1964 [31]. SBS can become dominant
if the pump exceeds a certain threshold producing the Stokes wave only
in the backward direction relative to the pump. The downshift frequency
is dictated by the acoustic phonon which is approximately 10 GHz with
a frequency bandwidth of few tens of MHz in silica fiber [23,32].

Lasers and amplifiers based on SBS have gained attention. Bril-
louin fiber lasers have been demonstrated [33,34] with narrow linewidth.
SBS based narrowband amplification was used in the regeneration of
binary phase-shift keying (BPSK) [35] and quadrature phase-shift key-
ing (QPSK) [36] signals without a phase-locked loop (PLL). It has been
demonstrated that Brillouin amplification can also be used as a narrow-
band filter [37,38].

The SBS limits the power of the pump wave launched into the optical
fiber useful for parametric amplification [39] by inducing nonlinear losses.
Several techniques have been developed to increase this limit. The SBS
gain is lowered by doping with material like AloO3 [40], however, the
dopant increases the loss of the fiber. The SBS travels backward in
the optical fiber and can be suppressed by using inline isolators [41].
But, the isolators make the fiber-optic parametric amplifier (FOPA) to
be unidirectional and also introduces additional losses. Another way
to suppress SBS is to broaden the spectrum of the pump wave more
than the SBS spectrum [42]. The pump spectrum is often broadened
by phase modulation with radio frequency (RF) tones [43|, white noise
[44], or pseudo-random bit sequence (PRBS) [45]. Phase modulating the
pump transfers the phase modulation to the idler, which degrades the
phase-sensitive operation. However using two pumps and counter phase
modulating the pump waves, the performance degradation from phase
modulation can be removed [45]. SBS can also be reduced by applying a
stress gradient [46-48] or a temperature gradient [49,50] along the fiber,
but doing so changes the zero-dispersion wavelength locally affecting the
gain and bandwidth of the FOPAs [18]. Fibers tolerant to straining have
been developed [51]. These techniques can also be combined to increase
the SBS threshold. Strained fibers, along with isolators, have been used
in parametric amplifiers to achieve high net gain [52] and is also used in
this work. On the other hand, SBS can also enhance the FOPA gain and
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Chapter 2. Wave Propagation in Optical fibers

bandwidth by changing the signal [53,54] or pump [55,56] phase.

Raman scattering

Raman scattering is an inelastic scattering process observed first by C.V.
Raman in 1928 [57| for which he was awarded the Nobel prize in Physics
in 1930. In the quantum-mechanical description, a photon is annihilated
to produce a photon at lower energy or frequency and an optical phonon.
The incident light can be described as the pump and the generated down-
shifted wave as the Stokes wave. Unlike the SBS, the Stokes wave can
travel in both the forward and the backward direction. Stimulated Ra-
man scattering (SRS) was discovered in 1962 [58] at high pump power.
SRS is a nonlinear process which makes the Stokes wave to multiply
quickly by transferring most of the pump energy to the Stokes wave.
SRS also depends on the polarizability of the material and is also known
as the delayed response of the Kerr effect. In silica fiber, the SRS has a
large gain bandwidth whose peak is downshifted about 13.2 THz from
the pump wave [23].

Raman amplifiers are interesting as they can perform distributed
amplification which is explained in detail in section 3.1.3. Concerning
parametric amplification, the Raman effect can be both constructive
as well as destructive. SRS can be used to increase the gain and the
bandwidth [59]. The crosstalk in FOPAs can be reduced by using SRS
[60]. However, SRS can also degrade the performance of the FOPAs [61].

2.3 Numerical modelling

The propagation of light in an optical fiber is modelled using the non-
linear Schrodinger equation (NLSE) [23] as

O B2 ®E | B3 O°F a - .

- S tear - 2F E|E, 2.18

0z S0 T o B) + iv|E] (2.18)
dispersion attenuation nonlinearity

The envelope of the electric field, E (z,t) is assumed to be slowly varying
compared to the carrier wave. The terms have been labelled according
to the different physical effects. The effects of Raman and Brillouin
scattering have been neglected in (2.18).
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2.3.1 Split-step Fourier method

The split-step Fourier method (SSFM) is the most commonly used method
for numerical modelling the propagation of light in optical fiber. Though
the linear and nonlinear effects acts simultaneously, an approximate solu-
tion can be obtained by dividing each step (0z) in (2.18) into two parts-
one that takes care of the linear effect, i.e., dispersion and losses and
other for producing the nonlinear rotation. The linear part is given by
the differential operator,

i 0* B3 &P

D:—7ﬁ+€@—%, (2.19)
while the nonlinear part is given by the nonlinear operator,
N = in|E)2. (2.20)
The propagation is then done in steps with size Az as
E(z+ Az t) ~ exp(AzD)exp(AzN)E(z, 1), (2.21)

where the differential operator is evaluated in the frequency domain and
the nonlinear operator in the time domain, consecutively. The SSFM is
used in this thesis to model the propagation of single- and multi-channel
signals for single- and multi-span transmission links.
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Chapter 3

Overcoming linear
impairments

In this chapter, we will discuss various techniques to overcome the linear
impairments in the optical fibers. The fiber loss can be compensated by
amplifying the signal with the optical amplifiers, and dispersion can be
undone by using dispersion-compensating fibers or modules.

3.1 Optical amplification

In a fiber-optic communication link, the optical fiber attenuates the sig-
nal upon propagation which is compensated with optical amplification.
However, during amplification, the signal degrades due to the addition
of noise by the amplifier. The main requirements for an optical amplifier
are to have a high gain and to add a little noise. For WDM systems, one
other requirement is to have a broad and flat bandwidth as to not induce
any imbalance in power between the channels. In modern communica-
tion systems, higher-order modulation formats are targeted to increase
spectral efficiency. Therefore, amplifiers should also not add distortions
to signals using higher-order modulation formats. Also, the cost and
efficiency of optical amplification need to be considered. The optical
amplifiers should have low pump power per dB gain. The most com-
mon optical amplifier is the EDFA. Other amplifiers such as the semi-
conductor optical amplifiers (SOA), Raman amplifiers and parametric
amplifiers having different gain mechanisms and properties are also of
interest. These amplifiers are also known as phase-insensitive amplifiers
(PIAs) as the gain is independent of the signal phase. When the signal is
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Chapter 3. Overcoming linear impairments

amplified, the amplifier also adds noise known as amplified spontaneous
emission (ASE) with a power spectral density [62],

SasE = nsphVO(G — 1), (3.1)

per polarization, where 7, is the spontaneous emission factor, & is the
Planck’s constant and vy is the frequency of light. The noise figure (NF)
is defined as the ratio of the signal-to-noise ratio (SNR) at the input to
the SNR at the output of the amplifier [62]. In the high gain regime,

SNR;,

NF =2
SN Rout

R 2ngp. (3.2)
For PIAs, the spontaneous emission factor is always greater than 1.
Therefore, the quantum-limited NF is 3 dB [63]. In practice, the NF
usually varies between 4-10 dB in commercial amplifiers.

3.1.1 Erbium-doped fiber amplifiers

EDFAs are the most commercially used optical amplifiers. After its in-
vention in 1986 [8], the EDFAs were commercialised in the mid-1990s
which removed the need for signal regeneration, i.e., converting the op-
tical signals to the electrical domain and back to the optical domain.
Moreover, EDFAs also support WDM systems. The EDFA has a gain
bandwidth of around 40 nm spanning the entire C-band from 1530 nm
to 1570 nm. However, it can also be used in the longer 'L’-band from
1570 nm to 1610 nm by increasing the erbium doping concentration [64].
Optical pumping excite the ions to the higher energy state creating a pop-
ulation inversion. The excited ions amplify the signal through the process
of stimulated emission. However, spontaneous emission also takes place
and gets amplified, adding noise to the amplified signal as ASE. The
primary source of noise in EDFAs is the ASE noise. The response time
of the EDFAs is slow in the order of milliseconds. Therefore, one can
operate the EDFAs in saturation and have no signal distortion or chan-
nel crosstalk in WDM systems. i.e., even under saturation, the EDFAs
can still serve as a linear amplifier in the bit level. The EDFAs are also
polarization-insensitive and have high gain, high gain efficiency and low
noise figure. EDFAs with a gain efficiency of 0.1 mW pump power per
dB of gain [65] and an NF of 3.1 dB with a gain of 54 dB [66] have been
demonstrated.
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3.1. Optical amplification

3.1.2 Semiconductor optical amplifiers

Semiconductor optical amplifiers (SOAs) were developed in 1980 and can
have a bandwidth around 50 nm operating from 850 nm to 1600 nm de-
pending on their design. The SOAs are electrically pumped and produces
gain through the process of stimulated emission. They are compact and
very power efficient. However, there are certain drawbacks. Coupling
light from the optical fiber to the SOA and vice versa is inefficient. The
lossy input coupling gives us a high black-box NF, and the output cou-
pling leads to losses. SOAs with a gain of 29 dB and noise figure of
7.2 dB have been demonstrated [67]. The nonlinearities in the SOAs can
lead to crosstalk in WDM signal amplification distorting the signal, par-
tially due to the picosecond response time [68]. Also, the amplification
by SOAs is polarization-dependent. Therefore, SOAs cannot compete
with EDFAs but play a vital role in signal processing applications such
as all-optical regeneration and wavelength conversion.

3.1.3 Raman Amplifiers

Raman amplifiers exploit the phenomenon of SRS for signal amplifica-
tion [69]. A strong pump is used to excite the molecules in the medium,
and a weak signal is amplified, producing an optical phonon. The gain
through SRS depends on the frequency separation between the pump
and the signal wave, the medium, the signal and pump polarization and
the pump intensity. The maximum gain is obtained when the pump
and signal are co-polarized. In silica fiber, the gain is 13.2 THz down-
shifted from the pump and has a broad bandwidth of 40 THz due to
the amorphous nature of silica. The broad gain bandwidth makes Ra-
man amplifier a strong contender for WDM signal amplification outside
C-band. The gain efficiency for the Raman amplifiers is low with ap-
prox. 10mW pump power per dB gain. The gain starts to build up
almost exponentially after some threshold. A Raman amplifier with
a gain of 45 dB has been demonstrated [70]. Raman amplifiers can
be made polarization-insensitive by scrambling the polarization of the
pump. The response time of Raman amplifiers is in the order of pi-
coseconds. Raman amplifiers can be implemented in both lumped and
distributed configurations. In the distributed configuration, the signal
gain is distributed along the propagating fiber leading to low insertion
losses and improved NF. Distributed Raman amplification along with
EDFAs have been demonstrated to obtain longer reach [71]. The ASE
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noise from spontaneous Raman scattering is the dominant noise source
in Raman amplifiers.

Distributed Raman amplification

Ideal distributed Raman amplification provides us with a transparent
link, i.e., zero loss across the fiber and a flat power map. Distributed
Raman amplification can be implemented in several ways. The simplest
way to achieve close to flat power map is to use a single backward pump
in the transmission fiber. A local gain is produced in the latter parts of
the transmission fiber which alters the power map and improves the link
NF. A much flatter power map can be obtained by dividing the span
into three segments and backward pumping each of them individually as
in paper B. It was possible in the lab, but in reality, might need active
elements in the span. However, bi-directional pumping or higher-order
Raman schemes can be used instead of the above method to obtain a
much flatter power map. The DRA can be modelled by rewriting (2.18),

0E _ BrO°E  BO°E | g(2) — alz)

—— = = i E +i~|E]2E .
9.~ ‘2092 "6 o8 T 2 +iv|E[°E, (3.3)

where ¢(z) and «(z) are the local gain and attenuation. DRA with
backward pumped Raman can be implemented using the local gain in
the amplitude domain with Raman pump power, Py as

o) = \/gRPoexm—ap(L—z))? (3.4

ap

where gr is the Raman gain coefficient, a, is the cross-sectional area of
the pump in the optical fiber and «, is the attenuation at the Raman
pump wavelength. The net gain from the DRA can be calculated by
integrating the square of the local gain over the entire span as

L —ap(L — 2
G= exp(/0 gRPO exp( app(L ))dz —al), (3.5)

whereas the Raman on-off gain, G is given by

L —ap(L — 2
GR:exp(/O g apb=2) ) o (3.6)

ap
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3.1. Optical amplification

Assuming the loss in the pump and signal is same, the link NF with
backward pumped DRA from [72] is

e
NFEpRrApack =1+ 2% (G —1). (3.7)
9rFo
For an ideal DRA, where the distributed gain balances the loss at each
point in the span, the NF can be further simplified as

NFDRA,ideal ~ 10 log(2a5L + 1) (38)

where exp(asL) is the net gain needed to counterbalance the span loss
and oy is the loss at the signal wavelength. However, it is difficult to
achieve ideal Raman amplification in practise but higher order Raman
pumping can provide almost similar performances. Apart from providing
better link NF, the symmetric power map from DRA can be useful in
mitigation of nonlineairities which will be discussed in chapter 6.

3.1.4 Parametric amplifiers

Parametric amplifiers are based on process of four-wave mixing (FWM).
FWM can be defined as the transfer of energy between different frequen-
cies in an elastic manner. i.e., the energy is conserved. Let us inject a
strong wave at wp called a pump, and a weak wave at wg called a signal
into the optical fiber. The pump photon is scattered to the signal wave
at wg and also to a new wave called an idler at w; = 2wp —wg. Similarly,
the signal photon is scattered to the pump wave at wp and a new wave at
2wg —wp. However, the scattering of the signal photon is negligible com-
pared to the scattering from the pump photon. This process is known as
degenerate or single-pumped FWM. The single-pumped FWM amplifies
the signal and creates a new wave called the idler. In dual-pumped or
non-degenerate FWM, two strong pumps at wp; and wpe are used with
a weak signal wave at wg amplifying the signal wave and producing an
idler at w; = wp; +wps —wg. 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). There-
fore, FOPAs are polarization-dependent, and the design of the optical
fiber mainly dictates their gain bandwidth. Since the FOPAs are based
on the Kerr nonlinearity, their response time is in the order of fem-
toseconds making them instantaneous. The primary source of noise in
parametric amplifiers is the amplified quantum noise (AQN), also known
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as the parametric fluorescence or ASE. Parametric amplifiers are the de-
vice used for amplification in this work either in phase-insensitive (PI)
or phase-sensitive (PS) mode. The PI operation is explained in detail in
chapter 4 and the PS in chapter 5.

3.1.5 Amplifier configurations

In optical communications, the optical amplifiers can be used for differ-
ent purposes. The common amplifier configurations are shown in figure
3.1. An optical amplifier can be placed after the transmitter to increase
the signal level before being transmitted known as the booster. The
sensitivity can be increased by placing an amplifier before the receiver
known as the pre-amplifier. If we have a span followed by a lumped loss
and then a lumped amplification as in paper B, the net link NF can be
calculated using the Friis formula [73] in linear units,

Nﬂoss_1+NFamp_1

NFuy = NFopan + — 4 e
span 0Sss

(3.9)

In long haul fiber-optic communication, the optical amplifiers can be
used in between the spans to compensate for the span losses known as
the inline amplifier. The optical amplifiers can be placed before or after
the transmission span referred to type A or B, respectively, leading to
different span NFs. The type A pre-compensates for the fiber loss and
type B post-compensates. When using PIAs, the NFs are given as [74],

1
NFpa_pra=1+2N(1— a)a (3.10)

1
NFB A pia= L+2NG(1 - 5), (3.11)

where G is the gain in the PIA which is equivalent to the losses in the
transmission span, and N is the number of spans.

3.2 Dispersion compensation

Unchirped pulses broaden propagating in an optical fiber. This causes
significant limitations in the fiber-optic communication systems. Dis-
persion compensation can be performed in either optical or electrical
domain. In the optical domain, dispersion compensating fiber (DCFs) or
dispersion-compensating modules (DCMs) made of chirped fiber-Bragg
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Figure 3.1: Different configurations in which optical amplifiers can be used
in a fiber-optic communication link, a) booster amplifier, b) pre-
amplifier, ¢) inline - type A amplifier, d) inline - type B amplifier.
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grating (FBG) are used. The dispersion can also be compensated in the
electrical domain using the digital signal processing (DSP) with coherent
receivers [75].

3.2.1 Dispersion compensating fibers

In order to compensate for the accumulated dispersion and undo the
broadening in the SSMF, fibers with negative dispersion (D < 0) are
used. They are called DCFs, and have very large negative dispersion
parameter as well as higher attenuation compared to the SSMF. A few
hundred meters to kilometers of DCFs are enough to compensate disper-
sion over several tens of kilometers of SSMF. In SSMF, the dispersion
parameter (D) is about 18 ps/(nm km) and DCFs are designed with dis-
persion parameter as high as -300 ps/(nm km). The total accumulated
dispersion for 80 km of the SSMF is 1440 ps/(nm). The total accumu-
lated dispersion can be compensated with just 4.8 km of DCFs. Due to
the high losses involved with the dispersion compensation, the measure
of dispersion compensation efficiency is given by a figure of merit (FOM).
The FOM 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) has been demonstrated [76]. How-

ever, the DCFs have high nonlinearities which can become an important
limiting factor in dispersion-managed systems.

FOM = (3.12)

3.2.2 Dispersion compensating modules

One other way to compensate for dispersion optically is to use dispersion-
compensating modules (DCMs). The absence of nonlinearities, lower
loss, negligible latency have made the fiber-Bragg grating (FBG)-based
DCMs attractive for dispersion compensation. The FBG-based DCMs
may be tunable and can be channelized or continuous in frequency. How-
ever, the group-delay ripple in the FBG-based DCMs can limit the per-
formance of the fiber-optic communication link [77]. In this work, the
accumulated dispersion in the transmission span is compensated inline
for every span using tunable FBG-based DCMs. The tunability of the
dispersion settings in the DCMs comes in handy when optimising the
dispersion map for nonlinearity mitigation in PSA links.
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3.2.3 Compensating dispersion in digital signal process-
ing

The dispersion compensation can be moved to the DSP at the receiver
[75, 78] in coherent systems. By using electronic dispersion compen-
sation (EDC), the dispersion compensation in the optical domain can
be removed, reducing the loss in the transmission system. The EDC
is performed by applying an inverse dispersion transfer function of the
link. It can be implemented in both frequency and time domain. For
compensating smaller dispersion values, the time domain method is less
complex and faster and vice versa. The 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 or the receiver.
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Chapter 4

Parametric amplifiers

Parametric amplifiers have been used as pre-amplifier and inline ampli-
fier in this work. In this chapter, we will first solve the coupled-equations
for the non-degenerate FWM process explaining the basics behind para-
metric amplification and then obtain the relation for phase-matching.
Similarly, the phase-matching condition is also calculated for the degen-
erate FWM. Later, the gain bandwidth of the single- and dual-pumped
FOPAs are calculated analytically.

4.1 Dual-pumped or non-degenerate FWM

Let us consider a dual-pumped FWM process with two pumps, one at
wp1 and wpo, a signal at wg and an idler at wy;. As we will be dealing
with only scalar FOPAs, all waves are assumed to be co-polarized. The
total electric field can be written as [23]

f(,y) =

) [Ep1(z) exp(—i(wpit — B(wp1)z))

)
+Ep2(z) ex (—i(wPQt - B(ng)Z)) (4.1)
+E5(2) exp(—i(wst — B(ws)z))
+E7(2) exp(—i(wrt — Blwy)z))] + c.c.,
where c.c. is the complex conjugate and it is usually omitted in the
analysis. f(z,y) represents the transverse mode profile and we assume
it to be same for all the waves. Using (2.18), the above expression
can be written as four-coupled equations ignoring fiber loss, wavelength

dependence on -, and considering the pumps, signal and idler are CWs
or have negligible bandwidth over the pumps, signal and idler bands [23],

Etol(:Ea Y, Z) =
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dEPl (2 L2 12 L2\ B
= E 2| 2|E 2|Er|°)E
7, = NUEPi + 2| Epa|” + 2| Es[” + 2| Ef[") Epy (1.2)
+i2vEsErEpy exp(iAfz),
dEP2 (2 L2 12 L2 B
= E 2| 2|E 2|Er|°)E
7, = D Ep2|” + 2| Ep1|” + 2| Es[” + 2|Er ") Epe (4.3)
+i2yEsErEp, exp(iAfz),
dES (T2 A2 2 12 7
— = E 2|F 2|FE 2|Er|)E
P W (|Es|” + 2[Ep1]” + 2[Epa|” + 2| Ef|") Eg (4.4)
+i2vEp1 Epa BT exp(—iABz),
dE; . - _ 8 o
TI = iy(|Erl* + 2|Ep1|* + 2|Epa|” + 2| Es|*) Es
¥4 N——
SPM XPM (4.5)
+i2y Ep1 EpaE§ exp(—iABz),
FWM
where
AB = B(ws) + Bwr) — Blwpr) — Blwpe), (4.6)

is the linear phase mismatch. On the right hand side of (4.2) to (4.5),
the first term corresponds to the SPM-induces phase shifts, second group
of terms correspond to the XPM-induced phase-shift, and the last term
corresponds to the FWM. The XPM-induced phase-shift is twice that
of the SPM-induced phase-shift for co-polarized waves. It is also clear
that the FWM depends on Af which corresponds to the relative phase
between the waves. SPM and XPM depend only on the intensity and do
not require phase-matching. These four equations can be used to study
most of the parametric processes. Assuming F(z) = /P (z) exp(ip(2)),
where P is the power and ¢ is the phase of the wave, then (4.2) to (4.5)
can be written as [79]

dPp1 _dPes _ o B
dz = dz = 4’}/ PP]_PPQPSP[ sm(&), (4.7)
dPs dPr .
—= = — = 4~v+/Pp1 PpyPsP 0 4.
5 = 4 = YV PpiPpaPsPrsind), (4.8)
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where

do
i AB +~(Pp1 + Ppa — Ps — Pr)

Pp1 Ppo P Pp1 PpoP
+2’7(\/ P1L P2 S+\/ P1LpP2L7 (49)
P Ps

_\/PP1PSPI _\/PP2PSPI
Ppy Ppy

) cos(6),

where 0(z) = ABz+¢p1(2)+dp2(z) —ps(z) —pr(2) describes the relative
phase difference between the four involved waves. The first term in (4.9)
on the right hand side corresponds to the linear phase shift, second and
the third term describes the nonlinear phase shift. From (4.7) to (4.9),
by controlling the relative phase, we can dictate the direction of power
flow either from the pump to the signal and idler waves where 6 = /2
corresponding to parametric amplification or from signal and idler to
the pump waves where § = —7/2 for parametric attenuation. This
condition is referred to as phase matching for the FWM process. Also
it is evident that the power growth is same in the signal and idler with
an equal reduction in the two pump powers or vice versa depending on
whether 6 = 7/2 or —7/2 which leads us to the Manley-Rowe relation
[80]. If we initially have strong pumps, a weak signal and no idler, the
idler will be generated at an infinitesimal propagation distance [81] with
0 = 7/2. Considering phase-matched FWM process that amplifies the
signal, # = /2, the last term on the right hand side of (4.9) becomes
zero. Then (4.9) becomes

do

% :A,B+’)/(Pp1+Pp2—Ps—Pj). (4.10)
Introducing the phase mismatch parameter, x and assuming the power
of pumps are much higher than the signal and idler waves, we can write
the condition to remain phase-matched as

dé

The coupled equations (4.2) to (4.5) can be solved by assuming unde-
pleted pump waves. Then, the pump fields with pump powers, Pp; =
|Ep1|? and Ppy = |Eps|? can be written as [82]

Epi1(z) = Ep1(0) expliy(Pp1 + 2Pp3)z], (4.12)
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EPQ(Z) = EPQ(O) exp[i’y(Ppg + 2PP1)Z], (4.13)

where Ep1(0) and Epy(0) corresponds to initial pump fields. In the
small-signal regime, the pumps are affected only by the SPM and XPM
between them. The signal and idler fields are

Es(z) = [u(2)Es(0) + v(2) ET(0)]. exp(—i%[Aﬁ — 37(Pp1 + Pp2)]2),
(4.14)

oy 1
Er(2) = [u(2) E1(0) + v(2) E5(0)]. exp(=i[AS — 37(Pp1 + Pp2)]2).

(4.15)

For simplicity, the phase terms are often neglected in the (4.14) and

(4.15). The g and v are the transfer functions defining the input and
output relation:

u(z) = cosh(gz) + z% sinh(gz), (4.16)

- Ep1(0)Eps(0)

v(z) =2i sinh(gz), (4.17)

where |1(2)|? — |v(2)|? always equal to 1 and g is the parametric gain
given as

K
g= \/472PP1PP2 — (5)2- (4.18)

In this analysis, we have considered only four wave interaction. In some
cases, there might be a need to consider six-wave interactions involv-
ing two pumps, one signal and three idlers for a complete analysis [83].
Moreover, we have assumed small signal regime. At large signal regime,
the pumps will be depleted requiring the use of elliptical functions [84].

4.2 Single-pumped or degenerate FWM

For single pump degenerate FWM where the pump fields cannot be dis-
tinguished in frequency, the analysis should be carried out with just three
waves. Assuming wp; = wpy = wp and AS = B(wg) + B(wr) — 268(wp),
similar to equations (4.7) (4.8) and (4.9) for the dual-pump FWM, the
equations for the single-pumped FWM processes are derived as [85]
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dPp .
- = —47\/%5271(0), (4.19)

dPs  dPr
o =4 = 2v4/ P2 PsPsin(6), (4.20)

d@
— =Ap —|—’y(2Pp — Pg — P[)

pps  [Pp (4.21)
\/ 5 \/ Ly Ps Pr)cos(6),
(2)

where the relative phase difference, 0(z) = ABz+2¢p(z) —ds(z) — d1(2),
and the phase-matching condition can be written as

k=AB+2yPp =0. (4.22)

The parametric gain, p and v are [82]

g=1/72P% - (%)2, (4.23)
u(z) = cosh(gz) + % sinh(g2), (4.24)
v(z) = i’yE%g(O) sinh(gz). (4.25)

4.3 Phase-insensitive amplifier

In case of no idler at the input, from (4.14) and (4.15), the output signal
and idler are independent of the phase relation between the interact-
ing waves. They are said to be operating in PI mode know as phase-
insensitive amplifiers (PIAs). The phase-insensitive operation is shown
in figure 5.2(a). Then, the signal gain for the PIAs is given by,

Gs = (=)l (4.26)

which in case of dual-pump PIAs can be written as

2vv/ Pp1Pp2
g

Gs=1+] sinh(g2)]?, (4.27)
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and for single-pump PIAs is [85],
Gs=1+ [75}) sinh(g2)]?. (4.28)
The internally generated idler will have a conversion efficiency given by
Gr = \1/(2)]2, (4.29)

which for the dual-pump PIAs is

29/ Pp1 Pp2 i
g

Gr=] inh(gz))>. (4.30)

and in case of the single-pump PIAs [85],

vPp

Gy =1+ [-—sinh(g2)]>. (4.31)
The generated idler will have a phase, ¢;(0) = ¢5(0) — ABz — ¢p1(0) —
®p2(0) and ¢7(0) = ¢5(0) — ABz—2¢p(0) for the dual- and single-pump
PIAs, respectively. Also, the generated idler will be a conjugated copy
of the signal which plays an important role in the implementation of
modulation format independent phase-sensitive amplifiers as well as in
the mitigation of nonlinearities in the transmission link.

4.3.1 Phase-matching

Phase-matching refers to the process of maintaining the relative phase
(0) between the different interacting waves constant during propagation.
As the waves propagate, the interacting waves obtain a relative phase-
shift from the linear phase mismatch caused by the difference in their
propagation constant and from the nonlinear phase shift caused by XPM
and SPM. The AS on the right hand side of (4.10) and (4.22), corre-
sponds to the linear phase-shift and the last term describes the nonlin-
ear phase-shift. The linear and nonlinear phase-shifts cancel out each
other keeping the relative phase constant during propagation known as
the perfectly phase-matched condition, providing exponential gain. In
the nearly phase-matched condition, the relative phase changes by small
amount during propagation still providing a good gain. In case of per-
fect phase-matching, the signal gain and conversion efficiency become
maximum with £ = 0. For the single-pump PIAs, the maximum gain in
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4.3. Phase-insensitive amplifier

the high gain regime when fulfilling the phase-matching condition can
be given by

Gg}ax — G€S$P ~ eXp(2ZPPZ)’ (432)
where the phase-matching condition becomes

AB = —2vPp. (4.33)

In case of the dual-pump PIAs, the maximum gain and the phase-
matching condition is

exp(4’y\/ PP1PP22) (434)
4 )

Gy =G ~
where the phase-matching condition becomes
AB = —y(Pp1 + Pp3). (4.35)

The gain has a exponential dependence 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-pump
PIAs with k = —2vPp, a quadratic dependence on the nonlinear phase-
shift is obtained as

G4~ (2yPp2)?, (4.36)

whereas for the dual-pump PIAs; still a exponential gain is obtained [23].

4.3.2 Gain bandwidth

Let us calculate the gain bandwidth of the single- and dual-pump PIAs.
Higher order dispersion parameters above 84 have been neglected. The
third order dispersion parameter does not affect the linear phase mis-
match. For the single-pump configuration, the pump wavelength is cho-
sen close to the ZDW to improve phase-matching. The linear phase
mismatch can be Taylor expanded around the pump frequency (wp)
as [23],

AB = Bws) + Blwr) — 26(wp)

5 Balws —wp)!
) +—12 )

(4.37)
~ fa(ws — wp
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Figure 4.1: Analytically calculated gain bandwidth for a single-pump phase-
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4.3. Phase-insensitive amplifier

The gain bandwidth of the single-pump PIA can be plotted with (4.37).
Figure 4.1 shows the gain bandwidth for a single-pump PIA with different
ZDW which is similar to sweeping the pump wavelength with fixed ZDW.
By pumping in the normal dispersion regime (D < 0), we obtain a
quadratic gain as seen for Ap = Azpw — 2nm. When pumped at the
ZDW, we obtain a flat quadratic gain limited by B4 as shown in A\p =
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 +
0.3nm, Ap = Azpw + 0.6nm and Ap = Azpw + 2nm. We obtain
exponential gains for A\p = Azpw + 0.6nm and Ap = Azpw + 2nm.
For large values of A\, — Azpw, second-order dispersion, 2 dominates
and the fourth-order dispersion, 54 is less important. However, when
operating close to ZDW where second-order dispersion, (3, is very small,
B4 becomes dominant as seen for Azpw + 0.6nm. For the dual-pump
configuration, the linear phase mismatch can be Taylor expanded around
the center frequency we = “ELFP2 with wp = YPISUE2 a5 [23),

AB = Bws) + Blwr) — Blwpr) — Blwps)
Bal(ws — we )t — w4D] (4.38)
12 '

~ Ba(ws —we)? —wh)] +

When the pumps are far apart, the term given by wp in (4.38) dominates

the entire large bandwidth. The phase matching can be achieved over

: : 2 2 2 Bawp
the entire bandwidth as wf, >> (ws — we)®, when fawp + 2 ~

v(Pp1 + Ppy). Therefore, with we close to the ZDW using two pumps
far apart, a flat gain can be obtained over the large gain bandwidth. We
also compare the gain bandwidth for the single-pump and dual-pump
PIAs in figure 4.2. The pumping frequencies are optimized in each case
with respect to the ZDW for flat gain bandwidths and we can find that
the dual-pump PIAs can have exponential gain even in the center of
the gain bandwidth which is not possible in case of the single-pump
PIAs. This dual-pump PIA is obtained only with four wave interaction
but in reality might need the solution of the six-coupled equations. In
our experiments, the single-pump PIAs have been used as the signal
bandwidths are not more than 35 GHz. However, it will be advantageous
to move to dual-pump PIAs due to their flat gain bandwidth as we are
targeting wavelength-division multiplexed (WDM) communication links.
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Comparison of the analytically calculated maximum gain band-
width with single and dual-pump phase-insensitive amplifier
(PIA) with Ac = 1550 nm, 2z = 500 m, S = 0.02 ps/(nm? km),
Bs = 2.4 x 1075 pst/km, v = 16 W—lkm~!. For single-pump
PIA, A\c = Ap = Azpw + 0.6 nm and Pp = 800 mW. For dual-
pump PIA, \¢ = ﬁ = Azpw + 0.3 nm. In both configu-
rations, the pump wglvele?lzgth were optimized with respect to the
zero-dispersion wavelength (ZDW) for maximum gain bandwidth.



4.4. Noise in parametric amplifiers

4.4 Noise in parametric amplifiers

The main source of noise in parametric amplifiers is the amplified quan-
tum noise [61,86]. The other noise sources in parametric amplifiers are
the pump-transferred noise (PTN) [86] and the Raman scattering [87].
High power pumps are required in the parametric amplification. There-
fore, the pump wave is amplified using the EDFA. The in-band noise
added by the EDFA at the pump frequency cannot be filtered and causes
pump fluctuations which are then transferred as the in-band noise to the
signal and idler frequencies through the process of FWM. The perfor-
mance degradation due to PTN have been studied in PIAs [61,86]. In
practice, it is difficult to achieve the 3 dB quantum-limited noise fig-
ure in FOPAs mainly due to Raman scattering. However, under the
limit imposed by Raman scattering, the best noise figure demonstrated
in phase-insensitive operation is 3.4 dB [87].
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Chapter 5

Phase-sensitive amplifiers

In the PIAs, we assumed there is no idler at the input. If we have an
idler wave at the input, for single-pump FWM process according to (4.16)
and (4.17), and for dual-pump FWM process with (4.24) and (4.25), the
output signal and idler depends on the phase relation between the inter-
acting waves known as the phase-sensitive amplifier (PSA). Depending
on the number of signal and idler frequencies, and the pumping schemes,
there are four popular PSA schemes as shown in figure 5.1. In the first
two schemes, the signal and idler have the same frequency known as the
one-mode PSAs. The two-mode PSAs are the last two schemes with two
different signal and idler frequencies. There is also a four-mode PSA
with four different signal and idlers frequencies but is outside the scope
of this thesis. The one- and two-mode PSAs will be discussed in detail
in the next sections. Later, the two-mode PSA is implemented with the
copier-PSA.

P P, P, P ] P,
S/1 S/1 S I S I
Wp 1 Wp, Ws 1 W, Ws W 0 Wy, Wg Wy Wy,
(@) (b) (c) (d)

Figure 5.1: PSA scheme based on (a) fully-degenerate FWM, (b) signal-
degenerate FWM, (c) pump-degenerate FWM, and (d) non-
degenerate FWM.
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5.1 Omne-mode phase-sensitive amplifiers

The fully-degenerate and signal-degenerate PSAs have only one signal
and idler frequency to be known as the one-mode phase-sensitive am-
plifiers. In the fully-degenerate PSA as shown in figure 5.1 (a), the
pump, signal and idler lie on the same frequency. i.e., wp = wg = wy.
Therefore, a Sagnac interferometer [88,89] is required to implement fully-
degenerate PSAs. The signal-degenerate PSA is shown in figure 5.1 (b).
It consists of two pumps at wp; and wpe with the signal and idler at
the same frequency (wg = wy). The wave frequencies are related by
2wg = 2wr = wpy + wpe. The input-output relation for the one-mode
phase-sensitive amplifier is given by [82, 88|,

Es(2) = n(2)Es(0) + v(2) E5(0), (5.1)

where p(z) and v(z) can be calculated from the nonlinear phase-shift
[90] in case of the fully degenerate PSA. The fully degenerate PSA has
only quadratic dependence of the nonlinear phase shift compared to the
maximum exponential dependence in the other schemes. For the signal
degenerate PSA, p(z) and v(z) is given in 4.16 and 4.17, respectively.
The signal gain can be calculated as

o
- :f{;g();:z = () + () + 2|u(2)[[v(2)| cos(6(2)),  (5.2)

Gs
where the relative phase, ¢(z) = 2¢g(z). In the one-mode PSA, one sig-
nal quadrature will be amplified while attenuating the other quadrature,
producing a squeezed output signal as shown in figure 5.2 (b).

5.2 Two-mode phase-sensitive amplifiers

Two-mode phase-sensitive amplifiers can be implemented using the pump
degenerate scheme as shown in figure 5.1 (¢) and the non-degenerate
scheme as shown in figure 5.1 (d). The input-output relation for the
two-mode PSAs can be obtained using the signal and idler from (4.14)
and (4.15) as shown below [91],

Es(2) = u(2)Es(0) + v(2)E;(0), (5.3)

Ey(2) = n(2)E1(0) + v(=) E5(0). (5.4)
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Es(Z)
¢ ‘ E5(0) )Re
E;(0) )
0
..... .ES( ) Re
G ‘ »>
E:(0)
(b) I
Im
A
..... ‘ ES(O) ._»Re EI(Z)

Figure 5.2: Amplification in the high-gain regime with (a) PIA (b) one-mode
PSA (c) two-mode PSA, where Eg(0) and E;(0) are the input
signal and idler waves, respectively. The signal and idler output
is given by Eg(z) and E(z), respectively. The gain in PSA is
four times equal to the gain in PIA.
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For the pump-degenerate PSA, the signal, pump and idler frequencies
are related as 2wp = wg + wy, and the pu(z) and v(z) are given in (4.24)
and (4.25), respectively. In case of the non-degenerate PSA, the relation
between the pump, signal and idler frequencies are given by wp1 +wpy =
ws~+wr and the (4.16) and (4.17) correspond to the u(z) and v(z) values.
Assuming, the idler has the same power as the signal giving the maximum
phase interaction at high gain, the gain is given as

_M_ z 2 14v4 2 Z)||V(Z)| COS z
S = BsOF 1(2)[7 + v (2) 7 + 2|u(2) v (2)[ cos(¢(2)),  (5.5)

where ¢(z) = ¢g(z) + ¢r(2). When we have an idler which is the
conjugated copy of the signal with equal powers and phase relation,
¢1(z) = —¢s(z), the maximum gain is given by

|Es(2)?

Gmar —
T |Es(0))?

= () + v (2)* + 2lp()llv(2)] = ()] + [v(2)])*.

(5.6)
At the high regime regime where u(z) ~ v(z), the maximum phase-
sensitive gain is equal to the four times the gain of the phase-insensitive
amplifier (4.26) as shown in figure. 5.2 (c).

The one-mode PSA is capable of amplifying only pulse-amplitude
modulation (PAM). In the two-mode PSA, the idler being the conju-
gated copy of the signal, any modulation format can be amplified. From,
now we restrict our analysis and discussion to the two-mode PSAs us-
ing pump-degenerate and fully-degenerate schemes. In our experiments,
two-mode PSA has been used with the pump-degenerate scheme. How-
ever, fully-degenerate PSAs will be the better scheme for WDM appli-
cations due to the flatter gain bandwidth.

5.3 Noise in phase-sensitive amplifiers

Until now, we have excluded the noise produced during amplification.
ng and ny are the vacuum noise at the signal and idler frequencies,
respectively, having a complex Gaussian distribution with < ng,; >=0,

< n?g/[ >=0and < |ng/|* >= @ Then, for the two mode PSA in
both the pump-degenerate and fully-degenerate schemes, the equations

5.3 and 5.4 can be written as [91]

Es(z) = u(2)[Es(0) + ns(0)] + v(2)[E7 (0) + n7(0)],  (5.7)
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5.4. Copier-PSA implementation

Ej(z) = p(2)[E1(0) +n7(0)] + v(2)[E5(0) + n5(0)].  (5.8)

When the input signal is shot-noise limited and no idler is present, in
the PIAs, the quantum-limited noise figure is 3 dB [86]. The generated
idler is the phase-conjugated copy of the signal. The idler noise will
also be the phase-conjugated copy of the signal noise. In the high gain
regime, the noise figure of the idler can also be deduced as 3 dB. Unless
the receiver is thermally limited, detecting both the signal and idler does
not increase the SNR.

In the case of the PSA, when the signal and idler waves are shot-noise
limited, the noise remains the same. In the high gain regime, the gain
of the PSA is four times the gain of the PIA. Therefore, the noise figure
becomes -3 dB, considering only the signal. But if we take into account
that both the signal and idler waves are present at the input, then the
sum of signal and idler noise figures is 0 dB [30]. Only in amplifiers where
the signal gain depends on the input wave phases, 0 dB noise figure can be
achieved. The signal-degenerate PSA has a quantum-limited noise figure
of 0 dB. In the four-mode PSAs, taking only the signal into account, the
noise figure is -6 dB. The sum of the signal and idlers noise figure is
0 dB [92]. Similar to PIAs, the PTN [93] and Raman scattering limit
the noise performance in PSAs. PSAs with a low noise figure of 1.1 dB
have been demonstrated [11].

5.4 Copier-PSA implementation

A modulation format-independent and multi-channel compatible PSA
can be implemented with both pump-degenerate and fully-degenerate
schemes using the copier-PSA with two HNLFs. The first HNLF is used
as a phase-insensitive amplifier or a copier to obtain the three or four
frequency- and phase-locked waves. The copier produces an idler which
is the conjugated copy of the signal at w;y = 2wp — wg for the pump-
degenerate scheme and w; = wpy; + wpe — wg for the fully-degenerate
scheme. These waves are used in the second HNLF called the PSA to
achieve phase-sensitive amplification. For a single span transmission with
the span in between the two HNLFs, PSA can act as a pre-amplifier.
A copier-PSA implementation using PSA as a pre-amplifier has been
demonstrated in paper D for a WDM system to study cross-phase mod-
ulation mitigation. The copier-PSA can also be implemented in multi-
span, then operating as inline amplifiers as discussed in section 3.1.5.
The copier is followed by many sections consisting of the span and PSA.
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In papers A-C, PSA is used as an inline amplifier with a copier-PSA
implementation to study nonlinearity mitigation.

A shot-noise limited signal is launched with high power pump wave(s)
into the copier which produces the idler through FWM. The uncorrelated
noise at signal and idler frequencies will add incoherently during the
phase-insensitive process in the copier leading to correlated noises in the
signal and idler. The signal and idler are attenuated to add uncorrelated
vacuum noise and attenuate the correlated noise [91,94]. The uncorre-
lated vacuum noise at the signal and idler frequencies, along with the
three or four frequency and phase-locked signal, idler and pump wave(s)
provide a 6 dB higher SNR compared to using a PIA. By using six fre-
quency and phase-locked signal, idlers and pump waves, a 9 dB higher
SNR improvement can be obtained with respect to the PTA. However, if
the correlated amplifier noise is not completely attenuated and the noise
is not completely uncorrelated, then the advantage decreases |95, 96].

A detailed description is given in figure 5.3. The waves at the out-
put of the copier exactly fulfil the conditions for perfect phase-sensitive
operation. Perfect phase-sensitive operation requires the synchroniza-
tion in time, alignment in polarization and stabilization in the relative
phase of the waves. The pump used in the parametric amplifiers should
have more than 65 dB OSNR to avoid the noise transfer from pump to
signal [97]. In fiber-optic communication system, the loss is caused by
the optical transmission fiber producing the uncorrelated vacuum noise.
But, the optical fiber also changes the properties of the waves. Therefore,
the impact of the transmission span should be undone to obtain perfect
phase-sensitive operation. The DCMs is used to compensate for the cu-
mulative chromatic dispersion in the transmission link. Two channelized
tunable FBG-based DCMs slope-matched to the transmission fiber are
used, one before- and after- the transmission span to apply the required
dispersion compensation. The need for two DCMs will be discussed in
chapter 6. In order to obtain a high OSNR pump wave(s), the pump(s)
need to be separated from the signal and idler. As the DCMs are chan-
nelized, delay tuning is used to temporally synchronize the signal and
idler waves. The PMD in the transmission link can be compensated by
aligning the polarization of the signal and idler. As the pump wave is
split from the signal and idler waves and propagated in different fiber,
thermal drifts and acoustic vibrations can lead to relative phase drifts.
A PLL is used to compensate for the phase drifts with a small frac-
tion of the PSA output as feedback. The weak pump is then recovered
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using optical-injection locking (OIL). OIL is a technique in which the
phase of the injected laser within a certain bandwidth called the lock-
ing bandwidth is transferred to the output high power wave suppressing
the amplitude noise. OIL at low injected power of -65 dBm has been
demonstrated [98].

The copier-PSA implementation is the most preferred in transmis-
sion experiments due to its WDM compatibility and modulation format
independency [99]. For a PSA-amplified multi-span link, the section be-
tween A and B in the figure 5.3 has to be repeated for each transmission
span.

5.4.1 Link noise figure

For the single-span link, in the high-gain regime, assuming idler as a
transparent internal mode of the copier-PSA link, with 0 dB net link
gain and large loss between the copier and the PSA, the noise figure is
given as [11],

G
NFcopierfPSA ~ 5 (59)

Similarly, for two cascaded PIAs sandwiching a lossy transmission link
[11],
NFp]A_p]A%QG. (5.10)

Comparing (5.9) and (5.10), a 6 dB advantage in SNR can be seen for
copier-PSA system compared to the PIA-PIA system, where G corre-
sponds to the gain in the last amplifier. 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 3.1.5 using copier-PSA.
The noise figure is given by [91],

5 N
NFégpier—PSA ~ 5 + ?7 (511)
3G NG
NED ier_psa & - T3 (5.12)

where G is the inline amplifier gain which is equal to the transmission
span losses. From (5.11), (5.12), (3.10) and (3.11), in many number of
spans (N >> 1), with high gain (G >> 1), a 6 dB SNR improvement
in obtained for both the types of inline amplification using copier-PSA
compared to PIA-PIA.
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Overcoming nonlinear
impairments

In fiber-optic communication links, the loss incurred by the signal on
propagation is overcome by using optical amplifiers. However, during
the process of amplification, noise is also added to the signal, limiting
the reach or throughput. To increase the reach or throughput, optical
power can be increased. However, increasing the optical power of the sig-
nal causes distortions due to the Kerr nonlinearities in the optical fiber.
The fiber nonlinearities are the other major limiting factor apart from
the added amplifier noise [100-103]. These distortions can be caused due
to intra-channel effects or inter-channel effects [100]. The nonlinear beat-
ing within the signal 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) [104]. The intra-channel effects
are the feature of single-channel transmission system. The inter-channel
effect is caused by the interaction between the neighbouring signal bands
where signal-signal beating leads to XPM or FWM and signal-noise beat-
ing results in NPN. The WDM transmission systems are affected by the
inter-channel effects due to the Kerr nonlinearites.

The distortions caused by the Kerr effect in the optical fiber can
be compensated either optically or digitally [105] after detection. All-
optical nonlinearity mitigation techniques include mid-span spectral in-
version or optical phase conjugation (OPC) [12], phase-conjugated twin
waves (PCTWs) [13], and copier-PSA [106]. Digital signal processing
(DSP) techniques like digital back-propagation (DBP) [14] and Volterra
based nonlinear equalizers [107] are also commonly used to mitigate Kerr
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nonlinearities.

6.1 Nonlinearity mitigation using DSP

In DBP, the detected signal is propagated numerically backwards in DSP
with the knowledge of the actual fiber parameters like loss, nonlinear
coefficient and dispersion parameter to compensate simultaneously for
dispersion and nonlinearities. As the bandwidth of the optical signals
increases, the numerical computations becomes more complex [14] and
all the channels need to be detected simultaneously in a WDM scenario.
Similar to DBP, Volterra based nonlinear equalizer also requires complex
computations. A Volterra series can be used to represent the transfer
function of the optical fiber in the frequency domain with Volterra ker-
nels. The signal after propagation in the optical fiber is given by as [15]

xE‘S(wl, 0)....E~’S(wn71, 0)

xEs(w—wl 4wy — ... :l:wn_l)dwl....dwn_l.
(6.1)

The n'-order Volterra Kernel is given by K,. The first order linear
kernel corresponds to the linear transfer function, and the higher-order
kernels are related to the nonlinear response. The even order kernels
can be neglected as there are no even-order nonlinearities in fiber due
to inversion symmetry. Including the higher-order Kernels increases the
computational complexity as well as the accuracy. The closed-form ap-
proximation to obtain the link transfer function can be used to apply an
inverse filter to compensate for the linear dispersion and fiber nonlinear-
ity known as Volterra nonlinear equalizer (VNLE). Less complex VNLE
with just the first- and third-order kernels have been demonstrated to
mitigate nonlinearities [108]. In general, a third-order VNLE for N spans
with length, L, and considering only second-order dispersion is [105]

Es(w,z) = Ki(w, 2)Eg(w, 2)

+I // F(AQ)K3(AQ, 2)Es (w1, 2) B4 (wa, 2) Es(w — w1 + wa, 2)dw;dws,
(6.2)
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where K7 is the first-order Kernel:

L 2
Ky, 2) = exp( 2 22

5 5 2], (6.3)

K3 is the third-order Kernel:

1 —exp[(a — i82AN)z]

KalA2) = —— A0

(6.4)

F(AQ) describes the phased-array effect which is how the nonlinear dis-
tortions adds over several spans [108]:

BAQN — 1)L sin(R2FNE)

F(AQ) = exp(t , 6.5

(A0) = exp(i~ 2= (AT (65)
I" is the frequency-dependent nonlinear term:

MNw, z) = —ivK;(w, 2), (6.6)

and AQ = (w1 —w) (w1 —ws). Usually, the losses are compensated inline
every span except the last span. Therefore, the linear Kernel, K1, in the
VNLE compensates for the whole dispersion in the transmission link and
loss only for the last span.

6.2 All optical nonlinearity mitigation

In OPC, the signal is phase conjugated at the mid-stage of the link. As-
suming only second-order dispersion, the dispersion and nonlinearities
from the first half of the link can be reversed in the second half after phase
conjugation. For effective compensation, the link power map should be
symmetric around the mid-stage where the optical phase conjugation
happens. By transmitting the signal and phase-conjugated copy of the
signal, and performing the coherent superposition of them in DSP after
detection, the nonlinearities can be mitigated in PCTWs, This phase-
conjugated copy of the signal can be in orthogonal polarization [13],
frequencies [109], time [110], and space [111]. Another technique which
uses the conjugated copy of the signal is the copier-PSA. As discussed
before, the copier generates the conjugated copy of the signal called
the idler and two the waves along with the pump are propagated in the
transmission link. They experience correlated distortions due to the Kerr
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nonlinearities in the optical fiber and are coherently added in the PSA,
enabling nonlinearity mitigation and low noise amplification. For both
the PCTW and copier-PSA, efficient nonlinearity mitigation requires a
symmetric power map with an asymmetric dispersion map. The two tun-
able dispersion compensation modules in the copier-PSA implementation
were used to apply pre- and post-dispersion compensation.

Let us start with a single span link, the input signal to the trans-
mission link is Eg(t,0) and therefore, the idler is the conjugated copy of
the signal given by E(t,0) = iEE(t,O). Assuming the optical fiber as
weakly nonlinear medium and the nonlinear distortions very small com-
pared to the signal, the nonlinear distortions can be modelled as small
perturbation to the linear solution using the perturbation theory [112].
Then, the signal and idler after propagation is given as

Baw?

Es(t,2) = [By(t,0) + onp.s(t, 2)] exp(—%z +i2), (6.7)
E~[(t, z) = [E}(t, 0) +dnr,1(t, 2)] exp(—%z + i52;2 2). (6.8)

In the copier-PSA link, the dispersion is compensated optically as dis-
cussed in section 5.4 for proper PS operation. Therefore, the signal and
idler input to the PSA can be written as

Bn(t,2) = [Es(t,0) + on.s(t, 2)] exp(—%), (6.9)
Erin(t,2) = [Er(t,0) + onp.1(t, 2) exp(—%). (6.10)

Assuming that the losses in the link are compensated by PSA with
2|p| = 2|v| = exp(%). From (5.3), the signal at the PSA output is

ES,out(t7 Z) = /’LESJ?’L(ta Z) + VE}k,in<t’ Z)7 (611)

Esout(t, 2) = 0.5[Es(t,0) + dnr.5(t, 2)] +i0.5[Er(t,0) + nz 1(t, 2)]*,
(6.12)
]*

Esout(t, 2) = 0.5[Es(t,0) + dnr.5(t, 2)] + i0.5[(iE5(t,0)) + dnr.1(t, 2)
13

(6.13)
ESout(t, z) = 0.5[Es(t,0) + dn1,s(t, 2) + Es(t,0) + dxp (¢, 2)], (6.14)
(6.15)

Esyom(t? Z) = ES(t’ O) + 6NL,7‘687 6.15
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where 0y res is the residual nonlinear distortion after the nonlinear com-
pensation in the PSA:

5NL,res = 0'5[5NL,S(ta Z) + 57\“:’[(15, Z)] (6.16)

In the frequency domain, from the perturbation theory the nonlinear
distortion in the signal can be calculated by summing the possible FWM
products between spectral components at wi, wo and ws = w — w1 + wo
under the influence of the link transfer function as [112],

onp,s(w,L) = Z’Y// ns(AQ, L)Es (w1, 0)E%(ws,0)

Es(w — w1 + wa, 0)dw; dws,

(6.17)

where E(w) is the Fourier transform of E(t) and ng(AQ, L) is the link
transfer function for the signal:

L
ns(AQ, L) = /0 exp|G(z) + JAQD(z)]dz, (6.18)

where G(z) describes the evolution of the signal amplitude and G(z)
shows how the dispersion is accumulated along the link, i.e., the disper-
sion map.

Using the Fourier transform relation, #(t) +— X*(—w), we have
0y 1 (t, L) < 05y ;(—w, L). From (6.17), the nonlinear distortion in
the idler can be calculated as

%1 (—~w, L) = ilin / / nr((wn + ) (wr — ws), L) Fr(wi,0)

(6.19)
E7f(w2,0)Er(—w — w1 + wa, 0)dwidwa]*,
i) =7 [ [ s —e) D@L
E[(wg, O)E}“(—w — w1 + wa, O)dwldWQ.
Substituting E;(w,0) = iE%(~w,0) in the above equation,
10 wi +w)(w) —w LY(iE%(—wi,0))*
st D) = [ i+ -, DEBSCa0)
(iE%(~w2,0)) (iEY(w + w1 — wa,0))*dw dws,
i) = =iy [ [ o)~ DEsa0)

E%(—ws,0)Es(w + wi — wa, 0)dwi dws,
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Replacing wy 2 ¢— —w1 2,

83 1 (—w, L) = —in / / 0 (AQ, L) Bs (w1, 0) B (w2, 0)

(6.23)
Es(w — wy + wa, 0)dw dws.
Substituting (6.17) and (6.23) in (6.16),
ONL,res = 0.5iy //[nS(AQ,L) —n7(AQ, L)]Eg(wl, 0)E§(W270) (6.24)
Eg(w — w1 + we, 0)dw; dws,
6NL,res = 27 // nres(AgyL)ES<wla O)EE‘((’U% 0) (625)

Es(w — w1 + wa, 0)dw; dws,
where 7pes(AQ, L) = 0.5[ns(AQ, L) — nj(AQ, L)] is the effective link

transfer function after the nonlinear compensation in the PSA. Assum-
ing the signal and idler experience the same link transfer function, i.e.,

ns(AQ, L) = ni(AQ, L),

nres(Agv L) = 0'5[775(AQ’ L) - nS(AQv L)*]

=iIm(ns(AQ, L)). (6.26)

PSA will cancel the distortions caused by the real part of the link transfer
function but not the imaginary part.

Assuming PSA as a bulk optical amplifier with inline dispersion com-
pensation, D(z) = f2z — Dy, where Dy is the amount of inline pre-
dispersion compensation. Then, the link transfer function (6.18) is given
as [112],

L
ns(AQ, L) = /0 exp|G(z) + jAQ(B2z — Do)|dz. (6.27)

Expanding the above equation,

1 —exp(—al +iAQB2L)
a — 1AQ Sy

ns(AQ, L) = exp(—iAQDy). (6.28)
The residual nonlinear distortion after nonlinear compensation in a PSA
link where the signal and idler experiences the same link transfer function
is

—exp(—aL 4+ iAQByL)

) 1
Nres(AQ, L) = iIm{ o A0,

exp(—iAQDy)}. (6.29)
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The dispersion pre-compensation, Dy, causes phase rotation that can
reduce the residual nonlinear distortion. This has been studied as pre-
dispersion compensation optimization to improve the transmission per-
formance in [95,113]. AQ is the range of w; and wy for which the
Eg(wl,O) and Eg(wg, 0) are nonzero, i.e., the optical bandwidth of the
signal. For different values of A€, different Dy is required to reduce
the residual nonlinear distortion which is done by pre-dispersion opti-
mization. As the optical bandwidth of the signal increases, the residual
nonlinear distortion increases even with optimal pre-dispersion optimiza-
tion which as been seen in paper A-C. Moreover, with a = 0, i.e., by
using ideal DRA and Dy is 50%, the residual nonlinear distortion can
be made zero. However, ideal DRA is difficult to achieve, the simplest
of DRA is the backward pumping scheme which is also used in paper
B. The above analysis can be extended easily to multi-span link assum-
ing the nonlinear distortion from each span is the same as there is no
accumulated dispersion in each of the span. Therefore, the nonlinear
distortions add in-phase and the electric field of a link with N spans is

ES(taNL) = Es(t,O) + NdNL,res(taL)' (630)

One way to compensate the residual distortion in the multi-span link
is to choose different Dy for each span such that the residual nonlinear
distortion from one span cancels the other. This has been demonstrated
in [114,115].

Modified third-order VNLE

Another way to compensate the residual nonlinear distortion is to use
a modified VNLE as shown in Paper A. In the PSA link, with inline
dispersion compensation and optical amplification, the first order Kernel
from (6.3) can be modified as

Ki(w,z) =1, (6.31)

PSA has already removed the nonlinear distortion due to the real part
of the link transfer function and now the third-order Kernel, K3 have
to just compensate for the residual nonlinear distortion after the PSA.
Therefore, (6.4) becomes

—exp(—aL 4+ iAQpByL)
o — iAQS,

K3(AQ, 2) = ilm{> exp(—iAQDg)}.  (6.32)
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With inline dispersion compensation, there is no accumulation of disper-
sion in each span and the nonlinear distortions in each span are more or
less the same. Therefore, F'(AQ) becomes equal to the number of spans
to account for the same nonlinear distortions over all the spans.
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Chapter 7

Summary of papers

This thesis is about the nonlinearity mitigation in phase-sensitively am-
plified links. In fiber-optic communication, the reach or throughput is
mainly limited by the noise added in the optical amplifier and the non-
linear distortions caused by the Kerr effect in the optical fiber. Phase-
sensitive amplifiers (PSAs) have a quantum-limited noise figure of 0 dB,
as shown in section 5.3 compared to a 3 dB for the Phase-insensitive
amplifier (PIA). As discussed in section 5.4.1, the copier-PSA imple-
mentation with a two-mode PSA can provide a 6 dB better link noise
figure compared to using a phase-insensitively amplified link in the linear
transmission regime. Moreover, the copier-PSA scheme is also capable of
mitigating Kerr nonlinear distortions due to the coherent superposition
of the signal and the conjugated copy of the signal called the idler in
the PSA. Though lot of experiments have been performed to verify the
nonlinearity mitigation using PSAs, no complete analytic analysis has
been done.

In paper A, a thorough investigation has been done analytically on
the nonlinearity mitigation in PSAs, similar to chapter 6. Using per-
turbation theory, a residual nonlinear distortion has been established
when PSA mitigates nonlinearity using the copier-PSA implementation
in single- or multi-span links. The residual nonlinear distortion for a
copier-PSA link where the signal and idler experiences the same link
transfer function depends only on imaginary part of the link transfer
function as PSAs cancel out the nonlinear distortions caused by the real
part. The investigation also shows the dependence of nonlinearity mit-
igation using PSAs on the involved optical bandwidth, dispersion map
and power map. Finally, a modified VNLE with less computational
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effort is proposed to compensate for the residual nonlinear distortion af-
ter nonlinear compensation in the PSA. The investigation was verified
with numerical simulations using a 10 GBaud, 28 GBaud and 50 GBaud
signals. The residual nonlinear distortion was minimized for each con-
figuration with the dispersion map optimization. As the symbol rate
was increased, the residual nonlinear distortion after 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.

In paper B, the optical bandwidth dependence on nonlinearity mitiga-
tion 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 PSA
compared to PIA 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 with the 10 GBaud signal the reach improvement for PSA
compared to PIA increased to 5.3 times. However, for the 28 GBaud
signal, due to the experimental limitations, such an increase was not
observed.

In paper C, 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 PTA and PSA systems. It was also found that PSAs can mitigate
SPM better than XPM.

In paper D, 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, PSA was found to mitigate
SPM better compared to XPM. However, the SPM and XPM mitiga-
tion 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.
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