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1. BACKGROUND

The need for an information transmission over long distances has always been an
important issue and optical communications in a broad sense are known to be used
from antiquity [1]. For example smoke signals, fire beacons, signaling lamps, flags
and mirrors can be used to convey a single piece of information. However, more
sophisticated systems started to evolve quite lately and the first idea about the
“optical telegraph,” that could transmit mechanically coded messages over long
distances, was suggested in 1792 by Claude Chappe [2]. After the advent of the
electrical telegraphy in the 1830s [3] and the invention of the telephone in 1876
[4], optical communication systems were replaced by electrical communication
systems for almost a century.

The history of fiber-optic communication systems starts in the second half of
the twentieth century, when it was realized that optical waves as a carrier would
provide an increase of several orders of magnitude in the bit rate-distance product
(BL) [5]. After the laser was invented and demonstrated by Maiman in 1960 [6]
together with the invention of the optical fiber in 1966 [7], the most important
building blocks for a fiber-optic communication system were established. Yet an
another important milestone was the demonstration of compact semiconductor
lasers in 1970 [8] together with the considerable optical fiber loss reduction
demonstration from 1000 dB/km to 20 dB/km in 1970 [9] that led to a worldwide
development of fiber-optic communication links. The evolution of a fiber-optic
transmission capacity over the past decades and the biggest technological steps,
that have enabled such an increase, are shown in Fig. 1.1.

The next breakthrough in fiber-optic communications was enabled by the
invention of the erbium-doped fiber amplifier (EDFA) in 1987 [10, 11].
EDFAs replaced repeaters and later allowed the use of the wavelength-division
multiplexing (WDM) through broadband amplification capability, which enabled
the transmission of multiple channels through a single fiber at different
wavelengths. More lately, an adaption of coherent receivers has allowed an
increase of the spectral efficiency by the use of advanced multilevel modulation
formats [12]. Recently, the limitations of a bandwidth scaling of fiber-optic
communication links, the so called “capacity crunch”, are foreseen to overcome
by a parallelism in the space domain [13]. A significant capacity scaling will be
enabled by the integration of WDM spectral superchannels with space-division
multiplexed (SDM) spatial superchannels (parallel spatial paths) in order to create

15



hybrid superchannels. The total number of resulting available channels would
be WDMchannels X SDMchannels. Alternative options to increase fiber-optic
transmission channel capacity limits are to reduce an optical amplifier noise and/or
mitigate transmission fiber nonlinear distortions of a transmitted useful signal [14].
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Figure 1.1 The transmission capacity evolution of fiber-optic transmission systems over
the past decades from reference [15]. The data points represent the state-of-the-art
laboratory transmission demonstrations.

The optical communication systems could be classified into two large
categories by the medium, where an optical signal propagates or three large
categories, based on their application differences: the short-haul and the long-haul
fiber-optic communication systems and the free-space optical communication
systems. The short-haul and long-haul fiber-optic systems differ mainly by the
transmission reach, the operating wavelength and the transmission fiber type. The
short-haul transmission extends up to few km-s, uses a multi-mode fiber (MMF)
and is usually operated at 850 nm wavelength, while the long-haul links extend
up to ten thousands of km-s, use a standard single-mode fiber (SSMF) and are
operated at 1310 nm (older systems) or at 1550 nm wavelengths. Short-haul
links are usually deployed in data center interconnects, super-computers, ultra
high-speed local area network (LAN) connections, etc., where transmission
distances are short. On the other hand, long-haul fiber-optic links are used all
over the globe in communication systems for intra- and intercity, also intra- and
intercontinental connections, covering the Internet critical transmission backbone
for all possible services. The free-space or optical wireless communication
systems are usually free-space optical (FSO) point to point links or light fidelity
(Li-Fi) networks. FSO links are under special interest, while in the near future a
deep space optical communication would be needed for high-speed connections
between Earth, the Moon and Mars [16]. Also, there has been an ambitious
idea proposed of a non-geostationary satellite system by SpaceX to build a FSO
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network, consisting of a constellation of low-Earth orbit satellites, that provide a
low latency and a high-speed optical connection all over the globe [17].

This thesis focuses only on a specific aspect in the optical communication
society, which is the transmission fiber nonlinearity mitigation in long-haul
fiber-optic communication links that are making use of the phase-sensitive
amplifiers.

1.1. Motivation

It is no secret that the number of internet users, connected devices and services are
increasing on a daily basis. The emergence of 5G networks, the adoption of cloud
based infrastructures with online audio-, video-streaming and gaming services,
artificial intelligence controlled autonomous systems and smart devices, sensor
networks, virtual reality and the rapid growth of users and connected devices
(Internet of things) are driving an ever-increasing demand on a transmission
system throughput and a transmission medium capacity. However, all that
enormous data traffic needs to be serviced by the core network. The real
“internet backbone” transmission systems are based on fiber-optic networks that
provide ultra-fast and reliable connection for connecting long distances over intra-
and intercity connections, intra- and intercontinental connections and even very
short connections inside data centers or supercomputers [13]. The most critical
intercontinental network backbone consists of submarine fiber-optic cables shown
in Fig. 1.2. All of the real-time and therefore time-critical applications, but also
all of the enormous amount of data traffic between different continents would not
be possible without fast and high-bandwidth optical submarine connections. The
optical fiber deployment has exceeded 4 billion kilometers to date, meaning that
the globe could be wrapped around approximately 100 000 times with an optical
fiber [18, 13].

There are five physical dimensions in fiber-optic communication systems
that are available for the modulation and multiplexing of optical waves: time,
frequency, polarization, quadrature and space. It means that a fiber channel
capacity increase can rely only on those five dimensions that can be described
with the modified Shannon capacity theorem [13]

C =M x B x2xlogs(1+SNR), (1.1)

where C' is the total channel capacity, M is the number of parallel spatial paths,
B is the bandwidth of used WDM channels, a factor of two accounts for the
polarization multiplexing into two orthogonal polarizations (if used) and the SN R
stands for the signal-to-noise ratio of a single-polarization, complex (quadrature)
optical signal. The logarithmic term expresses the maximum possible spectral
efficiency (SE). The current “capacity crunch,” that can be seen in Fig. 1.1, is
planned to overcome by the formation of hybrid superchannels by integrating
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Figure 1.2 The submarine cable map showing submarine fiber-optic cables from reference

[19]

WDM (frequency domain) and SDM (space domain) superchannels [20]. The
spatial multiplexing can be implemented by using fiber bundles, multi-core fibers,
few-mode fibers or a combination of them [15]. Other optical fiber dimensions
are almost utilized, while in the time domain spectrally efficient Nyquist shaped
pulses are already used, the two orthogonal polarizations of a light are also in
use and the adoption of coherent transmission systems allowed the use of more
spectrally efficient quadrature modulation formats [13].

Another way to increase the capacity is to improve the SNR by using
optical amplifiers that have lower noise properties and/or by making use of the
nonlinearity mitigation that enables higher optical signal launch powers to be
used. The two main fundamental limitations in fiber-optic transmission systems
are the amplifier noise that defines the linear Shannon limitation and the fiber
nonlinearity that defines the nonlinear (NL) Shannon limitation for the achievable
SE [14]. The origin of fundamental capacity limitations can be explained by
Fig. 1.3 that originates from reference [21]. In Fig. 1.3, the optical transmission
system performances are shown for four different system configurations. The
black curve stands for the linear Shannon limitation determined by the amplified

18



spontaneous emission (ASE) noise. The linear Shannon limit will increase to a
higher SE with the signal input power P, increase, as the SNR increases. It must
be noted, that the SNR and the OSNR (optical SNR) on the x-axis is attributed to
the linear Shannon limitation and do not account for the SNR decrease caused by
the fiber nonlinearity.
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Figure 1.3 An illustration from reference [21] showing the spectral efficiency for four
fiber-optic transmission system cases. The black curve and the blue curve of case (2) are
showing the linear and nonlinear Shannon limitation boundaries respectively.

The case (1) in Fig. 1.3, a WDM system with an ASE noise and optical filters
(OFs), shows that in an actual system, the SE has a maximum possible value at
an optimal input power P, and the further increase in a signal input power will
lead to a SE degradation. This is caused by the fiber nonlinearity, that limits the
maximum usable input power of a fiber-optical transmission system. The case
(2) shows an unrealistic noiseless scenario, where no ASE noise is present in a
WDM system and the only limiting factor is the fiber nonlinearity. As the black
curve stands for the linear Shannon limitation, then the case (2) shows the NL
Shannon limitation caused by the fiber nonlinearity that degrades the achievable
SE with an increasing input power. The cases (3) and (4) show that single-channel
transmission systems can tolerate a much higher input power than WDM systems,
therefore a higher spectral efficiency can be achieved.

The two operating regimes (linear or nonlinear) of a transmission system can be
also distinguished. A system operates in a linear regime, if a signal launch power
is lower than the optimal input power and the system performance is ASE noise
limited. An operation in a nonlinear regime is achieved, if the optimal input power
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is exceeded by a signal launch power and the system performance is limited by the
transmission fiber nonlinearity.

The phase-sensitive amplifiers (PSAs) have gained a lot of interest in recent
years due to their simultaneous low noise amplification and nonlinearity mitigation
capability [22]. It must be noted that PSAs due to their complexity are not
yet feasible for a commercial use. Also much smaller and shorter nonlinear
waveguides than a highly-nonlinear fiber must be developed first. One of such
a candidate could be based on a silicon nitride [23]. However, all research and
knowledge related to PSAs is interesting and important to the optical society, while
PSAs have shown a great potential for free-space optical links. The current record
of the one-photon-per-bit receiver sensitivity has been achieved by using a PSA
[24]. This allows us to predict that the future free-space optical links between
planets will probably deploy PSAs.

1.2. State of the art

The four main methods of mitigating nonlinear distortions induced by the Kerr
effect in an optical fiber are the optical phase conjugation (OPC) that is also known
as the mid-link spectral inversion (MLSI), the digital back-propagation (DBP), the
phase-conjugated twin-waves (PCTW) approach and the use of phase-sensitive
amplifiers (PSAs) [25]. There are also other methods proposed that increase
a receiver robustness towards nonlinearly distorted signals, e.g. some methods
based on nonlinear Volterra filtering techniques are the nonlinear equalization [26]
or the digital pre-distortion [27, 28] or a combination of nonlinear equalization
and a nonlinearity mitigation method to further improve an overall nonlinearity
mitigation such as the Volterra-assisted optical phase conjugation [29]. Also
machine learning techniques have been proposed for fiber-optics [30] and an
interesting addition to the four main nonlinearity mitigation methods is the
nonlinear Fourier transform (NFT) based optical nonlinearity mitigation method
[31, 32]. The NFT method uses an inverse NFT in a transmitter to allow the
eigenvalue composition of transmitted signals in such a way, that the spectrum
is kept invariant during a nonlinear propagation.

* Optical phase conjugation

The optical phase conjugation (OPC) method was already proposed in 1983 for the
nonlinearity mitigation [33]. It is continuously a hot research topic even for today
[34, 35, 36], while the method is very robust to implement, requires a minimal
redesign of a fiber link, is implemented all-optically and has the same spectral
efficiency as a conventional transmission link. The alternative name, mid-link
spectral inversion (MLSI) [37], comes from an idea about the OPC method,
where an OPC device performs the optical phase-conjugation in the middle of
a transmission link, where also a spectrum of a signal is inverted during the OPC
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process. In the case of a symmetric link, the accumulated nonlinear distortions in
the first half of the link are mitigated by the nonlinear distortions accumulated in
the second half of the link. This is possible due to the phase conjugation process
that will reverse the accumulated dispersion sign, while also the generated phase
distortions of the first half of the link are reversed. The main problems with the
method are related to the fact that a symmetric link assumption is not achievable
in real-life. Also this method can deploy multiple OPC devices throughout a
fiber-optic transmission link [34, 35, 36].

+ Digital back-propagation

The digital back-propagation (DBP) method was first proposed in 2005 to mitigate
nonlinear distortions [38]. The DBP is a hot topic for research ever since, due
to a very good Kerr nonlinearity mitigation capability [39]. The basic idea
is to digitally back-propagate (reverse a nonlinear propagation) the nonlinear
Schrodinger equation (NLSE) that is used to model the nonlinear propagation
effects in an optical fiber transmission. It can be implemented before the
transmission, in a transmitter DSP, resulting in a signal digital pre-distortion
or after the fiber transmission in a receiver DSP. The DBP idea shows that in
the absence of stochastic noise, all the nonlinear distortions are deterministic
and therefore reversible. However, the DBP is far from being practical in
real-life applications as it requires a tremendous computational effort for numerical
back-propagation calculations [40]. Some methods have been proposed to reduce
this computational effort [40, 41, 42, 43]. It has been shown with the help of the
DBP, that it is crucial to use frequency referenced carriers for WDM systems in
order to effectively mitigate nonlinear distortions [44, 45].

* Phase conjugated twin-waves

The phase-conjugated twin-waves (PCTW) approach is a digital signal processing
approach where a signal and its phase-conjugated copy are digitally coherently
superpositioned in a receiver DSP. The twin waves can be separated in
different polarizations (polarization multiplexed) [46], time-slots (time-division
multiplexed) [47], wavelengths (wavelength-division multiplexed) [48, 49, 50] or
spatial dimensions (spatial-division multiplexed) [51]. A more detailed description
of the PCTW nonlinearity mitigation mechanism is presented in section 3.4 on
page 56, while the basic idea behind the PCTW nonlinearity mitigation is the same
as for the PSA approach. The PCTW approach offers a 3 dB SNR advantage in the
linear regime and in the nonlinear regime, even larger performance improvements
could be achieved due to the nonlinearity mitigation [46, 48, 49]. However,
it is important to note that due to the use of a phase conjugated copy in fiber
transmission, the spectral efficiency is halved by a factor of two [52].
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* Phase-sensitive amplifier

An alternative way to perform the coherent superposition of a signal and its
phase-conjugated copy is by using fiber-optic parametric amplifiers (FOPAs) in a
two-mode phase-sensitive amplifier (PSA) mode [22, 53]. The coherent addition
during the phase-sensitive process is performed all-optically and at the end of each
transmission span that is amplified by a PSA, that also requires a span-wise in-line
dispersion management before each PSA. (”Span” in this thesis context means an
optical transmission link section that consists of an optical fiber that is followed
by an optical amplifier.) In a two-mode single-polarization PSA link, a signal
and its conjugated copy are located at different wavelengths. Similarly to the
PCTW, the PSA approach also reduces the spectral efficiency by a factor of two.
PSAs offer an improved performance for both linear and nonlinear transmission
regimes and additionally benefit from a very low-noise (0 dB quantum limited
noise figure, 1.1 dB noise figure experimentally achieved [54]) amplification. The
experimental comparison of the PCTW and PSA methods in a single-span link
have been investigated in [50].

The idea about optical amplifiers such as PSAs that could provide amplification
without adding noise, dates back to 1962 [55, 56]. However, it took 20 years
more after the PSA noise properties were formulated and an understanding to
achieve noiseless amplification was established [57, 58]. It must be noted that
in this thesis context, the one-mode PSAs are not relevant, since they are not
multi-channel compatible and cannot provide a modulation format independent
operation in contrast to two-mode PSAs.

The first pioneering experiment with a two-mode PSA was already conducted
in 1986 [59], but the generation of phase-locked waves was a problem and the first
demonstration of a data transmission amplified by a two-mode PSA was presented
almost 20 years later [60]. In this experiment [60], an optical double-sideband
modulation scheme was used for the frequency- and phase-locked waves
generation, where the bandwidth was limited by the used modulators bandwidth.
Additionally, in this latter scheme, the two sidebands contain the same information
(no conjugate copy of a signal) that leads to a squeezing of one signal quadrature
component, while a modulation format independent operation cannot be achieved.
A modulation independent and a WDM compatible PSA can be realized by using
a copier-PSA scheme, where the frequency- and phase-locked waves are first
generated in a phase-insensitive FOPA [61, 62]. The bandwidth of a FOPA can
be very large [63] that does not yield a limitation.

During the years 2010-2012, the research with PSA amplified transmission
systems based on a copier-PSA scheme were mainly conducted, where the
focus was to investigate the properties of PSA links and verify the noise figure
improvement compared to the phase-insensitively amplified links [54, 64, 62, 65,
66]. The PSA WDM capability was shown in [65] and the record-low noise figure
of 1.1 dB was experimentally measured in [54].
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The further work in fiber-optic transmission systems using two-mode PSAs
was made possible by the introduction and demonstration of a pump recovery
system that enabled a transmission in spans with more than 40 dB loss in
2012 [67, 68]. In [69], the first experimental demonstration of a PSA link
nonlinearity mitigation capability is presented. It was shown a year later, that
the PSA nonlinearity mitigation performance is dependent on the used span
dispersion map [53]. A further numerical investigation of a single-span PSA
dispersion map optimization was presented in [22], although a full experimental
dispersion map optimization study was not made, since the tunable dispersion
compensators were not used. In 2014, the first long-haul two-mode PSA
amplified transmission system in a circulating loop setup was presented, where
a threefold transmission reach improvement was observed, if in-line PSAs, that
enabled low-noise amplification and nonlinearity mitigation, were used instead of
conventional EDFAs in a 10 GBaud QPSK signal transmission [70].

The dispersion map dependence was also noted for twin-waves in a PCTW
approach study [46]. According to the first-order perturbation theory, it has been
suggested in [46] that a symmetric power map and an anti-symmetric dispersion
map should be used for superior nonlinearity mitigation performance that is not
achievable in a lumped amplified link. The perturbation theory assumption has
inspired a numerical study [71] that investigates nonlinearity mitigation aspects in
a hybrid Raman/phase-sensitive amplifier links for more power symmetrical and
ideal Raman amplified scenarios. However, such an experimental study was not
carried out in previous work for the PSA links.

1.3. This thesis

This thesis focuses on the nonlinearity mitigation aspects that are dependent on
the deployed dispersion maps in a two-mode PSA amplified optical transmission
link. A comprehensive study both numerically and experimentally has been
presented in Papers A - E, that include an experimental demonstration of the
highest transmission reach improvement achieved by using in-line PSAs, the first
demonstration (both numerically and experimentally) of a multi-span dispersion
map optimization for PSA links and the first experimental demonstration of a
power symmetrized Raman assisted PSA link, in order to gain more insight about
the dispersion compensation role in the PSA links.

1.3.1. Problem statement and research questions

Itis evident from the state of the art, that a dispersion map plays a significant role in
the PSA link performance by influencing the nonlinearity mitigation effectiveness.
However, so far, only few studies have been carried out to single-span optimize
a dispersion map of a two-mode PSA amplified transmission link [53, 22], where
the optimum dispersion maps were determined only by a numerical study. In the
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fiber-optical society, numerical studies usually correspond well to experimental
observations, but all the concepts have to be proven by an experimental study for a
quality assurance. In Papers A, B and E an experimental investigation is presented.
The Papers C and D present only numerical studies, while the experimental study
seems not feasible to carry out for more than a two-span PSA link dispersion map
optimization by considering current laboratory setup possibilities. The validity
of the Papers C and D numerical studies is assumed to rely on the fact, that the
numerical and experimental study in the Paper B coincide well with each other.

As the use of tunable dispersion compensators makes it easy to optimize a
dispersion map experimentally and also switch between different dispersion map
configurations for PSA and PIA case, an experiment was conducted in Paper A
to measure the reach extension achieved, if PSAs are used instead of PIAs in an
in-line amplified and dispersion in-line compensated circulating loop transmission
system. The main idea is to demonstrate for the first time the reach extension in the
case, where PSA and PIA links have both optimized dispersion maps. The previous
work presented in [70] did not use tunable dispersion compensators, so the PSA
and PIA link comparison presented was not actually dispersion map optimized.

In Paper B, it has been demonstrated for the first time, both numerically and
experimentally, that different dispersion maps in a two-span PSA link will enhance
nonlinearity mitigation performance. It is inherent only to PSA amplified links
(and not to conventional phase-insensitive amplified (PIA) links) in the case of a
high symbol rate transmission, when the span dispersive length is smaller than
the span length, e.g. 28 GBaud QPSK case that was studied in the Paper B.
However, the experimental part was made possible due to the tunable dispersion
compensators, so the span dispersion maps could be easily altered without a need
to change an experimental setup and without introducing any significant penalties.

The concept of multi-span dispersion map optimization has been investigated
further and extended up to four-span optimized PSA links in Papers C and D.
In Paper C a four-span optimization with a coarse step size shows a significant
improvement in the highly nonlinear transmission regime. In paper D, a more
thorough numerical investigation of nonlinearity mitigation aspects with a more
precise optimization step size has been carried out. Additionally a complete
benchmarking that shows possible long-haul reach extension improvements by
the use of dispersion map optimized PSA links instead of PIA dispersion in-line
compensated and dispersion in-line unmanaged links, is presented.

The first-order perturbation theory suggest a symmetric span power map and an
anti-symmetric dispersion map for efficient nonlinearity mitigation for a PCTW
approach [46], that would also apply for a two-mode PSA link. The numerical
simulation study in [71] predicted significant improvement, if power-symmetric
PSA spans are deployed. One way to symmetrize a span power map is to use
multiple backward Raman pumped amplified span setup together with a single
lumped PSA at the end of a span, that performs coherent superposition. In Paper
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E, such an experimental investigation and demonstration has been presented for
the first time.

* Research questions

The most relevant research questions raised and answered in this thesis are:

1.

What is the experimentally achieved transmission reach improvement for a
long-haul dispersion map optimized QPSK link operating in the 10 GBaud
regime, if PSAs are used instead of PIAs in an in-line dispersion managed
long-haul circulating loop setup?

Does the PSA link simulation study for the 28 GBaud regime show that
the use of multi-span optimized dispersion maps outperform widely used
single-span optimized dispersion map solution for multi-span PSA links?

Is it possible to design experimentally a two-span PSA link that utilizes
different dispersion map configuration in each span by using only one
available PSA amplifier?

Are we able to observe experimentally any performance improvement by
using a two-span dispersion map optimized PSA link configuration instead
of a single-span optimized two-span PSA link?

Does the further number of spans dispersion map optimization increase the
nonlinearity mitigation performance of a 28 GBaud PSA link?

How sensitive is the nonlinearity mitigation performance to a multi-span
dispersion map optimization accuracy of a 28 GBaud PSA link?

What are the possible transmission reach improvements, if multi-span
dispersion map optimized PSA links are used instead of PIA links in
long-haul fiber-optic 28 GBaud transmission systems?

Why the multi-span dispersion map optimization that allows the use of
different span dispersion maps in each span can improve the nonlinearity
mitigation capability of a PSA?

Are we able to observe experimentally an enhanced nonlinearity mitigation
performance for a Raman assisted span power map symmetrized PSA link
working in a 28 GBaud regime?
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1.3.2. Contributions of the thesis

The main contributions are given in the form of the main claims of this thesis as
follows:

1. The first experimental demonstration of a significant transmission reach
improvement by a factor of 5.6 at optimal launch powers has been
demonstrated, if PSAs are used instead of PIAs in a long-haul single-span
dispersion map optimized 10 GBaud QPSK fiber-optic transmission link.
Such a significant transmission reach improvement is enabled by the
low-noise amplification and nonlinearity mitigation capability of PSAs.
[Paper A]

2. A method to allow and optimize the use of different span dispersion maps
in a two-mode 28 GBaud QPSK PSA amplified fiber-optic transmission
link has been proposed. The method is not so self-evident, while
conventional recirculating loop experiments conducted in laboratories use
only single-span setup to loop through the same span in order to emulate a
long-haul fiber-optic transmission link. [Paper B]

3. The first experimental demonstration of a two-span dispersion map
optimized 28 GBaud QPSK PSA fiber-optic transmission link is presented,
that will outperform a single-span optimized two-span PSA link. This is
possible due to the improved nonlinearity mitigation capability of a PSA
link enabled by an allowance to use different span dispersion maps in each
span. [Paper B]

4. The first and extensive numerical study up to four-span dispersion map
optimization in a 28 GBaud QPSK PSA amplified fiber-optic transmission
link has been carried out and the investigation of nonlinearity mitigation
properties are presented. [Paper C and D]

5. The first benchmarking of up to four-span dispersion map optimized PSA
links and in-line span-wise dispersion compensated and dispersion in-line
unmanaged EDC compensated PIA links in a long-haul 28 GBaud QPSK
fiber-optic transmission link numerical study has been carried out and
presented. [Paper D]

6. The first generic explanation about the nonlinearity mitigation mechanism
for multi-span dispersion map optimization, that is based on a power
map symmetry and dispersion map anti-symmetry condition of a
phase-conjugated twin-waves, is presented. [Subsection 4.2.2 on page 70]

7. The first experimental demonstration of distributed Raman amplification
assisted 28 GBaud QPSK PSA fiber-optic transmission link is presented
and the nonlinearity mitigation properties of such a span power map
symmetrized PSA link have been investigated. [Paper E]
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1.3.3. Thesis outline

This thesis is organized as follows. In Chapter 2 an overall introduction to an
optical signal propagation through a fiber, the optical fiber propagation effects
and the main building parts of a fiber-optic transmission system are presented. In
Chapter 3, a general theory of the two-mode phase-sensitive amplification, that is
realized by using FOPAs, has been described. A bit more detailed description than
usually necessary is briefly presented in Chapters 2 and 3, while this is (to the best
of author’s knowledge at least) the first PhD thesis defended in Estonia concerning
nonlinear fiber-optic communication systems.

The aspects of dispersion map optimization, especially in PSA links and
the PSA nonlinearity mitigation mechanism dependence on dispersion maps is
discussed in Chapter 4. In Chapter 5 an overview of the publications is presented
and finally, Chapter 6 concludes the work presented in this thesis with a discussion
and in addition, some interesting future prospects are deduced from the discussion.
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2. SIGNAL PROPAGATION IN FIBER-OPTIC
TRANSMISSION SYSTEMS

A fiber-optic transmission link as a communication channel for transmitting digital
data from point A to point B follows the basic principle of any generic digital
communication channel [5, 72] that is illustrated in Fig. 2.1. The digital data
in the form of a bit sequence b from the point A is sent to a transmitter where
the data is modulated to a carrier suitable for the physical layer signal delivery
through a transmission channel. After the transmission channel, the transmitted
signal is detected by a receiver and converted into a digital bit sequence b. It is
important to note that the quality of transmitted signals degrades during signal
transmission, therefore different measures have to be taken into account to assure
that the transmitted data for the recipient B should contain the same information
as it was sent from the point A.

b =1001101 b =1001101

Span 1 Span 2 Span N

Figure 2.1 Illlustration of a basic digital communication channel and the main building
blocks of a fiber-optic transmission channel.

Fiber-optic transmission systems use lightwaves as information carriers, that
propagate through a fiber-optical transmission channel. A transmission channel
for such systems usually consists of many fiber-spans and optical amplifiers,
that compensate for a fiber-span attenuation. A span of optical fiber, usually a
SSMF, and an optical amplifier in the end of each fiber-span are usually called
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the span, as shown in Fig. 2.1. In multi-span long-haul systems, the span length
is usually chosen from 50 to 100 km. The longest transmission reaches of
long-haul fiber-optic links without electronic regenerators have been demonstrated
extending up to 12000 km [73], while the longest fiber-optic link around the globe
(FLAG) extends to 28000 km [74].

The development of fiber-optic coherent transmission systems has enabled
a better sensitivity over traditional direct-detection transmission systems and
to improve the spectral efficiency [75]. The direct-detection method uses a
photodiode in a receiver that can detect only the envelope of an optical field,
while the phase information of a signal is ignored [76]. However, the adaption of
coherent transmitter and receiver has made possible the use of higher modulation
formats that require simultaneous detection of amplitude and phase information
and enabled the mitigation of linear impairments in the digital signal processing
(DSP) domain.

In this chapter an overview of a long-haul coherent fiber-optical
communication link through the main building blocks of a communication
channel is presented. However, the dispersion management building blocks -
dispersion compensators, are not included in this chapter, while the dispersion
management of fiber-optic transmission systems is discussed in more detail in
section 4.1 on page 62.

2.1. Optical transmitters

The two main parts of a coherent optical transmitter are a coherent light source
for generating carrier waves and an [/Q-modulator that consists of Mach-Zender
modulators (MZMs) for modulating in-phase (I) and quadrature (Q) components
of an electrical input signal shown in Fig. 2.2 [77]. After the coherent light source,
such as a laser, the optical carrier is splitted by a polarization beam splitter into
two paths. The upper path is used to modulate the carrier for the X polarization
and the lower path for the Y polarization of an optical field. In these two almost
identical paths, the signal is splitted again into two paths for modulating the I and
Q components of an electrical input signal separately in each MZM modulator.
The input bit streams for every I and Q channel (I, Qx, Iy, Qy) are converted
in the digital to analog converters (DACs) and amplified with radio frequency
(RF) amplifiers before the MZM electrical inputs. In the I/Q-modulator Q path,
the optical signal is phase shifted by 7/2 and then recombined with the I path
signal. Such a setup consisting of two MZMs and a 7/2 phase-shifter forms
the 1/Q-modulator. A polarization rotator has to be used at one of the paths to
assure the orthogonality of the combined signal polarizations. The polarization
beam combiner is used to combine X and Y polarization components into single
polarization-multiplexed optical signal.

In Fig. 2.2 the structure of a dual-polarization transmitter is shown. However, a
single-polarization transmitter can also be built. A single-polarization transmitter
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Figure 2.2 Schematic of an optical coherent transmitter [77]. Colored paths show signal
type: blue - digital, green - analog, black - optical signal. The constellations illustrate a
generation of a QPSK signal, where the left side constellation stands for the X polarization
and the right side constellation for the Y polarization.

is simpler consisting of a laser and the lower path shown in Fig. 2.2 without
polarization beam splitter and combiner elements. In this thesis only a
single-polarization transmitter and transmission are used.

In any coherent transmitter, the coherence of a light source is the most important
parameter, since the carrier phase is modulated. An ideal laser spectral shape
would be the delta function at the carrier frequency. In real-life, the presence of
phase noise broadens the spectral shape, that can be modeled using the Lorentzian
shape [78, 79]. The amount of phase noise is typically characterized by the
linewidth that conveys the stability of a phase over time. The phase noise can
be modeled as Wiener process

®; = ;1 + An,, (2.1

where ®; is the phase of the ith sample and An; is an independent and identically
distributed Gaussian random variable with zero mean and variance

02 = 2nAvT, (2.2)
where Av is the linewidth of a laser and T is a sampling interval [80].
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2.2. Optical fiber

An optical-fiber is lossy, dispersive and nonlinear transmission medium. The
linear fiber effects are attenuation and fiber dispersion. The fiber dispersion
in this thesis context means mainly group-velocity dispersion (GVD), if not
stated otherwise. The polarization-mode dispersion (PMD) is caused by fiber
birefringence i.e. due to a fiber asymmetry the refractive index slightly varies
between orthogonal polarizations causing traveling speed difference that is
dependent on the state of polarization. In this thesis a single polarization
transmission is assumed resulting in negligible PMD effects, therefore a more
detailed discussion about PMD is not included. It should be noted that also
intermodal dispersion that is present in multi-mode fibers is not discussed here,
since SSMFs (standard single-mode fibers) are used in long-haul fiber-optic
transmission links. In the following section an overview of a fiber attenuation,
dispersion and nonlinear fiber effects are presented. Also the principle of the
Split-step Fourier method as the main tool to numerically simulate a fiber-optic
propagation environment is presented.

2.2.1. Attenuation

The optical fiber attenuation is caused mainly by the material absorption and the
Rayleigh scattering. The attenuation introduces power loss to a signal propagating
through a fiber-optic link that can be governed under quite general conditions by
Beer’s law [5] that can be written in the form:

P(z) = Ppexp(—az), (2.3)

where Py, is the power launched into a fiber, « is the attenuation coefficient (unit
m~!) and P(z) is the optical field power at the propagated distance z. Typically,
if an output power at the end of a fiber is under interest, then the Eq. 2.3 is given
by

Pout = Ppexp(—al), 2.4)

where P, is the optical field power at the end of a fiber of length L. After
the introduction of silica fibers in 1970s, optical fibers with practical attenuation
coefficients became available [81]. A typical attenuation coefficient value for a
SSMF is round 0.2 dB/km at 1550 nm wavelength region [82] where most of the
modern long-haul fiber-optic systems are operated. It should be noted that usually
the attenuation coefficient is given in unit dB/km, but it should be converted into
unit m ™' in order to use it in Eq. 2.3 and 2.4.
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2.2.2. Fiber dispersion

A phenomenon, that is present in fiber-optics and referred to as the group-velocity
dispersion (GVD), intramodal dispersion or fiber dispersion [5], is responsible for
an optical pulse broadening during a propagation in a transmission fiber. During
the propagation in a dispersive medium such as an optical fiber, different spectral
components of an optical pulse travel at different group velocities. As a result, a
delay between different frequency components is introduced. This is caused by the
frequency dependent change of the refractive index that is described by equation:

ng =1+ w(dn/dw), (2.5)

where 7 is the refractive index, w is frequency and 7, is the group index.
This refractive index difference results in different propagation path lengths for
different frequency components that causes different delays to each frequency
component, while the propagation path lengths are different.

A delay between traveling times of different frequency components results
in the time domain broadening of a pulse shown in Fig. 2.3, where an optical
pulse propagation in a fiber over 200 km in the presence of dispersion effects
is illustrated. The pulse peak amplitude lowers and the pulse spreads over
neighboring symbol slots during the propagation. The pulse broadening itself was
a problem for older systems using direct-detection receivers. However, in modern
systems with coherent detection receivers, the fiber dispersion can be compensated
electronically in a receiver. Also modern systems without the span-wise dispersion
compensation scheme are more tolerant to nonlinear impairments [83, 84].

The GVD parameter 35 (unit ps?/km) is the second derivative of the linear
propagation constant 5r(w) = n(w) - w/c and conveys a propagation speed
difference over frequency components

_d*BL
 dw?’

B2 (2.6)
The dispersion parameter D (unit ps/nm /km) is related to the GVD parameter 2

as
2me

2 P2 2.7)

where c is a constant of the speed of light and A is the operating wavelength. A
length scale for the dispersion is named the dispersion length and defined

D=—

Lp =T5/|Bal, (2.8)

where T is the half-width at 1/e intensity point and relates to the pulse full-width
at half-maximum as

Trwiw = 2(In2)Y2Ty ~ 1.665T). (2.9)
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Figure 2.3 Illustration showing the broadening of an optical pulse in the time domain over
adjacent symbol slots during a dispersive propagation in a fiber-optic link over 200 km
from reference [85].

Also the third-order dispersion parameter known as the differential-dispersion
parameter or the dispersion slope parameter S (unit ps/nm?/km) represents the
frequency (or wavelength) dependence of the dispersion
dD 242 3
S = N (2me/A*)“ B3 + (4me/N°) B, (2.10)
where (3 is the third-order derivative of fr(w). The differential-dispersion
parameter is important to consider in WDM systems, where different channels
have slightly different GVD values.  Additionally in PSA systems, the
differential-dispersion parameter affects the phase-matching as a signal and its
phase conjugate are located at different wavelengths and therefore have slightly
different GVD values, which results in slightly different relative phase-shifts after
the propagation in a fiber.

The dispersion can be an anomalous dispersion or a normal dispersion
dependent on the used wavelength region. A typical SSMF [82] at the wavelengths
higher than 1.3 pm results in the anomalous dispersion regime where the group
velocity of higher frequencies is higher than for lower frequencies and the
dispersion parameter DD value is positive. The opposite is true for the normal
dispersion regime at the wavelengths smaller than 1.3 pm. Modern fiber-optic
communication systems operate typically at anomalous dispersion wavelengths
around 1.55 um. For the both dispersion regimes, nonlinear effects affect a signal
during the propagation in a fiber differently [75].

The total dispersion of a fiber consists of the material dispersion and the
waveguide dispersion that are the main parameters in the fiber design process.

34



The material dispersion is related to a dependence of the cladding material’s group
index on the frequency, while the waveguide dispersion is attributed to a mode
dependence on the frequency [5]. Therefore different fibers can be designed by
using the properties of material and waveguide dispersion e.g. a dispersion-shifted
fiber (DSF), a dispersion-flattened fiber (DFF) or a dispersion compensating fiber
(DCF).

2.2.3. Nonlinear fiber effects

Often fiber nonlinear effects are called the Kerr effect after a Scottish physicist
John Kerr, who discovered in 1875 [86, 87] that the refractive index of any
material can be changed with an applied electromagnetic field. In addition to
the refractive index wavelength dependence, the refractive index dependence on
the instantaneous intensity of the light has to be included in the refractive index
equation [88]

n(w, I) = no(w) + nal, (2.11)

where n(w, I) is the frequency and light intensity dependent refractive index,
no(w) is the linear and no is the nonlinear refractive index and I is the
instantaneous intensity of a propagating light. The nonlinearity coefficient that
specifies a nonlinearity strength in a fiber is given [89]

N 27T7’L2
T Ny

(2.12)

where A.y; is the effective area of a fiber mode. The value of 7 is round
1.3 W—1km™! for a typical SSMF.

* Self-phase modulation

The fundamental Kerr effect phenomenon is the self-phase modulation (SPM). In
the SPM process, a wave that propagates through a nonlinear medium, such as a
fiber, modulates its own phase by inducing a refractive index change, which results
in a signal spectral broadening. The nonlinear phase shift can be described by

ONL = VP Lett, (2.13)

where P is the power of a propagating wave, and L. is the effective length of a

fiber described by

1-— —al
Lo — eXz(a) (2.14)

The effective length is defined to express the strength of the nonlinear effect. It
shows a length, where the accumulated nonlinear phase shift ¢np, (L) of a fiber
link with a realistic attenuating power profile at the end of the link would be the
same as for an unrealistic attenuation-less link, where the power of a propagating
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wave would be constant, thus giving the same accumulated nonlinear phase shift
over a shorter distance L.g than the physical length L. It can be written as

ONL(L) = ¥P(0) Legr, (2.15)

where P(0) is the input power to a fiber. Another way to express the impact of
nonlinearity is the nonlinear length described by
L . (2.16)
NL = ) .
7P (0)
that can be substituted into Eq. 2.15. The maximum nonlinear phase shift can be
calculated as a ratio between effective and nonlinear lengths as

ONL,max = YP(0)Legt = Legt /L1 (2.17)

However, it should be noted that Eq. 2.17 is a quantitative measure and valid
only for cases where the dispersion can be neglected, e.g. a slowly-varying input
signal or an operation near or at the zero-dispersion wavelength. In most cases, a
numerical solution should be used as the interplay between dispersion and SPM
effects should be considered. For example it is known from the generation of
optical solitons that the dispersion and nonlinear effects can cancel each other out
[90, 91].

* Cross-phase modulation

In this thesis only single-channel PSA links are under investigation and therefore
multi-channel propagation effects like the cross-phase modulation (XPM) are not
studied in papers A - E. However, a brief introduction of the XPM is presented.

As it is already said, the XPM occurs in a multi-channel (WDM) scenario when
two or more optical channels are transmitted simultaneously. For the SPM case,
the nonlinear phase shift depends only on the power of that channel. For the XPM
case, also the power of adjacent channels will add up to the nonlinear phase shift
of that channel and the phase shift for the jth channel for the co-polarized waves
is described as

ONLj = VLot (P +2 ) Pu), (2.18)
m#j

where the sum extends over multiple channels [5]. The factor 2 shows that the
effect of XPM i.e. the nonlinear phase-shift dependence from adjacent channels,
is twice as effective as the effect of SPM in the case of equal channel powers.
In reality the effect of XPM is difficult to estimate as optical pulses in different
channels travel with different speeds due to the dispersion and the XPM effect
occurs only if two pulses in different channels overlap in time. Therefore a
numerical approach should be used (analogically to the SPM) to evaluate the
impact of XPM.
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* Four-wave mixing

The four-wave mixing (FWM) or alternatively the four-photon mixing process
happens similarly to the XPM in the presence of multiple waves at different
frequencies. The concept of four-photon mixing can be described in several ways
including the quantum-mechanical or the vector FWM interpretation [92, 93]. In
this thesis, the most commonly used classical interpretation is preferred.

The four-photon mixing concept according to the classical interpretation is as
follows. Two waves at different frequencies w; and wy are co-propagating through
an optical fiber, where they generate a varying intensity field with a beat tone at a
frequency wo — wy. The generated beat tone will modulate the index of refraction
through the Kerr nonlinearity. If an additional third wave is also co-propagating
through the fiber at a frequency ws , it will experience a phase modulation with
the frequency wy — wi, thus generating sidebands at frequencies w3 + (wo — wy).
The phase modulations are also caused by the beatings between the waves at w3
and at wy, thus introducing sidebands wo + (w3 — w1) and between the waves at
ws and at wo resulting in sidebands wy & (w3 — w2). All the possible combinations
of generating new frequency components with three frequencies at the input can
be described by

Wikl = Wj + Wi — w, (2.19)

where the three new components are a product of the non-degenerate FWM
gkl €1,2,3,5# k,j# 1,k # [ and the six new components are produced in
the degenerate FWM j, k.l € 1,2,3, j = k,j # I,k # [. The total number of
new frequency components created from three input waves in the FWM process
is nine. An illustration of the three input waves and the FWM process produced
frequency components are shown in Fig. 2.4.

p 1 Tflf 3

W, (OB «
W13 W13 Wz W11y Wap W) Wiy Wi3p W3 Wz (337 W331
@713 313 W33 317 W3 W3

Figure 2.4 Illustration of the FWM generated nine new frequency components from the
three input frequency components w1, wsa, wWs.

The FWM can cause major limitations in WDM systems [94], where the
number of frequency components is large and the possibility to create many new
components can cause severe crosstalk effects. However, the FWM process is
utilized to realize fiber-optic parametric amplification and also phase-sensitive
fiber-optic parametric amplification.
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* Nonlinear scattering effects

All the previously described nonlinear effects are elastic nonlinear processes,
where no energy exchange happens between the propagating lightwaves and
the propagation medium, therefore the total energy of propagating waves
is conserved. The Raman and Brillouin scattering on the other hand are
inelastic nonlinear processes, where the lightwaves exchange energy through the
vibrational excitation modes with the propagation medium. According to the
quantum-mechanical perspective, a photon is annihilated, but a new one at a
lower frequency together with a phonon (vibration) is created during the inelastic
nonlinear process. The latter two scatterings are distinguished by the created
phonons, where the Raman scattering involves optical phonons and the Brillouin
scattering involves acoustic phonons [75].

The spontaneous Raman scattering process was discovered in 1928 by Raman
[95], while the stimulated Raman scattering (SRS) effect was first discovered
in 1962 [96]. During the SRS process, a power from one lightwave (which is
usually the pump wave) is transferred to another lightwave at a lower frequency
(Stokes wave). If the frequency shift conditions are met, then these two waves at
the input of a fiber cause a chain reaction, where pump photons are annihilated
and optical phonons as well as photons at the lower frequency are created. The
creation of phonons increases the vibrational energy, therefore stimulating the
process further. During the process, the Stokes wave experiences amplification,
therefore the SRS effect can be utilized for a distributed amplification [89, 97, 98].
As the downshifted photons can travel in forward or backward directions, the
both, forward and backward pumped Raman amplification schemes are possible
to implement.

During the Brillouin scattering process, the energy transfer to a medium
results as acoustic vibrations. In contrast to the SRS, the generated Stokes
wave from the Brillouin scattering process propagates usually in the backward
direction. However, a weak forward propagation phenomenon can also happen if
the conditions are met for the guided acoustic wave Brillouin scattering (GAWBS)
[99].

The stimulated Brillouin scattering (SBS) was discovered in 1964 [100]. The
SBS effects start to dominate after the pump wave power reaches a certain
threshold, therefore limiting the input power. The SBS causes problems in
nonlinear fiber devices with the high input power of a pump e.g. phase-sensitive
parametric amplifiers. Various methods and a detailed discussion about the SBS
suppression for parametric amplifiers can be found in [101].

2.2.4. Split-step Fourier method

The fundamental equation to model the propagation of lightwaves in fiber-optic
links is the nonlinear Schrodinger equation (NLSE). The NLSE can be given in
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the form of generalized (or extended) NLSE [75] given by

DA a  ipy0*A  BsBA o i D, 9] AJ?
2. T2t 5o~ 5o — APA+ -or(AFA) = TrA—57-),
(2.20)

where A is the amplitude of the propagating light field, z is the propagation
distance, « is the attenuation coefficient, 85 is the GVD parameter, 33 is the
third-order dispersion parameter, T is the pulse width, + is the nonlinearity
coefficient, wp is the center frequency and T'r is related to the slope of the
Raman gain spectrum [102]. However, Eq. 2.20 can be simplified by neglecting
the parameters (woTp)~ ' and Tr/Tp that are small in the case of an initial
pulse width 7 > 5 ps. The third-order dispersion term is also negligible if a
carrier wavelength is not close to a zero-dispersion wavelength. The simplified
NLSE formula that includes terms for the attenuation, GVD and nonlinear effects
becomes

0A i« By 02A 9
—t+ —A- "= Al“A=0. 2.21
5t A g M 221)
If the propagation of a light in the both polarizations are under interest, then the
coupled equations [103, 104] of the Manakov model [105] can be used to describe

an optical field propagation

0z :_5 X

0A « Ba 0% A .8
= A —z% 57a T ig(14x[? + [Av[)Ax, (2.22)

0A a B2 %A 8
Yo 2y 2O (A DAY, @)

9z 2 Yiz? oT?
where Ax and Ay are the propagating field amplitudes for X and Y polarization
correspondingly.

Unfortunately, the NLSE equation does not have an analytical solution and
therefore numerical methods have to be used. The most extensively used
method to model an optical field propagation in fiber-optical communication links
numerically is the split-step Fourier method (SSFM) [75, 106]. The SSFM each
step 0z calculation is divided into two parts, therefore the Eq. 2.20 is more useful
to write in the form of

0A A

—=(D+N)A 2.24

5 = (D+ M)A, (2:24)
where D is a differential operator that accounts for the dispersion and attenuation
within a linear medium and NV is a nonlinear operator that governs the effect of
fiber nonlinearity on pulse propagation [75]. The substituted parts from Eq. 2.20
defining these two operators are

iﬂg 82 53 83 (07

D=_ P29 PO« 22
5 o2 T 6 o1 2 (2.25)
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In reality, the effects of dispersion and nonlinearity will act together during the
propagation of lightwaves along a fiber. The SSMF assumes that by choosing the
step distance h small enough, the dispersive and nonlinear effects can be accounted
independently, still providing a good approximate solution.

The basic idea behind the symmetrized SSFM that is used for numerical
computer simulations, is illustrated in Fig. 2.5 and mathematically described as

). (2.26)

h o~ z+h R
A(z+h,T) = exp(ED)exp(/ N(2')dz")exp(=D)A(z,T), (2.27)

h
2
that provides approximate solution for Eq. 2.24. The fiber span length Lgp,n 1s
divided into small segments of a length / and a lightwave propagation is modeled
segment by segment according to the Eq. 2.27. In a single segment, the optical field
is first accounted only for the dispersion operator for a distance //2. In the middle
of the segment at z+ h /2, the optical field is accounted only for the nonlinear term
over the whole segment length /. The remaining distance //2 is accounted again
with the dispersion operator only and the result A(z + h,T") is obtained that is
also the input for the next segment calculation. It must be noted, that if the step
distance h is small enough, the middle exponential in Eq. 2.27 that accounts for
the nonlinear interaction can be approximated by exp(hN ) [75]. Under normal
conditions, the chosen step distance should be much smaller than the fiber span
nonlinear length or the dispersion length.

Optical fiber (length L )

- ™ A
= L=
—p

L h

’)‘_’k\\

_.-~"h/2 h/2 ~~.

Dispersion only Nonlinearity only
Figure 2.5 Illustration of the symmetrized split-step Fourier method (SSFM) that is used

for numerical simulations of an optical field propagation in an optical fiber of length
L gpan with the SSFM step distance h.
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2.3. Optical Amplification

The optical fiber is a lossy medium where the optical field attenuation occurs
during the propagation of lightwaves. In order to propagate lightwaves over long
distances, an optical amplification should be used, while an optical receiver in the
receiving end requires a minimum signal power for a signal detection. However,
optical amplifiers add the amplified spontaneous emission (ASE) noise during
an amplification process, therefore deteriorating the optical signal-to-noise ratio
(OSNR) and thereby the signal-to-noise ratio (SNR) i.e. the quality of a transmitted
signal.

During the evolution of fiber-optic communication systems, optical amplifiers
were not used before the mid-90’s. In fact, before the mid-90’s, optoelectronic
repeaters were used to manage a fiber attenuation by a periodic detection
and regeneration of the transmitted signals. In fact, the repeaters were not
practical for WDM systems at all, since every wavelength channel needs one
receiver-transmitter pair. The optical amplifiers such as the erbium-doped fiber
amplifiers (EDFAs) after their introduction in the second half of the 80’s [107,
10, 11], led to a significant breakthrough in the adoption of WDM transmission
systems. There are also other types of optical amplifiers commercially available,
that are capable to operate in the C-band (1530-1565 nm), e.g. Raman amplifiers
[98], semiconductor optical amplifiers (SOAs) [108] and fiber-optical parametric
amplifiers (FOPAs) [109]. In this section a brief overview of a conventional EDFA
and a distributed Raman amplification is presented. More detailed description of
FOPAs and especially PSAs are presented in chapter 3 on page 49.

2.3.1. Lumped amplification

The most conventional and commercially widespread optical amplifier for a
lumped amplification is the EDFA (erbium-doped fiber amplifier). It is a
phase-insensitive amplifier with the gain bandwidth about 40 nm (5.3 THz) and
is mainly used in the C-band (1530-1565 nm) [107, 10, 11]. Also the L-band
(1570-1610 nm) [110] and S-band (1490-1520 nm) [111] operation has been
demonstrated. An addition of the ASE noise and thereby the amplifier noise figure
(NF) of an EDFA is dependent on the pumping wavelength and the used pumping
scheme. The pumping can be applied at 980 nm and 1480 nm, while the 980 nm
pumping results in a better noise performance [112]. The pumping schemes are
a unidirectional (forward or backward) or a bidirectional pumping scheme. A
NF as low as 3.1 dB has been demonstrated [113], while the quantum-limited
(theoretical) NF of EDFA is 3 dB [57], but an actual NF in commercial EDFAs
can be as high as 4-8 dB.

The power evolution inside a multi-span lumped amplified fiber-optic link and
the ASE noise accumulation by in-line optical amplifiers are shown in Fig. 2.6.
After a signal has attenuated in a fiber (usually a SSMF), the signal power is

41



amplified up by a lumped amplifier with a gain G at the end of each span. The
ASE noise is added to the transmitted signal in every amplification stage with a
noise figure NF, but also the accumulated noise that was added to the signal from
previous amplification stages, is also amplified. The ASE noise power spectral
density in an amplification stage is defined as [5]

Sase(v) = nsphin(G — 1), (2.28)

where 1), is the spontaneous emission factor, A is the Planck constant, 1 is the
light frequency and G is the amplifier gain. A lumped amplifier NF is defined as
[5]
SNRi,
SNRout

where SNR;;, and SNR,t are the electrical SNRs at an amplifier input and output
port respectively. The electrical SNR is the ratio of the electrical signal power
to the electrical noise power, that are measured by using an ideal photodetector,
assuming that an input signal is only degraded by the shot noise (the shot noise
limited operation) [114, 115]. Itis also important to note that the link NF definition
is sometimes used. The link NF is defined similarly to Eq. 2.29, by using
SNRiink,in and SNRjink out as the electrical SNRs at the link input and output
respectively.

NF = ~ 2ep, (2.29)
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Figure 2.6 Illustration of the ASE noise addition by lumped in-line optical amplifiers with
gain G and noise figure NF during a signal propagation in a multi-span fiber-optic link.
P, and P,y denote the link input and output power respectively.

The ASE noise is originating from spontaneously emitted photons due to the
population inversion. Photons are emitted with a random phase, wavelength
(inside an EDFA bandwidth) and state-of-polarization. Therefore the ASE noise
addition is typically modeled as the uncorrelated additive white Gaussian noise
(AWGN) with zero mean [5] for a fiber-optic transmission link simulation model.
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2.3.2. Distributed Raman amplification

The distributed Raman amplification is briefly introduced in this thesis context,
while it is used in Paper E to flatten the span power map profile in a PSA amplified
transmission link in order to observe and compare the nonlinearity mitigation
performance of lumped and distributed amplified PSA links. The distributed
Raman amplification is especially interesting, while it provides in contrast to the
lumped amplification, an amplification in a transmission fiber itself. Dependent
on the pumping scheme of a unidirectional (forward, backward) or a bidirectional,
different span power map configurations can be implemented. In Fig. 2.7 are
shown different span power map profiles for a bidirectionally pumped Raman
amplifier with the forward and backward pumping ratio being altered.
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Figure 2.7 Evolution of a signal power in a bidirectionally pumped 100-km-long Raman
amplified span as the contribution of forward pumping is varied from 0 to 100%, from
reference [116].

The Raman amplification utilizes the stimulated Raman scattering (SRS)
phenomenon (introduced in subsection 2.2.3 on page 35) for a signal amplification.
The Raman amplification is fiber based, where a power from a pump wave
is transferred to a signal wave at a lower frequency through the SRS process.
The achievable amplifier gain is dependent on the pump power, the frequency
separation of the pump and the signal waves and the polarization of the waves.
The gain bandwidth is about 40 THz (320 nm) and the highest peak gain occurs at
wavelengths 13 THz below the pump frequency in silica-based fibers [116]. The
Raman amplifiers are suitable for WDM systems due to their large bandwidth gain
profile.

The ASE noise in the Raman amplification comes from the spontaneous
Raman scattering. Compared to the EDFA amplified transmission, the Raman
amplification can improve a system NF. Therefore a measure of the equivalent
noise figure NF¢q [117] is often used for such a comparison. The NF. represents
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a concept of the noise figure that a lumped amplifier that is placed at the end of a
transmission span instead of the Raman amplified span, would need to achieve for
the same SNR as the Raman amplified span would provide. These two equivalent
systems are shown in Fig. 2.8. The NF of the system consisting of a span and a
lumped amplifier in Fig. 2.8(b) becomes

NFyys = NFoqas L, (2.30)

where « is the span attenuation coefficient and L is the length of the span. As
the noise figures of the equivalent system and the Raman amplified system are
assumed to be equal NF,s = NFR, the NF¢, becomes

NFgr

NFeq = —. (2.31)

Eq. 2.31 shows that the NF¢, can be less than one or in a dB-scale, less than a
zero. Such an amplifier is not physically realizable, but the NF¢, shows that the
Raman amplification provided performance is superior, that is not achievable by
a lumped amplification at the end of a span.

Distributed Raman Span
Amplifier Gain = 1/(oL)
Gain = Gy NF = oL
NF = NFg

O, O,

Equivalent Amplifier
Pump Gain = Gy,
NF = NFeq

(@) (b)

Figure 2.8 Schematic of (a) a distributed Raman amplified system and (b) the equivalent
system that consists of a transmission span and a lumped amplifier from reference [116].

2.4. Optical receivers

The final part in a coherent optical information transmission path is the coherent
optical receiver. Although the name stands for “optical”, this receiver consists of
two major parts. The first part is the optical front end, that detects the optical
photons and converts them into electrical currents. The second part is completely
in the electrical (digital) domain,where the digital signal processing (DSP) is
applied to the processed signals for information estimation and decoding.
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An extensive overview and description of a conventional digital optical
receiver is presented in [118]. In this thesis we present a simplified optical
receiver shown in Fig. 2.9. Some of the building blocks such as analog-to-digital
conversion, de-skew, orthonormalization are not presented here, since they are
not relevant in the context of this thesis. It must be noted, that in Papers A - E,
a conventional digital optical receiver is used, although there is a small exception
in Paper B, where a straightforward modification in the receiver DSP is included,
that performs the coherent superposition of a second span. It should be stated in
addition that here only the receiver DSP processing is presented, although the DSP
processing can be implemented also at the transmitter side [119], for example the
dispersion pre-compensation, digital pre-distortion or pulse shaping.

Receiver

Digital signal processing

F p=
Optical front en Electronic Adaptive reL:fuency T phase Symbol I b =1001101
(optical -> dlgltal) dispersion equalization offset Recovery estimation |
compensation compensation and decoding B

Figure 2.9 Schematic of a simplified coherent optical receiver.

* Optical front end

The optical front end shown in Fig. 2.10 performs an optical signal field conversion
into a digital signal for the DSP processing. An input optical signal two
polarizations are separated by a polarization beam splitter (PBS). The optical
signal is mixed with the local oscillator signal using two 90° hybrids for the
detection of both polarizations separately. The output of the hybrids corresponds
to signal quadratures in the two polarizations. To detect these quadratures, four
balanced photodetectors are located at the outputs of the hybrids, that map an
optical field to an electric. Thereafter the signal components are amplified before
sampled by the analog-to-digital converters (ADCs) and the digital signals of the
four quadratures for the DSP processing are obtained. In this stage the receiver
local oscillator phase noise adds up to the signal as well as the frequency offset
due to the phase and frequency difference between the transmitter laser and the
local oscillator.

* Electronic dispersion compensation

The electronic dispersion compensation (EDC) stage is present in a conventional
fiber-optic link receiver if the dispersion is not completely inline compensated
inside an optical link. In PSA links, the dispersion is inline compensated and
therefore this part is optional in the PSA receiver setup. Nevertheless this building
block performs a static equalization that compensates for the delay between
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Figure 2.10 Schematic of a conventional optical front end setup for a coherent optical
receiver. Different colors of the signal paths stand for: black - optical signal, green -
analog electrical signal, blue - digital signal.

different signal frequency components that has been introduced by the dispersion
during the propagation of lightwaves in a fiber. The finite-impulse response (FIR)
filters [ 118] or alternatively the infinite-impulse response (IIR) filters [120] can be
implemented for the compensation. This building block can be replaced in systems
that use the DSP nonlinearity mitigation technique by the digital back-propagation
building block [39, 121].

* Adaptive equalization

The adaptive equalization building block is also related with the polarization
tracking and the compensation of polarization caused effects e.g. the polarization
mode dispersion (PMD). In this thesis only one polarization is used for a signal
transmission in Papers A - E, but the butterfly filter configuration used in the
equalizer shown in Fig. 2.11 is included, since it belongs to a conventional
optical receiver standard setup. The butterfly configuration usually consists of
four adaptive FIR-filters that filter taps are complex valued [118, 122, 123].
The adaptive filter itself can mitigate intersymbol interference (ISI) and residual
dispersion (at least up to some extent) as it approximates towards matched filtering.

An adaptive algorithm should be chosen according to the used modulation
format. A very common algorithm for the quadrature phase shift keying (QPSK)
modulation format that has constant constellation point values on a unit power
circle, is the constant modulus algorithm (CMA). The CMA was first introduced
in 1980 [124], but modified later for the four-dimensional signal space i.e. the
polarization multiplexed QPSK (PM-QPSK) for optical communications [118,
125]. However, the CMA does not work directly for polarization switched QPSK
(PS-QPSK) modulation format, unless the cost function is modified for proper
demultiplexing of the polarization states [126].

The higher order quadrature amplitude modulation (QAM) formats do not have
one constant symbol amplitude, however the CMA still works with 16-QAM,
though the convergence and a steady-state performance is suboptimal [127, 128].
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Figure 2.11 Adaptive equalizer filters in butterfly structure, subscripts X and Y denote
polarization.

For the higher order QAM, the most common algorithm is the decision-directed
least mean square (DD-LMS). The main idea is to minimize adaptive coefficients
to the distance closest to a constellation point. Before the equalizer can be switched
to a DD-LMS operation, a pre-convergence has to be performed. Usually, the
CMA is used for pre-convergence [127]. In contrast to the CMA, the frequency
and phase estimation and polarization multiplexing have to be implemented before
or within the DD-LMS loop. Other adaptive algorithms for a higher order QAM
are the radius-directed equalizer [118, 129, 130] and the independent component
analysis [131].

* Frequency offset compensation

The frequency offset compensation can be implemented in the time domain or in
the frequency domain. In the time domain the fourth-order methods can be utilized
that use the four-fold rotational symmetry property of the PM-QAM constellations
[132]. The frequency domain methods are matching a center peak of the spectrum
around the zero frequency [133].

* Carrier phase recovery

The carrier phase estimation can be similarly estimated as a frequency offset by
using the fourth-order method i.e. the Viterby-Viterby method [134], that is also
used in this thesis. Also methods that will perform an error function calculation
over a set of possible test phases are proposed [135]. The problem of cycle slips
can also happen in this building block. It is possible to use a differential coding to
minimize the effect of cycle slips or use data-aided algorithms by inserting pilots
[136].
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* Symbol estimation and decoding

During this stage, symbols that are corresponding to one sample per symbol are
mapped into information bits. Also if coding is used, the decoding is performed.
The forward error correction (FEC) can be applied with the soft-decision or
hard-decision decoding [137]. Although the latter is more common due to a lower
complexity, the soft-decision has also attracted a lot of interest recently [138]. In
this thesis Papers A - E, a FEC is not used in the simulations and experiments.
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3. PHASE-SENSITIVE AMPLIFIED TRANSMISSION

In this chapter an overview of phase sensitive fiber-optic parametric amplifiers
is presented. The phase sensitive amplifiers (PSAs) are a type of fiber-optic
parametric amplifiers, that operate in the phase-sensitive mode. PSAs have caught
a lot of attention due to their combined ultra-low-noise and nonlinearity mitigation
properties [54, 64, 22, 139]. It means that PSA amplified optical links are capable
of lowering an amplifier noise limitation dictated by the ASE noise and also
tolerate higher launch powers due to the increased nonlinearity tolerance of a
transmission system. A conventional EDFA amplifier has the quantum-limited
NF of 3 dB, and that holds also true for all the optical phase-insensitive amplifiers
(PIAs) [57]. On the other hand, the quantum-limited (theoretical) NF of a PSA is
0 dB [57, 140], however a NF as low as 1.1 dB has been demonstrated in practice
[54, 141].

It is practical to talk about an achievable distance improvement when PSAs are
used instead of PIAs. In laboratory experiments so far, PSAs are usually compared
with PIA amplified links, that also deploy an in-line span-wise dispersion
compensation [22, 70, 142, 69]. This also holds true for this thesis Papers A -
E. However, the PIA links without the in-line span-wise dispersion compensation
(PIA links with the EDC) are more tolerant to nonlinear impairments [83, 84], but
the comparison between an in-line dispersion compensated PSA and an EDC PIA
link is not feasible, since it requires a complete modification of an experimental
setup. Therefore in Paper D, a simulation based comparison of the PSA and
PIA 28 GBaud QPSK links with and without the in-line span-wise dispersion
compensation schemes are presented to express the first such benchmarking.

The achievable transmission reach improvements are dependent on the used
signal symbol rates and amplification scheme. In this thesis, Paper A reports a
significant 5.6 times transmission reach improvement achieved experimentally in
a 10 GBaud fiber-optic link with a lumped amplification scheme. However, the
results from the Raman (distributed amplified) assisted PSA link work in Paper
E clearly show that the nonlinearity mitigation capability degrades with higher
symbol rates such as in a 28 GBaud QPSK link. Only a transmission reach
improvement by a factor of 2.9 between the phase-sensitive and phase-insensitive
mode operations for a 28 GBaud QPSK link for the Raman assisted case and
an improvement by a factor of 3.8 for the lumped amplified case was measured
in Paper E. It can be also confirmed by a later experiment by Vijayan [142],
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where similar maximum transmission reach improvement factors for 10 GBaud
and 28 GBaud QPSK links were observed. In Papers B, C and D the idea of
multi-span dispersion map optimization has been proposed, to further increase the
achievable transmission reach extension for higher signal symbol rates, such as a
28 GBaud QPSK case. It should be noted beforehand, that PSA links operating
at lower signal symbol rates such as 10 GBaud, do not benefit from multi-span
dispersion map optimization. Further details and discussion about dispersion map
optimization is presented in chapter 4 on page 61.

3.1. Fiber-optic parametric amplifiers

The fiber-optic parametric amplifiers (FOPAs) realize their amplification through
the four-wave mixing process (FWM - nonlinear process, presented in 2.2.3 on
page 35) in optical fibers. The gain is achieved from an energy transfer between
the interacting waves, thus no energy is stored in a medium. The gain mechanism
is therefore called the parametric gain or the parametric amplification. Both
x?)-nonlinear materials [143, 144] and x(®)-nonlinear materials [145, 146] are
suitable to obtain a parametric amplification. Since a parametric amplifier is a
“fiber-optic” (implemented by using an optical fiber), then in an optical fiber
(silica glass - SiO,) only the 3rd-order susceptibility dominates, that causes the
FWM process and therefore the parametric gain. In most communication related
applications, a continuous wave (CW) for a pump is necessary to use, but the first
FOPA demonstrations used pulsed pumps [145, 147, 148].

The FOPAs with CW pumps were not possible to demonstrate until the
mid-1990’s [149], since the requirements for a FOPA implementation such
as fibers with high nonlinear coefficients and low zero-dispersion wavelength
variations or high-power pump sources were not available in hardware. The
FOPA bandwidth and operating range is determined by the used nonlinear fiber.
FOPAs have been demonstrated with a large bandwidth range 155 nm (= 20 THz)
in a dual-pump configuration [150] and 270 nm (= 34 THz) in a single-pump
configuration [63]. A gain value as high as 70 dB has been demonstrated [151]. A
NF of 3.7 dB for a phase-insensitive FOPA [152] and 1.1 dB for a phase-sensitive
FOPA [54, 141] have been demonstrated. Due to the ultra-fast gain mechanism
with a femtosecond response time, FOPAs are suitable also for nonlinear signal
processing applications [153, 154, 155, 156].

3.1.1. Phase-matching

The phase-matching is directly related to the efficiency of a FWM process. It
means that a relative phase between the interacting waves that propagate through a
nonlinear medium, should be held constant in the parametric amplification process
during the interaction length to maximize the energy transfer.
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A set of equations from reference [109] can be derived that define the pump
P, signal P, idler P, power and the relative phase ¢ evolutions as:

dpy _ 2p py1/24
e 4y (P, PsP;) " “sin(0), (3.1

dbs _ dB 2 1/2:
o= = —2y(PPR) 2sin(6), (3.2)

de

p2p,  [P2R
i AB+~(2P, — Ps— P) +~( 2 + I 4/ PsP;)cos(0), (3.3)

where + is the nonlinear coefficient and AS is the propagation constant mismatch
defined as

AB =26, — s — Bi, (3:4)

where 3, 35 and (3; are the propagation constants of pump, signal and idler waves
respectively and the relative phase

0 =20, — b5 — 61, (35)

where ¢y, ¢s and ¢; are the phases of pump, signal and idler waves. In order
to maximize the FWM efficiency, the relative phase should satisfy § = /2 as
it is seen from equations 3.1 and 3.2. In that case the process is phase-matched
(maximal energy transfer when sin(7/2)). It is also important to note that the
relative phase in equations 3.1 and 3.2 determines the direction of energy transfer
i.e. from pump waves to signal and idler waves or vice versa.

If the phase-matching condition is satisfied (9 = 7/2), the last term in equation
3.3 becomes zero, signal and idler powers are negligible as the pump power is
assumed to be much larger and the condition to keep the phase-matched condition
satisfied during the interaction length becomes

k=AB+2yP, =0, (3.6)

where  describes the phase-matching. It is clear form the derivation of Eq. 3.6,
that for an efficient parametric gain process, the relative phase should be kept
constant during the interaction length in a nonlinear fiber. Problems arise as the
first term A3 in equation 3.6 represents the linear phase-shift and the second term
2~ P, represents the nonlinear phase shift that both should cancel each other out
in order to keep relative phase constant. The linear phase-shift is induced by
the different propagation constant values of the interacting waves. The nonlinear
phase-shift is induced by the SPM and XPM nonlinear effects. In order to satisfy
equation 3.6, the first term (linear) should be negative. For the single (degenerate)
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pump case, assuming that the pump frequency wy is close to the fiber zero
dispersion frequency wy, then Eq. 3.6 can be given as [109]

K = B3(wp — wo)(ws — wp)* +2vP, = 0, (3.7)

where (3 is the third derivative of the propagation constant at wg and wy is
the signal frequency. There are two implications from Eq. 3.7. First it can
be seen that the pump should be in the anomalous dispersion regime to satisfy
the phase-matching condition. Secondly it shows that there are only two signal
frequencies located symmetrically around the pump frequency, that will satisfy
k=0.

3.1.2. Parametric amplification

The parametric signal gain according to [109] by assuming no pump depletion
(pump waves are much stronger during the parametric process than signal and
idler waves) can be described by

G={1+ ﬂfsmh@fzeﬁ)]}?, (3.8)

where the parametric gain coefficient g is defined as

7 = [(vBp)? = (20 (3.9)

2
and the effective length Ly is defined in Eq. 2.14. Under the perfect nonlinear
phase-matching assumption (x = 0 and v P, Leg > 1), Eq. 3.8 simplifies and the
exponential gain regime (the signal gain grows exponentially with respect to the
pump power) [109] can be described by

1
G~ Zexp(Q’prLeff). (3.10)

When the signal and pump waves are located at the same wavelength (there
is no relative phase-shift due to the dispersion) and xk = —2vF,, the signal gain
becomes quadratic (signal gain grows quadratically with respect to pump power)
and in the case of quadratic gain regime [109]

G ~ (YPyLet)*. (3.11)

An origin of the fundamental noise source in FOPAs, the parametric ASE, is
caused by the amplified quantum noise (AQN), that is generated by the FWM
process between the strong pumps and the zero-point fluctuations, that are present
at all wavelengths.
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3.2. Phase-sensitive operation

The basic definition of the phase-sensitive or phase-insensitive FOPA is
straightforward, whether the gain is dependent on the phases of the input waves.
In the phase-insensitive case, an idler is not present at the input of a FOPA, but
is generated at the FOPA output with a phase that satisfies the relative phase
(¢ = 7/2). The phase-insensitive FOPA gain is independent of the input signal
phase. In contrast, if there is an idler at the correct frequency also present at
the input of a FOPA, then the gain of such a FOPA will depend on the input
signal phase and the FOPA operates in the phase-sensitive mode, that is called
the phase-sensitive amplifier (PSA).

A PSA can be realized in multiple amplification configurations, dependent on
the allocated frequency/wavelength setup at the input of a FOPA [157]. Examples
of different PSA configurations implemented by using FOPAs is presented in
Fig. 3.1. In this thesis, only the two-mode single-pump configuration PSA is used
in Fig. 3.1(a). However, other possible configurations can also be implemented for
example the two-mode dual-pump PSA configuration in Fig. 3.1(b), the one-mode
single-pump (fully degenerate) PSA configuration in Fig. 3.1(c), the one-mode
dual-pump PSA configuration in Fig. 3.1(d).

Pump 1, Pump 2 Pump 1 Pump 2
Signal Idler Signal Idler
1 .. I
wWs wpl,pz w; wpl wWs w; pr

(a) (b)

Pump 1, Pump 2

Signal, Idler Pump 1 Pump 2
Signal,
Idler
> w T > w
Wp1,p2,s,i Wp1 W i Wp2

(c) (d)

Figure 3.1 Schematic of possible PSA configurations, (a) two-mode single-pump PSA,
(b) two-mode dual-pump PSA, (c) one-mode single-pump (fully degenerate) PSA, (d)
one-mode dual-pump PSA.

Based on the signal and idler waves, a configuration with the degenerate signal
and idler are called the one-mode and a configuration with the non-degenerate
signal and idler are called the two-mode PSA. The same applies with the pump
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waves. A configuration with the degenerate pump waves is called the single-pump
and the non-degenerate configuration is the dual-pump. The one-mode PSAs
are only capable of amplifying single-channel signals, while two-mode PSAs are
multi-channel compatible [157, 158, 65, 159].

3.3. Two-mode phase sensitive amplifier

Parametric processes can be described by using a transfer matrix. The transfer
matrix for a general two-mode parametric process, that describes signal and idler
amplification, where the pump waves are assumed to be constant without any
pump depletion, can be described by [160, 140]

Bs| |p v |4
P

where s and i stand for the signal and idler waves of the input A and output B
respectively, u and v are the complex transfer coefficients and * is the complex
conjugate. The transfer matrix in Eq. 3.12 can be written in the form of a transfer
function

B, = A, + vA?
{ ps VA (3.13)

Bi = VA: + ,uAi.

The complex transfer coefficients p and v depend on the pump power,
phase-matching, nonlinear interaction strength and the state-of-polarization. More
details and full expressions of y and v are presented in [140], but in this thesis
context, it is important to know that ;4 and v satisfy the relation [160]

> = v]? = 1. (3.14)

It has been shown in [161], that by substituting quadrature component variables in
Eq. 3.13 and composing two independent modes, then one quadrature component
of each mode will be amplified by G = (|u| + |v|)? and the other quadrature
component is attenuated by 1/G = (|u| — |v|)?. This means that in the case of
two independent quadrature components, a two-mode phase-sensitive FOPA can
simultaneously amplify both quadratures.

In the following, the three possible operation schemes are presented based on
a FOPA transfer matrix in Eq. 3.12. Relevant to this thesis context are the first and
the third operation schemes.

* Phase-insensitive operation with A; = 0

In the first configuration, no idler is present at the FOPA input, i.e. A; = 0 and

Eq. 3.12 can be written
Bs| |(p v
Bf| vt ot

AS] (3.15)



and the corresponding transfer function becomes

{BS_“AS (3.16)
Bi = I/z‘l;<

As a result, an idler is generated at the FOPA output, that is a phase-conjugated
copy of the signal and the process is phase-insensitive. The signal is amplified by
Gpia = |p|? and the phase-conjugated copy of the signal by |v|2 = Gpia — 1.
The noise figure of a phase-insensitive amplifier is given by [140]

20pa—1_, 1

N Fpia = — ;
! Gpia Gpia

(3.17)

which in the case of high gain (Gpia > 1) is a factor of 2 (3 dB).

The phase-insensitive FOPA capability to generate a phase-conjugated copy of
the signal at its output has made possible to use them as a copier in the copier-PSA
scheme, that has been used in Papers A, B and E for the idler generation.

» Phase-sensitive operation with A; = A

In the second configuration, an idler, that is a direct copy of the signal, i.e. A; =
As, 1s present at the input of a FOPA, therefore Eq. 3.12 can be written

=1

and the corresponding transfer function becomes

As
A’;} , (3.18)

By = pAs + v A
{ pas v (3.19)

B; = pAs + v AL

Eq. 3.21 states clearly, that in such case the output signal and idler are identical.
From the substitution of quadrature components in Eq. 3.13 (see derivation in
[161], one can see that only one signal quadrature component (either quadrature
or in-phase) is amplified by Gpsa = (|u| + [v)> = (vVGpia + VGpia — 1)%,
while the other quadrature component is attenuated by 1/Gpga. In the limit of a
high gain (|u| = |v|), the PSA gain becomes Gpga = 4Gpia.

This kind of PSA operation is known as the signal and idler phase-squeezing
and has found use in all-optical phase and amplitude regenerators [162, 163, 164,
165]. This PSA operation regime is irrelevant to the context of this thesis and is
only described here to include all possible signal-idler input options for a complete
transfer matrix description.
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* Phase-sensitive operation with 4; = A%

In the third configuration, an idler, that is a phase-conjugated copy of the signal,
i.e. A; = A, is present at the input of a FOPA, therefore Eq. 3.12 can be written
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and the corresponding transfer function becomes

As

AS] : (3.20)

{Bs = pAs + vAs (3.21)

B; = nA; +vA;.

It turns out that both signal quadrature components are amplified with a gain
Gpsa = (|p| + |v])? (see the derivation in [161]). The NF is given by [140]
2Gpia — 1 2Gpra — 1

N Fpsa Grsa WesTeN T (3.22)
In the case of high gain operation (Gpia > 1) the NF of a PSA becomes
-3 dB (1/2), if only an input signal is accounted for. The 6 dB (a factor of 4)
PSA link NF advantage over PIA amplified links can be observed in the case of
the copier-PSA scheme implementation, where the signal power at the link input
and output is only considered. The idler is considered as an internal mode of the
system, while it is generated after the copier. The idler power is considered in the
case of the pure-PSA link, where the PSA link NF becomes 0 dB, that is 3 dB
better than the quantum limited PIA NF.

3.4. Nonlinearity mitigation in PSA links

In this section a description of the nonlinearity mitigation mechanism for a
two-mode single pump PSA amplified link is presented. In fact, the nonlinearity
mitigation of a two-mode PSA and phase-conjugated twin-waves (PCTW)
approaches are similar as they both use signal and idler waves that are the
phase-conjugated twin-waves [53, 46]. The difference arises due to the fact that
a two-mode PSA implementation requires signal and idler waves to be located at
different wavelengths. In contrast to the PCTW approach, the signal and idler
waves can use all available and possible dimensions, e.g. the signal and idler
waves are separated in different polarizations (polarization multiplexed) [46],
time-slots (time-division multiplexed) [47], wavelengths (wavelength-division
multiplexed) [48, 49, 50] or spatial dimensions (spatial-division multiplexed) [51].

The basic idea of the phase-conjugated twin waves that co-propagate through
a nonlinear fiber is illustrated in Fig. 3.2. The signal Es = sig. and its
phase-conjugate, the idler £; = E = sig.*, are launched into a transmission span.
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In the transmission span, as the waves are co-propagating, they experience similar
SPM (nonlinearity) induced nonlinear distortions (phase shifts d¢) resulting
in K5 + 0FEs and E; + §F;. In a coherent superposition stage, the idler is
phase-conjugated again and the coherent summation results in C'Sy = (Eg +
0Es) + (E; + dE;)*. If the phase distortions on the signal and idler waves
are perfectly correlated (0E; = —dEY), a perfect cancellation is achieved, i.e.
CSs = Es+ 0Es+ Ef + 0B = Es+ 0Es + Es — 0Es = 2E;. If the phase
distortions on the signal and idler waves are less correlated, the phase distortions
are squeezed into amplitude distortions (6 A) [53].

E, = sig. E, + OE, Cs, = (ES + JES) +
E;=sig.” E; + OF; | Coherent | + (E, + OE)"
> — super-
Transmission \ l position I
span

3

Im‘ 1 ImA ImA
K 0'E / : f N
2.8 ) eA
Y- ¥
NPHANVAaN V.
iog X

Figure 3.2 lllustration of the basic idea of the nonlinearity mitigation with
phase-conjugated twin-waves after a propagation in a nonlinear medium and the result
of a coherent superposition of the waves. The constellations are from reference [53],
showing an example of the signal and idler constellation points evolution before and after
a nonlinear transmission span and after the coherent superposition process.

The twin-wave structure is inherent to the two-mode PSA transmission
systems. The PCTW approach coherent superposition is performed after a
transmission link digitally in a DSP, but a PSA, if operated at the small-signal
regime, performs a coherent summation of the signal and the phase-conjugated
idler all-optically [54] at every PSA amplifier. The signal and idler coherent
summation is silently integrated into the PSA nature as it is described by the
transfer function in Eq. 3.13, where By = pAg + vA! and B; = vAY + pA;.
The SPM induced nonlinearity mitigation performance is discussed in more detail
in the next chapter 4 on page 61 as it is dependent on the dispersion management.

Another benefit by using PSA twin-wave approach is that the all-optical
nonlinearity mitigation is performed span-wise (in every PSA amplification stage),
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which also results in the mitigation of nonlinear phase noise (NLPN) (originating
from nonlinear signal to amplifier-noise interaction) [139].

3.5. Design and implementation

In this section a brief overview of the main implementation considerations of PSA
amplified transmission systems are given for both, numerical simulations and an
experimental setup.

3.5.1. Simplified PSA simulation model

A PSA can be numerically modeled as a propagation of signal, idler and
pump waves in a highly nonlinear fiber (HNLF), that is similar to a physical
PSA implemented by using a FOPA. However, in this thesis context, the used
PSA simulation model in numerical simulations is called the ”simplified PSA
simulation model”. A PSA in a high-gain regime with low signal powers and
assuming no pump depletion can be modeled according to the previously given
matrix description in Eq. 3.20 with added noise terms [22] as

Bs| |p v |As+ng
[Bl*l - [V* ,u*] Af +nf|’ (3-23)
and the corresponding transfer function becomes
By = u(Ag + ng A¥ + nt
B = p(Ai +ni) + v(Af +ng),

where the noise terms ng and n; correspond to uncorrelated additive white
Gaussian noises that were added to signal and idler waves at the PSA model
input by following the so-called semi-classical model under high-photon-number
assumption [166]. It must be noted that the noise terms were accounted only for
the long-haul numerical simulations in Papers B, C and D with a noise figure of
1.1dB.

A simplified PSA simulation model is shown in Fig. 3.3 in the absence of
amplifier noise terms i.e. ng = n; = 0. First, the signal and idler waves are
amplified and after that the both waves are divided between the main path and the
middle path, were the signal and idler waves are phase-conjugated. In order to
coherently superposition both waves as given by Eq. 3.24, the phase-conjugated
waves constellations are rotated by introducing a necessary phase rotation that
maximizes the PSA gain. The constellation alignment block is similar to the
phase-locked loop (PLL) in the experimental setup as they both stand for the
phase-matching of waves to achieve the maximum PSA gain. In the final PSA
simulation model stage a coherent superposition is performed to signal and idler
waves.
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Figure 3.3 Simplified PSA model that is used in numerical simulations of this thesis.

3.5.2. The copier-PSA scheme

It is straightforward to generate a phase-conjugated twin-wave in numerical
simulations just by conjugating the original signal for the idler generation. In an
experimental setup of a PSA link, a phase-conjugated copy of the signal, the idler,
is generated by using the copier, that is a FOPA operating in a phase-insensitive
mode. The idler is generated at the phase-insensitive FOPA output as a standard
product of the phase-insensitive FOPA amplification process. The copier-PSA
scheme in a single-span PSA link is illustrated in Fig. 3.4.
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Figure 3.4 Illustration of the copier-PSA scheme implemented in a single-span PSA link.
The blue, green and red spectrum components illustrate the evolution of signal, pump and
idler power respectively throughout the PSA link.

Figure 3.4 is used in the following to discuss the main implementation
considerations and problems of the copier-PSA transmission system. A phase
modulator after the pump laser is used to broaden the pump spectrum in order
to reduce the SBS [167]. The SBS limits the amount of pump power that can
be launched into the HNLF, therefore limiting the achievable gain. The pump is
boosted with an EDFA and filtered to remove excess ASE noise. The polarization
controller (PC) is used to tune the polarization for maximal gain, since the FWM
process is polarization dependent. After that, the signal and pump waves are
launched into the copier for the idler generation. After the copier the signal and
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idler waves have to be balanced in power. The pump wave has to be attenuated
by using a variable optical attenuator (VOA) before launched into an optical fiber
transmission span to avoid the SBS effects.

The dispersion compensating modules (DCMs) are necessary to set the
dispersion map of a transmission span and compensate fully for the dispersion
before the PSA. After the transmission span, waves are separated, while the
different delay introduced by dispersion between signal and idler has to be
compensated for by using a variable delay line and also the power has to be
balanced again before PSA by using a VOA in the idler path. Also the polarization
has to be tuned again for all the waves before the PSA.

Before the PSA, the weak pump wave has to be recovered to a high power
and high OSNR in a pump recovery stage. The pump OSNR should be at least
higher than 65 dB to avoid noise transfer from pump to signal and idler waves
[168]. The most crucial component for the pump recovery stage is the optical
injection locking that detailed description can be found in [68]. The phase-locked
loop (PLL) is used to stabilize the relative phase between the waves in order to
maximize and stabilize the PSA gain.
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4. DISPERSION MAP OPTIMIZATION

The group velocity dispersion (GVD) (later on the dispersion) of an optical fiber
causes different frequency components of an optical pulse to travel with different
speeds, causing pulses to broaden during the propagation in an optical fiber.
The dispersion itself is not a concern in modern fiber-optic transmission systems
since the advent of coherent fiber-optic systems, that can recover highly dispersed
signals. The problem with dispersion arises from a complex interplay between
dispersive and nonlinear effects in conjunction with the transmission medium
attenuation that results in different communication system performances that are
dependent on the applied dispersion compensation, i.e. nonlinear distortions can
be more or less severe dependent on the used dispersion map of an optical link.

The dispersion map optimization has been investigated for coherent in-line
span-wise dispersion compensated PIA links [169, 170, 171]. However an interest
has been lost over a decade ago, since the advent of the electronic dispersion
compensation (EDC) has rendered in-line dispersion compensated PIA links
obsolete, while EDC links are more tolerant to nonlinear impairments [83, 84].
The EDC links show very little dependence on the used dispersion map, but
are mostly considered with 50% pre- (at the transmitter side EDC) and 50%
post-compensation (at the receiver side EDC) [172, 173]. A full EDC cannot
be implemented for PSA amplified links, since the accumulated dispersion needs
to be compensated before every PSA, in order to compensate for a time delay
introduced by the dispersion to the signal, idler and pump waves arrival times and
to fulfill the phase-matching conditions [22].

This thesis focuses mainly on the aspects of the nonlinearity mitigation
performance dependent on the used dispersion map configuration in PSA links.
By the time this thesis work started with PSAs in 2015, only a single-span PSA
dispersion map optimization was briefly investigated. However, it was shown and
known by then, that the single-span dispersion map optimization plays a major role
in the PSA link performance [53, 22]. It was evident from [53], that an optimum
dispersion map found by a simulation study, outperformed dispersion maps that
were fully pre- or post-compensated in an experimental study. A numerically
optimized single-span dispersion map was also used for the long-haul transmission
experiment in [70]. In Paper A, it is shown that an experimental optimization
allowed by tunable dispersion compensators, is extremely important, while the
maximum reach extension improvement by using PSAs instead of PIAs in a
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10 GBaud link, is achieved by a factor of 5.6 compared to a factor of 3 that was
presented previously [70].

The single-span PSA dispersion map optimization was only considered before,
since it is not feasible to alter a dispersion compensation setup in every span of a
circulating loop experiment. Therefore a dispersion map study, where different
dispersion compensation values for each span are allowed (resulting in two-,
three-, four-span optimized dispersion maps presented in Papers B, C and D), were
not considered beforehand at all. However, it was predicted for phase-conjugated
twin-waves (PCTW) approach by the first-order perturbation theory in [46] and
investigated numerically for hybrid Raman/phase-sensitive amplified links in [71],
that a symmetric power map and an anti-symmetric dispersion map result in
the best possible nonlinearity mitigation performance. Therefore an additional
experimental study of a 28 GBaud PSA link nonlinearity mitigation in a more
power symmetrical (Raman assisted) transmission span in Paper E was carried
out.

It should be noted that in this thesis, two different fiber-optic transmission link
regimes dependent on a symbol rate, are considered. Firstly, the 10 GBaud regime,
where the dispersion length is much larger than the span length (Lp > Lgpan) and
secondly, the 28 GBaud regime, where the dispersion length is smaller than the
span length (Lp < Lgpan). It can be seen, that the 10 GBaud regime provides
better reach improvement and therefore nonlinearity mitigation capability than
the 28 GBaud regime (Papers A, D and E), where the nonlinearity mitigation
capability has degraded. The two proposed methods, the multi-span dispersion
map optimization (Papers B, C and D) and the Raman assisted phase-sensitive
amplified link (Paper E) are studied in this thesis mainly for a 28 GBaud regime,
where Lp < Lgpan.

4.1. Dispersion management

A generic illustration of a dispersion compensation concept after an optical pulse
has propagated through a dispersive fiber-optic span is presented in Fig. 4.1(a).
During the propagation in a standard single-mode fiber (SSMF), an optical pulse
broadens in time domain due to the different travel speeds of a signal frequency
components. In the dispersion compensation stage, a linear time delay induced by
the dispersion is compensated and the pulse is narrowed to its original pulse-width
in the time domain. In the case of a dispersion pre-compensation, the dispersion
compensation pre-broadens the pulse, so that the frequency components that travel
faster, are delayed more to compensate for the travel speed and the pulse is
narrowed to its original pulse-width during propagation in an optical fiber. The
dispersion pre-compensation in Fig. 4.1(b) and post-compensation in Fig. 4.1(a)
that are performed in dispersion compensation modules (DCMs) or EDC modules
are named after the principle, whether the dispersion compensation is applied
before or after the transmission in an optical fiber. In Fig. 4.1(a) and (b) full

62



dispersion compensation is described for pre- and post-compensation, but also the
combination of pre- and post-compensation stages can be used as it can be seen in
Fig. 4.1(c) and (d).

+t‘ 1 1 } ?:: Dispersion +t +t Dispersion Tt‘ 1 1 } +t

t- -
SSMF post- pre- SSMF
Compensatlon Compensatlon

(d)

Figure 4.1 Schematic of possible dispersion management schemes, where (a) and (b)
illustrate an optical pulse broadening during the propagation in a standard single-mode
fiber (SSMF) for the dispersion post- and pre-compensated cases respectively, (c) shows
dispersion in-line span-wise compensated link that dispersion compensating modules
(DCMs) are positioned correspondingly to a PSA link setup, (d) shows a dispersion
unmanaged link with the transmitter (Tx) and receiver (Rx) side electronic dispersion
compensation (EDC).

4.1.1. Dispersion management schemes

The dispersion management schemes can be divided into two main categories
based on the classification that is better preferred. One option is to divide schemes
by the dispersion management location, where a dispersion compensation is
appliedi.e. in-line span-wise dispersion compensation with DCMs in Fig. 4.1(c) or
dispersion unmanaged transmission link with EDC modules that has been applied
in the transmitter and/or in the receiver in Fig. 4.1(d). The other option is to divide
schemes by the dispersion management domain, i.e. in-line span-wise dispersion
compensation in Fig. 4.1(c) is performed in the all-optical domain and the EDC
in Fig. 4.1(d) is carried out in the digital domain in the transmitter/receiver side
digital signal processing. Hence the categories classification can be named on
different basis, the actual schemes remain the same in Fig. 4.1(c) and Fig. 4.1(d).
It should be noted that the in-line span-wise dispersion compensation in Fig. 4.1(c)
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is in a configuration that is inherent to PSA links. In a PIA link, the second DCM
that performs dispersion post-compensation can be removed and the remaining
post-compensation can be related with the pre-compensation DCM in the next
span.

It is important to note that every DCM that has been inserted into the in-line
span-wise dispersion compensation transmission link, introduces an extra loss in
reality. In Paper D, where a benchmarking and a comparison has been carried out
between dispersion map optimized PSA links and in-line span-wise compensated
and EDC compensated PIA links based on numerical simulation results, an in-line
DCM extra loss has not been accounted for, since the actual comparison between
nonlinearity tolerance of these transmission links was intended. However, in
reality, one must always consider that there is a possibility for PSA links, that are
in-line span-wise compensated in their nature, that the PSA link with optimized
dispersion map in the sense of nonlinear tolerance, could not provide it’s best
performance. It is attributed to the fact that the equivalent NF of a span is lower for
the scenario, where only the dispersion pre-compensation module is present, since
the module is at the beginning of a span, where the power is relatively high causing
negligible NF degradation compared to the PSA link having both compensators.
However, this is beyond the scope of this thesis, but should always be considered
in the design of PSA links. It can be also an interesting study subject, since to the
best of this thesis author’s knowledge, no such study has been presented yet.

4.1.2. Dispersion compensation methods

* Dispersion compensating fiber

A dispersion compensating fiber (DCF) [174] is an optical fiber that has been
designed to reverse the dispersion effects (the dispersion parameter is designed
with the opposite sign), so that a broadened optical pulse propagating in a DCF
is narrowed back. A DCF must have a certain length that is determined by the
length of the SSMF transmission span fiber and the dispersion parameter that is
usually larger, resulting in the shorter length of a DCF than a transmission fiber.
The modern DCFs are accurate and also designed with a good dispersion slope
matching for certain SSMFs [174].

However, there are also major drawbacks that has to be considered. DCFs will
add loss and have a relatively high nonlinear coefficient that will become a problem
in the case of high optical launch powers or in a case, when an optical power is
high also at the output of a transmission span. For example a DCF according
to [175] has an attenuation coefficient 0.231 dB/km and a dispersion parameter
-38.0 ps/nm/km. The largest drawback related to the experimental work presented
in this thesis is the fact that a DCF cannot be designed to be a tunable dispersion
compensator.
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* Fiber Bragg grating

An in-line dispersion compensation can also be performed by using the fiber-Bragg
grating (FBG) based DCMs. A FBG consists of a short piece of fiber that refractive
index grating is inscribed by using a laser light [176]. The dispersion compensation
can be achieved by the design of a chirped grating [177]. It is also possible to
design tunable DCMs based on the channelized FBG technology [178]. Tunable
FBG based DCMs have been used for all of the experimental work presented in
this thesis Papers A, B and E, because the dispersion pre- and post-compensation
ratio tuning was essential for the conducted experiments.

The two major advantages by using FBGs instead of DCFs, is the lower loss and
negligible fiber nonlinearity, since the fiber in a FBG is very short. The insertion
loss of DCMs used in experiments according to [179] was 3.0 dB. However, the
FBG technology suffers from the group delay ripple (GDR) that is induced by
non-ideal fabrication process of the grating [180, 181, 182]. The GDR is random
fluctuations in the phase response of a FBG, that cause additional unwanted
penalties to the bandpass characteristics.

* Electronic dispersion compensation

The electronic dispersion compensation (EDC) is a dispersion compensating
method performed digitally in a receiver or in a transmitter DSP. The necessary
assumption to perform the receiver side EDC is a coherent receiver. That means,
if the phase of a signal is detected, then it is a straightforward implementation
[118] to reverse the linear distortion caused by the dispersion. The EDC does
not suffer any signal degrading effects that are inherent to DCFs or FBGs, as the
EDC is performed digitally. However, one must consider the increased energy
consumption of a DSP and an extra processing time, while the optical channels
are detected separately, the EDC has to be performed to every channel separately.
There is an additional major drawback for PSA links, since the EDC can be
implemented only at the transmitter and receiver side, so the dispersion cannot
be compensated span-wise manner before each PSA in a multi-span PSA link.

4.2. Dispersion map optimization for PSA links

A simplified schematic of a PSA amplified transmission span used for the
dispersion map optimization simulations in this thesis is presented in Fig. 4.2.
The easiest and so-called ”brute forced” way to find an optimal dispersion map,
is to simulate numerically or measure (experimentally) through all the possible
interesting dispersion map configurations by changing the applied dispersion
pre- and post-compensation Dpren and Dpostn = 100% — Dyren values by a
pre-determined step value i.e. sweeping through dispersion compensation values.
A dispersion map configuration that results in the best system performance is
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defined as an optimal dispersion map. In this thesis, the brute forced optimization
has been mainly used, although the higher number of optimized spans such as
three and four-span optimization in Papers C and D cannot be implemented by
brute forcing, while it leads to an enormous computational effort. Therefore a
more coarse optima were found and more precise dispersion map sweeps were
performed only in small regions. More details are provided in Papers C and D.

Transmission span

XN

Dpos!,n =

100% - Dyre

Figure 4.2 Generic schematic of a PSA transmission span model used for numerical
simulations in this thesis, where Dy and Dyosi v Stand for the percentage of applied
dispersion pre- and post-compensation respectively from the total accumulated dispersion
perspan andn = 1, ..., N is the transmission span number.

An example of a single-span 10 GBaud at 12 dBm signal launch power and
28 GBaud at 6 dBm signal launch power PSA link numerical dispersion map
optimization from Paper D is shown in Fig. 4.3. The error vector magnitude
(EVM) as a function of applied dispersion pre-compensation is used as a
metric, to show the PSA link performance dependent on the used dispersion
map configuration. The EVM metric expresses an error vector (difference) in
the constellation 1Q-plane between the received symbols and the ideal symbols
[183]. The optimum configurations are 23 % dispersion pre-compensation
and 77 % post-compensation for a 10 GBaud PSA link and 19 % dispersion
pre-compensation and 81 % post-compensation for a 28 GBaud PSA link.

One can see from Fig. 4.3 that the 10 GBaud case optimum is much sharper
than the 28 GBaud case. If 1 dB worse EVM than the optimum would be tolerated
for both cases, then an offset of 2% for the 10 GBaud case compared to an
offset of 8% for the 28 GBaud case from the optimum point would be allowed.
It can be deduced, that the 10 GBaud case, that provides better nonlinearity
mitigation capability, is more intolerant to a dispersion map optimum offset. As the
single-span optimized case results in a good nonlinearity mitigation performance,
the 10 GBaud regime does not benefit further from the multi-span dispersion map
optimization as it is shown in Paper D. It can be attributed to the fact that the
dispersion length is much larger than the span length (Lp > Lgpan), therefore a
better combination by using different span dispersion maps does not exist. The
opposite is true for the 28 GBaud regime, where the dispersion length is smaller
than the span length (Lp < Lgpan) and the nonlinearity mitigation capability
can be improved by combining different span dispersion maps by performing the
multi-span dispersion map optimization as shown in Papers B, C and D.
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Figure 4.3 Example of a single-span PSA link numerical dispersion map optimization from
Paper D.

4.2.1. Nonlinearity mitigation capability

The basic idea behind the nonlinearity mitigation mechanism in a PSA link was
already presented in section 3.4 on page 56. However a bit more complicated
explanation should be introduced to describe the degradation mechanism of the
nonlinearity mitigation capability for higher symbol rate PSA links such as a
28 GBaud regime (Lp < Lgpan), where the dispersion in conjunction with the
fiber attenuation play the key role for the dispersion map optimization.

A good starting point for this explanation would be to explore further the idea
of a span power map symmetry and the dispersion map anti-symmetry condition,
that would result in the best possible nonlinearity mitigation performance of the
phase-conjugated twin waves according to the first order perturbation theory
[46]. Such a symmetric power map condition can be met by designing a
theoretical single-span fiber-optic link without accounting any fiber attenuation
and performing numerical simulations. The propagating light-field power is
constant in such a link, that satisfies power map symmetry condition. The
first order perturbation theory for the phase-conjugated twin waves [46] suggest
that the dispersion map should be anti-symmetric, which means that the 50%
dispersion pre- and post-compensation should be applied. In Fig. 4.4 the results of
a numerical dispersion map optimization of such a theoretical link are shown. The
simulation study confirms the prediction from theory, that the best performance
of such a link is achieved by using 50% dispersion pre- and post-compensation
scheme.

The power evolution in Fig. 4.5(a) and the accumulated dispersion in Fig. 4.5(b)
as a function of a propagated distance are illustrated for such a theoretical
single-span 80 km long PSA link. In Fig. 4.5(b), a blue line shows anti-symmetric
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Figure 4.4 Example of the numerical dispersion map optimization of a single-span power
symmetric 28 GBaud PSA link, where the optical fiber attenuation is neglected in ovder to
simulate constant (lossless) power evolution of an optical signal.

dispersion map for the signal and idler waves during the propagation in a fiber.
During the phase-sensitive amplification process, the idler wave is conjugated and
coherently added to the signal wave. Now, if the idler wave is conjugated, it means
that the accumulated dispersion will take the opposite sign. It also means that the
conjugated idler (Idler*) accumulated dispersion during the propagation in a span
can be abstractly represented by a mirrored dashed green line that is the opposite
of the signal and idler accumulated dispersion.

By this latter abstract addition, it is possible to see all the signal and conjugate
idler dispersion states throughout the propagation in a 80 km span in Fig. 4.5(b).
While the symmetric power map and anti-symmetric dispersion map result in the
best PSA link performance, it is evident, that the effective nonlinearity mitigation
from the coherent superposition of the signal and idler conjugate distortions (dsig
and dx1q+) can only happen if the signal and idler conjugate distortions were
generated by the same accumulated dispersion states with equal optical power.
The latter conclusion can be expressed for that particular case shown in Fig. 4.5
as

530313;(21) + dx1q1* (22) = 5$Sig(DS(zl)7 P(Zl))—{—

4.1)
dx141+ (DS(Lspan - Zl)y P(Lspan - Zl)) =0,

if DS(z1) = DS(22) and P(z1) = P(22), while 2o = Lgpan — 21, where DS(2)
is the dispersion state at distance z , P(z) is the optical power at distance z and
Lgpan is the span length.

The dispersion state in this thesis context means an optical pulse shape
broadening state during propagation in an optical fiber, where the signal and idler
conjugate signals are having the same shape and chirp caused by the dispersion
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Figure 4.5 Illustration of (a) a constant (lossless) power map, that is symmetric of a
theoretical 80 km PSA single-span link and (b) the anti-symmetric dispersion map of such
a link, showing the accumulated dispersion evolution of signal, idler and idler conjugated
waves during propagation as a function of a distance.

effect. It is also evident that the nonlinear distortions of dispersion states of the
signal dxgig(DS(21), P(21)) and the idler conjugate dx1qi-(DS(z1), P(21)) at
the same distance (and same optical power), that are differently chirped, do not
provide complete nonlinearity mitigation, otherwise the symmetric power map
and anti-symmetric dispersion map condition would not be necessary to fulfill.

In order to validate once more this provided explanation, Fig. 4.5 can be
represented for some other dispersion map case, where the PSA link performance
in Fig. 4.4 has degraded compared to an optimal anti-symmetric dispersion map
case. In Fig. 4.6 such an illustration is presented, where the 35% dispersion
pre- and 65% post-compensation has been applied. One can see, that when the
dispersion map anti-symmetry condition does not hold, then all the nonlinear
distortions generated in the last part of the PSA span, remain uncompensated,
while there are no such opposite compensating distortions generated in the first
part of the PSA link.
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Figure 4.6 Illlustration showing the not anti-symmetric dispersion map of a power
symmetric single-span PSA link and accumulated dispersion evolution therein during
optical signal propagation. The gray area shows the region where the generated nonlinear
distortions remain uncompensated, therefore degrading the PSA link performance.

One possibility to design a more power symmetric PSA link for an experimental
study, is by making use of the distributed Raman amplification. In Paper E
a single-span PSA link that consists of three backward Raman amplified spans
was built in order to power symmetrize a PSA span. Although the experimental
results were not as good as expected, a nearly anti-symmetric optimum dispersion
map was found to provide the best performance, that is consistent with the
theory. Now, more insight has been gained and the mediocre nonlinearity
mitigation performance observed in this experiment could be explained by the
power symmetry condition. By building a PSA span out of three 27 km backward
Raman pumped spans, actually more power symmetry was introduced in a PSA
span, but as a matter of fact all the high powered parts of that span were out of
power balance to each other (see measured power map in Paper E Fig. 1 and 2(b)),
that cause much unmitigated nonlinear distortions to be generated. Also a slight
shift in the dispersion pre-compensation value from 40.5 km (in theory) to 39 km
(experimentally measured) can be explained by looking at the measured power
map of the experiment.

4.2.2. Multi-span dispersion map optimization

The simulation study in Paper D showed that the multi-span dispersion map
optimization is beneficial only to the 28 GBaud regime, where Lp < Lgpan.
To better understand the difference between 10 GBaud and 28 GBaud regimes,
a formula that expresses an evolvement of a Gaussian pulse envelope during a
dispersive propagation can be useful for a visualization. According to [75], a
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Gaussian pulse envelope during the optical fiber propagation can be described by

Ty (1+4iC)T?

R T I ) | RN e ()]

), (42)

where T is the initial pulse width, 35 is the GVD parameter and C' is the chirp
parameter. In Fig. 4.7 an evolvement of a Gaussian pulse peak power during
propagation in (a) 10 GBaud and (b) 28 GBaud 80 km long single-span link is
presented, where 23% and 19% dispersion pre-compensation has been applied
respectively. The measure of a peak power to convey the pulse broadening is used,
while the peak power of an optical pulse will generate the strongest nonlinear
distortions. The dashed blue curves present the pulse peak power evolvement
|U(z,0)|? by using Eq. 4.2, that does not take into account a fiber loss. The dashed
black curves show the power evolution in a fiber optic link according to Eq. 2.3 by
taking into account attenuation coefficient « = 0.2 dB/km and an input power
that is in the case of normalized power equal to one. In order to find the real
Gaussian pulse peak power evolution (red curve) that also takes into account the
fiber attenuation, Eq. 4.2 can be substituted into Eq. 2.3, resulting in
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Figure 4.7 A Gaussian pulse evolution as a function of a distance for (a) 10 GBaud and (b)
28 GBaud 80 km long fiber-optic link, where 23% and 19% dispersion pre-compensation
has been applied respectively. The dashed blue curves represent the pulse peak power
evolvement without attenuation, the dashed black curves show the power evolution in a
fiber optic link and the red curves show the real Gaussian pulse peak power evolution by
taking into account the fiber attenuation.

It is evident by comparing the results of Fig. 4.7(a) and (b) that the dispersion
plays a significant role for the pulse real peak power evolvement during the
propagation for the 28 GBaud case compared to the 10 GBaud case. However,
while the dispersion states for the 28 GBaud regime are significantly different
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during the propagation throughout the link, it is possible that the PSA nonlinearity
mitigation can be enhanced by combining different span dispersion maps in
different spans of a PSA link that has been shown in Papers B, C and D.

In Fig. 4.8(a) to (d) are shown Gaussian pulse peak power evolvements
in a four-span dispersion map optimized 28 GBaud PSA link with dispersion
pre-compensation values 4%, 12%, 22% and 52% according to Paper D. The
multi-span dispersion map optimization (to the best of our understanding so far)
can enhance PSA nonlinearity mitigation in power unsymmetrical links for higher
symbol rate regimes, while it allows to combine the same dispersion states over
multiple spans for the best possible power-balancing between signal and idler
waves.
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Figure 4.8 A Gaussian pulse evolution as a function of a distance for a 28 GBaud four-span
dispersion map optimized fiber-optic PSA link, where (a) 4%, (b) 12%, (c) 22% and (d)
52% dispersion pre-compensation has been applied in the first, second, third and fourth
span respectively.

More insight can be derived from Fig. 4.9, where an example has been given
that shows 28 GBaud four-span optimized PSA link case, where the distortions
generated by the same state of dispersion at certain distance with certain power
are summed up in the four span PSA link. The multi-span dispersion map
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optimization allows the possibility to combine different configurations from
different spans. The summation shown with orange happens between two
signal and four idler conjugate generated distortions. The summation with blue
shows the combination between single signal and four idler conjugate generated
distortions. The multi-span optimization allows to re-design the generation of
nonlinear distortions over the whole multi-span PSA link as the best possible
power-equalized combination of all the distortions generated by all the possible
dispersion states in all available spans. The whole PSA link becomes more similar
to a single power symmetric span, where the generated nonlinear distortions of the
first part of the span are equal in power to the distortions generated in the second
part of the span of all the possible dispersion states (see Fig. 4.5). The allowed
number of optimized spans determine the degrees of freedom for optimization
where the increasing degrees of freedom allow better optimization and improved
nonlinearity mitigation of a multi-span PSA link.
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Figure 4.9 Example of the two summations of the same dispersion states generated
nonlinear distortions in the four-span optimized PSA link dispersion maps plane. The
solid lines represent the signal and the dashed lines for the idler conjugate dispersion
states.

It is almost impossible to fulfill the power symmetry condition of an optical
fiber span in the real world, but the multi-span dispersion map optimization for a
higher symbol rate transmission in a dispersive medium can provide an artificial
symmetrization of the generated nonlinear distortions with the help of many
different span dispersion maps. However, the multi-span optimization turns out
to be computationally devastating to be carried out and also such optimized PSA
links are rather not flexible.

Additionally, it would be better in terms of a link noise figure, if the
post-dispersion compensation could be completely removed. An alternative
solution for PSA links to avoid dispersion induced effects and the degraded
nonlinearity mitigation capability, would be to use dispersion-shifted fibers or
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to create conditions for very low dispersion fiber-optic transmission. If the
dispersion caused broadening would be negligible, then the span power map
symmetry condition does not need to hold anymore, while the signal and the
idler conjugate will have exactly the same dispersion states at the same distance,
meaning that all the signal and idler nonlinear distortions are generated with an
equal power. Therefore an ultimate nonlinearity mitigation would be expected,
while the mechanism for PSA nonlinearity mitigation presented in Fig. 4.5, where
dxsig(21) + 02141+ (Lspan — 21) = 0, would change in the very low GVD condition
as

dxsig(21) + dz1a1+ (21) = 0, 4.4)

if D — 0.

A numerical study of a PSA link performance for comparing an optical fiber
transmission in a SSMF (dispersion parameter D = 17 ps/nm/km) with nearly a
zero dispersion case (D = 0.2 ps/nm/km) is presented in Fig. 4.10. Figure 4.10
shows that the PSA link performance has improved significantly as expected in a
low dispersion regime, up to 14.9 dB improvement in terms of the EVM. However,
an unexpected result is yet a strong dependence on the chosen dispersion map of a
low dispersion regime transmission. The strong dependence can also be attributed
to a better nonlinearity mitigation performance, that was also observed at the
10 GBaud transmission regime. It is also interesting to note that the low dispersion
regime offers 6.1 dB better EVM performance for a purely pre-compensated
dispersion map case over the D = 17 ps/nm/km dispersion map optimized case.

—o—D =17 ps/nm/km
-10 ¢ —O0—D = 0.2 ps/nm/km

EVM [dB]

0 10 20 30 40 50 60 70 80 90 100
Dispersion pre-compensation [%]
Figure 4.10 Numerical dispersion map optimization of a single-span PSA link at 6 dBm

signal launch power, where the two optical transmission fiber dispersion parameters are
D = 17 ps/nm/km and D = 0.2 ps/nm/km.
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5. OVERVIEW OF THE PUBLICATIONS

* Paper A

S. L. I. Olsson, H. Eliasson, E. Astra, M. Karlsson and P. A. Andrekson,
”Long-haul optical transmission link using low-noise phase-sensitive amplifiers,”
Nature Communications, no. 9 (2018): 2513.

In this paper a multi-channel compatible and a modulation format independent
long-haul 10 GBaud QPSK fiber-optic transmission link that is deploying in-line
two-mode PSAs is experimentally demonstrated. The experimental optimization
of'the single-span dispersion map has been enabled by the use of tunable dispersion
compensators. For the first time, a significant reach extension improvement by a
factor of 5.6 of a PSA link, compared to the link amplified by conventional EDFAs,
is demonstrated. It is possible due to the low amplifier noise and the nonlinearity
mitigation capability provided by the in-line PSAs. Such a demonstrated PSA link
is able to tolerate the total accumulated nonlinear phase shift of 6.2 rad at optimal
launch power.

My contribution: I contributed as a co-author by planning and designing the
experiment, assembling the equipment for the experimental setup and conducting
measurements.

* Paper B

E. Astra, S. L. 1. Olsson, H. Eliasson and P. A. Andrekson, “Dispersion
management for nonlinearity mitigation in two-span 28 GBaud QPSK
phase-sensitive amplifier links,” Optics Express, 25, n0. 12(2017): 13163-13173.

In this paper an initial simulation study was carried out to investigate whether
by allowing different span dispersion maps in different spans of a two-span
28 GBaud QPSK PSA link would improve the PSA nonlinearity mitigation
capability. Based on the positive simulation results an experiment was conducted,
where an improved mitigation of nonlinearity was also observed in the highly
nonlinear transmission regime for the two-span optimized dispersion map case,
resulting in the EVM improvement of 1.4 dB and 2 dB higher launch power
tolerance compared to a single-span optimized case. However, the dispersion
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maps were not optimized experimentally, therefore it is possible that even a
larger improvement could be observed. In the design of a two-span PSA link,
only one PSA was available to use, therefore the second coherent superposition
was performed digitally in DSP, that also enabled to observe constellation
diagrams before and after the second coherent superpositioning (nonlinearity
mitigation process) of twin-waves. Such a strong two-span dispersion map
dependence on the link performance is only inherent to PSA links. Additionally,
a long-haul simulation study is presented that shows a 2.1 fold transmission reach
improvement in the nonlinear transmission regime and a 1.5 fold transmission
reach increase at optimal launch powers of a two-span dispersion map optimized
case compared to the single-span optimized case.

My contribution: I am the main author, proposed the idea, wrote the
simulation program and carried out all the simulations. E.A, S.O. and H.E.
together planned, designed and built the experimental setup and conducted
measurements. | carried out the analysis of the results, prepared the figures, and
wrote the manuscript.

* Paper C

E. Astra, H. Eliasson and P. A. Andrekson, “Four-span dispersion map
optimization for improved nonlinearity mitigation in phase-sensitive amplifier
links,” in Proc. European Conference on Optical Communication (ECOC),
Gothenburg, Sweden (2017): paper P2.SC6.14.

In this paper the dispersion map optimization has been numerically investigated
further up to four-span optimized maps to explore the nonlinearity mitigation
properties of 28 GBaud QPSK PSA links. The optimization has been carried
out with a coarse step size of 5%. The highly nonlinear transmission regime
after the propagation up to 12 spans shows a significant EVM reduction of 6 dB.
Additionally this significant reduction of both phase and amplitude distortions can
be also observed from the corresponding constellations. It is also noteworthy that
the four-span optimized case after propagation up to four spans results almost the
same EVM as single-span optimized case after propagation only one span. The
long-haul simulations at optimal launch powers show the four-span optimized
case transmission reach improvement of 2.1 times at BER = 103 compared to
a single-span optimized PSA link. Also the four-span optimized case constellation
shows more stochastic nature than one-span optimized case, where larger phase
distortions can be observed at optimal launch powers at BER = 1073 in long-haul
simulations.

My contribution: I proposed the idea for the paper, wrote the simulation
program and performed numerical simulations. I did an analysis of the results,
prepared the figures, and wrote the manuscript. As a main author, I presented the
paper at ECOC in Gothenburg, Sweden in 2017.
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* Paper D

E. Astra, H. Eliasson, T. Ruuben and P. A. Andrekson, ”Improved mitigation
of self-phase modulation induced impairments in 28 GBaud phase-sensitive
amplified links,” Optics Express, 27, no. 4 (2019): 4304-4316.

In this paper the dispersion map optimization up to four-span in 28 GBaud
QPSK PSA links has been numerically investigated more thoroughly by extensive
numerical simulations. The optimization precision has been evaluated by
comparing the results of 5% and 1% dispersion optimization sweep step size.
We expect an improvement in the results by introducing more precise dispersion
maps for the the improved nonlinearity mitigation scenarios with two-, three-
and four-span optimized cases. The expectation should be evident from the
comparison of 10 GBaud and 28 GBaud single-span PSA links, where a 10 GBaud
link yields almost 10 dB better nonlinearity mitigation capability, but it requires
a more precise optimization of a dispersion map. However, although two- and
three-span cases show a little improvement in the long-haul simulations at optimal
launch powers, then no such significant improvement is noted for the four-span
optimization case in the long-haul simulations at optimal launch powers, where
the same results can be observed for the both optimization precision cases. The
comparison of the maximal transmission reaches up to four-span optimized PSA
links with the dispersion in-line span-wise managed PIA (6.9 times improvement
by using PSAs) and in-line unmanaged EDC PIA (4.3 times improvement by
using PSAs) links in the long-haul simulations at BER = 10~3 are presented.
Additionally, the SPM mitigation capability in the WDM scenario is also briefly
investigated, where the signal and idler waves can be separated far away in
the wavelength dimension and the effect of third-order dispersion can become
relevant.

My contribution: As a main author, I proposed the idea, wrote the simulation
program and performed all the numerical simulations. I analyzed the results,
prepared the figures, and wrote the paper.

* Paper E

H. Eliasson, K. Vijayan, B.Foo, S.L.I. Olsson, E. Astra, M. Karlsson
and P. A. Andrekson, “Phase-sensitive amplifier link with distributed Raman
amplification,” Optics Express, 26, no. 16 (2018): 19854—19863.

In this paper distributed Raman amplification assisted 28 GBaud QPSK
PSA link with more symmetrical span power maps has been experimentally
investigated. The PSA span power map design is symmetrized by three backward
Raman pumped spans. In long-haul experiments, the Raman assisted PSA
link shows a transmission reach improvement by a factor of 2.9, if the Raman
assisted PSAs are used instead of PIAs. The lumped amplification configuration
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(when Raman pumps turned off) long-haul experiments show a transmission
reach improvement by a factor of 3.8, if PSAs are used instead of PIAs. As
the experimental results turned out different than what was expected, the effects
caused by the dispersion compensating module group delay ripple were evaluated
additionally by a numerical simulation study.

My contribution: I contributed by planning, designing and assembling the
equipment for the experimental setup and conducting measurements.
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6. CONCLUSIONS

In this thesis the nonlinearity (SPM) mitigation aspects dependent on the deployed
dispersion map in a single-channel single-polarization two-mode PSA amplified
fiber-optic transmission link are investigated. The effect of dispersion on the PSA
mitigation capability is different for lower symbol rate and higher symbol rate
transmission regimes. The lower symbol rate regime (the dispersion length is
larger than the transmission span length) is assumed for a 10 GBaud QPSK PSA
link and the higher symbol rate regime (the dispersion length becomes shorter than
the transmission span length) is assumed for a 28 GBaud QPSK PSA link.

A significant transmission reach improvement in Paper A by a factor of 5.6 at
optimal launch powers, if PSAs are used instead of PIAs, has been demonstrated
for a single-span dispersion map optimized 10 GBaud PSA link. The use of
tunable dispersion compensators enabled the experimental optimization of the
single-span dispersion maps. However, the nonlinearity mitigation capability of
a PSA transmission link degrades if higher symbol rates, such as 28 GBaud, are
considered. In this thesis, two methods are proposed and investigated that could
improve the nonlinearity mitigation capability of a 28 GBaud PSA link. First,
the method of multi-span dispersion map optimization, that allows different span
dispersion maps to be used in different spans, is presented in Papers B, C and D.
Secondly, a method to symmetrize PSA link span power map by the three backward
pumped Raman amplifiers is proposed and experimentally investigated in Paper
E.

It was demonstrated in Paper B both numerically and experimentally, that
by allowing different span dispersion maps in a two-span PSA link instead of
single-span optimized dispersion maps, can improve the nonlinearity mitigation
performance significantly. However, in Paper B the dispersion maps were
not optimized experimentally, which means that the experimentally measured
performance improvement could be even higher than 1.4 dB in terms of the EVM
in a highly nonlinear transmission regime.

In Paper C a short-haul transmission numerical study in a highly nonlinear
transmission regime shows significant nonlinearity mitigation improvements up
to four-span optimized PSA links. The four-span optimized case after a signal
propagation up to four-spans in a PSA link yields almost the same low EVM as
a single-span optimized PSA link after propagating only one span. It shows the
great potential of the proposed method for the SPM mitigation.
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In Paper D a four-span dispersion map optimization precision was evaluated by
comparing the 5% and 1% optimization precision cases. It turns out that the further
optimization with 1% precision does not benefit for long-haul 28 GBaud PSA link
simulations in contrast to expectations from a single-span optimized 10 GBaud
PSA link, where a single-span dispersion map optimum is narrow and requires
precise tuning.

The numerical simulation study in Paper D showed that the optimization
precision has not to be very precise, even though the nonlinearity mitigation
capability is improved significantly, resulting in the PSA link transmission reach
extension of 2.1 times when the four-span optimized dispersion maps are used
instead of the single-span optimized maps. It must be also noted that the multi-span
optimized dispersion maps cannot be chosen by a chance. However, a complete
mathematical understanding has to be yet developed to better understand the
choice of optimal dispersion maps for a two-mode PSA link.

In Paper E an experimental evaluation of a method to improve a PSA
link nonlinearity mitigation performance by designing more power symmetrical
transmission spans is presented. The power symmetrized link is built by using
three backward Raman pumps. However, opposite to the expectations, the
designed symmetrized power map scenario did not lead to a better nonlinearity
(SPM) mitigation performance as predicted by theory. However, the optimum
dispersion map configuration with almost 50% pre- and post-compensation was
consistent to the theory. In fact, the nonlinearity mitigation capability, that
is evaluated by the transmission reach increase factor between PSA and PIA
amplified scenarios, dropped from the factor of 3.8 to the factor of 2.9, if Raman
assisted symmetrized power map configuration was implemented in a long-haul
transmission experiments. It was proposed that the GVD ripple by the same DCMs
in a circulating loop setup will probably degrade the performance. Secondly, the
noise accumulation and not perfectly flat Raman gain spectrum can play their own
role by introducing imperfections. Another explanation can be also provided that
takes into account the power symmetry condition. It means that the design of
a PSA span power map that consisted of three Raman backward pumped spans,
actually became more imbalanced. Due to the imbalance in the high-powered parts
of the power map, the nonlinear distortions became more severe.

It is clear from the work conducted in this thesis, that an increased nonlinearity
(SPM) mitigation capability of a PSA cannot be realized by using hybrid Raman
PSA approach to design more symmetrical span power maps and the only working
solution proposed here is the multi-span dispersion map optimization, that is
unfortunately not practical in long-haul laboratory experiments in the current
situation, where PSAs are not yet compact and straightforward to implement.
Secondly, the multi-span dispersion map optimization also requires a good
mathematical explanation in order to design the link dispersion map without
the need for brute-forced optimization that becomes immense by the increasing
number of spans. However, single-span dispersion map optimized PSA links
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are still beneficial at lower symbol rate regimes (such as 10 GBaud), where the
dispersion length is much more larger than the span length and dispersion affects
the nonlinearity (SPM) mitigation performance less.

6.1. Future outlook

In this thesis a method of multi-span optimization for higher symbol rate PSA
links has been proposed for the SPM induced nonlinearity mitigation. The
optimization is carried out up to four-span optimized links numerically by
computer simulations. Although a generic explanation of the optimization
mechanism has been provided in this thesis, yet a mathematical understanding
of the optimization procedure has not been developed.

Additionally, this thesis is mainly based only on the aspects of the dispersion
map optimization. As the main mechanism for multi-span optimization is to find
optimal span dispersion maps that can equalize the power of generated nonlinear
distortions on signal and idler waves for the same dispersion states, it can be
expected, that also by allowing different launch powers in different spans together
with the dispersion map optimization, might improve the nonlinearity mitigation
performance for the PSA links.

A natural extension of this work would be also to investigate WDM PSA
links to study the effects of (multi-span) the dispersion map optimization on the
XPM nonlinearity mitigation. It has been proposed in this thesis that a PSA link
operating in a low dispersion transmission (for example D = 0.2 ps/nm/km)
will improve significantly the SPM induced nonlinearity mitigation capability. It
could be realized experimentally by using a dispersion shifted fiber in a PSA link.
However, the XPM effects and a WDM scenario would be interesting to study in
a low dispersion transmission.

An operation in the zero dispersion regime should allow to remove a dispersion
post-compensation module that degrades mainly a PSA link OSNR due to an
additional loss. However, to the best of author’s knowledge, it has not been
studied yet whether the removal of a dispersion post-compensation module
(reduced nonlinearity mitigation performance, but a better SNR performance)
would degrade the PSA link overall performance.
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ABSTRACT

Transmission Fiber Nonlinearity Mitigation in Optical
Communication Links Using Phase-Sensitive Parametric
Amplifiers

In this thesis a numerical and an experimental investigation of the nonlinearity
(SPM - self-phase modulation) mitigation of a two-mode single-channel
single-polarization phase-sensitive amplifier (PSA) amplified fiber-optic
transmission link is demonstrated. PSAs are especially interesting due to their
low noise amplification (quantum limited noise figure of 0 dB) and simultaneous
nonlinearity mitigation capability. It can be highly beneficial as fiber-optic
communication systems are fundamentally limited by the optical amplification
noise and the transmission fiber nonlinearity. PSA noise properties have been
already thoroughly investigated before, but until 2015, when this thesis work
began, not much research were conducted on the nonlinearity mitigation aspects
of PSAs. However, it was already evident from previous work that a single-span
dispersion map configuration has an effect on the SPM (nonlinearity) mitigation
capability.

In this thesis the first significant transmission reach extension (by a factor of
5.6) of a 10 GBaud PSA link is demonstrated, when PSAs are used instead of
phase insensitive amplifiers (PIAs). However, if the symbol rate is increased,
a different regime (the dispersion length becomes smaller than the span length)
occurs, where the nonlinearity mitigation capability of a PSA is reduced. In this
thesis, two methods are proposed and investigated experimentally and numerically
to improve the nonlinearity (SPM) mitigation of a 28 GBaud PSA link.

The first method allows the use of different span dispersion maps in different
spans of a PSA link, i.e. multi-span dispersion map optimization. This
method shows great potential because the nonlinearity mitigation is improved
significantly. However, the computational complexity and effort increases rapidly
by a brute-force optimization, therefore the optimization is carried out only up to
four-span dispersion map optimization.

The reliability of numerical simulations is confirmed experimentally for the
two-span PSA link optimization case, while the dispersion map optimization
experimental investigation for higher number of spans was not feasible to
implement. However, the numerical simulations of four-span optimized PSA
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link in a short-haul highly nonlinear regime show a significant 6 dB nonlinear
distortion reduction in terms of the error vector magnitude (EVM) compared to
the single-span optimized case. Long-haul transmission simulations show a 2.1
fold transmission reach increase at optimal launch powers, if four-span optimized
dispersion maps are used instead of single-span optimized maps. The four-span
dispersion map optimized PSA link yields in a significant 6.9 fold transmission
reach improvement, if PSAs are used instead of PIAs.

A PSA amplified link is capable of nonlinearity mitigation similar to the
phase-conjugated twin waves (PCTW) approach. According to the assumptions
from theory, a symmetric span power map with an anti-symmetric dispersion map
should be used to achieve the best nonlinearity mitigation performance. Therefore
the second proposed method makes use of distributed Raman amplification by
designing a PSA amplified span that consists of three backward Raman pumped
spans in order to achieve more symmetric span power map. However, opposite to
expectations, the Raman assisted PSA link did not provide, in this configuration,
a better nonlinearity mitigation performance, while an ideal span symmetry
cannot be achieved by backward pumped distributed Raman amplification. The
transmission reach improvements measured in the conducted experiments at
optimal launch powers, if PSAs were used instead of PIAs, are 2.9 fold increase
for the Raman assisted case and 3.8 fold transmission reach improvement for the
conventional lumped amplified PSA link case.

The Raman assisted PSA method seems to be not able to fulfill the power
map symmetry condition that is suggested in theory. It can be concluded
that the multi-span dispersion map optimization seems to provide a superior
nonlinearity mitigation performance for high symbol rate PSA links if more spans
are optimized, but a complete mathematical understanding has to be derived to
further optimize more number of spans.
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LUHIKOKKUVOTE

Edastusfiibri mittelineaarsete mojutuste vihendamine
optilistes sidesiisteemides faasitundlike parameetriliste
voimendite abil

Kéesolevas viitekirjas uuritakse fiiberoptilise {iilekandeliini mittelineaarsete
mojutuste (eeskitt iseenesliku faasimodulatsiooni) vidhendamise vdimalusi
faasitundlike optiliste voimendite abil. Selleks on teostatud mahukad
numbrilised arvutused ja eksperimentaalsed katsed iihe kanali ja polarisatsiooniga
kahe-moodiliselt faasitundlikult vdimendatud fiiberoptilistes iilekandeliinides.
Faasitundlikud optilised vdimendid on huvipakkuvad nende védga madala
mirataseme (kvant-limiteeritud-miirategur 0 dB) ja samaaegse mittelineaarsete
mojutuste vihendamise voimekuse poolest. Need kaks omadust on kasulikud,
sest fiiberoptilise sidesiisteemi edastuskvaliteet on fundametaalselt limiteeritud
optiliste voimendite poolt lisatava miira ning edastusfiibri poolt pohjustatud
mittelineaarsete moonutuste tottu. Faasitundlike optiliste vOimendite miira
omadusi on pdhjalikumalt uvuritud, kuid enne 2015 aastat, kui kéesoleva
véitekirjaga seotud teadustod algas, oli veel vdhe uuritud faasitundlike optiliste
vOimendite mittelineaarsete mojutuste vihendamise aspekte. Sellegipoolest oli
teada, et erinevad dispersiooni kompenseerimise jaotused iihel faasitundlikult
vdoimendatud edastusfiibri 18igul avaldavad erinevat moju mittelineaarsete
mojutuste vihendamise voimekusele.

Selles viitekirjas on esitletud esimene markimisvddrne fiiberoptilise
tilekandeliini edastuskauguse suurenemine (5.6 korda) 10 GBaudises
edastussiisteemis juhul, kui faasitundlikke optilisi voimendeid kasutatakse
tavapéraste faasi-mittetundlike vdimendite asemel.  Siimboli edastuskiiruse
suurenemisel avaldub tdoreziim, mille korral dispersiooni mojupikkus
muutub lithemaks kui liinildigu pikkus ning faasitundlike optiliste vdoimendite
mittelineaarsete mojutuste vihendamise vdimekus vdheneb. Selles véitekirjas
pakutakse vilja ning uuritakse kahte voimalikku meetodit 28 GBaudise
faasitundlikult vdimendatud optilise sideliini mittelineaarsete mdjutuste
vihendamise voimekuse tdostmiseks.

Esimese meetodi kohaselt vdimaldatakse kasutada erinevates faasitundlikult
voimendatud liinildikudes erinevaid dispersiooni kompenseerimise jaotusi,
mida nimetatakse vditekirjas mitme liinildigu dispersiooni kompenseerimis
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jaotuste optimeerimiseks. See meetod nditab numbriliste arvutuste pohjal
margatavat mittelineaarsete mdjutuste vihenemist. Kahjuks kasvab samaaegselt
optimeerimise keerukus ja arvutusmaht kiiresti iga jargneva optimeerimisele
lisanduva liinildigu korral. Seda siis, kui kasutada nn. jou-meetodil optimeerimist.
Seetottu on dispersiooni kompenseerimis jaotuste optimeerimine sooritatud kuni
neljale liinildigule.

Numbriliste arvutuste usaldusvdirsus kinnitatakse eksperimentaalsete
katsetega kahe liinildigu dispersiooni kompenseerimis jaotuste optimeerimisel,
sest eksperimentaalseid katseid ei olnud voimalik sooritada suurema liinildikude
arvu korral. Numbrilised arvutused niitavad tugevalt mittelineaarses reziimis
tootava neljal 16igul optimeeritud faasitundliku lithimaa iilekandeliini erakordset
6 dB (md&otithikuks EVM — | error vector magnitude ehk vea vektori magnituud)
vorra suurenenud mittelineaarsete mojutuste vdhendamise voimekuse kasvu.
Pikamaa iilekandeliini numbrilised arvutused nditavad 2.1 kordset edastuskauguse
suurenemist optimaalsel edasutsvéimsustel juhul, kui neljal 16igul optimeeritud
dispersiooni kompenseerimis jaotused on kasutatud iihel 16igul optimeeritute
asemel. Neljal 1oigul optimeetitud faasitundlikult véimendatud iilekandeliin
saavutab 6.9 kordselt suurema edastuskauguse juhul, kui faasitundlikke
voimendeid kasutatakse faasi-mittetundlike voimendite asemel.

Faasitundlikult vdimendatud optilises edastusliinis toimub mittelineaarsete
mojutuste vahendamine sarnaselt faasi-konjugeeritud kaksiklainete meetodile.
Selle teoreetilise eelduse kohaselt tagab stimmeetriline liinildigu vdimsusprofiil
koos anti-siimmeetrilise dispersiooni kompenseerimis jaotusega parima
mittelineaarsete mojutuste vihendamise voimekuse. Seetdttu viitekirjas esitletud
teise meetodi korral kasutatakse iihes faasitundlikult vdimendatud liinildigus
lisaks kolme tagasisuunal voimendavat Ramani voimendit. Ramani vdimendite
abil on vdimalik fiiberoptilises kaablis saavutada iihtlasem vdimsusprofiil.
Vastupidiselt eeldustele, ei taga koos Ramani voimendusega tdotav faasitundlikult
voimendatud iilekandeliini 16ik paremat mittelineaarsete mojutuste vihendamise
voimekust, sest liinildigu voimsussiimmeetria tingimus ei ole Ramani
vOimenditega saavutatav.  Moddetud eksperimentaalne iilekande kauguse
suurenemise mair oli 2.9 kordne juhul, kui faasitundlikke optilisi véimendeid
kasutati faasi-mittetundlike vdimendite asemel optimaalsel edastusvdimsusel ja
Ramani véimendite kaaskasutuse korral ning 3.8 korda kui Ramani voimendid ei
olnud kasutusel.

Ramani vodimendite kaaskasutuse korral ei ole tagatud teoorias
soovitatud liinildigu voimsusprofiili siimmeetrilisus. Sellest tulenevalt pakub
mitme liinildigu dispersiooni kompenseerimis jaotuse optimeerimise meetod
parimat saavutatavat mittelineaarsete mojutuste vdhendamise vOimekust
faasitundlikult vdimendatud iilekandeliinides juhul, kui kasutusel on kdrgem
stimboli edastuskiiruse tdoreziim. Mittelineaarsete mojutuste vihendamise
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voimekus kasvab vastavalt optimeeritud 16ikude arvule, kuid tiielik analiiiitiline
optimiseerimise eeskiri tuleks veel vilja tootada. See vdimaldaks sooritada
optimeerimist suuremate liinildikude arvu korral.
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Long-haul optical transmission link using low-noise
phase-sensitive amplifiers
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The capacity and reach of long-haul fiber optical communication systems is limited by in-line
amplifier noise and fiber nonlinearities. Phase-sensitive amplifiers add 6 dB less noise than
conventional phase-insensitive amplifiers, such as erbium-doped fiber amplifiers, and they
can provide nonlinearity mitigation after each span. Realizing a long-haul transmission link
with in-line phase-sensitive amplifiers providing simultaneous low-noise amplification and
nonlinearity mitigation is challenging and to date no such transmission link has been
demonstrated. Here, we demonstrate a multi-channel-compatible and modulation-format-
independent long-haul transmission link with in-line phase-sensitive amplifiers. Compared to
a link amplified by conventional erbium-doped fiber amplifiers, we demonstrate a reach
improvement of 5.6 times at optimal launch powers with the phase-sensitively amplified link
operating at a total accumulated nonlinear phase shift of 6.2rad. The phase-sensitively
amplified link transmits two data-carrying waves, thus occupying twice the bandwidth and
propagating twice the total power compared to the phase-insensitively amplified link.
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ARTICLE

he achievable transmission performance of fiber optical

transmission systems is limited by amplifier noise and fiber

nonlinearities degrading the signal'™. Phase-sensitive
amplifiers (PSAs) can provide low-noise amplification, because
at high gains their noise figure (NF) is 3 dB lower than that of
even ideal phase-insensitive amplifiers (PIAs)*”. Using an alter-
native NF definition where only the signal power is accounted for
(idler power is neglected), the NF difference between PSAs and
PIAs increases to 6dB°. PSAs are also capable of all-optical
mitigation of nonlinear transmission distortions®8, Using PSAs
low-noise amplification and nonlinearity mitigation capabilities,
PSAs can potentially improve the transmission performance of
fiber optical transmission systems®©,

PSAs can be realized, for example using, parametric gain in (%)
nonlinear materials through three-wave mixing (TWM)'., or
nonlinear materials through four-wave mixing (FWM)!'2. Typi-
cally, two weak waves, called signal and idler, are amplified by one
or two high-power waves, called pumps. Depending on how the
frequencies of the interacting waves are chosen, different ampli-
fication schemes are possible. Two common schemes are the one-
mode PSAs in which signal and idler are frequency degenerate
and the two-mode PSAs in which signal and idler are frequency
non-degenerate.

In one-mode PSAs, one quadrature is amplified while the other
quadrature is deamplified, squeezing the signal phase along the
direction of the amplified quadrature?. If the PSA is operated in
unsaturated regime, phase noise in the squeezed quadrature will
be converted into amplitude noise in the amplified quadrature. If,
however, the PSA is operated in saturation both phase and
amplitude noise can be suppressed thus making this scheme
suitable for simultaneous phase and amglitude regeneration of
binary phase-shift keying (BPSK) signals!*~1°, Using this scheme,
a two times reach extension, originating from phase and ampli-
tude regeneration, not low-noise amplification, has been
demonstrated'®!”. Two severe drawbacks of the one-mode PSA
scheme is that it is inherently single-channel and that it is only
suitable for BPSK signals. Using other PSA-based schemes,
regeneration of more advanced modulation formats such as
quadrature phase-shift keying (QPSK)!®1%, and star 8-quadrature
amplitude modulation (QAM)?%, have been demonstrated as well
as simultaneous regeneration of more than one channel?>?2,

Another way to benefit from PSAs is to utilize their capabilities
of low-noise amplification and nonlinearity mitigation. This can
be done using two-mode PSAs implemented with the so-called
copier-PSA scheme?’. Using the copier-PSA scheme, all signal
phase states will experience low-noise amplification thus pro-
viding modulation-format transparency?*. Moreover, two-mode
PSAs are multi-channel compatible and can be used for ampli-
fication of wavelength division multiplexing (WDM) signals®®. In
ref 2%, it was shown that two-mode PSAs potentially can be
combined with multi-channel amplitude regenerators for multi-
channel regeneration of advanced modulation formats. For details
on the requirements regarding the tracking and alignment of
polarization in PSA links see ref.?”

Mitigation of fiber nonlinearities to extend transmission reach
is a vivid research area currently?®, and many different schemes
have been proposed, egs phase conjugated twin waves®® or
conjugate data repetition®’, which are based on the idea that the
signal and the conjugate signal are co-propagated through the
same medium and coherently superposed to suppress the
nonlinear-induced phase distortion. Cancellation of nonlinear
distortion b;l digital signal processing®® in the receiver’? or
transmitter®> has also been demonstrated, as has optical phase
conjugation (OPC)**, Typically, a doubling or at most a tripling
of the system reach have been reported by these schemes, at the
expense of spectral efficiency and/or complexity. A way to further

enhance performance could be to distribute the compensation,
which is attractive for all-optical schemes such as PSAs or OPC,
and for OPCs that was recently demonstrated®>3°, although
relatively moderate Q-factor improvements over single OPCs
were reported.

Here we present experimental evidence that in-line PSAs, can
provide an unprecedented nonlinear tolerance and transmission
reach extension™!’. In this demonstration of a recirculating loop
(i.e., long-haul) transmission experiment with in-line PSAs, we
benefit from the inherent simultaneous low-noise amplification
and nonlinearity mitigation. This scheme, which is both mod-
ulation format-independent and multi-channel compatible®, is
shown experimentally to have a 5.6 times reach improvement
compared to a transmission link using conventional in-line
erbium-doped fiber amplifiers (EDFAs) when transmitting a 10
GBd QPSK signal. The accumulated nonlinear phase shift in the
PSA link is 6.2 rad, which we believe is the highest nonlinear
tolerance ever reported in a lumped-amplifier system. These
results demonstrate not only the feasibility of realizing long-haul
transmission links using low-noise PSAs but also significant
improvement over conventional approaches. The concept of
amplification using cascaded PSAs might also find applications in
the field of quantum information science, where generation and
processing of quantum states are of interest.

Results

Basic principle. The amplifier implementation we consider in
this work is the degenerate pump, two-mode PSA. It consists of
three waves, an intense pump surrounded by a signal and an idler.
The input-output relation for the signal and idler is given by

ug U 1/><u5+n5> (
)= e e 1)
<”i )out <V U w+ni )y,

where ug; are the signal and idler wave amplitudes, ng; represents
vacuum noise present at the input, and the amplifier is char-
acterized via the scalar coefficients y and v, where |u|*—|v]*= 1
ensures photon-number conservation, i.e., two pump photons are
converted into one signal and one idler photon. If the input idler
wave is absent, u;;, = 0 then the output signal is amplified phase
insensitively with gain Gpy, = |u|*~ |v|*, where the approximate
equality holds in the limit of high gain.

In our experiment, we employ a sequence of these amplifiers
with intermediate fiber losses that are compensated for by the
provided gain. The first amplifier has u;;, =0, so it copies the
conjugate incoming signal to the output idler wave. The
generated signal-idler pair then propagates through all subse-
quent amplifiers, while achieving a phase-sensitive gain Gpsa of
approximately 4Gpya due to coherent addition of signal and idler
conjugate.

In contrast to the signal, for which the gain is 6 dB higher in
phase-sensitive (PS) mode than in phase-insensitive (PI) mode,
the gain for the vacuum noise is always 2Gp, since the noise is
uncorrelated between signal and idler and will thus not add
coherently. By comparing PI- and PS-operation at the same signal
gain the difference between PIA and PSA amplification can be
stated as that a PSA will add 6 dB less noise than a PIA. The first
3 dB of this improvement comes from the phase-sensitive nature
of the gain, which releases the PSA from being constrained by the
3 dB quantum limit on PIA NF%, at the expense of using half of
the available bandwidth for propagating the idler’”. This NF
improvement has been characterized in detail in refs.3®3° The
second 3 dB of the improvement comes from the fact that the
data in the two-mode-PSA-amplified link are carried by two
beams (signal and idler) of equal powers, which makes the
effective total data-carrying power in the PSA link twice that of
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Fig. 1 Long-haul PSA-amplified link. Conceptual schematic of a long-haul PSA-amplified link implemented using the copier-PSA scheme
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the PIA link®’. Described above is the so-called copier-PSA
scheme, and its linear link properties were analyzed in refs.*%4!
and experimentally verified for a single-span link in refs.>*? A
conceptual schematic of a multi-span implementation of the
copier-PSA scheme is shown in Fig. 1.

Experimental set-up. The experimental set-up used to demon-
strate long-haul transmission with in-line PSAs is illustrated in
Fig. 2. A signal modulated with 10 GBd QPSK data were launched
into a recirculating loop. During the first round trip (N = 1), only
one wave, the signal, was present at the input of the polarization
tuning and pump recovery stage and a pump wave was generated
using a laser. After combining the signal with the pump using a
WDM coupler, the two waves were launched into a fiber optical
parametric amplifier (FOPA) where a conjugated copy of the
signal, the idler, was generated. During the first round trip, the
FOPA thus operated as a copier. The three waves were then
passed through a power tuning stage where an optical processor
(OP) was used to filter the signal and idler as well as adjust their
powers. Following the OP, the signal and idler were passed
through an EDFA followed by a variable optical attenuator
(VOA) for launch power tuning. The pump was passed through a
separate path and was attenuated using a VOA. The transmission
link consisted of two tunable fiber Bragg-grating dispersion
compensating modules (DCMs) and an 80 km standard single-
mode fiber (SSMF) transmission span. The combined loss of the
SSMF span and the second DCM was 21.5 dB.

During the second and the following round trips (N = 2), the
pump was regenerated in the polarization tuning and pump
recovery stage by injection-locking it to the pump laser and
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subsequently amplifying it with an EDFA. The process of self-
injection-locking enabled stable injection-locking over many
circulations. The signal and idler were split into two separate
paths and the delay between them introduced by the SSMF was
compensated for. A phase-locked loop based on a piezoelectric
transducer (PZT) fiber stretcher was used to compensate for any
dynamic phase drifts between the arms introduced by tempera-
ture and acoustic influence. After the polarization tuning and
pump recovery stage, the waves were launched into the FOPA,
which now operated as a PSA with 22 dB net gain providing low-
noise amplification and nonlinearity mitigation. To compensate
for the fact that the copier operated as a PIA, adding 6 dB more
noise to the signal than the following PSAs, the signal power
launched into the loop was 6 dB higher than the power present at
the point of the loop input after the first round trip. The received
power was measured at point P, and the loss from point P;, to
point P was 39 dB. In each round trip, part of the light was
coupled out of the recirculating loop and detected using a
coherent receiver. A more detailed description of the experi-
mental set-up is presented in the Methods section.

Constellation diagrams. To benchmark the performance of the
PSA-amplified link, measurements were also performed on an
EDFA-amplified link and a FOPA-PIA-amplified link. The
FOPA-PIA-amplified link was obtained by blocking the idler in
the OP and fully attenuating the pump in the power tuning stage.
The EDFA link was obtained by replacing the FOPA with an
EDFA and turning off the pump laser as well as the pump booster
EDFA. The three cases were compared both by studying con-
stellation diagrams and by measuring bit error rate (BER).
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FOPA-PSA-based amplification. Constellations in column one, two, and four corresponds to a BER of 1073, The variable N indicates the number of round
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Figure 3 shows constellation diagrams at various launch
powers (measured at point P;,) for the three investigated
amplification schemes. The constellations in columns one, two,
and four correspond to a measured BER of 1073 while the third
column shows the constellations for the FOPA-PSA case at the
closest available number of round trips to the EDFA case. The
variable N indicates the number of round trips. The accumulated
nonlinear phase shift was calculated using ¢n1, = yPinLes, where y
is the nonlinear coefficient, Py, is the launch power, and L. is the
effective length defined as Leg=[1 — exp(—aL)]/a with « being
the fiber attenuation and L the link length, and is shown in
parenthesis above each constellation. When calculating ¢ng we
used y=15W lkm~!, a=0.2dBkm~!, and L = 80 km.

It is clear from Fig. 3 that EDFA- and FOPA-PIA-based
amplification provide similar performance from —2dBm launch
power, where the reach is limited by amplifier noise, up to 8 dBm
launch power, where reach is limited by nonlinear distortions. We
can also see that PSA-based amplification significantly reduces the
accumulated amplifier noise as well as the impact of fiber
nonlinearities, thus allowing for improved reach at all launch powers.

Bit error rate measurements. Measured BER versus number of
round trips and transmission distance at various launch powers is
presented in Fig. 4a. It can be seen that the EDFA case and
FOPA-PIA case are close to indistinguishable while the PSA case
shows significantly improved reach. The reach improvement as
well as the maximum number of round trips (for a BER of 1073)
versus launch power is presented in Fig. 4b. From the figure we
note that the optimal launch power for the PSA case is 6 dBm
while the optimal launch power in the EDFA- and FOPA-PIA
cases is 4 dBm. At 6 dBm launch power, the reach improvement
using PSA-based amplification is about six times while if the
comparison is made at optimal launch powers, the reach
improvement is 5.6 times.

Discussion

Our demonstration of long-haul PSA-amplified transmission was
performed using a signal with 10 GBd QPSK data. However, in
principle any modulation format and symbol rate can be used
with the copier-PSA scheme. Increasing the symbol rate will
make it more challenging to achieve good enough temporal
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alignment of the waves but by using high precision delay lines this
should be possible. The copier-PSA performance in linear regime
is not expected to depend on either symbol rate or modulation
format. However, the ability to mitigate nonlinearities might
depend on both symbol rate and modulation format and will
require further investigation. Approaches that have been sug-
gested as means to improve nonlinearity mitigation at, e.g., higher
symbol rates in PSA-amplified links are addition of distributed
Raman amplification*> or multi-span dispersion map optimiza-
tion**. In our demonstration, we transmitted a single channel but
with the copier-PSA scheme multi-channel transmission is pos-
sible although with increased complexity due to required polar-
ization, delay, and phase alignment of each channel.

Using a recirculating loop to demonstrate long-haul PSA-
amplified transmission is a good approach to demonstrate the
possible performance improvements that can be gained using in-
line PSAs. However, using a recirculating loop simplifies certain
aspects of the implementation and in order to realize a real
transmission link with in-line PSAs a few challenges remain to be
solved. One such challenge is the pump recovery. The injection-
locking-based pump recovery is sensitive to frequency differences
between the incoming pump wave and the free-running pump
laser frequency. In our recirculating loop set-up, this frequency
difference could be kept small since it was dictated by the pump
laser wavelength drift during the measurement time which was
24 ms for 60 round trips. In a real transmission link, a feedback
system would be required to tune the frequency of the slave lasers
to match the frequency of the incoming pump wave. Another
aspect that will be more challenging in a real transmission link is
the polarization alignment of the involved waves. In our recir-
culating loop set-up, this alignment could be done manually.
However, in a real transmission-link polarization tracking would
be required to align the waves and to keep them aligned over
time.

We have demonstrated the possibilities and potential of using
cascaded PSAs in the context of high-speed optical communica-
tions. However, our results might also find applications in
quantum informatics and related fields where generation and
processing of quantum states are of interest.

Methods

Recirculating loop experiment. A continuous wave (CW) laser (Keysight
N7711A) at 1550.104 nm with <100 kHz linewidth, —145 dB Hz ! relative inten-
sity noise (RIN), and 30 mW output power was modulated with 10 GBd QPSK data
(pseudorandom bit sequence (PRBS) of length 21°-1) using a LiNbO;-based single
polarization I/Q modulator. The electrical signals driving the I/Q modulator were
generated using a bit pattern generator (SHF 12103A) followed by electrical
amplifiers (SHF 804 TL). After passing a VOA, VOAL, for loop launch power
tuning the signal was passed into a recirculating loop that was controlled using a

loop controller (Brimrose AMM-55-8-70-C-RLS(nfs)-RM) containing two
acousto-optic modulators (AOMs).

During the first round trip only the signal was present at the input of the
polarization tuning and pump recovery stage and a CW pump wave at 1554.096
nm was generated using a distributed feedback (DFB) laser without isolator (EM4
AA1406-192900-100) with <1 MHz linewidth, —150 dB Hz ! RIN, and 100 mW
output power. The pump wave was subsequently amplified using a 3 W fanless
high-power EDFA (IPG EUA-3K-C-CHM) and attenuated to obtain 1 W at the
FOPA input. The signal was combined with the pump before the FOPA using a
WDM coupler and the signal and pump state of polarizations (SOPs) were aligned
using PC1 and PC2 for maximum FOPA gain. With only signal and pump present
at the FOPA input, the FOPA operated as a PIA with 16 dB net gain. The FOPA
consisted of four cascaded spools of strained highly nonlinear fiber (HNLF) (OFS
HNLF-SPINE with zerodispersion wavelength (ZDW) at 1543 nm) of lengths 101,
124, 156, and 205 m, with in-line isolators placed between the individual spools for
stimulated Brillouin scattering (SBS) suppression*®. During the first round trip, the
FOPA generated a conjugated copy of the signal, frequency- and phase-locked to
the signal and pump, at the idler wavelength through FWM.

After the in-line amplifier, the waves were led to a power tuning stage where the
high-power pump was separated from the signal and idler waves. The signal and idler
were amplified using an EDFA (Nortel) and then passed into an OP (Finisar
WaveShaper 10008) for filtering (0.4 nm bandpass filters) and power tuning such that
they were balanced in power at point Py, just before the transmission fiber. The two
waves were then led into a custom built EDFA with 3.1 dB NF and 25 dBm output
power followed by VOA2 for launch power tuning. PC4 was tuned so that the
polarization dependent loss (PDL) experienced by the signal over the transmission
stage was minimized. The pump was attenuated using VOA3 to obtain —5 dBm at
point P;,, and PC5 was tuned such that the SOP of the pump launched into the pump
laser in the second round trip was aligned with the free-running pump laser SOP.

The transmission link constituted of two 100 GHz channel grid tunable fiber
Bragg-grating DCMs (TeraXion TDCMX-C100-(—80 km/+5 km)), DCM1 for
dispersion pre-compensation and DCM2 for post-compensation, and an 80 km
SSMF transmission span. The dispersion map was experimentally optimized for
longest reach in a strongly nonlinear regime (6 dBm launch power). In the PSA
case, the optimum dispersion map was 289 ps nm~! pre-compensation and 986 ps
nm~! post-compensation. In both the EDFA- and the FOPA-PIA case, the
optimum dispersion map was 68 ps nm ™! pre-compensation and 1207 ps nm™~
post-compensation. The amount of per span residual dispersion was
experimentally optimized for longest reach in a nonlinear transmission regime for
the PSA case and was <35 psnm ™!, This amount of residual dispersion had a
negligible impact on the performance in linear transmission regime both for the
PSA and PIA cases as well as for the PIA cases in nonlinear transmission regime
due to the low symbol rate and few round trips. The launch power was measured as
signal power at point P;,. PC6 was adjusted so that the signal SOP at the beginning
of the second round trip was the same as the SOP of the signal launched into the
transmission loop. The round trip time was 0.4 ms.

During the second and the following round trips both signal, idler, and pump
were present at the input of the polarization tuning and pump recovery stage. The
pump was separated from the signal and idler and injection-locked to the pump
laser. This process of self-injection-locking enabled stable locking over many
circulations. The signal and idler were also separated, and the delay between them
introduced by the transmission fiber was compensated for using a variable delay
line (VDL) with a 1 dB insertion loss. The idler was attenuated such that the signal
and idler had equal power going into the FOPA and their SOPs were aligned using
PC1 and PC3 so that the FOPA gain was maximized. A phase-locked loop (PLL)
based on a PZT fiber stretcher was used to compensate for any dynamic phase
drifts between the arms introduced by temperature and acoustic influence. The
FOPA-PSA net gain was 22 dB. For simplicity the PSA-amplified link was
implemented such that the same FOPA was used both for the copier and the PSA.
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As a consequence of this, the first and last in-line amplifiers in the PSA-amplified
link were PIAs. In order to compensate for the extra signal degradation caused by
the first in-line PIA, the signal power launched into the loop was 6 dB higher than
the power present at the point of the loop input after the first round trip. The
absence of nonlinearity mitigation in the last in-line amplifier in the link was not
compensated for. Due to the placement of the loop output coupler, the loss of the
final span was lower than the other spans by ~2 dB. For the EDFA case and the
FOPA-PIA case, this resulted in slightly better performance compared to what
would have been achieved in a link in which all spans had the same loss. For the
PSA case, the performance was still worse then it would have been if the last
amplifier in the link was a PSA. Note, however that the impact of having slightly
lower loss in the last span is negligible after many circulations.

In each round trip, part of the light was coupled out of the recirculating loop and
amplified by an EDFA (JDS Uniphase OAB optical amplifier) followed by an optical
filter (OTF-30M-12S2) with a 3 dB bandwidth of 0.9 nm centered at the signal
wavelength. The amplified and filtered signal was then coupled into a coherent
receiver (NeoPhotonics Integrated PBS ICR) along with a local oscillator wave
generated by a CW laser (IDPhotonics CBDX1-1-C-HO1-FA) at the signal wavelength
with <100 kHz linewidth, —145 dB Hz~! RIN, and 40 mW output power. The signal
was sampled at 50 GS s ! using a real-time sampling oscilloscope (Tektronix
DPO733045X) with 33 GHz analog bandwidth. For each round trip, 2.5 x 10 samples
(corresponding to 50 ps at 50 GSs~!) were taken in the middle of the 0.4 ms long
burst and then post processed off-line using conventional DD-LMS-based digital
signal processing (DSP). The back-to-back signal-to-noise ratio (SNR) penalty of the
transmitter and receiver was 0.5dB at a BER of 10>,

For the EDFA case, the pump laser was turned off and the FOPA was
substituted with a custom built EDFA with 3.1 dB NF and 25 dBm output power
followed by a VOA tuned such that the net gain of the EDFA and VOA was 22 dB.
For the FOPA-PIA case, the idler was blocked in the OP and the pump was fully
attenuated before the transmission stage using VOA3. The in-line FOPA-PIA net
gain was 16 dB.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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Abstract: We present an investigation of dispersion map optimization for two-span single-channel
28 GBaud QPSK transmission systems with phase-sensitive amplifiers (PSAs). In experiments,
when the PSA link is operated in a highly nonlinear regime, a 1.4 dB error vector magnitude
(EVM) improvement is achieved compared to a one-span optimized dispersion map link due to
improved nonlinearity mitigation. The two-span optimized dispersion map of a PSA link differs
from the optimized dispersion map of a dispersion managed phase-insensitive amplifier (PIA)
link. Simulations show that the performance of the two-span dispersion map optimized PSA link
does not improve by residual dispersion optimization. Further, by using the two-span optimized
dispersion maps repeatedly in a long-haul PSA link instead of one-span optimized maps, the
maximum transmission reach can be improved 1.5 times.

© 2017 Optical Society of America

OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (070.4340) Nonlinear optical signal processing;
(190.4380) Nonlinear optics, four-wave mixing.
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1. Introduction

Phase-sensitive amplifiers (PSAs) are implemented by making use of the four-wave mixing
(FWM) process of signal, idler and pump waves in a nonlinear medium e.g. a highly nonlinear
fiber (HNLF). If PSAs are used as in-line amplifiers in a fiber-optic communication link instead
of phase-insensitive amplifiers (PIAs), a signal quality improvement is possible due to the PSA’s
ability to provide simultaneously low-noise amplification and nonlinearity mitigation [1-3].

In single-channel two-mode PSA-amplified links, the signal wave is co-propagated with an
idler wave that is a conjugated copy of the signal wave, located at a different wavelength. The
nonlinearity mitigation in such links is the result of correlated nonlinear distortion on signal and
idler and the all-optical coherent superposition (CS) of signal and the conjugate of the idler in
the PSA [2]. A similar approach for nonlinearity mitigation is the phase-conjugated twin waves
(PCTW) scheme, where a phase-conjugated copy of the signal is co-propagated on the orthogonal
polarization and the CS is performed electronically after coherent detection in digital signal
processing (DSP) [4].

It is well known that the link dispersion map plays an important role in the interaction of group
velocity dispersion (GVD) and nonlinear effects [5, 6]. It has been found that for non-return-to-
zero (NRZ) and return-to-zero on-off-keying (RZ-OOK) modulation formats, non-zero residual
dispersion per span can reduce the impact of nonlinear impairments [7-9] and the same holds for
quadrature phase-shift keying (QPSK) [10]. It has also been shown that the optimization of link
dispersion map minimizes the average nonlinear phase-shift introduced by the interplay of GVD
and nonlinearities [11].

The optimum amount of dispersion pre- and post-compensation for PSA-amplified links has
been thoroughly investigated for the single-span scenario [2, 12] and such a single-span optimized
dispersion map has been used in multi-span PSA links [3, 13]. Also the temporal walk-off induced
by different dispersion values between signal and idler waves at their wavelengths in the standard
single mode fiber (SSMF) were compensated for before coherent interaction of signal and idler
in the PSA. Thus, only fully dispersion compensated spans in PSA links has been studied to
date [1-3, 12-14].

In [14] we showed numerically and experimentally that using the single-span optimized
dispersion map for both spans in a two-span PSA link is not optimal and allowing different
span dispersion maps in the two spans can improve the nonlinearity mitigation performance. In
this paper we expand our results on dispersion map optimization of two-span single-channel 28
GBaud QPSK PSA links by including more details, investigate the effects of residual dispersion
in a simulation study and compare the found optimal dispersion map configurations in long-haul
PSA link simulations.
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2. Numerical investigation
2.1.

Two-span simulation model

The simulation model of the two-span PSA link in Fig. 1 consists of a transmitter, two in-
line dispersion compensated transmission spans amplified by PSAs and receiver DSP. In the
transmitter, a single-channel and single-polarization 28 GBaud QPSK signal was generated
and separated into signal and idler channels. In the idler channel, the signal was conjugated to
generate the idler, fulfilling /; = Sl* . The launch powers P;, were set equal for the signal and
idler at the span input for both spans. The effects of polarization, higher-order dispersion and
laser phase noise were neglected. The dispersion pre- and post-compensation performed in the
dispersion compensating modules (DCMs) was linear and lossless. Also amplifier noise was
neglected in the two-span simulations, assuming that signal-noise interaction is negligible. These
simplifications were made to highlight the impact of the dispersion map on the efficiency of the
mitigation of self-phase modulation (SPM) induced nonlinear distortion.

Both spans were dispersion pre- and post-compensated in DCMs before and after the 80 km of
SSMF. The dispersion pre-compensation values Dy, of span 1 and Dy of span 2 show the
percentage of dispersion pre-compensation applied in the DCMs before the SSMF. Each span
was fully dispersion compensated, but the span dispersion maps were chosen independently. The
dispersion post-compensation values for the DCMs after the SSMFs can be found by subtracting
the span pre-compensation values from 100%. The SSMF parameters were loss @ = 0.2 dB/km,
dispersion parameter D = 17 ps/nm/km and nonlinear coefficient y = 1.27 W~'km™!. The light
propagation in SSMF was modelled using a split-step Fourier method (SSFM) solution of the
nonlinear Schrodinger equation (NLSE). Two separate single-polarization NLSE solvers with
the same propagation parameters were used for signal and idler propagation, as the signal and
idler were separated by 8 nm (signal 1549.74 nm and idler 1558.60 nm) in experiment. Therefore
it was assumed that the nonlinear cross-talk between signal and idler waves in the SSMF was
negligible compared to SPM.

The PSA gain was set to compensate for the transmission span loss. The two-mode PSA
amplification process was modeled as in [2]. It was assumed that the PSA was working in
high-gain regime and therefore a simplified PSA model was used. In the first PSA, S| from the
signal channel and /| from the idler channel were separated and conjugated using the conjugate
operator. After conjugation the constellations were aligned by introducing a necessary phase
rotation in the constellation alignment (CA) module, so that the optical power was maximized

Transmitter Span 1 PSA
[Si gnal S, Dorot 100%-Dore 1)
I SSMF
Pin
l DCM 80 km DCM
X'
i \__%7y=0 ay=0_)
Span 2 PSA
o/ N
S W Diro2 100%-Dro 2 S3y | DSP
SSMF
Pin
l DCM 80 km DCM
k a,y=0 a,y=0

Fig. 1. Simulation model of the two-span PSA link. Acronyms are explained in the text.
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after the coherent addition of signal and idler waves. After CS the signal channel output is
givenby S = S| + I * and for the idler channel I, = Sl’* + I]. In the second PSA, after span 2,
the idler channel output was not used in the DSP input and therefore the coherent addition in
the idler channel was dropped for simplicity. Conventional receiver DSP was used for QPSK
signal post-processing consisting of a linear channel equalizer, phase recovery and error vector
magnitude (EVM) value calculation with hard decision thresholds.

2.2. Simulation results

The EVM value as a function of dispersion pre-compensation values for span 1 (y-axis) and span
2 (x-axis) at 12 dBm signal launch power, meaning 15 dBm total power of signal and idler, are
shown in Fig. 2(a) for a PSA amplified link. The dispersion compensation ratio between pre-
and post-compensation was changed from 0% to 100% in steps of 5% in each span, resulting
in 441 different dispersion map configurations. Figure 2(a) shows that there exists two optima
that have different amounts of applied dispersion pre-compensation values for both spans, 5%
for span 1 and 35% for span 2 (5%, 35%) with EVM = -11.2 dB or the other way around (35%,
5%) with EVM = -11.1 dB. These optima are positioned symmetrically around the diagonal. The
one span dispersion map optimized PSA link in two-span configuration with 15 % dispersion
pre-compensation value for both spans (15%, 15%) has EVM = -8.9 dB. The EVM improvement
using the two-span optimized dispersion map (5%, 35%) PSA link compared to the one span
dispersion map optimized PSA link (15%, 15%) is thus 2.3 dB. These relatively high launch
powers in simulations were needed to determine whether it is possible to observe and confirm any
nonlinearity mitigation improvement effects experimentally that were predicted by simulations.

The two-span dispersion map optimization simulations were also compared and evaluated
with a more realistic propagation model (not presented in this paper), where the third-order
dispersion (TOD) effects were included, meaning that the dispersion value for signal and idler
was different Dy # D;. At signal wavelength 1550 nm the dispersion value Ds = 17 ps/nm/km
and at idler wavelength 1558 nm the dispersion value D; = 17.5 ps/nm/km were applied. Also
ideal dispersion compensation and time delay alignment for signal and idler were assumed. No

F 100 5 T 100
£ 15%. 15% s 2%
5 80 [@5% 5%)] + | 8.9 dB ) z 80
; -11.1 dB - ;a (15%, 15%)
$ 60 - $ 60 - -6.4 dB
£ £ ®
2 -4 =
= > o o = _
S 40f (5%, 35%) [ = 40 35
b -11.2 dB g ’
= B &
T 200 32
£ ]
=) 1
: e L
< <
a0 &0 . 4 .
60 80 100 0 20 40 60 80 100
Span two dispersion pre-compensation [%] Span two dispersion pre-compensation [%]
(a) (b)

Fig. 2. Simulation results of EVM at 12 dBm signal launch power, meaning 15 dBm total
power of signal and idler, of the two-span (a) PSA amplified and (b) PIA amplified link; The
y- and x-axis show the percentages of applied dispersion pre-compensation in span 1 and
span 2 respectively.



Research Article Vol. 25, No. 12| 12 Jun 2017 | OPTICS EXPRESS 13167

N

Optics EXPRESS W ™~

significant differences in the simulation results were observed when third-order dispersion was
included. For simplicity and to achieve a better understanding of the fundamental role of the
dispersion management in two-span PSA amplified systems, the effects of higher-order dispersion
were not included in the simulation results presented here.

In Fig. 2(b) the EVM as a function of the dispersion pre-compensation values for span 1 and
span 2 at 12 dBm signal launch power are shown for a two-span PIA amplified link. The PIA link
simulation model is similar to the PSA link model shown in Fig. 1 with the difference that the idler
and its channel are not present in the model. Instead of PSA module is phase-insensitive amplifier
that amplifies only signal wave. Therefore only signal is transmitted and in-line amplified. The
optimal dispersion pre-compensation values for the PIA link are 15% for span 1 and 15% for
span 2 (15%, 15%) with EVM value of -6.4 dB. The overall performance in terms of nonlinearity
mitigation of a dispersion managed two-span PIA link can be improved by 2.5 dB by making use
of PSA amplification and 4.8 dB in total, if PSAs and two-span dispersion map optimization are
applied for improved nonlinearity mitigation. It is however clear from the comparison, that the
optimized dispersion map for the PSA link is different from the optimized dispersion map for the
PIA link and the mechanism for mitigating nonlinear distortion by the right choice of dispersion
map for the PIA links is different than for the PSA link.

In Figs. 3(a) and 3(b) the optimal dispersion pre-compensation values of a two-span PSA link
are shown as a function of loss parameter « at 12 dBm signal launch power and as a function of
signal launch power at loss @ = 0.2 dB/km with the dispersion parameter D = 17 ps/nm/km and
nonlinear coefficient y = 1.27 W~'km™!. The dispersion compensation ratio in these simulations
was also swept with a step size of 5%. Figure 3(a) shows that the optimum dispersion map
configuration varies significantly with the loss parameter «. Figure 3(b) shows, that the optimum
dispersion map does not depend on signal launch power. Simulations were also performed with
sweeped dispersion parameter D in the range from 4 to 34 ps/nm/km and the nonlinear coefficient
v from 0.1 to 2.3 W~'km™! at 12 dBm signal launch power with loss & = 0.2 dB/km, but no
significant change in the two-span optimum dispersion map configuration was noticed. It follows
that the dispersion length Lp and nonlinear length Lyy, do not have a strong influence compared
to the effective length Lcg of the SSMF on the optimal dispersion map configuration at least for
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the modulation format and symbol rate studied here.

Simulations with similar parameters and parameter sweep-ranges were also performed for a
dispersion managed two-span PIA link. The results from these simulations (not presented here)
show that the optimum dispersion map configuration for a two-span PIA link is not significantly
dependent on the effective length Lcg of the SSMF as it was observed for the PSA link. Also no
significant change by dispersion length Lp and nonlinear length Lyy, on the optimum dispersion
map configuration of the SSMF for the two-span PIA link was noticed.

3. Experimental investigation
3.1.  Experimental setup

Figure 4 shows the setup used for the experimental investigation. A 28 GBaud QPSK signal
was generated at 1549.74 nm and combined with a high-power continuous wave (CW) pump at
1554.16 nm using a wavelength division multiplexing (WDM) coupler. Before the signal and
pump were combined and launched into a fiber optical parametric amplifier (FOPA), the copier,
the signal and pump polarizations were controlled using polarization controllers (PCs). In the
copier, a phase-conjugated copy of the signal, the idler, at 1558.60 nm was generated. After
the copier, the signal and idler were separated from the pump for power balancing using an
optical processor (OP), dispersion pre-compensation using a tunable dispersion compensating
module (TDCM1) and amplification using an erbium doped fiber amplifier (EDFA). After power
adjustment using variable optical attenuators (VOAs), the signal, idler and pump were recombined
and launched into span 1 consisting of 80 km of SSMF.

After span 1, the signal, idler and pump were separated from each other. A variable delay line
was used to compensate for the different propagation delays experienced by the signal and idler in
span 1. A VOA in the idler path was used for equalizing the signal and idler powers at the input
of the PSA. The three PCs were used to align the signal, idler and pump state-of-polarizations
(SOPs) before the PSA. The signal and idler were combined and subsequently dispersion post-
compensated in TDCM2. The received signal and idler powers were kept constant using a VOA

=

(000)
PLL controller

PC
0.0.0)

Plauncn

Fig. 4. The experimental setup used for two-span PSA link measurements. Acronyms are
explained in the text.
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to ensure a fixed OSNR after the PSA. A piezoelectric transducer (PZT) and a phase-locked
loop (PLL) controller was used to dynamically adjust the relative phase between signal, idler
and pump so that the PSA gain was maximized. A pump recovery stage was used to regenerate
and amplify the pump using optical injection-locking [15]. The pump, signal and idler were
recombined and launched into the PSA. The PSA on-off gain was 20 dB.

After the PSA, the pump was dropped and the signal and idler were passed through an OP
for power adjustments, so that the signal and idler powers launched into span 2 were equal.
TDCM3 was used for dispersion pre-compensation of span 2 and an EDFA followed by a VOA
was used for setting the signal and idler powers launched into span 2, that consisted of 80 km
SSME. The launch powers Pjauncn 0f signal and idler were set equal before both spans. After
span 2, the signal and idler were amplified using an EDFA and split into two separated paths.
Polarization controllers (PCs), polarizers and filters were used before the receiver for the removal
of non-co-polarized amplifier noise and to adjust the SOPs of signal and idler so that they
were orthogonal. After recombining the signal and idler, they were coherently detected using a
dual-polarization hybrid in the receiver and sampled at 50 GS/s before being processed in DSP.
Span 2 dispersion post-compensation and coherent superposition was performed electronically
in DSP. It has been demonstrated that SPM mitigation in a single-span link is performed equally
well all-optically using a PSA and electronically in DSP [16].

3.2. Experimental results

The two-span optimized (5%, 35%) and one-span optimized (15%, 15%) dispersion map
configurations were compared. It should be noted that the used dispersion maps were not
optimized experimentally and the selection was based on the simulation results, limited in
accuracy mainly by the dispersion compensation step size of 5% and the chosen loss parameter
a. In Fig. 5(a) the experimentally measured EVM values as a function of signal launch power
for the two different dispersion map scenarios are shown. The two-span optimized dispersion
map configuration (5%, 35%) outperforms the one-span optimized dispersion map configuration
(15%, 15%) case. The highest EVM performance improvement, 1.4 dB, is observed at 13 dBm
signal launch power. This lower EVM improvement compared to the simulation results, where
an EVM improvement of 2.3 dB was predicted, is attributed to amplifier noise that was present
in the system and the fact that the optimum dispersion map was not experimentally optimized.

W » Dispersion  Before CS  After CS
0, ()
* —=— (5%, 35%) / pre-comp.for  ofspan2  of span 2

? //-Z 14dB (450, 15%) ' ‘ L
-10 / A = ‘ ‘ . ‘
11 'i'//r Q ‘ ‘ ‘ .

2dB (5%, 35%

0 5 10 15 )“‘.

Signal launch power [dBm]

EVM [dB]

(a) (b

Fig. 5. Measured (a) EVM versus signal launch power for two dispersion map configurations,
(b) constellation diagrams showing the signal before and after CS of span 2 at 13 dBm signal
launch power.
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In Fig. 5(a), we also see that the two-span optimized dispersion map configuration shows 2 dB
higher launch power tolerance at an EVM of -10 dB. The calculated nonlinear phase shift is 1.1
radians at 13 dBm signal launch power.

Figure 5(b) shows constellation diagrams for the two dispersion map scenarios before and after
CS of span 2 at 13 dBm launch power. Before CS of span 2, the constellations are more severely
distorted for the (5%, 35%) dispersion map configuration than for the (15%, 15%) dispersion map
configuration. However the opposite is true after CS of span 2, where the (5%, 35%) dispersion
map configuration shows less distorted constellations. This confirms the simulation results and
shows that the optimal dispersion map does not minimize the interplay between GVD and SPM
effects which is the case in ordinary dispersion managed single-channel QPSK PIA transmission
links [11]. However, in the two-span dispersion map optimized PSA link, the nonlinear distortions
on the signal and idler are correlated to a higher degree compared to the one-span dispersion
map optimized case, resulting in a more efficient mitigation of nonlinear distortions by the CS of
span 2.

4. The impact of residual dispersion in PSA

Simulations of one-span and two-span PSA links were conducted where, in addition, residual
dispersion per span was allowed to be non-zero. The same simulation model as illustrated in
Fig. 1 was used, but with the difference that the dispersion post-compensation was performed to
under- or overcompensate the dispersion by given values. In the one-span PSA link, the DSP
processing and EVM calculation was done after the first PSA. Figure 6 shows EVM performance
as a function of total dispersion compensation and dispersion pre-compensation for a one-span
PSA link. Dispersion compensation values were swept with a step size of 5%. Figure 6 shows that
without residual dispersion the best EVM performance of -11.8 dB is achieved at a dispersion
pre-compensation value of 15%. However, the EVM can be enhanced 0.8 dB by setting the
dispersion pre-compensation value to 20% and introducing 10% residual dispersion, meaning
90% total dispersion compensation before CS in a one-span PSA link.

Figures 7(a) and 7(b) show the EVM performance assuming that the total dispersion compen-
sation value in both spans of a two-span PSA link are varied. In Fig. 7(a) the one-span optimized
dispersion map with 15% dispersion pre-compensation applied in both spans (15%, 15%) is

-5 4
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-11.8 dB
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s &
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£ oo
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Disp. pre-comp. of span one [%]

Fig. 6. Simulation results showing EVM of a one-span PSA amplified link at 12 dBm signal
launch power where the span total dispersion compensation percentage is indicated on the
y-axis and dispersion pre-compensation values on the x-axis.
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Fig. 7. Two-span PSA amplified link simulation results at 12 dBm signal launch power
showing the EVM performance as a function of total dispersion compensation applied before
CS of span 1 and 2 with (a) one span optimized (15%, 15%) and (b) two-span optimized
(5%, 35%) dispersion map configurations.

shown. By allowing extra degrees of freedom by different total dispersion compensation values
in both spans, the EVM performance can be improved by 0.4 dB, if 15% residual dispersion
in span 1 is applied compared to the fully dispersion compensated spans case. In Fig. 7(b) the
two-span optimized dispersion map configuration (5%, 35%) is shown with varied total dispersion
compensation values. As can be seen, allowing for residual dispersion in the two-span optimized
dispersion map case does not improve the EVM performance further. The two-span PSA link
with optimized dispersion map shows, however, 1.9 dB better EVM performance than one-span
optimized two-span PSA link with residual dispersion in both spans allowed.

5. Long-haul simulations

The optimized two-span PSA link dispersion map (5%, 35%) was applied repeatedly in long-haul
transmission simulations and compared with the one-span optimized dispersion map, where
the same 15% dispersion pre-compensation was applied in every span. In Fig. 8(a), EVM as a
function of transmission distance for two dispersion map scenarios are shown at 9 dBm signal
launch power. The two-span optimized case shows 2.1 fold increase in the transmission distance
(23 spans) compared to the one-span optimum case (11 spans) at an EVM level of -5 dB. The
two-span optimized dispersion map outperforms one-span optimized case after the first span.
During the first decade of spans, the EVM fluctuations after the even number of transmitted spans
for the two-span optimized case are well observable.

A long-haul transmission comparison at optimal launch power in the presence of amplifier
noise with a PSA noise figure of 1 dB [1] is shown in Fig. 8(b). The optimal launch power for
the two-span optimized case is 2 dB higher than in the one-span optimized case and the reach
increase is 1.5 times, 289 spans compared to 197 spans with single-span optimized case at an
EVM level of -5 dB. The results of Figs. 8(a) and 8(b) were also verified with bit error ratio
(BER) simulations that show approximately the same distance improvement factors at BER =
1073 for both cases.

Figure 9 shows the constellation diagrams as a comparison of the two dispersion map optimized
cases illustrated in Fig. 8(a) at 9 dBm signal launch power and in Fig. 8(b) at optimal signal
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Fig. 8. Simulation results for long-haul transmission showing EVM as a function of propagated
distance in spans, comparing one-span optimized and two-span optimized dispersion maps
(a) at 9 dBm signal launch power and (b) at optimal launch power in the presence of amplifier
noise.
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Fig. 9. Constellation diagrams of long-haul PSA transmission link simulations comparing
one-span and two-span optimized dispersion maps at 9 dBm signal launch power and at
optimal launch powers.

launch powers. The constellations of two optimized dispersion maps in Fig. 9 are compared
at transmission reach, where the EVM level is -5 dB. These constellations show similarly that
at the same transmission reach, the constellations are less distorted using two-span optimized
dispersion map and the reach can be extended up to 2.1 times at 9 dBm signal launch power
and up to 1.5 times at optimal signal launch powers to achieve equally distorted contellations
compared to the one-span optimized dispersion map in a long-haul transmission link.
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6. Conclusion

The optimized dispersion map configuration for a two-span single-channel 28 GBaud QPSK
PSA amplified link was investigated in simulations and verified by an experimental study. Using
the same amount of dispersion pre- and post-compensation values for both spans is suboptimal
with respect to the efficiency of mitigating nonlinear distortions by span-wise CS. Also the
means to optimize dispersion map of a conventional dispersion managed PIA transmission link,
do not apply for the dispersion map optimization of the two-span PSA link. Allowing residual
dispersion per span does not improve the performance of two-span dispersion map optimized
PSA links. Simulation results show that applying two-span optimized dispersion map repeatedly
in a long-haul transmission can improve the maximum transmission reach by a factor of 1.5
compared to the one-span dispersion map optimized long-haul PSA amplified transmission.
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Abstract The first investigation of a four-span dispersion map optimization for PSA links is presented.
We show numerically, that the maximum transmission reach improves 2.1 times, if four-span optimized
dispersion maps are used repeatedly instead of single-span optimized maps.

Introduction

Phase-sensitive amplifiers (PSAs) are an interest-
ing research topic for long-haul fiber-optic trans-
mission systems due to their ultra-low noise am-
plification property as well as their ability to mit-
igate nonlinear distortion. The quantum-limited
noise figure (NF) of a PSA is 0 dB, in prac-
tice a NF of 1.1 dB has been reported’. A re-
cent experimental study for a single-channel PSA
link showed that the maximum transmission reach
can be extended up to three times?, if PSAs
are used as inline amplifiers instead of phase-
insensitive amplifiers (PIAs) in a dispersion-
managed link.

The nonlinearity cancellation in a two-mode
PSA link is possible due to correlated nonlinear
distortion on the signal and its phase conjugate -
the idler. A PSA that operates in a high-gain
regime performs coherent superposition (CS) of
the signal and idler waves during the phase-
sensitive amplification process*. In the case of
pure self-phase modulation (SPM) rotation, cor-
related distortions on the signal and idler will con-
vert into amplitude distortions 4.

The dispersion management profile of a fiber-
optic transmission system plays an important role
for the overall link performance degradation due
to nonlinearities®. The dispersion map optimiza-
tion of a PSA link has been investigated for single-
span PSA links®* and a single-span optimized
dispersion map has been used for multi-span
PSA links?®, i.e. applying the same span disper-
sion map in every span of a PSA link.

In7, it was shown that the nonlinearity mitiga-
tion performance of a two-span PSA link can be
improved by allowing different span dispersion
maps in the two spans. In this paper, we show
in numerical simulations that the nonlinearity mit-

978-1-5386-5624-2/17/$31.00 ©2017 IEEE

igation performance can be improved further by
optimizing the dispersion map over three or four
spans in a PSA link.

Simulation model
A simplified schematic of the simulation model for
the PSA-amplified transmission link is shown in
Fig. 1. The model consists of a transmitter, v
PSA-amplified dispersion-managed transmission
spans and a receiver. At the transmitter, a 28 GBd
QPSK signal S and idler I were generated. The
idler was generated as a conjugated copy of the
signal I=S". Before and after each standard
single mode fiber (SSMF) span, dispersion pre-
and post-compensation was applied in dispersion
compensating modules (DCMs) by values Dyyen
and 100% — Dpre,n meaning that each span was
fully dispersion compensated. The index n shows
the span number and n=1...N, where N is the to-
tal number of spans in the transmission link. The
DCMs were considered linear and lossless.

Before the SSMF, the signal and idler launch
powers P, were adjusted to be equal in every
transmission span. The launch power was given
per channel, meaning that the total power of sig-
nal and idler was 3 dB higher. The SSMF param-
eters were length L = 80 km, loss « = 0.2 dB/km,
dispersion parameter D = 17 ps/nm/km and non-
linear coefficient v = 1.27 W—km~!. The propa-
gation of light in the SSMF was modeled using a
split-step Fourier method (SSFM) solution of the
nonlinear Schrodinger equation (NLSE). It was
assumed that the cross-phase modulation (XPM)
between the signal and idler was negligible com-
pared to SPM due to their wavelength separation
of 8 nm, therefore the waves were co-propagated
using two separate NLSEs with the same propa-
gation parameters.

The phase-sensitive amplification process was
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Fig. 1: The simulation model for a PSA-amplified transmission link. Acronyms are explained in the text.

modeled using a simplified model*2 under the as-
sumptions that the PSAs were operating in a high-
gain regime with low signal input powers. The to-
tal gain of the PSAs was adjusted to compensate
for the span loss. After N transmission spans, the
signal was detected in the receiver for error vector
magnitude (EVM) or bit error ratio (BER) calcula-
tions.

In the long-haul simulations, amplifier noise
was added with a PSA NF of 1.1 dB" to the sig-
nal and idler. In the simulations at 9 dBm launch
power, no amplifier noise was added in order to
avoid unwanted nonlinear phase noise (NLPN) ef-
fects. Also the effects of laser phase noise, po-
larization and higher order dispersion were ne-
glected in all simulations to only observe the im-
pact of the dispersion map on the efficiency of the
mitigation of SPM induced nonlinear distortions.

Dispersion map optimization
Dispersion maps were optimized for one, two,
three and four-span PSA links at 9 dBm launch
power. The dispersion pre-compensation values
were varied in steps of 5% for all the four cases.
For the one- and two-span links, the dispersion
pre-compensation sweep-ranges were -20% to
80%, resulting in 21 dispersion maps for the one-
span link and 441 dispersion maps for the two-
span link. For three-span optimization, the total
number of link dispersion maps would be 9261,
which requires a significant computational effort.
Therefore the optimization for three- and four-
span links was done using smaller sweep ranges.
Due to the 5% accuracy in dispersion compensa-
tion step size, we expect that the results shown
below can be improved somewhat further. It is
also possible that the sensitivity of the EVM due
to dispersion compensation step size increases
with optimization over more spans. We also note
that since we restrict the ranges of the dispersion
pre-compensation for optimization over three and
four spans, we can not claim for certain that we
have actually found the global optimum. It is pos-
sible that the best four-span dispersion map found
is a local optimum.

The results of the dispersion map optimization
of one, two, three and four-span PSA links are
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Fig. 2: EVM vs. number of spans showing the performance
of the one-span and one to four-span dispersion map
optimized PSA links.
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Fig. 3: The found optimum dispersion pre-compensation
values for dispersion map optimized PSA links.

shown in Figs. 2 and 3. Figure 2 shows that
the EVM improvement increases with increas-
ing number of optimized spans compared to the
one-span optimized link. The EVM improvement
achieved from the four-span dispersion map opti-
mization in a four span link is 5.6 dB compared to
the one-span optimized link.

The optimized dispersion map values are
shown in Fig. 3. The optimized values start-
ing from two spans are evolving symmetrically
around the one-span optimum 20% value as the
number of spans is increased to four spans. No
significant EVM difference was noticed, if the
ordering of dispersion pre-compensation values
was altered. For example, the dispersion pre-
compensation values (50%, 20%, -5%) from the
first to the third span in a three span link re-
sulted approximately the same EVM values as
(-5%, 20%, 50%) or (50%, -5%, 20%) dispersion
maps. In the following simulations, a decreasing
order of the dispersion pre-compensation values
for repeatedly applied optimized dispersion map
configurations has been used.

Highly nonlinear transmission regime

The signal EVM during propagation in a transmis-
sion link up to 12 spans using the four optimized
dispersion map cases repeatedly in a highly non-
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Fig. 4: The simulation results up to 12 spans showing the
propagation of one to four-span dispersion map optimized
PSA links and constellations in a highly nonlinear regime.

linear regime at 9 dBm launch powers is shown
in Fig. 4. After 12 spans, the PSA link with the
two-span optimized dispersion map provides 3 dB
better EVM and the four-span optimized link of-
fers 6 dB better EVM compared to the one-span
dispersion map optimized PSA link. Also the
reach extensions compared to the one-span op-
timized link are two times higher at EVM = -9 dB
for the two-span optimized and four times higher
at EVM = -12 dB for the four-span dispersion map
optimized PSA link.

On the right side of Fig. 4 are shown constel-
lation diagrams after propagation of 12 spans for
the four dispersion map cases. The constellations
show that in a highly nonlinear regime, the right
choice of PSA link dispersion map can lead to a
significant improvement of the nonlinearity mitiga-
tion performance for a 28 GBaud QPSK signal.

Long-haul simulations

Long-haul simulations were performed for one,
two and four-span dispersion map optimized PSA
links at optimum launch powers. The maximum
transmission reaches, shown in Fig. 5 for the
one, two and four-span optimized dispersion map
cases, are 316, 430 and 652 spans respectively
at BER = 10~3. The transmission reach improve-
ments are approximately 1.4 times for the two-
span optimized case and 2.1 times for the four-
span optimized case compared to the one-span
optimized case. Also the constellations shown in
Fig. 5 at BER = 102 have visibly nonlinearly dis-
torted characteristics for the one-span optimized
case. We expect that the maximum transmission
reach can be extended further if the dispersion
map is optimized over more than four spans.

Conclusions
A dispersion map optimization for one- to four-
span dispersion map optimized PSA links was
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Fig. 5: Long-haul simulation results showing the BER vs.
number of propagated spans and constellation diagrams at
BER = 103 for one-, two- and four-span dispersion map
optimized PSA links at optimum launch power.

carried out numerically. A significant EVM im-
provement of 6 dB due to improved nonlinearity
mitigation was observed when comparing one-
and four-span optimized links in a highly nonlin-
ear regime. At optimum launch powers, a trans-
mission reach improvement of approximately 2.1
times for the four-span optimized link compared
to the one-span dispersion map optimized PSA
link was achieved. The results show that it is pos-
sible to increase the transmission reach of a PSA
link substantially by optimizing the dispersion map
over an increasing number of spans.
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Abstract: The improved mitigation of self-phase modulation (SPM) induced nonlinear impair-
ments by the use of a multi-span dispersion map optimization in 28 GBaud phase-sensitive
amplifier (PSA) links is numerically investigated. We show that a four-span dispersion map
optimized PSA link provides 2.1 times reach improvement over a single-span optimized PSA link
with a total nonlinear phase shift tolerance increase from 2.1 radians to 8.8 radians. Furthermore,
the optimized PSA link increases the maximum transmission reach by 6.9 times compared to a
single-span optimized in-line dispersion managed phase-insensitive amplifier (PIA) link and 4.3
times reach extension is achieved compared to a dispersion unmanaged PIA link.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Phase-sensitive amplifiers (PSAs) are known for their ability to increase transmission system
performance [1,2], mainly limited by amplifier noise and fiber nonlinearities in fiber-optic
links [3-5]. This is possible due to the combined ultra-low noise amplification and nonlinearity
mitigation capability of PSAs [2,6]. PSAs quantum-limited noise figure (NF) is 0 dB [7,8] and a
NF of 1.1 dB has been reported in experiments [9, 10]. In contrast, conventional phase-insensitive
amplifiers (PIAs) have a quantum-limited NF of 3 dB [7]. A recent experimental study showed
5.6 times transmission reach improvement by using PSAs instead of PIAs such as erbium-doped
fiber amplifiers (EDFAs) in an in-line dispersion managed 10 GBaud fiber-optic link that could
tolerate a total accumulated nonlinear phase shift of 6.2 radians [11].

The nonlinearity mitigation effect in a frequency non-degenerate two-mode (signal and it’s
phase conjugated wave, called the idler, at different wavelengths [12]) PSA link is similar to
the nonlinearity mitigation of a phase-conjugated twin-wave (PCTW) approach, where signal
and idler waves can be transmitted on different polarizations, wavelengths or time-slots [13-15].
Signal and idler waves are both co-propagated through a nonlinear transmission medium,
where they experience nonlinear distortions during propagation. The nonlinearity mitigation
is performed in a coherent superposition (CS) process where a signal wave and an idler wave,
that is phase conjugated again during the process, are coherently superposed. In a PSA link, the
CS is performed during a parametric phase-sensitive amplification process by a PSA, where
correlated phase distortions on signal and idler waves are converted into smaller amplitude
distortions, resulting in a phase-to-amplitude distortion conversion and a self-phase modulation
(SPM) mitigation [2].

After the introduction of electronic dispersion compensation (EDC), coherent fiber optic
links with in-line dispersion compensation were outperformed by EDC links without in-line
dispersion management [16, 17]. However, PSA links need in-line dispersion management to
fulfill the phase-matching criteria for a phase-sensitive amplification process [2]. Much work
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regarding the dispersion map optimization for in-line dispersion compensated PIA links has
been carried out [18-20], but these principles are not directly applicable to PSA links, since
the effectiveness of the nonlinearity mitigation in PSA links is highly dependent on correlation
properties of propagated signal and idler waves. It has been shown previously that the dispersion
management for a single-span dispersion map optimized PSA link [2, 11,21] and for a two-span
dispersion map optimized PSA link [22] plays an important role for the nonlinearity mitigation
performance. The importance of dispersion map optimization for twin-waves was first noted
in [13], where according to the first-order perturbation theory, a symmetric span power map
with an anti-symmetric dispersion map should be used for the best nonlinearity mitigation
performance for the PCTW approach. In [23] it was experimentally shown that 50% dispersion
pre- and post-compensation for a Raman assisted PSA link with almost power-symmetric fiber
spans results in an increased nonlinearity mitigation performance. However, in our study, PSA
links with lumped amplification are under investigation and therefore different dispersion map
optimization assumptions have to be used.

In [24], it was shown numerically that the nonlinearity mitigation performance of a 28 GBaud
PSA link can be significantly increased by allowing different span dispersion maps to be used
in a multi-span dispersion map optimization. A dispersion map was optimized up to four
spans with a dispersion compensation value step precision of 5% that resulted in 2.1 times PSA
transmission system maximum reach increase compared to a single-span optimized PSA link.
In this paper, we investigate by numerical simulations a 28 GBaud PSA link dispersion map
optimization up to four spans with an optimization step precision of 1% and compare these
results with 5% optimization precision results in a long-haul transmission. Furthermore, the
dispersion map optimized PSA link maximum long-haul transmission reaches are compared
with conventional EDFA long-haul transmission link maximum reaches with dispersion in-line
compensated and in-line uncompensated EDC links. The SPM mitigation is also investigated for
a wavelength-division multiplexing (WDM) system scenario where the wavelength separation
between signal and idler waves increases with the increasing number of channels, therefore
resulting in increasingly different dispersion parameter values for signal and idler wavelengths.

2. General simulation model

The simulation model that was used is shown in Fig. 1. The model consists of a transmitter, N PSA
or PIA amplified and dispersion-managed transmission spans and a receiver. At the transmitter, a
10 GBaud or 28 Gbaud quadrature phase-shift keying (QPSK) modulated signal S was generated.
The generated signal waveform was a non-return-to-zero (NRZ) signal oversampled to 32 samples
per symbol and filtered with a 5th order Bessel filter characteristic with 75% full width half
maximum (FWHM) bandwidth of the used symbol rate. In all simulations single-channel and
single-polarization signals were used. After the signal waveform generation, the signal was
divided between upper and lower path, where the latter was used to generate the idler I through
an ideal conjugation of the signal I=S™ if a PSA implementation was desired. No wavelength
conversion in the conjugation process was made, as signal and idler waves were separately
propagated assuming a 8 nm wavelength separation. Separate propagation was used to neglect
inter-channel nonlinear effects between signal and idler channels and to focus only on the PSA
performance of mitigating the SPM effects. The launch powers Pj, of signal and idler were set
by an ideal and noiseless amplification before they were launched into the transmission span.
The launch power is given per signal and per idler, resulting in a 3 dB higher total launch power.

After the waveforms were launched into the transmission span, they were dispersion pre-
compensated before and post-compensated after each standard single mode fiber (SSMF) in
the dispersion compensating modules (DCMs) by values Dyren and 100% — Dyre n meaning
that each span was fully dispersion compensated. The simulated DCMs were ideal (linear
and lossless). The index n shows span number, where N is the total number of spans in the
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Fig. 1. The simulation model for a PSA or a PIA amplified transmission link. Acronyms are
explained in the text.

transmission link and n=1...N. The simulated SSMF length was 80 km. The SSMF parameters
were loss @ = 0.2 dB/km, dispersion parameter D = 17 ps/nm/km and nonlinear coefficient
¥ =1.27 W~'km™'. The propagation of light in the SSMF was modeled by using two separate
(for signal and idler waveform) split-step Fourier method (SSFM) solutions of the nonlinear
Schrodinger equation (NLSE). For simplicity and better understanding, the used group velocity
dispersion (GVD) parameter 3, was same for signal and idler waves, if not stated otherwise.
In [2] and [22] it is noted that different GVD parameter value for a 8 nm wavelength separation
does not have significant impact on the SPM induced nonlinearity mitigation performance of a
PSA link.

At the end of each transmission span, the loss of the transmission span was compensated by
PSA or PIA amplification. The in-line amplifiers used in the simulations were ideal and noiseless,
unless it is stated otherwise by the given NFs. The phase-sensitive amplification process was
modeled using a simplified model, shown in Fig. 1, under the assumptions that the PSA was
operating in a high-gain regime with low signal input powers [2,6]. The signal S, and idler I,
are both amplified by the gain necessary to compensate the span loss and then separated for
conjugation and constellation alignment processes. As a result of the constellation alignment
process, constellations of the conjugated signal S, and idler I, are rotated by introducing the
necessary phase-shift to maximize the power after coherent addition of signal S, and conjugated
and rotated idler /;* in the upper arm and coherent addition of idler /, and conjugated and rotated
signal S+ in the lower arm resulting in a phase-sensitively amplified signal Sy and idler /4
waveforms. The transmission span amplifier noise was added only in the long-haul simulations
with a PSA NF=1.1 dB [9] to signal and idler and a 3 dB higher NF=4.1 dB was used for PIA
case [7,8]. In the PSA simulation model, the uncorrelated additive Gaussian noises were added
to signal and idler waves in the amplification stage at the PSA model input shown in Fig. 1,
by following a general output noise formula of a PSA that is based on semi-classical theory of
quantum mechanical system under the high-photon-number assumption described in [25]. For
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all of the other simulations, no amplifier noise was added in order to avoid unwanted nonlinear
phase noise (NLPN) effects. It should be noted that also the effects of laser phase noise and
polarization were neglected in all simulations to only observe the impact of the dispersion map
on the efficiency of the mitigation of SPM induced nonlinear distortions.

After N transmission spans, the signal waveform was detected in the receiver Rx for error
vector magnitude (EVM) [26] or bit error ratio (BER) estimation. A conventional receiver for
detecting QPSK signals was used, consisting of a down-sampler to 2 samples per symbol, a
channel equalizer deploying constant modulus algorithm (CMA) and the Viterbi-Viterbi phase
recovery algorithm to align constellation for EVM or BER calculations.

3. 28 GBaud QPSK PSA link dispersion map optimization
3.1. Dispersion map optimization procedure

The dispersion map optimization was carried out for one, two, three and four-span 28 GBaud
QPSK PSA links. In this paper, the optimized dispersion pre-compensation values were found
with a precision of 1% and compared with values from a 5% optimization precision procedure
that was presented in [24]. For the optimization procedure, PSA links with different dispersion
map configurations were simulated. The dispersion map configuration is determined here by the
dispersion pre-compensation value, that is swept and the post-compensation value is automatically
adjusted assuming that transmission span is 100% dispersion compensated. As a result of the
simulation, an EVM metric was calculated and the dispersion map configuration of a PSA link
with the lowest EVM value was selected as an optimal solution. The signal launch power was set
to 9 dBm for all cases to assure a sufficient EVM level for comparison.

For the one-span PSA link optimization procedure, the dispersion pre-compensation value
was swept from -20% to 80% resulting in 101 dispersion map scenarios with an optimization
step accuracy of 1%. For a two-span PSA link, the dispersion pre-compensation value for the
span one was swept from -40% to 40% and for the span two from 0% to 80%, resulting in 6561
dispersion map scenarios. For the three-span case, coarse sweeps with a precision of 2% were
performed over total range of -40% to 100% to estimate the best regions for fine sweeps. The
final sweep with 1% precision was performed from -20% to 0% for the span one, 10% to 30%
for the span two and 42% to 62% for the span three, resulting in 9261 dispersion maps. Also for
the four-span optimization, coarse sweeps with a precision of 5% and 2% were first performed
over total range of -40% to 100% to find the best sweep regions for fine sweeps. Also the fine
sweeps with 1% precision were performed over multiple sweep ranges where a sweep for a span
consisted of 11 points resulting in 14641 dispersion maps for one optimization sweep run of
four-span optimization.

It should be noted that it is possible that the found optima for three and four-span optimization
are local optima and we cannot claim for certain that we have found the global optimum,
since sweep ranges of a dispersion map optimization are restricted. However, by brute forcing
simulations for three and four-span PSA link dispersion map optimization over large sweep areas
for every span leads to an unrealistic computational effort. For example a four-span optimization
with a 1% precision over a range of -20% to 80% for all the four spans, results in over 104 million
different dispersion map configurations.

3.2. Dispersion map optimization results

The comparison between 5% and 1% optimization step precision of one to four-span dispersion
map optimization at a signal launch power of 9 dBm is shown in Fig. 2(a). The 1% precision
optimized dispersion maps compared to the 5% optimized maps show clear EVM improvement
with every number of dispersion map optimized spans. In fact the 1% optimization precision
for the four-span dispersion map optimized case is 0.3 dB better in terms of EVM than in 5%
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Fig. 2. Simulation results showing (a) EVM performance comparison of 5% and 1%
optimization precision at a signal launch power of 9 dBm and (b) maximum number
of propagated spans at BER = 1073 at optimal launch power comparison between PSA
dispersion map optimization precision steps of 5% and 1% as a function of number of
dispersion map optimized spans.

steps optimized dispersion map case. Furthermore the four-span optimized dispersion map case
with an optimization precision of 1% results in a significant nonlinearity mitigation performance
where the signal quality in terms of EVM after a propagation of four spans is only 0.15 dB worse
than the best scenario for single-span PSA link. It means that the PSA link reach can be fourfold
increased for a fixed launch power in a highly nonlinear regime if four-span optimized dispersion
maps are used.

Despite the short-haul links with a 1% optimization precision step up to four span optimization
show improved results, it turns out that in long-haul propagation studies (see simulation details
in section 4), these dispersion map optimized links show no significant improvement with the
higher optimization precision. Figure 2(b), where dispersion map optimized spans for 1%
and 5% optimization precision are used repeatedly at optimal launch powers, shows that a
1% precision in a dispersion map optimization does not increase the maximal PSA link reach
with four-span optimized case. The maximum number of propagated spans with a four-span
optimization at BER = 1073 is 652 spans for the both optimization precision cases. However, a
slight improvement less than 2.3% for a 1% optimization precision can be seen for the two and
three-span optimization cases. The two-span case propagation distance is increased from 430
spans to 440 spans and for the three-span optimization case increase is from 531 spans to 543
spans. It is possible that the nature of the EVM metric can hinder the optimization procedure
since nonlinear distortions are not Gaussian distributed. An optimization procedure has also
been performed (not shown here) by using the EVM measure only in phase or only in amplitude
dimension, but no better optima were found. The usage of the EVM in phase dimension led to
the same optimization results as the standard EVM measure. Secondly, the chosen launch power
for the optimization was high compared to optimal launch powers that could cause an offset as
the dispersion map optimum is slightly power dependent. However the launch power was kept at
9 dBm to ensure the reliability of the EVM metric.

In Fig. 3(a) with a 5% optimization precision and in Fig. 3(b) with a 1% optimization precision
dispersion pre-compensation values are shown for the one to four-span optimized dispersion
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PSA links in (a) 5% and (b) 1% optimization step precision, (c) dispersion maps corresponding
to 1% optimization precision for one (red line), two (yellow line), three (green line) and
four-span (black dashed line) dispersion map optimized PSA links.

map cases. Figure 3(b) shows that for the one to three-span optimized dispersion map cases
with a 1% optimization precision, the dispersion pre-compensation values are expanding more
symmetrically than for the 5% optimized case in Fig. 3(a). The opposite is true for the four-span
optimized case where the 1% precision case loses its symmetrical and expanding trend compared
to the 5% optimized case. However, the 5% and 1% optimized cases perform equally well based
on the long-haul transmission simulation results, which show us that multiple dispersion map
solutions are available for four-span optimized cases that can have an equal performance. That is
not true for one to three-span optimizations where only the one optimum with given dispersion
pre-compensation values in Fig. 3(b) is available regardless of the chosen order of dispersion
pre-compensation values. It must be noted, that we have not observed (results not shown here)
any significant performance difference of short-haul and long-haul simulations if the ordering of
dispersion pre-compensation values is altered. Figure 3(c) shows the accumulated dispersion as
a function of propagated distance in spans for all the four dispersion map optimization cases with
1% optimization step precision.

This non-improvement of the four-span optimization with a higher optimization step accuracy
can lead to a false conclusion that arbitrary values can be chosen for four-span dispersion
maps without losing link performance. Figure 4(a) shows an example of the dispersion pre-
compensation values for the four-span dispersion map (gray boxes), chosen by following the
symmetric and expanding nature of the one to three-span dispersion map optimized values.
Figure 4(b) shows the long-haul simulation results comparing the link performances of the chosen
dispersion map to the dispersion map optimized PSA link case at BER = 1073. The long-haul
results in Fig. 4(b) show that the performance of the chosen dispersion map drops significantly
compared to the optimized case, resulting in a maximum transmission distance of 546 spans
that has approximately only the same reach as a three-span optimized long-haul PSA link at
BER = 1073,

4. Long-haul 28 GBaud transmission comparison of dispersion map optimized
PSA and PIA links

Long-haul simulations were performed to compare the maximum transmission distances at
BER = 1073 with optimum launch powers for one, two, three and four-span dispersion map
optimized PSA links, an in-line dispersion compensated PIA link and a dispersion unmanaged
PIA link with EDC as benchmarks. The dispersion unmanaged PIA link with EDC means
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that the dispersion compensation is unmanaged inside the transmission link, but the dispersion
pre-compensation is applied before the link in the transmitter and the post-compensation after
the link in the receiver. We chose a NF of the PIA of 4.1 dB, which is about 1 dB larger than
what is achievable in practice (quantum limit being 3 dB), while a NF of 1.1 dB was chosen for
the PSA. In this way our simulations reflect the 3 dB NF difference in the quantum limit [7, 9],
while at the same time reducing the computational effort. We expect that the relative differences
between PIA and PSA will still be very similar, compared with a case of using 3 dB and 0 dB NFs,
respectively. The dispersion pre-compensation values for an in-line dispersion compensated PIA
link have been chosen according to the single-span dispersion map optimized PIA link, that is
15% dispersion pre-compensation and 85% post-compensation in every span. For the EDC PIA
case, 50% of all the link accumulated dispersion was pre-compensated before a fiber transmission
and 50% of accumulated dispersion was post-compensated after the last span [27,28].

In Fig. 5 the maximum transmission reaches are shown for PSA and PIA links. The maximum
transmission distances of PSA links for one, two, three and four-span dispersion map optimized
cases are 316, 440, 543 and 652 spans respectively and for the in-line dispersion compensated
PIA link 94 spans and for the PIA EDC link 150 spans at BER = 1073, The transmission reach
of a PSA link can be improved approximately 2.1 times if four-span optimized dispersion maps
are used repeatedly instead of a single-span optimized dispersion management throughout the
transmission link. It is estimated up to four-span optimization that the improvement factor
from multi-span dispersion map optimization is approximately equal to the square-root of the
optimized span number, because the increase factors are 1.4, 1.7 and 2.1 for two-, three- and
four-span optimized cases respectively compared to single-span optimized PSA case.

A significant transmission distance improvement of approximately 6.9 times is achieved by
using a four-span optimized PSA link instead of a single-span optimized and dispersion in-line
managed PIA link. However, the latter comparison is not entirely fair as PIA links without in-line
dispersion management using EDC are more resilient to nonlinear impairments as can be seen
in Fig. 5. That results in 4.3 times maximum transmission distance improvement if a four-span
dispersion map optimized PSA link is used instead of a PIA EDC link. It must be noted that
we have used ideal DCMs in our simulations for PSA links, but in reality DCMs will add loss
and cause additional penalties e.g. due to nonlinearities and non-ideal phase response [29,30].
Furthermore dispersion unmanaged PIA links with EDC do not require DCMs at all. However,
we expect that the maximum transmission reach of a PSA link can be extended further if the
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launch powers.

dispersion map over more than four spans is optimized.

The constellations are also shown in Fig. 5 for corresponding PSA and PIA links at BER = 1073
level. The in-line dispersion compensated PIA link constellation is the most nonlinearly distorted.
Nonlinear characteristics are also more visibly distinguishable for the one-span dispersion map
optimized PSA link case than for the four-span optimized case. The four-span dispersion
map optimized PSA link constellation is similar to constellation of PIA EDC link without any
observable nonlinear characteristics. Using a four-span dispersion map optimized PSA link
instead of a single-span optimized link, results in a maximum nonlinear phase shift tolerance
fourfold increase from 2.1 radians to 8.8 radians or compared to a two-span optimized link, a
maximum nonlinear phase shift tolerance increase from 4.7 radians to 8.8 radians.

5. Necessity of multi-span dispersion map optimization

It has been experimentally shown that a single-channel and single polarization two-mode PSA
link at lower transmission speeds, such as 10 GBaud, can result in a remarkable transmission
distance improvement of 5.6 times if a PSA link is used instead of an in-line dispersion managed
PIA link [11]. However, our simulation study shows that at higher transmission speeds, such as
28 GBaud, a PSA ability to provide a significantly better transmission performance compared to a
PIA link in a single-span transmission scenario, does appear to not hold anymore. Figure 6 shows
10 GBaud and 28 GBaud single-span transmission link performance improvements in terms
of EVM, if a single-span PSA link is used instead of a single-span PIA link. The single-span
optimized dispersion pre-compensation values were used 22% for a PIA and 24% for a PSA case
at 10 GBaud and 16% for a PIA and 19% for a PSA case at 28 GBaud. At a symbol rate of
10 GBaud, where the dispersion length is much longer than the span length (Lp » Lspan), a PSA
link provides approximately 12 dB better EVM performance than a PIA link at 6 dBm signal
launch powers. At 28 GBaud, when Lp < Lgpan, the improvement by using PSA link instead
of a PIA link has diminished by 9.4 dB to a level of 3 dB. This improvement degradation at
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higher symbol rate was also observed in [31], where distributed Raman amplified PSA and PIA
links were experimentally compared. The improvement in Fig. 6 also degrades at higher launch
powers where nonlinear distortions on signal and idler waves become less correlated.

Furthermore, in Figs. 7(a) and 7(b) are shown two-span dispersion map optimization results
for 10 GBaud PSA link at 15 dBm launch power and 28 GBaud PSA link at 9 dBm launch power
respectively. Figure 7(a) shows that there is an optimal solution by using the same dispersion
pre-compensation value 24% for each span of a two-span 10 GBaud PSA link. The opposite
is true for a two-span 28 GBaud PSA link where an optimal solution is to use a 6% dispersion
pre-compensation in the first span and a 34% dispersion pre-compensation in the second span or
vice versa. The improvement of using a two-span optimized case (6%, 34%) instead of using
the same dispersion pre-compensation values in each span (19%, 19%) is 2.4 dB in terms of
EVM. Therefore the multi-span dispersion map optimization for PSA links in condition where
Lp < Lgpan is of practical interest to fully utilize the PSA nonlinearity mitigation ability.
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10 GBaud and 28 GBaud single-span PSA links at 9 dBm launch power.

6. Effect of third-order dispersion on SPM mitigation

In [2] and [22] it was claimed that the third-order dispersion effects do not play a significant role in
a PSA nonlinearity mitigation performance and a simplification can be made to use the same GVD
parameter for signal and idler waves. Therefore in our previous simulations this simplification
was applied, although the signal and idler wavelengths are assumed to be 8 nm separated resulting
in dispersion parameter values of D = 17 ps/nm/km for a signal and D = 17.56 ps/nm/km for an
idler with a dispersion slope parameter approximately S = 0.07 ps/nm?/km.

Nevertheless no exact indication or measure was given about the third-order dispersion effects.
However, simulation results from section 5 showed that the dispersion length Lp, plays a significant
role in the SPM induced nonlinearity mitigation in a PSA link. Therefore we are interested
also to benchmark the influence of signal and idler wavelength separation for 10 GBaud and
28 GBaud single-span PSA links as a function of a dispersion parameter change for an idler wave.
Furthermore, in WDM PSA systems where signal and idler wavelengths are spaced more far
apart with every added WDM channel, shown in Fig. 8(a), SPM mitigation is also of practical
interest, since PSA amplification is WDM compatible [32-34].

Simulations were performed where the third-order dispersion effects were included and the
PSA link SPM mitigation performance regarding the idler wavelength separation up to 30 nm
were investigated. The signal dispersion parameter value was kept fixed at D = 17 ps/nm/km
and the idler dispersion parameter value was swept from D = 17 ps/nm/km to D = 19 ps/nm/km
corresponding to a wavelength separation of signal and idler waves from 0 nm to 30 nm. Due to
different accumulated dispersion values on signal and idler waves, the dispersion compensators
used in these simulations were capable of compensating for the dispersion slope as well. The
results are shown in Fig. 8(b), where the measure of influence is conveyed in terms of EVM
difference taken from the EVM value where the signal and idler waves have 0 nm wavelength
separation.

Figure 8(b) shows that a 28 GBaud single-span PSA link is more resilient to third-order
dispersion effects than a 10 GBaud PSA link. In fact, the used 8 nm wavelength separation,
where the idler dispersion parameter value is D = 17.56 ps/nm/km, has a very small offset
of approximately 0.05 dB in terms of EVM for the 28 GBaud PSA link, but more significant
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difference nearly 0.2 dB for the 10 GBaud single-span PSA link. If the signal and idler separation
is 30 nm for the 10 GBaud PSA link, then the PSA’s SPM mitigation results in an approximately
0.7 dB worse EVM performance.

The resiliency of the 28 GBaud PSA link can be related to the fact that in a condition where
Lp < Lspan, the dispersion itself plays major role reducing the twin-wave nonlinearity mitigation
efficiency. It was shown in Fig. 6 that the single-span 28 GBaud link EVM improvement
using a PSA instead of a PIA has dropped 9.4 dB compared to the single-span 10 GBaud case.
Additionally Fig. 9 shows that the dispersion map optimum peak for the single-span 10 GBaud
PSA case is much sharper than the 28 GBaud PSA case. For example the 10 GBaud case can
tolerate only 2% offset from the optimum dispersion pre-compensation value if 1 dB worse EVM
performance is allowed, while the 28 GBaud case can tolerate up to 8% offset. We expect that
PSA links with an efficient nonlinearity mitigation performance require a precise dispersion
management configuration, while also the third-order dispersion effects increase sensitivity
towards the SPM mitigation performance if signal and idler waves are widely spaced.

7. Conclusion

‘We have presented a numerical dispersion map optimization for one- to four-span dispersion map
optimized 28 GBaud PSA links for improved SPM mitigation and compared PSA links with PIA
links, such as EDFA amplified links in long-haul transmission simulations at BER = 1073, The
maximum reach of a 28 GBaud PSA link can be extended further by 2.1 times tolerating a total
accumulated nonlinear phase shift of 8.8 radians, if four-span optimized dispersion maps are used
repeatedly instead of single-span optimized dispersion maps. A significant reach improvement of
6.9 times can be achieved if a four-span optimized PSA link is used instead of an in-line dispersion
managed PIA link. However, a reach extension of 4.3 times for a four-span optimized PSA link can
be achieved compared to a dispersion unmanaged PIA link with EDC. The multi-span dispersion
map optimization for PSA links is beneficial at higher symbol rates where the dispersion length
is smaller than a span length Lp < Lgpan and in such conditions a single-span dispersion map
optimized PSA link does not provide the best SPM induced nonlinearity mitigation performance
anymore. In a WDM PSA system, it is also important to notice the decrease of a SPM mitigation
efficiency if the signal and idler waves are separated widely.
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Abstract: We demonstrate long-haul transmission using a hybrid amplifier approach combining
distributed Raman amplification and lumped phase-sensitive amplification. Aside from the
well-known resulting SNR improvement, distributed Raman amplification is included in an
effort to improve the nonlinearity mitigation capability of the phase-sensitive amplifiers. When
changing from phase-insensitive operation to phase-sensitive operation in a link employing
distributed Raman amplification, the transmission reach at BER = 1073 is increased from 15 to
44 spans of length 81 km while simultaneously increasing the optimal launch power by 2 dB.
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1. Introduction

The main limiting factors to the transmission distance or data throughput of modern coherent
long-haul fiber-optic communication links are the nonlinear distortion in the single-mode fiber
(SMF) due to the Kerr effect and amplified stimulated emission (ASE) noise from inline optical
amplifiers. One way of extending the limits imposed by fiber nonlinearities is to actively
reverse or undo the nonlinear distortion which is to a large part deterministic in nature. One
approach for mitigating the negative impact of nonlinearities is to use digital methods like digital
back-propagation (DBP), digital pre-compensation (DPC), perturbation based compensation or
nonlinear Fourier transforms (NLFTs) [1]. One advantage of digital approaches, with the possible
exception of NLFT, is that the transmission link itself does not have to be modified, limiting
the increased complexity to the transceiver hardware. This makes digital approaches easier to
implement in existing infrastructure. Another group of methods for mitigation of nonlinear
distortion is all-optical approaches, relying on all-optical signal processing to compensate the
nonlinear distortion. The most common all-optical approach is to use optical phase conjugation
(OPC), placing one or more phase conjugation devices inline in a serial manner along the
link [2-5]. An advantage of all-optical approaches is the potential to mitigate nonlinear distortion
over large optical bandwidths or multiple channels [6] compared to digital approaches which are
bandwidth-limited by the transceiver electrical bandwidth as well as computational complexity
which can be prohibitively large already for compensation of one channel [7]. The span power map
is an important parameter in optimizing the efficiency of the nonlinearity mitigation in OPC links
and can be manipulated using distributed Raman amplification (DRA) [8]. Another all-optical
approach for mitigation of nonlinear distortion is to use the copier-phase-sensitive amplifier (PSA)
scheme [9]. In this scheme, a copier is used at the transmitter to generate a phase-conjugated copy
(or idler) from the signal. Both waves are then transmitted and propagated in parallel followed
by coherent superposition in the PSAs enabling nonlinearity mitigation [10, 11]. This scheme
has many similarities to the phase-conjugated twin waves (PCTWs) concept where the signal
and its phase-conjugated copy are transmitted on orthogonal polarization states followed by
coherent superposition in receiver digital signal processing (DSP) [12]. Thus in the case of PCTW
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periodic nonlinearity mitigation is not possible. An inherent disadvantage to both the copier-PSA
and PCTW scheme is that 50 % spectral efficiency is sacrificed due to the co-propagation of a
phase-conjugated copy alongside the signal. In addition to allowing for nonlinearity mitigation,
the copier-PSA scheme also enables a 0 dB quantum-limited amplifier noise figure [13] compared
to 3 dB for an Erbium-doped fiber amplifier (EDFA) or any other phase-insensitive amplifier
(PIA).

A first-order perturbation analysis suggests that a flat or symmetric span power map in a PCTW
link could lead to efficient nonlinearity mitigation [12]. This conclusion holds for copier-PSA links
as well assuming that the signal and idler are separated in wavelength sufficiently for cross-phase
modulation (XPM) to be negligible in comparison to self-phase modulation (SPM). Thus it is
reasonable to believe that a flat or symmetric span power map could benefit the nonlinearity
mitigation performance in PSA links in a similar manner as in OPC links [5]. We previously
investigated this in simulations of a hybrid PSA-DRA link showing the potential for gains beyond
what is predicted by the span noise figure (NF) improvement due to DRA [14]. Previously, we
also reported on a small subset of the experimental results that we now will present [15].

In this paper, we present an experimental investigation of a hybrid approach where we combine
DRA and PSAs. We provide experimental comparisons of 28 GBaud quadrature phase-shift
keying (QPSK) long-haul transmission links using four different amplifier configurations. The
investigated amplifier configurations are PIA, PSA, hybrid PIA-DRA and hybrid PSA-DRA.
In [14] it was found that the impact of the span power map is larger at symbol rates where the
dispersive length is on the order of, or shorter than the effective length which is why we use a 28
GBaud signal. In all cases we apply inline dispersion compensation since this is required in the
PSA scenarios. For each of the amplifier configurations we optimize the ratio between dispersion
pre- and post-compensation for maximizing the transmission reach in a nonlinear transmission
regime. Using the optimal dispersion maps we then perform long-haul transmission experiments.
When comparing the PIA-DRA case to the PSA-DRA case in long-haul transmission we observe
a 2 dB increase in optimal launch power for the PSA-DRA case that is not present in the
comparison between the PIA and the PSA case. We attribute this mainly to improved nonlinearity
mitigation but also due to that the difference in equivalent span NF between the PIA-DRA and
PSA-DRA case is smaller than the difference between the PIA and PSA case because of the noise
contribution from DRA.

2. Experiment

A recirculating loop experiment was carried out to investigate if it is possible to improve the
efficiency of the PSA nonlinearity compensation with the addition of DRA. The experimental
setup is illustrated in Fig. 1. Light from a 100 kHz linewidth laser at 1550.1 nm was modulated at
28 GBaud using a IQ-modulator and pseudorandom binary sequences (PRBS) of length 25 — 1.
The signal was then coupled into a recirculating loop using an acousto-optic modulator (AOM)
where it was combined with a free-running high-power pump wave at 1554.1 nm and inserted
into the FOPA acting as a copier with 14.2 dB net gain. The FOPA consisted of a cascade of four
pieces of highly nonlinear fiber (HNLF) with isolators in between in order to suppress stimulated
Brillouin scattering (SBS), more details on the FOPA implementation can be found in [16]. The
generated idler wave was located at 1558.1 nm. The signal and idler waves were then separated
from the pump in the launch power balancing stage where the launch powers of the signal and
idler into the transmission span were balanced using a wavelength selective switch (WSS). After
balancing, the launch powers were boosted by an EDFA and adjusted using a variable optical
attenuator (VOA). When the link was operated in PIA mode, the idler wave was blocked by the
WSS so that only the signal wave was transmitted. The pump wave was split up from the signal
and idler balancing path and the pump launch power adjusted using a VOA. Since the pump
recovery stage was based on injection locking, the pump wave was also transmitted alongside the
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Fig. 1. Sketch of the experimental setup used to demonstrate hybrid PSA-DRA
transmission. The same fiber-optic parametric amplifier (FOPA) acts as either PIA or
PSA. The color coding used for illustrating the signal/idler/pump paths is shown in the
bottom right. The results from an OTDR measurement of the span power map with
DRA is shown in the bottom left.

signal and idler.

In order to achieve phase-sensitive amplification in the FOPA, the transmission span needs
to be fully dispersion-compensated. This was achieved using tunable channelized fiber Bragg
grating (FBG)-based dispersion compensating modules (DCM:s) before and after the transmission
span [17]. The ratio between dispersion pre- and post-compensation was optimized for each
amplifier configuration in order to maximize the transmission reach in a nonlinear transmission
regime. In order to achieve the flattest possible span power map with DRA, the span was divided
into three 27 km segments that were individually backwards Raman pumped using a 1450 nm
Raman fiber laser. In between each span segment was a wavelength division multiplexing (WDM)
coupler for inserting the Raman pump as well as a monitor tap for measuring the signal launch
power into each segment. The Raman pump powers into each segment were adjusted so that the
signal launch power into each segment was the same, i.e. full transparency accounting for the
losses of the WDM couplers and monitor taps in between each segment. A optical time-domain
reflectometer (OTDR) operating at 1554 nm was used to measure the span power map with DRA.
The results from these measurements are shown in the bottom left of Fig. 1 where we also note
the impact of the WDM and coupler losses on the span power map. The loss of the segmented
transmission span was 18 dB. It is clear that this implementation of DRA is not practical to use
in real systems but we would like to point out that there are more practical DRA schemes that
achieve similar levels of power map flatness without using remote optical pumping or placing
active optical components inside each transmission span [18-21].

Before the FOPA on the second circulation the signal and idler waves were split up using a
WDM coupler and path length matched so that they were synchronized into the FOPA on the
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Fig. 2. Optimization of the span dispersion map for the four different amplifier
configurations. For each case, the optimum point has been encircled. (a) Transmission
reach at BER = 1073 as a function of dispersion pre-compensation for the PIA and PSA
link. (b) Same for the PIA-DRA and PSA-DRA link. Referenced to the right axis is the
measured span power map.

second passthrough. The pump recovery stage was based on an injection locked laser followed by
a high-power EDFA and a phase-locked loop (PLL). The PLL operated by applying a 40 kHz
phase dithering tone on the pump using a piezoelectric fiber stretcher and maximizing the PSA
gain by keeping the relative phase between signal, idler and pump constant, more details on the
PLL implementation can be found in [22]. Thus, the FOPA acted as a PSA on the second and all
subsequent round trips in the loop. The PSA gain was 19.8 dB giving a gain difference of 5.6 dB
when comparing PIA and PSA operation. The total loss between the point where launch power
was measured and the PSA input was 36.6 dB.

After each circulation the signal was coupled out from the loop and detected using a coherent
receiver with a free-running 100 kHz linewidth local oscillator (LO) laser at 1550.1 nm. The
radio frequency (RF) signals from the coherent receivers balanced photodetectors were sampled
using a 50 GS/s digital sampling oscilloscope (DSO) followed by offline DSP. The offline DSP
consisted of dynamic equalization based on the constant modulus algorithm (CMA) using 141
T/2-spaced taps and phase tracking using the Viterbi-Viterbi algorithm followed by bit error rate
(BER) counting. The large number of equalizer taps was needed because of the group delay
ripple (GDR) in the DCMs. For each measurement point, ten 2.5 MSample batches were stored
down for offline processing and the BER was found by averaging over the three best batches. This
was done to reduce the impact of the batches where e.g. the injection locking or the PLL failed at
many roundtrips.

3. Experimental results

The experimental results are presented in two parts. First, we present results from the optimization
of the span dispersion map for the different amplifier configurations. Second, the optimal span
dispersion maps found will be used in long haul transmission to estimate the transmission reach.

3.1. Dispersion map optimization

The dispersion map was swept by changing the ratio between dispersion pre- and post-
compensation. The fact that we used tunable DCMs for dispersion compensation enabled
this sweep to be performed experimentally. The residual dispersion was set to zero for all cases.
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For each of the amplifier configurations, the transmission reach at BER = 1073 was measured
with different dispersion maps at a launch power approximately 3 dB above optimal launch
power. This choice was made in order to enhance the nonlinear distortion, making it easier to
distinguish the optimum point. Note that the differences in reach for different dispersion maps
is dictated by nonlinear distortion, i.e. in a linear transmission regime the dispersion map does
not impact performance. The results from these measurements are presented in Fig. 2 where the
transmission distance at BER = 1073 is shown as a function of the dispersion pre-compensation
for the four different amplifier configurations. The dispersion map sweeps for the PIA and PSA
links are shown in Fig. 2(a) and for the PIA-DRA and PSA-DRA links in Fig. 2(b). In the cases
without DRA we see that the dispersion pre-compensation optimum shifts from 11 km to 15 km
when enabling phase-sensitive amplification by transmission of both signal and idler waves. For
the cases with DRA, the difference between the characteristics of the PIA and PSA curve is
more pronounced and the optimum shifts from 79 km to 39 km when enabling phase-sensitive
amplification. The ripple behavior observed in the PIA-DRA case is due to the three individually
Raman pumped span segments causing a periodic power map within one transmission span.

On the one hand, the fact that we observe sharp peaks in the PSA and PSA-DRA cases shows
that the PSAs are in fact compensating for the nonlinear phase shift. On the other hand, the sharp
optima could pose an issue in practical systems due to the required precision of the ratio between
dispersion pre- and post-compensation.

3.2. Long-haul transmission

Using the optimal dispersion maps, a launch power sweep was performed, measuring the
transmission reach at BER = 1073 for different signal launch powers. In Figs. 3(a) and 3(b),
the transmission reach is shown as a function of signal launch power for the four amplifier
configurations. The launch power is defined as the optical power of the signal wave only, not
taking into account the power of the idler wave. The transmission reach as a function of signal
launch power for the PIA and PSA link is shown in Fig. 3(a). We see that the optimal launch power
is 6 dBm for the PIA case and 5 dBm for the PSA case. The transmission reach is approximately
6 roundtrips for the PIA link and 23 roundtrips for the PSA link. This gives a transmission reach
increase by a factor of 3.8 when comparing the PSA link to the PIA link and a total accumulated
nonlinear phase shift of 2.0 radians for the PSA link at 23 roundtrips and 5 dBm launch power. The
total accumulated nonlinear phase shift of the PIA link at 6 round trips and 6 dBm launch power
was 0.7 radians. The transmission reach as a function of signal launch power for the PIA and
PSA link with DRA is shown in Fig. 3(b). We see that the optimal launch power of the PIA link
with DRA is -8 dBm while the PSA link with DRA has an optimal launch power of -6 dBm. The
transmission reach for the PIA-DRA case is 15 roundtrips and 44 roundtrips for the PSA-DRA
case. The total accumulated nonlinear phase shift for the PSA-DRA link at 44 roundtrips and -6
dBm launch power was 1.1 radians. The total accumulated nonlinear phase shift of the PIA-DRA
link at 15 round trips and -8 dBm launch power was 0.2 radians. In Figs. 3(c) and (d) we show the
reach increase factor as a function of launch power when comparing PIA to PSA and PIA-DRA
to PSA-DRA, respectively. We note that for the cases without DRA that the reach increase factor
decreases when the launch power is increased while the opposite is true for the cases with DRA.
In the DRA cases the reach increase factor improves significantly when moving beyond optimal
launch power. At very high launch powers the reach increase factors even exceed above the 4x
factor that is expected [13] in a linear transmission regime dominated by ASE from the FOPA.

4. Numerical analysis

Simulations were performed to estimate the performance of the PSA-DRA link in Fig. 1 and
compare to experimental results. In the simulations, a signal and idler wave modulated with 28
GBaud QPSK was propagated using independent split-step Fourier method (SSFM) solvers taking
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Fig. 3. Transmission reaches and reach increase factors as a function of signal launch
power. For each case the point with the longest transmission reach have been encircled.
(a) Reach at BER = 1073 as a function of signal launch power for the PIA and PSA link.
(b) Reach at BER = 1073 as a function of signal launch power for the PIA-DRA and
PSA-DRA link. (c) Reach increase factor when going from PIA to PSA as a function of
launch power. (d) Reach increase factor when going from PIA-DRA to PSA-DRA as a
function of launch power.

into account backwards Raman pumping in the segmented span. Noise from DRA was added
in each split-step. The segmented span was modeled with a 1 dB lumped loss in between each
segment giving a span power map similar to the measurement shown in Fig. 1. The Raman pump
power was set so that each span segment was transparent accounting for the loss between segments.
The excess loss of 18.6 dB after the transmission span due to dispersion post-compensation, loop
components and the path length matching stage was also taken into account. The PSA noise figure
was set to 1.4 dB. The amount of dispersion pre- and post-compensation was optimized for the
PSA-DRA case and the optimal dispersion map used to simulate long haul transmission. The PSA
after each span was modeled using a simplified matrix formulation in the same way as described
in [14]. The same receiver DSP as in the experiments was used to process the received waveforms.
The fiber parameters were Lspan = 80 km, @signar = 0.2 dB/km, @raman pump = 0.25 dB/km, D
=17 psnm~'km™!, y = 1.3 W~'km™". In order to investigate the penalty from the FBG-based
DCMs we made simulations both with and without taking the GDR and passband characteristic
of the DCMs into account. The amplitude response and GDR of the simulated DCMs are shown
in Fig. 4(b). Since the signal passed through the same two DCMs repeatedly in the recirculating
loop experiment, the GDR was modelled by adding up the GDR of two passbands. This was done
independently for the signal and idler, i.e. the signal experienced the summation of the ripple
labeled signal phase A and B in Fig. 4(b) and the idler experiences the summation of idler phase
A and B. It should however be noted that the GDR ripple used in simulations were not from
the exact same units that were used in the experiments. Statistical fluctuations in GDR between
specific units will cause differences in performance, this was however not studied. The results
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Fig. 4. Results from the simulations in comparison to experimental results. (a) The
EVM at 45 roundtrips as a function of launch power for three cases, experimental,
simulated with realistic modelling of the DCMs and simulated with ideal dispersion
compensation. (b) The amplitude and phase responses of the simulated DCMs.

from the simulations are presented in Fig. 4(a) where the error vector magnitude (EVM) is shown
as a function of launch power at 45 roundtrips and compared to the experimental results. As one
might expect, the passband characteristics and GDR of the DCMs imposes a EVM penalty on the
nonlinearity mitigation, reducing the optimal launch power in simulations by 2-3 dB. However
it is also clear that the penalties from the GDR and passband characteristics of the DCMs is
not sufficient to explain the experimental results fully since the optimum launch power in the
experiments was 6 dB lower than in the simulations with DCMs. A longer discussion on this
will follow in Section 5.

5. Discussion

In order for the PSAs to compensate nonlinear distortion efficiently it is important to chose a
proper span dispersion map. We performed this optimization experimentally using tunable DCMs.
The results from these measurements were shown in Fig. 2. When we studied the dispersion
map sweep results for the PSA-DRA case, we observed a peak centered around 39 km. This
is close to the 50 % dispersion pre-compensation predicted for the case with a perfectly flat or
symmetric span power map [14]. Considering the shift in the optimum dispersion map between
the PIA-DRA case and the PSA-DRA case, this indicates that the nonlinearity compensation
through coherent superposition in the PSAs is working and that this effect is dominating over
other interactions between dispersive and nonlinear effects.

Another important issue to discuss is the impact of DRA on the equivalent span NF. Assuming
the span and excess losses measured in the experiment, ideal DRA, a 1 dB PSA NF and a 4 dB
PIA NF one can obtain simple analytical estimates of the linear span NF for each of the different
amplifier configurations. The equivalent span NF of a 81 km span with ideal DRA is 9.3 dB.
The equivalent span NF for the four different amplifier configurations can be found using Friis
formula. The equivalent span NF for the PIA case is 40.6 dB, for the PSA case 37.6 dB, for the
PIA-DRA case 22.8 dB and for the PSA-DRA case 19.9 dB. This tells us that even in the cases
with DRA the signal-to-noise ratio (SNR) degradation from the FOPA is larger than that from the
DRA. Using the numerical simulations presented in Section 4 it was estimated that the nonlinear
phase shift at a given launch power was increased by 5.7 dB when turning on the DRA.

Examining the launch power sweeps presented in Fig. 3 we need to discuss a few important
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features. First of all we note that for the cases without DRA, the optimal launch power stays
essentially unchanged when comparing the PIA and PSA case. If we instead look at the cases with
DRA we note that the optimal launch power is increased by 2 dB when going from PIA-DRA
to PSA-DRA. We interpret this as mainly being due to improved nonlinearity mitigation even
though it is important to note that the difference in equivalent span NF between the PIA and PSA
case will affect the optimum launch power difference between the two cases. Second, we discuss
the transmission reach in the PSA-DRA case. When comparing experiments to simulations it
becomes clear that the transmission reach in the PSA-DRA is shorter than what is predicted
by the simulations. More importantly it is clear that the optimal launch power is lower in the
experiments than in simulations by a margin of approximately 6 dB. This leads us to believe
that there are significant penalties impacting the efficiency of the nonlinearity mitigation due to
various nonidealities beyond our control in the presented experiment. One important feature of the
experiment is that we are using channelized tunable DCMs based on FBG technology [17]. The
advantage of using these is that we can perform the dispersion map optimization experimentally
and do not need to rely on numerical simulations for finding the optimal dispersion map. The
disadvantage is that the DCMs have a limited optical bandwidth and group delay ripple. It is
reasonable to believe that the GDR will cause penalties both in terms of the signal and idler waves
into the PSA not fulfilling phase-matching conditions as well as reducing the efficiency of the
nonlinearity mitigation. Both the GDR and passband characteristic penalties are made worse by
the fact that we propagate through the same DCMs in every roundtrip. This causes the group delay
ripple to accumulate in a correlated manner as we pass through the DCMs repeatedly. It was also
confirmed in the simulations that there is a significant penalty due to the DCM characteristics.
Other reasons for having a significant penalty compared to the simulations is that we use
injection locking and noise accumulates on the pump as we propagate. We also have non-idealities
regarding the span power map symmetry between signal and idler which will reduce the efficiency
of the nonlinearity mitigation. Since we are using a single backwards Raman pump, the gain
spectrum of the DRA is not perfectly flat over the 8 nm spanned by the signal and idler wave. This
will cause penalties relative to the ideal scenario in the simulations where it was assumed that the
signal and idler propagate with the same span power map. Another effect that was not taken into
account in the simulations was double Rayleigh backscattering which will cause an effective SNR
degradation at high launch powers in spans with transparency or high DRA gain [23]. The effects
of polarization mode dispersion (PMD) and third-order dispersion were also neglected in the
numerical modelling as well as XPM from signal and idler onto the co-propagating pump wave.

6. Conclusion

We have for the first time demonstrated long-haul transmission with a hybrid amplifier approach
combining the copier-PSA scheme with DRA. This hybrid amplifier approach was implemented
in a recirculating loop experiment to examine the nonlinearity mitigation properties of the PSAs
and to investigate whether it was possible to improve the PSA nonlinearity compensation with
the addition of DRA. For the study we performed measurements using four different amplifier
configurations, PIA, PSA, hybrid PIA-DRA and hybrid PSA-DRA. By looking solely at the
increase in transmission reach when comparing the PSA case to the PSA-DRA case it was not
possible to draw the conclusion that the nonlinearity compensation was improved since the total
accumulated nonlinear phase shift at a distance corresponding to e.g. BER = 1073 at optimal
launch power was lower in the PSA-DRA case (1.1 radians) compared to the PSA case (2.0
radians). This can be explained by penalties at long distances as well as nonidealities reducing the
efficiency of the nonlinearity mitigation. We believe that an important contributing factor to these
penalties was nonidealities in the inline dispersion compensation and this was also confirmed in
simulations. A 2 dB increase in optimal launch power was, however, observed when comparing
the PIA-DRA case to the PSA-DRA case, indicating improved nonlinearity compensation. When
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going from PIA to PSA, the transmission reach increase factor at optimal launch powers was 3.8
while from PIA-DRA to PSA-DRA, the reach improved by a factor of 2.9.
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