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Abstract

Kerr nonlinearity compensation in long-haul optical transmission networks has
become necessary since the nonlinear impairment poses fundamental limits on
the achievable transmission reach. Mid-link spectral inversion technique em-
ploying Fiber-based optical parametric amplifier (FOPA)s exhibit the capabilities
for nonlinearity compensation through optical phase conjugation (OPC). How-
ever, the implementation of FOPAs in practical transmission systems is lim-
ited by their inherent polarization-dependent nature. Nevertheless, FOPAs em-
ploying the polarization-diversity loop scheme can be operated as polarization-
independent optical sub-systems. The presence of Brillouin scattering in the
diversity loop can degrade data signals significantly.

This thesis focuses on the experimental investigation of the stimulated Bril-
louin scattering (SBS)-induced distortions in a polarization-independent FOPA

based on the polarization - diversity loop scheme. Initially, a single - pump
polarization-independent FOPA using a polarization-maintaining highly nonlin-
ear fiber (PM-HNLF) in the diversity loop is experimentally investigated. Para-
metric on-off gain for up to 20 dB, using a continuous wave (CW) signal and a 28-
GBd single-polarization (SP) quadrature phase-shift keying (QPSK) data signal,
are used in the investigation. It is shown that Brillouin scattering between the
counter-propagating pumps in the diversity loop yields polarization-dependent
gain (PDG) if an asymmetric local dispersion profile of the used highly nonlinear
fiber (HNLF) is present.

In addition, a dual-pump polarization-independent FOPA is also designed and
experimentally investigated in terms of amplification and wavelength conver-
sion for OPC applications. A 28-GBd polarization-division multiplexed (PDM)
16-ary quadrature amplitude modulation (16-QAM) signal in a 50-GHz spaced
five-channel wavelength-division multiplexing (WDM) system is used in the in-
vestigation. Mid-link spectral inversion technique employing the OPC device is
used for nonlinearity compensation of 5×28-GBd PDM 16-QAM signal transmis-
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sion over both a dispersion-compensated link and a dispersion-uncompensated
link. A significant increase in nonlinear tolerance is demonstrated. The per-
formance of the mid-link OPC is compared with digital back-propagation algo-
rithm employing the split-step Fourier method for nonlinearity compensation.
Signal transmission over up to 800-km of dispersion-compensated link shows
that in the single-channel case, the use of the back-propagation algorithm out-
performed the OPC. However, with reference to the hard-decision forward-error
correction (HD-FEC) threshold, signal transmission was not possible with digital
back-propagation in the WDM scenario over the same link length while it was
enabled by the OPC.
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Zusammenfassung

Diese Arbeit ist fokussiert auf die experimentelle Untersuchung von Streuungs-
bedingten Störungen in polarisations - unabhängigen Fiber-based optical para-
metric amplifiers (FOPAs), welche auf dem Polarisations - diversen Faserring-
Schema basieren. Zunächst wird ein solches Schema in einer Konfiguration
mit einem einzelnen Pumpsignal und einer polarisations - erhaltenden hoch-
nichtlinearen Faser (HNLF) für Verstärkungen bis zu 20 dB untersucht. Als
Eingangssignal wird sowohl ein unmoduliertes Signal als auch ein single - polar-
ization 28-GBd QPSK-moduliertes Signal verwendet. Die im FOPA erzeugten Sig-
nalstörungen wurden untersucht und es konnte gezeigt werden, dass Brillouin-
Streuung zwischen demgegenläufigenPumpsignal imFaserring zu polarisations-
abhängiger Verstärkung führt, wenn die HNLF ein asymmetrisches Dispersion-
sprofil besitzt.

Zusätzlich wurde ein Versuchsaufbau realisiert, bei dem zwei Pumpsignale
im Polarisations-diversen Faserring-Schema eingesetzt werden. Dieser wurde
zum einen in Bezug auf Signalverstärkung charakterisiert und zum anderen für
Wellenlängenumsetzung für OPC-Anwendungen. Hierbei wurden 28-GBd polar-
isations - gemultiplexte (PDM) 16-QAM Signale in einem fünf - Kanal - Wellen-
längenmultiplex (WDM)-Systemmit 50GHzKanalabstand verwendet. Die Tech-
nik der Mid-Link spektralen Inversion wurde mit dem realisierten OPC-Aufbau
für die Kompensation von nichtlinearen Signalstörungen in einem 5×28-GBd
PDM 16-QAM Übertragungssystem untersucht. Dies wurde für dispersionskom-
pensierte als auch dispersionsunkompensierte Faserstrecken untersucht. Eine
deutliche Vergrößerung der nichtlinearen Toleranz konnte hierbei demonstri-
ert werden. Des Weiteren wurde die Güte der Signalübertragung mit der Tech-
nik der Digitalen-Rückwärtsausbreitung verglichen, die auf einer Split-Step-
Fourier-Methode basiert und ebenso nichtlineare Signalstörungen kompensieren
kann. Übertragungsexperimentewurden bis zu einerDistanz von 800 kmdurchge-
führt. ImEinkanalfall konnte eine deutlich bessere Signalübertragungsgüte bei
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Nutzung der digitalen Rückwärtsausbreitung erzielt werden. Hingegen war die
Übertragung im WDM-Fall nur mit der Nutzung des OPC-Aufbaus für die an-
visierte Signalgfüte erzielbar.
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Chapter 1

Introduction

Maximizing both the spectral efficiency (SE) and the transmission reach in to-
day’s optical communication systems is amajor challengewhich optical networks
will have to address in the near future. This will help to sustain the growth
in global data demand while using the existing deployed fiber plant at mini-
mal cost per transmitted bit [2,3]. Current optical networks are now aiming at
transmission capacity beyond 400G on a single wavelength and extension of the
transmission reach with a reduced cost.

Realizing such a goal, requires themaximization of the spectral efficiency and
the transmission reach of the optical communication link [2,4]. The spectral effi-
ciency improvement includes transmission of polarization-division multiplexed
(PDM) signals, the use of higher-order modulation formats such as m - ary phase-
shift keying (PSK) and m - ary quadrature amplitude modulation (QAM), e.g. 16-

QAM. Additional figure-of-merits for the spectral efficiency improvement are the
use of densely packed channels (e.g. dense wavelength-division multiplexing
(WDM)) and the transmission with high data rate in the presence of coherent
detection [5]. A current record of a line rate of 864 Gb/s, on a single carrier and
employing a coherent receiver, has experimentally been achieved using a PDM

64-QAM modulation format [6].
Moving from lower spectrally efficient modulation formats to higher-order

(multi-level) modulation formats requires higher optical signal-to-noise ratios
(OSNR). High OSNR eventually requires higher signal launch power per fiber-
span. However, Kerr nonlinearity provide an upper bound to the maximum
transmittable signal launch power. The Kerr nonlinearity evolve itself in the
form of self-phase modulation (SPM), inter - and intra - channel cross-phase
modulation (XPM), and inter-and intra-channel four-wave mixing (FWM). This
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effect reduces the reach for error-free transmission [2,4,7].

1.1 The need for Kerr nonlinearity compensation

The degrading impact of Kerr nonlinearities on systems with densely packed
channels with higher-order modulation can be very significant [4, 7, 8]. There-
fore, higher-order modulation formats cannot withstand longer transmission
distance with acceptable degradation compared to less spectrally efficient modu-
lation formats. Reduction in transmission reach as a result of nonlinear impair-
ments of such systems make long-haul applications unattractive. With effective
compensation for the nonlinear impairments arising from the transmission sys-
tem, an increase in the transmission reach of the communication system can be
achieved [4,7].

In this context, recent years have witnessed consistent and progressive re-
search studies with the aim to mitigate Kerr nonlinear distortions in optical
transmission systems. Therefore, various numerical [9–12] and experimental
[13–17] demonstrations for nonlinearity compensation have been shown. The
nonlinear compensation schemes are either in the electrical domain [9–11, 13,
18–21] or in the optical domain [14–17, 22–27]. Some of the electrical domain
compensation schemes include digital back-propagation (DBP) [9, 10, 18, 20, 21]
and digital coherent superposition of phase-conjugated twin waves (PCTW) [19,
28,29]. The all-optical domain nonlinearity compensation schemes also include
optical coherent superposition using phase-sensitive amplification (PSA) (i.e.,
copier-PSA) [23,30]. Another optical domain nonlinearity compensation scheme
is the mid-link spectral inversion (MLSI) based on optical phase conjugation
(OPC) [14–16, 24]. Table 1.1 shows comparison of Kerr nonlinearity compensa-
tion of the commonly used nonlinearity compensation schemes.

The digital signal processing (DSP) power requirements, by the electrical do-
main nonlinearity compensation schemes, in a high-speed data link dominated
by fiber impairments can be significantly high∗. One way to avoid the high DSP

requirements, imposed by electrical domain mitigation schemes, is by the im-
plementation of all-optical mitigation schemes. The all-optical schemes provide
real-time compensation without the need for electronic signal processing and
with a reduced latency. Comparing the advantages and drawbacks of the var-
ious nonlinearity compensation schemes as shown in Table 1.1, the MLSI (i.e.,
∗Real-time digital nonlinearity compensation is, in principle, possible. However, according to

Refs. [31,32], practical implementation can be very challenging and computationally expensive.
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DBP PCTW Copier-PSA Mid-link OPC 

Effectiveness for  single-channel yes yes yes yes 

Effectiveness for WDM no[9, 69, 125] yes yes yes 

real-time compensation yes* yes* yes yes 

System design complexity no moderate yes no 

Electrical bandwidth 
requirements for WDM 

large[9, 69, 125] less less less 

Modulation format transparency yes yes yes yes 

Optimization of spectral 
bandwidth 

yes no[19] no[23, 30] yes 

Polarization-independence yes yes no yes 

Noise figure no no low (e.g. 0 dB) moderate 

 
Additional constraints 

DSP 
computational 

complexity 

signal and its 
conjugate require 
similar power and 
dispersion profiles 

signal and its 
conjugate require 
similar power and 
dispersion profiles 

symmetric power 
and dispersion 
profiles around 
the OPC device 

Table 1.1: Comparison of some commonly used Kerr nonlinearity compensation
schemes in optical transmission systems. Footnote: see page 2

mid-link OPC) technique offers more advantages than the other three nonlinear-
ity compensation schemes.

The MLSI technique employs optical phase conjugation (OPC) of the propagat-
ing signal in the transmission link. It requires an OPC device in the middle of a
transmission link [14, 22, 24, 26, 33, 34]. In a symmetric link, the accumulated
signal distortions in the first half of the transmission link (i.e., before the OPC

device) are reversed and compensated for during signal propagation in the re-
maining half of the link (i.e, after the OPC device) [14,35–37].

The concept of OPC for chromatic dispersion compensation was first reported
by Yariv et al. in 1979 [35]. The tendency of the OPC device to compensate
for nonlinear distortion in a transmission link was theoretically shown by Pep-
per and Yariv [36]. Experimental implementation of an OPC device, in an opti-
cal transmission system, was demonstrated by Watanabe et al., for chromatic
dispersion compensation in [37]. Nonlinearity compensation by the OPC de-
vice was experimentally shown in [22] and [14]. Thereafter, several numeri-
cal and experimental demonstrations for nonlinearity compensation using an
OPC device based on different nonlinear media have been reported. The com-
monly used nonlinear media include semiconductor optical amplifier (SOA) [38],
periodically-poled lithium-niobate (PPLN) [16, 39–42], silicon (Si) nanowire [43,
44], and highly-nonlinear fiber (HNLF) [14,17,45,46].
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For practical applications, an OPC device should provide broadband opera-
tion (capable of WDM operation) with flat gain-bandwidth profile, polarization -
independence as well as wavelength and modulation format transparency. Fur-
thermore, the OSNR implementation penalty of the OPC device must be suffi-
ciently low. One way to achieve low OSNR implementation penalty is by using an
OPC device which has a high positive conversion efficiency (CE) [47]. However,
comparing the other nonlinear media to the HNLF, the SOA has a high noise fig-
ure and a limited bandwidth [48]. The PPLN, on the other hand, require high
operating temperatures in order to reduce the influence of photo-refractive ef-
fects [15]. Therefore, the achievable bandwidth is limited (compared to that of
HNLF) due to the temperature dependence on the pumpwavelength [49]. The sil-
icon nanowire, although it has a high nonlinear coefficient and a small foot-print,
it suffers from severe nonlinear loss mechanisms such as two photon absorption
in the C-band [50,51].
The use of HNLFs to realize fiber-based optical parametric amplifiers (FOPAs) can
be employed for nonlinearity compensation based on PSA and OPC. Some of the
appealing features of FOPAs also include high gain (e.g. 70 dB gain) [52, 53],
broad gain-bandwidth (e.g. 250-nm bandwidth) [54, 55], low-noise figure (e.g.
0 dB) [56], spectral inversion [1], and modulation format transparency. These
unique features of FOPAs make them suitable for fulfilling the need for band-
width and in-line amplification with low-noise figure. In addition, FOPAs are
suitable for OPC devices for nonlinearity compensation and all-optical wave-
length conversion [1,47,57].
Recent studies on the design of fiber-based OPC devices have been performed in a
100-GHz spaced 10×114-Gb/s PDM QPSK system [17]. In addition, WDM systems
with up to 8-channels using PDM 16-QAM signals have been used to characterize
an OPC device [45,46]. Furthermore, the combination of Raman-based amplifi-
cation and fiber-based OPC scheme has been recently demonstrated for nonlinear
distortions compensation [26,27,34]. Multiple OPCs can also be implemented in
a transmission link and this provides improved performance compared to the
use of a single OPC in the link [25,26,34,58]. Further discussions on nonlinear-
ity compensation employing OPC are presented in Chapter 7.
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1.2 Challenges in practical fiber-based OPC devices

Although the fiber-based OPC (i.e., FOPA-based OPC) has numerous promising
features, it has several challenges which a make practical implementation dif-
ficult. For instance, the underlying physical phenomenon of FOPA operation,
which is FWM based on the third-order nonlinear susceptibility, χ(3), is inher-
ently polarization-dependent [59]. Therefore, polarization-independent opera-
tion is a prerequisite for practical application of FOPA in optical communication
systems. This is due to the fact that the state-of-polarization (SOP) of a propa-
gating signal in a transmission link is random. Again, due to the polarization-
dependent nature of FOPA, their operation is very sensitive to changes in ambi-
ent temperature. Therefore using polarization - maintaining highly nonlinear
fiber (PM-HNLF) as a gain medium for the FOPA will be interesting to be studied
since polarization-maintaining fiber (PMF)s preserve the polarization of light
when correctly launched into one of the principal axes of the PMF.

The realization of a polarization-independent FOPA using two orthogonally
polarized pumps (high power signal) at different wavelengths has been shown
[60,61]. The use of a polarization - diversity loop scheme to achieve polarization -
independent FOPA operation has also been shown [62,63]. Onemain drawback of
schemes employing orthogonally polarized pumps is the effect of birefringence
variation of standard HNLFs [47, p. 252]. The fiber birefringence can cause
the orthogonality of the pumps to be lost thereby leading to significant levels of
polarization dependent gain (PDG) [64–66].

On the other hand, the polarization-diversity loop scheme is susceptible to
stimulated Brillouin scattering (SBS) in the loop [67, 68], [47, p. 251]. The SBS

can degrade the performance of the FOPA substantially especially at high-gain
conditions [67]. In order to fully integrate FOPAs in current optical communi-
cation networks, polarization - independent operations especially at high gain
conditions are paramount. The realization of a polarization-independent FOPA

based on a polarization-diversity loop scheme in system experiments at high
gain conditions have not been comprehensively studied.

The objectives of the thesis, therefore, are focused on two areas. One of the ob-
jectives is to characterize and implement a polarization-independent FOPA based
on the polarization-diversity loop scheme. A PM-HNLF is to be employed for the
implementation of the polarization-independent FOPA with high gain. Investi-
gation of the impact of SBS in the diversity loop is of interest especially at high
gain conditions. A continuous wave (CW) and a 28-GBd single-polarization QPSK
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data signal will be used for the characterization of the polarization-independent
FOPA.

The polarization-independent FOPA is to be used as an OPC device for non-
linearity compensation in a WDM system. An experimental investigation of the
FOPA-based polarization-independent OPC for Kerr nonlinearity compensation
of higher-order modulation formats with higher symbol rates, which has so far
not been extensively studied, is necessary. Therefore, another focus of the thesis
is the implementation of the FOPA as mid-link OPC device for fiber nonlinearity
compensation of 28-GBd PDM 16-QAM signal transmission. The experiments will
be conducted for single-channel and for a five-channel 50-GHz spaced WDM sys-
tem in (i) a dispersion-compensated link utilizing lumped amplification by EDFAs
and, (ii) a dispersion-uncompensated link with backward-pumped Raman am-
plification. The investigated FOPAs are to be operated in the linear (small-signal
gain) or unsaturated pump regime unless stated otherwise.

1.3 Organization of the Thesis

Chapter 2 introduces the reader to the fundamentals of advance modulation
formats and coherent reception. The chapter discusses some commonly used
modulation formats and it draws the attention on the importance of coherent
detection in optical communication systems.
Chapter 3 reviews the linear and nonlinear effects which accompanies signal
transmission in optical fibers. It discusses linear effects such as chromatic dis-
persion and nonlinear effects which include SBS, stimulated Raman scattering,
and Kerr nonlinearities in fibers.
Chapter 4 introduces the fundamentals of FOPA. It contains a discussion on
the various types of FOPA such as single- and dual-pump FOPA, polarization-
dependent and polarization-independent FOPA. The later part of the chapter
explains the importance of pumps counter-phasing (a technique to enhance the
SBS threshold of a fiber and to suppress the transfer of pump phase-dithering
tones on the conjugated signal copies) in a dual-pump FOPA.
Chapter 5 demonstrates the realization of practical FOPA as a subsystem. Sys-
tematic characterization and system performance analysis of both polarization-
dependent and polarization-independent FOPA based on the polarization-diversity
loop scheme are also discussed in the chapter. In addition, the impact of pump
distortion (in the polarization-diversity loop) on 28-GBd single-polarizationQPSK
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data signal is investigated.
Chapter 6 highlights a systematic system performance evaluation of a dual-
pump polarization-independent FOPA as OPC device for WDM applications. A
5×28-GBd PDM 16-QAM data signal is employed for the performance evaluation
of the FOPA-based OPC device.
Chapter 7 focuses on the implementation of polarization-independent FOPA,
based on the polarization-diversity loop scheme, as OPC device for nonlinearity
compensation of 28-GBd PDM 16-QAM data signals in a dispersion-compensated
link with lumped amplification utilizing EDFAs. The performance of the fiber-
based OPC for nonlinearity compensation is compared with that of DBP in the
same link configuration. Finally, the use of the fiber-based OPC is also imple-
mented in a dispersion-uncompensated link based on backward-pumped Raman
amplification for nonlinearity compensation of 5×28-GBd PDM 16-QAM signals.
Chapter 8 presents a summary of the important finding of the thesis. It further
provides possible suggestions for future research with respect to the implemen-
tation of polarization-diversity loop-based FOPA as a subsystem with minimum
degradation.
Appendix A gives insight into the fundamentals of numerical method, based on
the split-step Fourier method, for solving the nonlinear Schrödinger equation.
This is implemented for the purpose of digital back-propagation algorithm for
nonlinearity compensation.
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Chapter 2

Advanced Modulation Formats
and Coherent Reception

One of the key solutions to the global data demand requires an increase in
spectral efficiency of the optical network. Considering the limited optical band-
width in optical fibers, higher-order modulation formats and coherent reception
are essential requirements to increase the spectral efficiency. In order to gen-
erate higher-order modulation formats, a complex transmitter employing IQ-
modulator(s) is/are necessary. The use of coherent reception is a convenient way
to detect the transmitted multi-level modulation format. Coherent reception is
also capable of compensating for linear distortions of the signal [69,70].

In this chapter, a brief introduction to advanced modulation formats is dis-
cussed. In Section 2.2 and 2.3, direct detection and coherent detection schemes,
respectively, are reviewed. Knowledge of the optical signal-to-noise ratio (OSNR)
of the transmitted data signal is essential since it relates the quality of the sig-
nal. Thus OSNR measurement is also discussed in Section 2.4

2.1 Advanced modulation formats

Data modulation, in general, is achieved by adjusting any of the physical pa-
rameters of the electric field of the signal (e.g. amplitude, frequency, phase,
and polarization). This is achieved with a modulator at the transmitter. The
normalized complex information (i.e., symbol), A(t), can be given by:

A(t) = a(t)exp
(
jϕ(t)

)
(2.1)
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Where a(t), and ϕ(t) are the time-dependent amplitude and the time-dependent
phase of the symbol. The real part of the symbol (i.e., <{A(t)} = a(t)cos(ϕ(t)))
and imaginary part of the symbol (i.e., ={A(t)} = a(t)sin(ϕ(t))) are modulated
independently. It is common to refer to the real and imaginary parts of the sym-
bol, respectively, as the in-phase (I) and quadrature (Q) components. Thus an
IQ-modulator is required for the modulation of both components. After modu-
lation, using a monochromatic carrier wave of frequency ω0 and neglecting the
z-dependency and polarization, the electric field of the optical modulated signal
at the output of the transmitter can be given as:

E(t) = A(t)
√
P0 · exp(−jω0t) = a(t)exp

(
jϕ(t)

)√
P0 · exp(−jω0t) (2.2)

Where
√
P0 is the amplitude of the continuous wave (CW) signal and the normal-

ized complex amplitude, A(t), is the complex envelope of the modulated optical
signal with time dependent amplitude a(t) and phase ϕ(t). Note that the prod-
uct a2(t)·P0 represents the instantaneous signal power [71, p. 32]. In practice,
the real part of the optical field is transmitted and it is given by:

Es(t) = <{A(t)
√
P0 · exp(−jω0t)} (2.3)

At the receiver, the I and Q components are separated using, e.g. a coherent
detection scheme, and the independent data signals are recovered. Figure 2.1
shows the I andQ representation of differentmodulation formats which are used
in optical communication systems. The on-off keying (OOK) scheme is the sim-
plest modulation format. It encodes binary amplitude modulation with one-bit
per symbol. Thus the symbol rate is the same as the bit rate. The binary phase-
shift keying (binary phase-shift keying (BPSK)) scheme encodes also one-bit per
symbol but the BPSK is phase modulated. The quadrature phase-shift keying

I 

Q 

I 

Q 

I 

Q 

I 

Q 

OOK 
1 bit/symbol 

BPSK 
1 bit/symbol 

QPSK 
2 bits/symbol 

16 − QAM 
4 bits/symbol 

Figure 2.1: Constellation diagrams of some commonly used modulation for-
mats.
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(QPSK) and the 16-ary quadrature amplitude modulation (16-QAM) are multi-
level modulation formats which incorporate both amplitude and phase modula-
tion thereby having 2-bits per symbol and 4-bits per symbol, respectively. The
QPSK has phase and constant amplitude modulation (similar to two BPSK sig-
nals on both the I and Q phases) whereas the 16-QAM has phase and multi-level
amplitude modulation.

The bit rate and the symbol rate are related to each other by [72, p. 29]:

Rb = RSlog2M (2.4)

Where Rb, RS , andM are the bit rate, symbol rate, and the number of commu-
nication symbols (modulation order). The modulation order (M ) indicates the
number of symbols or constellation points on the I and Q complex plane. More
complex modulation formats such as 32-QAM, 64-QAM, have been reported [4].
The spectral efficiency (measured in bit/s/Hz/polarization) of an optical commu-
nication system is increased if the number of bits per symbol is increased. High
number of bits per symbol can be achieved with higher-order modulation for-
mats (e.g. see Figure 2.1), however higher OSNR is required for the higher-order
modulation formats [4]. In addition, the spectral efficiency can be doubled if the
data signals are on two orthogonal polarizations such as in polarization-division
multiplexed (PDM) signals. WDM system with narrow channel spacing also in-
creases the spectral efficiency [4].

2.2 Direct detection

The basic form of direct detection is the simplest receiver in optical communica-
tion systems and it is capable of detecting only amplitude modulated data (OOK

signals). It is insensitive to the spectral characteristics (e.g. phase, wavelength)
and the polarization state of the optical signal [73, p. 398]. With the implemen-
tation of a delay-line interferometer in the receiver circuitry, differential-phase
modulated optical signal can be detected (without using a coherent detection
technique). In such a scheme, a delay-line interferometer is implemented to cre-
ate a phase difference of one symbol duration between adjacent symbols of the
input signals in one of the branches of the interferometer [72, p. 47]. The differ-
entially phase encoded information is then converted into amplitude information
by destructive or constructive interference of successive symbols at the output
of the interferometer prior to the detection by the photodiodes. Direct detection
schemes are basically applicable to differentially phase-modulated signals, e.g.
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differential binary phase-shift keying (DBPSK), differential quadrature phase-
shift keying (DQPSK). A drawback of the direct detection scheme is to adapt or
modify the receiver configuration when the symbol-rate or modulation format is
changed.

2.3 Coherent detection

In contrast to direct detection techniques, coherent detection is sensitive to not
only an optical signal’s amplitude but its phase, frequency and polarization as
well [72,74]. Coherent detection techniques can be more complex relative to the
direct detection techniques. The coherent detection techniques provide signif-
icant unparalleled advantages compared to direct detection. The advantages
offered by digital signal processing (DSP)-based coherent reception include im-
proved receiver sensitivity, frequency selectivity, and linear distortions cancel-
lation such as chromatic dispersion [69,74,75] and polarization-mode dispersion
(PMD) [76]. However, their compensation for nonlinear distortions is still under
investigation [10, 77]. In coherent detection, an additional CW signal (usually
at the receiver) is required and superimposed to the incoming data signal. This
additional optical signal is known as local oscillator (LO).

A simple schematic representation of a single-polarization coherent detection
scheme is shown in Figure 2.2. Here, a single-polarization data signal, Es(t), is
received together with a tunable CW local oscillator (LO) in front of a 2×4 (two
inputs and four outputs) 90◦ optical hybrid. The 90◦ optical hybrid enables the
mixing of the electric fields of the received signal and the LO. The coherent su-
perposition of the two fields allows the I and Q components of any amplitude
and/or phase modulated signal to be retrieved. This is achieved after the bal-
anced photodetector (BPD) and by employing both analog-to-digital conversion
and appropriate DSP algorithms.

Es(t) = <{As(t)
√
P0 · exp[−j

(
ω0t− ϕ0

)
]} (2.5)

ELO(t) = ALOexp[−j
(
ωLOt− ϕLO

)
] (2.6)

Equation (2.5) describes the electric field of the incoming optical data signal [78,
p. 158]. The electric field of the LO can also be written as shown in equation
(2.6). As(t) is the complex amplitude of the data signal andALO is the amplitude
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Figure 2.2: A schematic representation of a single-polarization coherent re-
ceiver front-end.

of the LO. ω0 and ωLO are the angular frequencies of the carrier and the LO,
respectively. Whereas ϕ0 and ϕLO are, respectively, the initial phases of the
carrier and the LO. Note that the laser phase noise, the amplifier spontaneous
emission (ASE) noise as well as shot noise and thermal noise of the photodiodes
are neglected. The data signal and the LO are coherently superimposed in the
hybrid as shown in Figure 2.2. The relationship between the input and output
electric fields and the transfer function of a (2×4) 90◦ optical hybrid is given
by [72, p. 101], [71, p. 63]:

E1(t)

E2(t)

E3(t)

E4(t)

 =
1

2
·


1 1

1 j

1 −1

1 −j

 ·
[

Es(t)

ELO(t)

]

The four electric fields (E1(t), E2(t), E3(t), and E4(t)) at the output of the optical
hybrid, after coherent superposition of the two waves, are given as:

E1(t) =
1

2

(
Es+ ELO

)
(2.7)

E2(t) =
1

2

(
Es+ jELO

)
(2.8)

E3(t) =
1

2

(
Es− ELO

)
(2.9)

E4(t) =
1

2

(
Es− jELO

)
(2.10)
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The corresponding output photocurrent of all the four photodiodes can also be
written as [72, p. 101]:

IP1(t) =
R

2

[
P0 · a2(t) + PLO + 2a(t)

√
P0PLO · cos

(
∆ωt+ ∆ϕ+ ϕ(t)

)]
(2.11)

IP2(t) =
R

2

[
P0 · a2(t) + PLO − 2a(t)

√
P0PLO · cos

(
∆ωt+ ∆ϕ+ ϕ(t)

)]
(2.12)

IQ1(t) =
R

2

[
P0 · a2(t) + PLO + 2a(t)

√
P0PLO · sin

(
∆ωt+ ∆ϕ+ ϕ(t)

)]
(2.13)

IQ2(t) =
R

2

[
P0 · a2(t) + PLO − 2a(t)

√
P0PLO · sin

(
∆ωt+ ∆ϕ+ ϕ(t)

)]
(2.14)

Where the intermediate frequency, ∆ω = ω0 - ωLO and the phase difference be-
tween the carrier and the LO is ∆ϕ = ϕ0 - ϕLO. The phase of the symbol is ϕ(t).
Whereas R is the responsivity of the photodiode and PLO = |ELO|2. The output
photocurrents after the balanced photodiodes (BPDs) yield either the in-phase
or the quadrature current components and they are given by:

Ip(t) = IP1(t)− IP2(t) = 2a(t)R
√
P0PLO · cos(∆ωt+ ∆ϕ+ ϕ(t)) (2.15a)

IQ(t) = IQ1(t)− IQ2(t) = 2a(t)R
√
P0PLO · sin(∆ωt+ ∆ϕ+ ϕ(t)) (2.15b)

Therefore, the complete information of the complex signal in equation (2.1) (i.e.,
A(t)) can be recovered when the receiver reference frequency (ωLO) and phase
(ϕLO) are locked to that of the carrier with appropriate digital signal process-
ing (DSP) algorithms [75]. It is worth noting that for a polarization-multiplexed
(PDM) signal, two 90◦ optical hybrids are used.

2.4 Optical signal-to-noise ratio (OSNR)

The optical signal-to-noise ratio (OSNR) provides a key performance indicator of
a signal and it predicts also the bit-error ratio (BER) of the received signal. In
WDM systems, it gives a per-channel assessment of signal quality. Its measure-
ments involves measuring the total signal power in the passband of the channel
under investigation and the ASE noise power over 0.1-nm (12.5-GHz, usually at
1550 nm) reference optical bandwidth (B0) of the ASE noise around the center
wavelength of the measured optical signal. In order to take into consideration
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Figure 2.3: A representation of a point-to-point transmission link consisting of
N fiber spans and N EDFAs.

the tilt in EDFA spectrum, the ASE around the signal channel are interpolated
in order to obtain the in-band ASE noise power. In the transmission system as
shown in Figure 2.3, each segment consists of a fiber span of length L, and an
optical amplifier with a launch power of P0. As the signal propagates over the
link, each amplifier adds ASE noise after signal amplification. Neglecting the
fiber span loss and assuming a quantum noise limited input signal, the input
OSNR, in two polarizations, to the first EDFA in the link is given by [79]:

OSNRinput =
Pin

hvB0
(2.16)

Where h is the Planck’s constant and v is the optical frequency of the signal.
Considering a single EDFA with a gain of G and with a quantum noise-limited
input signal with average optical power of Pin, the OSNR at the output of the
EDFA, in two polarizations, is given by:

OSNRoutput =
P0

hvB0 + PASE
=

GPin

hvB0 + PASE
(2.17)

Where PASE is the added ASE noise power in two polarizations by the EDFA and
it is given by [78, p. 305]:

PASE = 2nsp(G− 1)hvB0 (2.18)

Where nsp is the spontaneous emission factor (or the inversion factor) of the
EDFA. Therefore the noise figure, F , of a single EDFA can be obtained from equa-
tions (2.16) and (2.17) as:

F =
OSNRinput

OSNRoutput
=

1

G

[
1 + 2nsp(G− 1)

]
(2.19)

Where OSNRinput and OSNRoutput are the input and output optical signal-to-
noise ratios of the amplifier. Usually, in a transmission system, as shown in
Figure 2.3, the signal launch power at the output of an EDFA is set such that
the signal gain compensates for the loss of the fiber span thus the output signal
power (P0) before the receiver is the same as the input signal power before the

15



Chapter 2. Advanced Modulation Formats and Coherent Reception

link. Taking the fiber span into consideration, the noise figure of a segment,
Fseg, (i.e., a single span and a single EDFA) can be given as:

Fseg = 1 + 2nsp
(
G− 1

)
= G · F (2.20)

Assuming the same specifications of the fiber spans and same gain and specifi-
cations for the EDFAs, the total noise figure, Ftot, of the entire transmission link
is given by [79]:

Ftot = 1 +N ·
(
Fseg − 1

)
= 1 + 2N · nsp

(
G− 1

)
(2.21)

Where N , G, and Fseg are respectively the number of segments in the link, the
amplifier gain, and the noise figure of a segment. For noise figures larger than
one, the total noise figure, Ftot ≈ N · Fseg. The OSNR in front of the receiver (at
the end of the transmission link) is given by:

OSNR
∣∣
[dB]

= P0

∣∣
[dBm]

+ 58− 10 · log10(N)− Fseg

∣∣
[dB]

(2.22)

Where, P0 is the output power of the signal before the receiver. Note that the
58 dBm accounts for quantum noise limitation in two polarizations considering
noise bandwidth, B0 = 12.5 GHz at a center wavelength of 1550 nm (i.e., hvB0 =
-58 dBm).

Equations (2.17), (2.18), (2.19), and (2.21) indicate that the signal OSNR at
the receiver can be increased by employing inline optical amplifiers with low
noise figures, reducing the number of amplifiers in the link, or increasing the
signal launch power per fiber span (P0). In addition, due to the relatively high
loss of a transmission fiber span (∼ 20 dB over 100 km of a standard fiber),
the number of amplifiers is usually higher (i.e., more accumulated ASE noise)
for long-haul transmission systems. Hence, it is customary to increase the sig-
nal launch power so as to maximize the receiver OSNR, however this approach
has accompanied nonlinear distortion issues which will be addressed later in
the thesis. For phase-insensitive optical amplifiers (i.e., amplifiers with only
signal(s), without conjugated copies, at the input) with quantum-noise limited
input signals, equation (2.19) shows that at high gain conditions (G � 1) and
for complete inversion (nsp = 1), the noise figure of the amplifier is F ≈ 2. This
indicates that phase-insensitive amplifiers have a quantum limited noise figure
of 3 dB.
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2.5 Summary

Fundamentals of advanced modulation formats have been reviewed and also the
direct detection and the coherent detection techniques have been discussed. It
is convenient to detect advanced modulation formats with coherent detection,
which is also capable of compensating for linear distortions. The optical signal-
to-noise ratio (OSNR) in a transmission system has been briefly discussed in this
chapter.
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Chapter 3

Linear and Nonlinear Effects
in Optical Fibers

The ability of an optical fiber to guide light (by the principle of total internal
reflection) has contributed to the revolutionary data transmission provided by
optical network technology in our world today. However, practical optical fibers
have several associated problems, from its fabrication to its implementation.
The fiber imperfections together with the undesired effects such as attenuation,
dispersion, and nonlinear effects can significantly limits the efficiency of practi-
cal optical fibers.

This chapter focuses on the discussion of the properties of an optical fiber
and some of the challenges associated with signal propagation in an optical
fiber. Section 3.1 provides the fundamentals of a single-mode step-index fiber
whereas in Section 3.2, particular attention is paid to the linear effects such as
optical loss, chromatic dispersion, and birefringence, of optical fibers. Inelastic
nonlinear effects resulting from Brillouin scattering and Raman scattering are
discussed in Section 3.3.1. The elastic nonlinear effects due to the Kerr nonlin-
earities (self-phase modulation, cross-phase modulation, four-wave mixing) and
the nonlinear Schrödinger equation (NLSE) are discussed in Section 3.3.2.

3.1 Introduction to optical fibers

The optical fiber is a dielectric waveguide that operates at optical frequencies
(in the Tera-Hertz range). The simplest form of an optical fiber consists of two
different glasses in a cylindrical form as shown in Figure 3.1. The inner glass,
usually known as core, is doped with a different material to increase the refrac-
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Figure 3.1: Schematic representation of the cross-section of a step-index fiber
showing the refractive index profile over the radial distance of the core and
cladding of the fiber. ncl = cladding refractive index, nco = core refractive index,
rcl = cladding radius, rco = core radius.

tive index. The outer glass, also known as cladding, is doped to have a lesser
refractive index than the core (i.e., nco > ncl). In practice, another material such
as a plastic coating forms a jacket and it is implemented on the outer part of the
cladding to protect the quartz fiber from damages and makes the fiber robust to
bending.

Optical fibers are basically categorized as either single-mode fibers or multi-
mode fibers. The single-mode fiber supports only the propagation of the funda-
mental mode in the optical fiber [78, p. 34], [79] whereas the multi-mode fiber
supports the propagation of several modes [78, p. 34], [79]. Note that this the-
sis limits fiber discussions on only single-mode step-index fibers unless stated
otherwise. Specifically, in a step-index fiber, the refractive index of the core is
made higher than the refractive index of the cladding as also shown in Figure
3.1 [78, p. 25]. The physical phenomenon which governs the propagation of light
in the optical fiber is the principle of total internal reflection [78, p. 24]. For in-
stance, in the step index fiber, the higher refractive index of the core keeps the
light wave in the core. In general, during manufacturing of an optical fiber, both
the core and cladding are doped with different materials to alter their respec-
tive refractive indices. Germanium dioxide (GeO2) and Phosphorus pentoxide
(P2O5) are two of the most commonly used dopants to increase the refractive in-
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Section 3.2. Linear effects in optical fibers

dex whereas Flourine (F) is used to decrease the refractive index [80, p. 60], [79].
In the drawing process, the preform is fed into a furnace and the soft glass (due
to the heating) is pulled into a fiber. One essential parameter of an optical fiber
which characterizes the number of modes supported by the fiber is the normal-
ized frequency parameter usually known as V -parameter. The V -parameter is
given by [78, p. 59]:

V = (2πrco/λ) ·NA (3.1)

Where rco is the radius of the fiber core, λ is the wavelength of the fundamental
mode andNA is the numerical aperture which is defined as: NA =

√
n2co − n2cl. In

order for the fundamentalmode to propagate in a single-mode fiber, V -parameter
must be less than 2.405 (i.e., V < 2.405) [78, p. 59].

Ideally, optical fibers should support light wave propagation to an infinite dis-
tance but linear effects such as attenuation and dispersion degrades the signal
if these undesirable effects are not taken care off.

3.2 Linear effects in optical fibers

The linear properties of an optical fiber are those physical parameters which
are independent of the intensity of the light wave propagating in the fiber and
the refractive index of the fiber does not depend on the intensity of the opti-
cal wave. Fiber loss, fiber dispersion (e.g. chromatic dispersion and PMD), and
polarization-dependent loss (PDL) are some of the linear effects in optical fibers.

3.2.1 Attenuation

Fiber loss, usually known as fiber attenuation, is one of the linear properties of
an optical fiber. A low-loss optical fiber is made from fused silica glass (SiO2) and
the attenuation coefficient (α) of silica fibers are typically 0.15 dB/km at 1550
nm. Note that in 2002, low attenuation fiber at a record 0.148 dB/km, at 1550
nm, has been reported [81]. The main sources of optical fiber attenuation are
material absorption due to hydroxyl ions (OH−1) or the impurities in the fiber,
Rayleigh scattering as a result of the random molecular structure of the silica
glass. This leads to perturbations or random fluctuations in the refractive index
which eventually scatter light in all directions [78, p. 58]. The evolution of the
power of a bit stream propagating in an optical fiber is given by [78, p. 55]:

dP

dz
= −α · P (3.2)
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Where α, P , and z are the attenuation coefficient of the fiber, average optical
power, and length of the propagation distance, respectively. If P (0) is the input
optical power, traveling over a fiber of length L, then the output optical power is
obtained from equation (3.2) as:

P (L) = P (0)exp(−α · L) (3.3)

It is clear from equation (3.3) that the transmitted optical power decreases
as it propagates over the transmission length of the fiber. The decrease of the
input power in the fiber plays an essential role in optical transmission systems
since the level of attenuation determines the maximum transmission distance
of the signal. Thus signal amplification is a necessity for signal propagating
in optical fibers especially at longer transmission distances. The unit of α in
equation (3.3) is usually expressed in 1/km, however, due to the convenience in
handling simple computations in the logarithmic scale, the unit of the signal
attenuation is usually stated in dB/km by fiber manufacturer’s on data sheets.
The conversion is given as [78, p. 56]:

α(dB/km) =
10

L
log10

[P (L)

P (0)

]
≈ 4.343 · α (3.4)

3.2.2 Chromatic dispersion

Another linear property of a glass fiber is chromatic dispersion and it plays a
significant role in optical communication systems. For instance, in certain ap-
plications, such as parametric amplification (discussed in Chapter 4), near zero-
dispersion is required in order to obtain a satisfactorily broad bandwidth of the
amplifier. However, in WDM data transmission, nonlinear crosstalk among WDM

channels can be significant in the presence of low dispersion. In a long trans-
mission link, signal broadening in the time domain due to chromatic dispersion,
causes inter-symbol interference and it has to be compensated for. Specifically,
the chromatic dispersion of an optical fiber consists of two main dispersion parts
which are the material dispersion and waveguide dispersion. The material dis-
persion occurs as a result of the dependency of the refractive index as a function
of the wavelength [80, p. 97]. The waveguide dispersion, however, arises from
the dependence of the fiber’s waveguide properties on wavelength (i.e., depen-
dency of fiber geometry and refractive index profile). In order to determine the
chromatic dispersion in optical fiber, the propagation of a pulse with electric field
vector, E, with low intensity is considered. In general terms, there is a response
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of induced electrical polarization of any dielectric medium under the influence
of electric field and the optical glass fiber is no exception. This is described by
the wave equation based on Maxwell’s equations as [82, p. 32]:

∇×∇×E = −µ0ε0
∂2E

∂t2
− µ0

∂2P

∂t2
(3.5)

Note that µ0ε0 = 1/c2. Where c, µ0, ε0 are the speed of light, the permeability
and the permittivity in vacuum andP is the induced polarization of the medium
due to the electric field. Generally, the induced polarization consists of a linear
part, PL(r, t), and a nonlinear part, PNL(r, t), and it is given by [82, p. 32]:

P(r, t) = PL(r, t) + PNL(r, t) (3.6)

Here, r represents a position vector. As stated earlier, the consideration of the
fiber in this case is under low intensity thus the nonlinear part of the induced
polarization (which will be discussed later in this chapter under Section 3.3)
is treated as very small perturbations and can be neglected. The linear part,
however, is expressed as:

P(r, t) = PL(r, t) = ε0

∫ ∞
−∞

χ(1)(t− t′) ·E(r, t′)dt′ (3.7)

Where χ(1)(t) is the linear susceptibility of the medium and the relationship be-
tween the frequency-dependent susceptibility, χ̃(1)(ω), and frequency-dependent
relative permittivity, εr(ω), is given by [82, p. 33]:

εr(ω) = 1 + χ̃(1)(ω) (3.8)

Where χ̃(1)(ω) is the Fourier transform of χ(1)(t). The frequency-dependent sus-
ceptibility of an electromagnetic wave in a dielectric medium is a complex entity
and so is the frequency-dependent permittivity. The real and imaginary parts of
the frequency-dependent permittivity are related to the frequency-dependent re-
fractive index, n(ω), and the frequency-dependent attenuation coefficient, α(ω).
As a result of the low attenuation of an optical fiber in the wavelength range
of interest (around 1.3 µm and 1.55 µm), the imaginary part of the permittiv-
ity is much smaller than the real part [82, p. 34]. Therefore εr(ω) = n2(ω).
Furthermore, in a homogeneous medium, the frequency-dependent refractive
index, n(ω), is independent of the spatial coordinates of the core and cladding.
Equation (3.5) can be re-written in the frequency domain as [79]:

∇2Ẽ + n2i (ω)k20Ẽ = 0 (3.9)
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Here i = 1, 2 with n1 = nco, n2 = ncl and Ẽ is the Fourier transform ofE. The wave
number in vacuum, k0 = ω√µ0ε0 = 2π/λ0. Assuming weakly guiding waveguide
(i.e., ncl < neff < nco), where neff is the effective index of refraction, the Helmholtz
equation (i.e., equation (3.9)) yields two solutions for two orthogonal polariza-
tions. For instance taking an electric field polarized in the x-direction and prop-
agating in the z-direction, the solution of equation (3.9) in the frequency domain
is given by [82, p. 42]:

Ẽx(r, ω) = F (x, y)Ã(0,∆ω)exp
[
jβ(ω)z

]
(3.10)

Where F (x, y) is the transverse modal profile of the wave propagating along
the fiber and ∆ω = ω - ω0. Note that ω0 is the angular center frequency of a
quasi-monochromatic carrier optical wave of width ∆ω. Ã(0,∆ω), is the initial
field complex amplitude of the slowly varying envelope (Ã(z,∆ω)) of the wave,
Ẽx(r, ω). The propagation of a frequency component at ω is determined by the
propagation constant, β(ω), and considering a narrow range of frequencies about
a center frequency, ω0, one can expand β(ω) using Taylor’s series around a ref-
erence frequency, ω0, as:

β(ω) = k0neff (ω) = β0 + (ω − ω0)β1 +
(ω − ω0)

2

2
β2 +

(ω − ω0)
3

6
β3 + · · · (3.11)

βm(ω) =
∂mβ

∂ωm

∣∣∣
ω=ω0

(3.12)

Where m = 0, 1, 2, 3, ... and β0 is a constant phase shift which is frequency-
independent. The first-order dispersion, β1, is also known as group delay per
length and it is related to the group velocity, vgr, from the relation [79]:

vgr =

(
dβ

dω

)−1
=

(
d
(
k0neff (ω)

)
dω

)−1
=

1

β1
(3.13)

β2 is the second-order dispersion (also known as group velocity dispersion (GVD)
or the chromatic dispersion) and it is related to the dispersion parameter, D,
from the relation [79]:

D =

(
dβ1
dλ

)
= −2πc

λ2
β2 = −λ

c
·
d2neff (λ)

dλ2
(3.14)

Usually, a term normal dispersion is often used when the dispersion parameter,
D, is negative (i.e., when β2 > 0). However, anomalous dispersion occurs when
D is positive (i.e., when β2 < 0) and the wavelength at which β2 = 0 is referred

24



Section 3.2. Linear effects in optical fibers

to as zero-dispersion wavelength (λzd). The third-order dispersion (β3) is related
to the dispersion slope, S, by:

S =

(
dD

dλ

)
=

4πc

λ3
β2 +

(
2πc

λ2

)2

β3 (3.15)

Usually, the dispersion slope is significant in systems with high data rates [83]
whereas the chromatic dispersion is the main dispersion parameter creating
major signal impairments in long-haul transmission systems and even at lower
data rates. The fourth-order dispersion, β4, and the remaining higher terms
can be obtained by differentiating the preceding dispersion term as shown in
equation (3.12).

3.2.3 Polarization mode dispersion (PMD)

A single-mode fiber inherently supports two orthogonal polarization modes (e.g.
x- and y-polarizations) which basically forms the principal axes (vertical and
horizontal) of the fiber. Therefore in a perfect symmetric and stress-free core,
the orthogonal modes are degenerate (i.e., they have the same propagation con-
stant). However, imperfections in the fiber core, during the drawing process,
random variations in the core shape and external stress result in random cou-
pling of the two polarization states [78, p. 44]. The two orthogonal polarizations
of the signal experience different propagation constants and therefore travel at
different speeds. This eventually leads to pulse broadening as shown in Figure
3.2. The polarization axes of the fiber are then referred to as fast axis (axis with
lower refractive index) and slow axis (axis with higher refractive index). This
property of a fiber exhibiting different refractive indices on the principal axes is
known as birefringence, B, as shown in Figure 3.2 and it is given as [82, p. 14]:

B =
|βx − βy|

k0
=
|∆β|
k0

= |nx − ny| =
λ

LB
(3.16)

Where nx, ny are the refractive indices of the two orthogonal polarizations, and
LB is the beat length of the fiber. Considering a short piece of an optical fiber
(i.e., uniform birefringence), the differential group delay (DGD), which is also
the absolute time delay (|∆τ|) between the two orthogonal polarization states
of the fiber, scales linearly with the length of the fiber and it is given by [84, p.
5]:

|∆τ | = L

vgr
(3.17)
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Figure 3.2: Pulse propagation in a single-mode fiber which has slightly dif-
ferent refractive indices of the two orthogonal principal axes (fast and slow
axis) leading to DGD (between the polarization components) and eventually pulse
broadening.

From equations (3.13), (3.16) and (3.17), |∆τ| can be written as:

|∆τ | = L · d(∆β)

dω
= L · d(k0B)

dω
(3.18)

It can be seen from equation (3.18) that |∆τ| (or DGD), is a measure of the bire-
fringence, B. However, longer fibers can be approximated as a concatenation of
short pieces of fiber lengths [59, p. 214]. The birefringence is no longer constant
but it becomes a function of location of the fiber. The average DGD (i.e., <DGD>)
scales with the square root of the length of the fiber and it is given by [84, p. 6]:

< DGD >= Dp ·
√
L (3.19)

Where the constant of proportionality, Dp, is the PMD coefficient parameter and
it is measured in ps/

√
km. Note that the PMD is a measure of the average DGD

(i.e., PMD = <DGD>). Since the PMD has
√
L dependence, its impact on pulse

broadening of lower data rates propagating over short transmission length is
small compared with chromatic dispersion (GVD) effects. However, for higher
data rates and also in long-haul transmission systems, the impact of PMD can
be very significant. In addition, PMD does not only lead to pulse broadening
but also causes random variation of the state of polarization of any optical field
propagating through the fiber due to its dependence on the local birefringence
[78, p. 45]. In order to avoid the random variation of the state-of-polarization
of a signal in a fiber, large amount of birefringence is intentionally introduced
into the fiber during manufacturing, through fiber design modifications (e.g.
polarization-maintaining fibers) [82, p. 15]. Any optical signal that is aligned
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in polarization to one of the principal axis of a polarization-maintaining fiber is
preserved as the signal propagates along the fiber [82, p. 15].

3.3 Nonlinear effects in optical fibers

In Section 3.2.2, it was discussed that the induced electrical polarization which
is generated as a result of a dielectric material under the influence of electric
field (E) has both linear and nonlinear terms. The total induced dielectric po-
larization, P, can be written as [82, p. 17]:

P = ε0

(
χ(1) · E + χ(2) : EE + χ(3)...EEE + · · ·

)
(3.20)

Where χ(1), χ(2), and χ(3) are the first-order, second-order, and third-order sus-
ceptibilities. The linear susceptibility, χ(1), (first-order susceptibility) is themost
dominant effect of the total induced polarization. Its effects are included through
the refractive index and the attenuation coefficient of the fiber. χ(2) exists also
in non-centrosymmetric media such as PPLN and it is responsible for nonlinear
effects such as difference-frequency generation (DFG). It vanishes in fused silica
glass due to the symmetry of the silica molecule. Thus χ(3) becomes the lowest-
order nonlinear effect in optical fibers. The nonlinear effects in fibers can be
classified as elastic or inelastic. Specifically, the real part of χ(3) is the elastic
nonlinear term which is known as Kerr nonlinearity, whereas the imaginary
part of χ(3) constitutes the inelastic nonlinear effects (e.g. stimulated Brillouin
and Raman scattering) [59, p. 38].

3.3.1 Inelastic nonlinear effects

During inelastic nonlinear interactions in a dielectric medium, there is an en-
ergy exchange between the electromagnetic field and the dielectricmedium. Two
phenomena constitute this kind of nonlinear effects in optical fibers and they are:
stimulated Brillouin scattering (SBS) and stimulated Raman scattering stimu-
lated Raman scattering (SRS).

Brillouin scattering

Brillouin scattering occurs as a result of interaction between an incident optical
wave and acoustic vibration (acoustic phonons) in the optical fiber. The acoustic
vibration is generated as a result of electrostriction (variation of medium shape
or density due to electric field). This causes frequency down-conversion of the
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optical wave (also known as back-scattered wave or the Stokes shift) typically at
10 GHz. Specifically, the generated acoustic wave travels in the same direction
as the optical wave in the forward direction and this produces a narrow band
gain for optical frequencies traveling in opposite direction, therefore depleting
the forward traveling optical wave [78, p. 59]. The Brillouin gain bandwidth is
generally different for different fibers and can be up to 100 MHz [78, p. 59] (e.g.
∼ 20 MHz for Ge-doped fibers). Brillouin scattering can either be a stimulated
or a spontaneous effect. The spontaneous Brillouin scattering occurs even if the
intensity of the incident optical wave is weak and it is caused by the thermal
effect, due to the field, in the dielectric medium. It is the first occurrence of the
Brillouin process as it initiates the stimulated Brillouin scattering (SBS) (i.e.,
at high intensities, the scattering light exhibits a stimulated feature and it is
known as SBS).

Usually the reflected power from a fiber consists of both SBS and Rayleigh
scattering. Remark that investigation of Rayleigh scattering is not the primary
focus of the thesis thus much emphasis will not be placed on this effect. Con-
sidering the reflected power from a fiber as shown in Figure 3.3, it can be seen
that the back-scattered light grows linearly at lower input powers but rises expo-
nentially at high input powers. The linear increase at lower power levels of the
asymptotic curve of the back-scattered power is mainly dominated by Rayleigh
back-scattering whereas the SBS dominates where the curve deviates from the
linear regime. The reflected power from a fiber cannot be higher than the input
power, therefore in Figure 3.3, the reflected power again grows linearly with the
higher input powers (above the SBS threshold) once its value equals the input
power (neglecting the loss of the fiber). This tendency causes the output power
of the fiber to saturate at higher input powers (not shown in Figure 3.3). Note
that an experimental measurement of SBS is presented in Chapter 5 Section
5.1.1.

To quantify the power level at which the Brillouin back-scattering becomes
significant, a parameter namely SBS threshold is used. The SBS threshold, Pth,
of a fiber has been estimated differently in literature [57,85–87]. In this thesis,
the SBS threshold is estimated as the input power at which the back-scattered
light from a fiber is 1% of the input power into the fiber [85]. Generally, the SBS

threshold is defined as [88,89]:

Pth =
21CAeff
gBLeff

(
1 +

∆νp
∆νB

)
(3.21)

WhereAeff is the effective mode area of the fiber and the constantC is either one
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Figure 3.3: Simulated SBS threshold of a 300 m fiber showing the reflected
power at a given input power with and without SBS suppression implementation.

or two if the optical wave is single-polarization or dual-polarization signal, re-
spectively. gB is the Brillouin gain coefficient and for silica fibers, gB ≈ 5×10−11

m/W. ∆νp is the line-width of the forward optical wave. ∆νB is the SBS gain-
bandwidth, and Leff is the effective length of the fiber. The effective length is
the fiber length at which the optical power is assumed to be constant (nonlinear
interaction is maximum) and it is expressed as [78, p. 554]:

Leff =
1− exp(−αL)

α
(3.22)

Where L and α are the total length and linear attenuation coefficient, respec-
tively, of the fiber. The effectivemode area is obtained from the transversemodal
field distribution in equation (3.10) and it is given by [59, p. 35]:

Aeff =

( ∫ ∫∞
−∞ |F (x, y)|2dxdy

)2∫ ∫∞
−∞ |F (x, y)|4dxdy

(3.23)

Recall that F (x, y) is the transverse modal field distribution. In order to min-
imize the Brillouin back-scattering, several schemes have been reported. For
instance, it can be seen from equation (3.21) that reducing the fiber length will
increase the SBS threshold and this has been shown in [90, p. 285]. Note that
reducing the fiber length indicates a reduction of the interaction length of the
fiber. Application of a linear or stepwise temperature gradient along the fiber
also has the tendency to increase the SBS threshold [91]. The SBS threshold
can also be increased by applying a strain on the fiber [92]. However, both tem-
perature and strain can alter the dispersion of the fiber [93, 94] and may not
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be appropriate for many application which rely on stable dispersion. Another
scheme involves the division of the used fiber into several sections and individ-
ual optical isolators are placed between the sections [95]. It has been shown that
doping the core of a silica fiber with aluminum instead of germanium increases
the SBS threshold. Aluminum raises the refractive index and lowers the acous-
tic wave whereas germanium raises both the refractive index and the acoustic
wave [94, 96, 97]. However, aluminum-doped fibers have very high attenuation
(e.g. 6 dB/km) [97]. Phase-modulation of the input optical wave is also a well-
known scheme to enhance the SBS threshold [98]. Increasing the line-width of
the input beam, ∆νp, increases the SBS threshold, Pth of the fiber as can be seen
from equation (3.21). The dispersion of the used fiber are not affected by phase-
modulation of the input optical beam, thus this scheme is the preferred choice
for SBS threshold enhancement in the thesis.

Stimulated Raman scattering

Stimulated Raman scattering (SRS) occurs in fibers when there is a nonlinear
interaction between an input light and molecular vibrations of the fiber (optical
phonons). This effect can cause a power transfer from the optical field to another
field whose frequency is downshifted (Stokes wave) by an amount determined by
the vibrational modes of the medium [82, p. 298]. Similar to SBS, Raman scat-
tering has a threshold but its value is nearly 1000 times higher compared to
SBS. While SBS amplifiers reflect light which is 10 GHz shifted from the forward
wave, SRS amplifies both forward and backward optical waves which are inside
the Raman amplification gain-bandwidth. The gain-bandwidth of a single-pump
Raman amplifier extends over a large frequency range (up to 40 THz) with a
peak gain located at a 13-THz lower frequency relative to the high power optical
wave [82, p. 299]. The bandwidth with a significant gain (useable bandwidth
for amplification in practice) is about 6 THz. In WDM systems, the Raman ef-
fect manifests itself when shorter wavelengths feed power to the longer wave-
length channels. Raman amplification in a transmission system can be obtained
by lumped amplification (i.e., discrete amplifier) or by distributed amplification
(when the entire transmission fiber is used as the amplification medium) [99].
Distributed Raman amplification (DRA) has been shown to provide better OSNR

and better signal power-symmetry relative to the center of a transmission span
than lumped amplification. Near-ideal power-length symmetry can be achieved
by using both forward and backward pumping [99]. However, backward-pumped
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distributed Raman amplification is often used since the configurationminimizes
the transfer of pump intensity noise to the amplified signal [99]. As a result of
the near-ideal power-length symmetry of distributed Raman amplification, the
combination of Raman amplifiers and optical phase conjugation (OPC) are used
for Kerr nonlinearity compensation in optical transmission systems. Further
explanation and implementation of using distributed Raman amplification for
nonlinearity compensation is discussed in Chapter 7.

3.3.2 Elastic nonlinear effects

Other nonlinear effects limiting the performance of optical transmission sys-
tems are the elastic nonlinear effects. They are due to a modulation of the
refractive index of the fiber at high optical powers. Therefore the effects are
usually known as intensity-dependent refractive index nonlinear effects. They
are also referred to as the optical Kerr effect [59, p. 183]. Three fundamental
nonlinear effects constitute the Kerr nonlinearity, and they are: self-phase mod-
ulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM). The
intensity-dependent nonlinear refractive index, n′, is given by [82, p. 18]:

n′ = n0 + n2|E|2 (3.24)

Where n0 is the linear refractive index and n2 is the nonlinear refractive index
coefficient which is related to the real part of the third-order nonlinear suscep-
tibility, χ(3), by the relation [82, p. 41]:

n2 =
3

8n0
<{χ(3)} (3.25)

Typical values for the nonlinear refractive index term, n2, are usually in the
range of 2.2×10−20m2/W to 3.9×10−20 m2/W. The wide variation of the n2 values
depends on the fiber type (i.e., used dopants) and the measurement technique
[59, p. 431]. The electric field in equation (3.20) can be written as:

E(z, t) = <{A(z, t)exp
[
− j(ω0t− β0z)

]
} (3.26)

The slowly varying envelope, A(z, t), is given by:

A(z, t) =
1

2π

∫ ∞
−∞

Ã(z,∆ω)exp
[
jβ(ω)z − jβ0z

]
d(∆ω) (3.27)

Where Ã(z,∆ω) is the Fourier transform of A(z, t) and ∆ω = ω-ω0. Substituting
β(ω) with Taylor expansion yields an equation given by [59, p. 35]:
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∂A(z, T )

∂z
= −α

2
A(z, T )− j β2

2

∂2A(z, T )

∂T 2
+
β3
6

∂3A(z, T )

∂T 3︸ ︷︷ ︸
Linear

+ jγ|A(z, T )|2A(z, T )︸ ︷︷ ︸
Nonlinear

(3.28)

γ =
2πn2
λ0Aeff

(3.29)

Equation (3.28) is the so called nonlinear Schrödinger equation (NLSE) and it
describes the field evolution of a light propagating in an optical fiber [82, p. 44].
In equation (3.28), the variable T = t − z · β1 and it is the retarded time frame
which ismoving at a group velocity of the envelope of the field. TheNLSE consists
of two parts: the linear part and the nonlinear part. The linear part takes in
account the attenuation coefficient and dispersion parameters of the fiber. The
nonlinear term, relates the intensity, |A(z, T )|2, and the nonlinear coefficient, γ.
The nonlinear coefficient is defined in equation (3.29). WhereAeff is the effective
mode area of the fiber (see equation (3.23)) and λ0 is the operating wavelength
of the optical beam in the fiber.

Self-phase modulation (SPM)

Self-phasemodulation (SPM) is a single-channel nonlinear effect and itmanifests
itself in an optical fiber at high intensities. The optical intensity modulates the
refractive index of the medium and eventually causes a nonlinear phase delay
of the optical pulse itself. The phase of a monochromatic optical field changes
by [82, p. 18]:

∆ϕ = n′k0Leff = (n0 + n2|E|2)k0Leff (3.30)

The nonlinear phase shift (∆ϕSPM ) generated by the pulse itself is given by:

∆ϕSPM = n2k0Leff|E|2 =
2πn2
λ0

P

Aeff
Leff = γPLeff (3.31)

Where P is the input optical power of the propagating light wave in the fiber.

Cross-phase modulation (XPM)

Cross-phase modulation (XPM) occurs in optical fibers when more than one opti-
cal wave is present in the fiber at high intensity conditions. For instance, when
two optical fields, polarized in the x−direction and with frequencies ω1 and ω2,
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propagate along a fiber, both fields will cause a change in the refractive index
and will eventually cause a phase shift on the other optical wave. The total
nonlinear phase shift, ∆ϕNL, seen by the field at ω1 is given by [82, p. 19]:

∆ϕNL = n2k0Leff(|E1|2 + 2|E2|2) (3.32)

Thus the optical field at ω1 experiences a phase shift from two different contri-
butions. The first term in equation (3.32) (n2k0Leff|E1|2) is the SPM of the optical
wave itself due to its amplitude, E1. The second term in equation (3.32) de-
scribes the XPM (i.e., ∆ϕXPM = 2n2k0Leff|E2|2) as a result of the field at ω2. This
is known as inter-channel XPM. For equally intense optical fields for different
wavelength, the phase-shift due to XPM is twice the phase-shift due to SPM. De-
pending on the signal power levels, both inter- and intra-channel XPM may lead
to significant signal degradation.

Four-wave mixing (FWM)

When at least two optical fields at different optical frequencies propagate in an
optical fiber, the interaction between the different optical fields generate a new
optical wave at another frequency. This effect is known as four-wave mixing
(FWM). The efficiency of FWM is dependent on the instantaneous powers of the
interacting waves, frequency separation and the relative phase of the waves.
For instance, three optical waves of frequencies ωp1, ωp2 and ωs propagate in a
fiber, the interaction among the optical waves will generate new optical waves
as shown in Figure 3.4. In the event where ωp1 6= ωp2 6= ωs, a special type of
FWM has occurred and the process is known as non-degenerate FWM. However,
a degenerate FWM is said to occur when ωp1 = ωp2 6= ωs. Thus any combination
of the input waves can generate new frequencies, except when ωp1 = ωp2 = ωs,
and an example is given by [59, p. 370]:

ωi = ωp1 + ωp2 − ωs (3.33)

Where ωi is the frequency of the generated optical wave. Equation (3.33)
indicates that two photons (one each) are lost from the optical waves at ωp1 and
ωp2 and new optical waves at frequencies, ωs and ωi, are simultaneously created
by the lost photons. This is only possible when the total energy and momentum
are conserved [82, p. 343]. The momentum-conservation requirement leads to
phase-matching condition, which must be satisfied for FWM to take place [82, p.
343]. This will be discussed in detail in Chapter 4. Similar to intra-channel XPM,

33



Chapter 3. Linear and Nonlinear Effects in Optical Fibers

2
�

�

�
�

�

�

Frequency (a.u.)

2
�

�

�
�

�

�

�

�

�
�

�

�

�
�

�

�

�

�

�
�

�

�

�
�

�

�

�

�

P
o

w
e

r 
(a

.u
.)

2
�

�

�

�
�

�

�

�

�

�

�

�

�

2
�

�

�

�
�

�

�

2
�

�

�

�
�

�

2
�

�

�

�
�

�

�

�

�

�
�

�

�

�
�

�

0

Figure 3.4: Generation of new frequency components due to FWM of three input
optical waves of frequencies ωp1, ωp2 and ωs [1].

the spectral components of a single-channel pulse can interact with each other to
generate new optical frequencies and the effect is known as intra-channel FWM.
Both intra- and inter-channel FWM also lead to significant signal distortions.
Nevertheless, FWM can be very useful in optical transmission systems especially
in parametric processes in optical fibers.

3.4 Summary

In this chapter, a review of the fundamental principles of optical fiber have been
discussed. Linear attenuation and dispersion in optical fibers have been briefly
explained. Polarization mode dispersion (PMD) and birefringence fluctuation of-
ten lead to polarization rotation in a fiber. Implementation of a polarization
maintaining fiber can reduce the impact of birefringence fluctuations. Inelastic
nonlinear scattering (i.e., Brillouin andRaman scattering) and elastic scattering
(Kerr effects) have been theoretically considered. Stimulated Brillouin scatter-
ing (SBS) reduces the amount of output power that can be achieved for a given
input power into an optical fiber. Different schemes such temperature or strain
gradient along the fiber can reduce the SBS thus increasing the SBS threshold.
Spectral width broadening of the input optical signal is another scheme that can
suppress the degree of SBS. The optical Kerr effects can lead to nonlinear phase
distortion of optical signals propagating in a fiber.

34



Chapter 4

Fundamentals of Fiber-based
Optical Parametric Amplifier

The fiber-based optical parametric amplifiers (FOPAs) exhibit numerous promis-
ing features which make them essential candidates for potential applications
in high-speed optical communication systems. Compared to the high noise fig-
ure and the limited bandwidth of the already existing amplification technologies
(e.g. EDFA), FOPAs have high gain [53] and broad bandwidth [55, 100]. In addi-
tion, FOPAs exhibit spectral inversion, ultra-fast (femtosecond scale) response
and low noise amplification [56, 101]. Therefore, they can be useful for in-line
amplification with low noise figure and optical phase conjugation for nonlin-
earity compensation. They are also applicable for wavelength conversion and
high-speed optical signal processing which include all-optical regeneration and
optical sampling [1].

Usually, special types of single-mode fibers with a small core diameter (typ-
ically ∼ 4µm) are used. These fibers are popularly known as highly nonlinear
fibers (HNLFs). As a result of their small core diameter, they tend to have higher
nonlinear coefficient, typically between 10 /(W·km) and 20 /(W·km), which is
about ten times higher than that of standard fibers which have a nonlinear co-
efficient of about 1.3 /(W·km). The underlying physical phenomenon govern-
ing the operation of FOPA is four-wave mixing which is inherently polarization
dependent [102,103]. Therefore the basic form of FOPAs, which is polarization-
dependent, is not capable for practical implementation in optical communication
systems. This is due to the random nature of the state-of-polarization of a signal
propagating in a transmission link. Furthermore, in order to use the FOPA for
WDM systems, a broad and flat gain-bandwidth is a prerequisite.
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This chapter reviews the fundamental operation of a FOPA based on different
configurations. The basic configurations of a polarization-dependent FOPA for
both single-pump and dual-pump are discussed in Section 4.2. The theoretical
background of both single-pump and dual-pump polarization-independent FOPA

configurations are presented in Section 4.3. Orthogonally polarized pumps and
polarization - diversity schemes are also discussed in Section 4.3. In Section 4.4,
the impact of pump-induced distortions on signals and ways to minimizing them
are also discussed.

4.1 Phase-matching in FOPAs

Parametric amplification in fibers makes use of FWM which relies on the third-
order nonlinear susceptibility to generate signal copies (also known as idlers)
of the input signals. For efficient FWM, phase-matching between the interacting
waves is necessary and this depends on two conditions which should be satisfied:
conservation of energy and conservation of momentum [82, p. 343]. A perfect
phase-matching condition is achieved when the phase mismatch parameter is
approximately zero [59, p. 370]. For instance, if two high power signals (also
known as pumps) at frequencies ωp1 and ωp2 and a signal at a frequency of ωs are
input into a HNLF. The energy conservation as a result of the elastic nonlinear
process in the HNLF can be written as:

ωs + ωi = ωp1 + ωp2 (4.1)

Where the generated, idler, frequency is ωi. The phase-matching condition for
this process is ∆β ≈ 0 (from the conservation of momentum) where:

∆β = βs + βi − βp1 − βp2 (4.2)

Here, ∆β is the linear phase mismatch parameter whereas βp1 and βp2 are the
propagation constants for the pumps at frequencies ωp1 and ωp2, respectively. βs
and βi are the propagation constants of the input signal and the generated idler
at frequencies ωs and ωi, respectively.

4.2 Polarization-dependent FOPAs

The simplest form of a FOPA is the polarization-dependent configuration which
requires that the orientation of the state-of-polarization of the incoming signal
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is not random at the input of the FOPA. However, for practical applications,
polarization-independent operation is required. Both categories can either be a
single-pump FOPA or a dual-pump FOPA.

4.2.1 Single-pump polarization-dependent FOPA

A single-pump polarization-dependent FOPA requires only one pump and sig-
nal(s) at the input of the HNLF. In order to achieve efficient FWM, the polar-
izations of both the signal (signals in case of WDM) and the pump must be co-
polarized at the input of the HNLF. Figure 4.1 shows a schematic representation
of a single-pump polarization-dependent FOPA.

Considering the interaction of three co-polarized monochromatic waves (in
one polarization direction) with frequencies ωp, ωs, ωi and propagation constants
βp, βs, βi for the pump, signal, and idler, respectively. The total electric field, E,
propagating along theHNLF (neglecting the fiber loss) is given by [59, p. 369], [1]:

E =F (x, y)
1

2

[
Ap(z, t) · exp(j[βpz − ωpt])

+As(z, t) · exp(j[βsz − ωst])

+Ai(z, t) · exp(j[βiz − ωit]) + c.c
] (4.3)

Where F (x, y) is the transverse modal field profile. Ap(z, t), As(z, t), and Ai(z, t)

are the complex field amplitudes of the pump, signal, and idler, respectively. It is
worth noting that the frequencies of all the waves are assumed to be similar such
that the nonlinear coefficient are equal for the waves. The notation c.c means
complex conjugate. The propagation of the individual waves in the HNLF is

output 

HNLF 

Idler 
Signal 

Pump  
Signal 

Pump  Pump  

Signal 
input 

coupler 

direction of 
propagation 

output 
ωs ωs ωp 

ω ω ωp ωi 

Figure 4.1: Single-pump polarization-dependent FOPA showing the generated
idler and signal amplification at the output of the HNLF.
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described by [59, p. 371], [1]:

dAp

dz
= jγ

(
|Ap|2 + 2(|As|2 + |Ai|2)

)
Ap + 2jγAsAiA

∗
p · exp(j∆βz) (4.4)

dAs

dz
= jγ

(
|As|2 + 2(|Ai|2 + |Ap|2)

)
As + jγA∗iA

2
p · exp(−j∆βz) (4.5)

dAi

dz
= jγ

(
|Ai|2 + 2(|As|2 + |Ap|2)

)
Ai︸ ︷︷ ︸

SPM and XPM

+ jγA∗sA
2
p · exp(−j∆βz)︸ ︷︷ ︸

FWM

(4.6)

In equations (4.4), (4.5), and (4.6), SPM and XPM phase shifts form the first two
terms on the right hand side of equations (4.4), (4.5), and (4.6). The last term on
the right hand side of the equations corresponds to FWM among the interacting
waves in the HNLF. Assuming an undepleted-pump condition and re-writing
(4.4), (4.5), and (4.6) in terms of powers and phases of the waves where Pp,s,i(z)

= |Ap,s,i(z)|2, we have [104]:

dPp

dz
= −4γ

√
(P 2

pPsPi) · sinθ (4.7)

dPs

dz
= 2γ

√
(P 2

pPsPi) · sinθ (4.8)

dPi

dz
= 2γ

√
(P 2

pPsPi) · sinθ (4.9)

Here, θ is relative phase difference between the interacting waves in the HNLF

and its rate of change over the fiber length is given by [105]:

dθ

dz
= ∆β+γ(2Pp−Ps−Pi)+γ

[√
(P 2

pPs/Pi)+
√

(P 2
pPi/Ps)−4

√
(PsPi)

]
cosθ (4.10)

In a typical phase-insensitive FOPA (i.e., when only signal and pump are present
at the input of the HNLF) in an unsaturated condition, θ is shown to develop
from the initial value of π/2, thus power can flow from the pump to the signal
and idler as can be seen from equations (4.7)-(4.9) [105]. Note that the FOPA

discussion in the entire thesis is phase-insensitive unless otherwise stated. As
the light propagates along the fiber, exchange of power occurs among the inter-
acting waves and so long as θ ≈ π/2, the pump will feed power to the signal and
idler so long as the total phase mismatch parameter is zero. Therefore the third
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term in (4.10) can be neglected and the relative phase difference and the total
phase mismatch parameter can be re-written as:

dθ

dz
≈ ∆β + γ(2Pp − Ps − Pi) ≈ ∆β + 2γPp = κ (4.11)

Where κ is the total phase mismatch parameter per unit length of the FWM

among the interacting waves in the HNLF and it consists of a linear phase term,
∆β = β(ωs) + β(ωi) − 2β(ωp), and a nonlinear phase term, 2γPp. In an unsatu-
rated pump condition, where Pp � Ps, the Ps and Pi terms on the right hand
side of equation (4.11) can be neglected. Thus the second approximation in equa-
tion (4.11) is valid. One can expand β(ω) using Taylor’s series around the zero-
dispersion frequency, ωzd, and ∆β can be written as [47, p. 112]:

∆β = β3 · (ωp− ωzd)(ωs− ωp)
2 + β4 ·

(ωs − ωp)
2

12

[
(ωs− ωp)

2 + 6(ωp− ωzd)2
]
(4.12)

The unsaturated gain of the signal,Gs, is defined as the ratio of the output signal
power, Ps(L), to the input signal power, Ps(0), of a HNLF of length, L, and it is
given by [47, p. 49] [1]:

Gs =
Ps(L)

Ps(0)
= 1 +

[
γPp

g
· sinh(gL)

]2
(4.13)

Where g is the parametric gain coefficient which is defined as [47, p. 48]:

g2 =
[
(γPp)

2 − (κ/2)2
]

(4.14)

It is clear from equations (4.13) and (4.14) that for a maximum signal gain, κ
must be zero so that g2 is maximum. Therefore, equation (4.11) indicates that it
is essential for the linear phase mismatch (∆β) to be negative in order to com-
pensate for the nonlinear phase mismatch (2γPp) in order to obtain a maximum
parametric gain. The parametric gain occurs when−4γP ≤ ∆β ≤ 0. To realize a
negative ∆β, according equation (4.12), the pump frequency (ωp) must be placed
slightly at a lower frequency relative to the zero-dispersion frequency (ωzd) of
the HNLF (i.e., ωzd > ωp). The unsaturated conversion efficiency of the idler, Gi,
is also defined as the ratio of the output idler power with pump on to the input
signal power and it given by [47, p. 48] [1]:

Gi = Gs − 1 (4.15)

Thus at higher parametric gain levels (where Gs � 1), the idler conversion
efficiency and the signal gain will be almost equal. Figure 4.2 shows the cal-
culated parametric gain, based on equation (4.13), of a single-pump FOPA using
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Figure 4.2: Simulated single-pump polarization-dependent FOPA gain-
spectrum.

the following parameters: HNLF has length = 300 m, γ = 11 /(W·km), dispersion
slope, S = 0.02 ps/(nm2·km), zero-dispersion wavelength (ZDW) (λzd) = 1560.9
nm, β4 = 2.5×10−4 ps4/km. The used pump power and wavelength are Pp = 31.5
dBm and λp = 1561.3 nm, respectively. The single-pump FOPA gain profile, as
shown in Figure 4.2, has a dip. Thus, its implementation forWDM applications is
undesirable especially for high gain amplification, since channels will not expe-
rience the same gain. The dip in the gain profile can be interpreted from Equa-
tion (4.12), for signal frequencies close to the pump frequency (i.e., ωs ≈ ωp),
∆β ≈ 0. Therefore, the total phase mismatch parameter becomes positive (i.e.,
κ > 0 from Equation (4.11)). This indicates that the phase-matching condition
is not fulfilled thereby reducing the FWM efficiency resulting in a dip of the gain
profile around the center frequency. Specifically, the parametric gain becomes
a quadratic dependence (i.e., Gs ≈ (γPL)2) instead of exponential dependence
(i.e., Gs ≈ exp(γPL)) when the total phase mismatch parameter (κ) is zero [1].

4.2.2 Dual-pump polarization-dependent FOPA

The dual-pump FOPA is a suitable FOPA configuration forWDM applications since
it is capable of producing a nearly flat gain profile. In this configuration, two
pumps at frequencies ωp1 and ωp2 are used instead of only one pump. The pumps
are placed symmetrically around the zero-dispersion frequency, ωzd, and are
combined together with the weak signal. All three waves are aligned in polar-
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Figure 4.3: Dual-pump polarization-dependent FOPA showing the generated
idler and signal amplification at the output of the HNLF.

ization before launching them into the HNLF [106] as shown in Figure 4.3. The
phase mismatch parameter, κ, is given by:

κ = ∆β + γ(P1 + P2) (4.16)

WhereP1 andP2 are the pump powers. The linear phasemismatch parameter
(∆β) is given by:

∆β = β(ωs) + β(ωi)− β(ωp1)− β(ωp2) (4.17)

The Taylor series expansion can be again used to expand β(ω) around the zero-
dispersion frequency, ωzd, and ∆β is given by [47, p. 117]:

∆β =β3 · (ωavg − ωzd)
[
(ωs − ωavg)2 − (∆ωp)

2
]

+
β4
12
·
[
(ωs − ωavg)4 − (∆ωp)

4
] (4.18)

Where the average pump frequency, ωavg, is given by:

ωavg = (ωp1 + ωp2)/2 (4.19)

The pump separation, ∆ωp, relative to the average pump frequency is also given
by:

∆ωp = ωP1 − ωavg = ωavg − ωP2 (4.20)

For a perfect phase-matching (κ = 0), the average frequency (ωavg) has to be
placed slightly at a lower frequency (in the order of few nanometers) relative to
the zero-dispersion frequency (ωzd). In addition, an appropriate pump separa-
tion has to be chosen so that ∆β can compensate for the nonlinear phase term
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Figure 4.4: Simulated dual-pump polarization-dependent FOPA gain-spectrum.

in equation (4.16). The unsaturated parametric gain of the dual-pump FOPA is
given by:

Gs = 1 +

[
2γ
√
P1P2

g
· sinh(gL)

]2
(4.21)

Figure 4.4 shows a calculated parametric gain, based on equation (4.21), of a
dual-pump FOPA using the following parameters: HNLF has length = 300 m, γ =
11 /(W·km), dispersion slope, S = 0.02 ps/(nm2·km), ZDW (λzd) = 1560.9 nm, β4 =
2.5×10−4 ps4/km. Pump power, P1 = P2 = 28.5 dBm and pump wavelengths, λp1
= 1521.1 nm and λp2 = 1601.1 nm.

The broad bandwidth and flat gain profile of the dual-pump FOPA, as shown
in Figure 4.4 makes it appealing for WDM applications. From Equation (4.18),
it can be seen that for signal frequencies close to the average pump frequency
(ωs ≈ ωavg), the linear phase mismatch becomes negative (∆β < 0). Thus the
total phase mismatch parameter, κ ≈ 0 from Equation (4.16). Therefore, the
phase-matching condition is fulfilled over the frequency range around the center
frequency. Adjusting the pump separation can either increase or decrease the
gain-bandwidth. A 3-dB gain-bandwidth of over 100 nm using a FOPA based
on the dual-pump configuration has been experimentally demonstrated [100].
However, in the event where the powers of the two pumps are not well optimized,
a non-flat gain profile can be observed. This is due to the Raman effect which
causes the pump at the shorter wavelength to feed energy to the pump at the
longer wavelength. This effect occurs when the two pumps are within the Raman
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gain bandwidth [47, p. 20].

4.3 Polarization-independent FOPA

To practically implement a FOPA in an optical transmission system, polarization-
independent operation is necessary. This is due to the FOPA gain being a function
of the state-of-polarization of the incoming signal. The presence of birefringence
fluctuations in optical transmission links causes the state-of-polarization of the
propagating signal to randomly vary along the link.

Polarization-independent operation is possible in FOPAs with any arbitrary
state-of-polarization of the incoming signal as long as the FOPA is operated in a
linear gain regime (i.e., small signal regime). Although polarization-independent
operation in saturation has been shown in [107], practical implementation is
often doubted since saturation operation of the FOPA severely degrades data
signals [108, 109]. To achieve polarization-independent FOPA operation, two
main architectures which are, orthogonally polarized pumps [61, 64, 106, 110]
and polarization-diversity configurations [63,111–113], are used.

4.3.1 Orthogonally polarized pumps

Dual-pump FOPA with orthogonally polarized pumps is the simplest of all the
polarization-independent FOPA schemes. It requires two pumps in its opera-
tion hence suitable for a dual-pump FOPA. The pumps must be orthogonal to
each other [61, 64, 66]. They must have different frequencies (e.g. ωp1 and ωp2)
and are placed symmetrically around the center frequency (close to the ZDW).
The illustration in Figure 4.5 shows orthogonally polarized pumps (i.e., x- and
y-polarizations). The incoming polarization-scrambled signal couples its polar-
ization to either of the orthogonally polarized pumps. Each polarization compo-
nent of the signal experiences parametric gain due to the presence of the same
polarization orientation of the pump in the HNLF. When both pumps have the
same power, the polarization components of the signal experiences equal signal
gain (same parametric gain spectra). Therefore the parametric amplification
and generation of conjugated signal copies are independent of the input state-
of-polarization of the incoming signal as shown in Figure 4.5. An obvious un-
desirable effect with this scheme is that, a perfect polarization orthogonality
of the pumps must be maintained in the fiber at all times but that cannot be
achieved with fibers with random birefringence fluctuation. The fiber birefrin-
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Figure 4.5: Schematic representation of orthogonally polarized pumps for po-
larization - independent FOPA operation.

gence causes different gain spectra for the two polarized pumps, and this effect
becomesmore pronounced in wideband parametric amplification (for large pump
spacing), eventually leading to large PDGs [47, p. 252], [64].

4.3.2 Polarization-diversity configurations

Unlike the orthogonally polarized pumps technique which requires dual-pumps,
the polarization-diversity technique can be implemented either with a single-
pump or a dual-pump FOPA configuration [63, 111]. The polarization-diversity
scheme requires a polarization beam splitter (PBS) which splits the arbitrary
polarization of the incoming weak signal into its orthogonal (e.g. x and y) po-
larization components which travel on different paths as shown in Figure 4.6.
Each signal component experiences parametric amplification once both pump
and signal propagates through a HNLF. Therefore the parametric gain becomes
independent of the state-of-polarization of the incoming signal. Theoretically,
same pump powers in both directions of the loop lead to the same gain spectrum
(gain reciprocity) when the FOPA is operated in an unsaturated pump regime. In
this configuration, the available pump power for amplification will be P0/2 (i.e.,
when the total pump power is P0) in each direction of the loop. Thus, the para-
metric gain for signals around the pump wavelength (i.e., where Gs ≈ (γPL)2)
will be 6 dB smaller compared to the gain in a polarization-dependent configu-
ration with the same total pump power. The gain in both configurations can be
made equal by doubling, for instance, the fiber length of the FOPA employing the
polarization-diversity scheme. The polarization-diversity technique has several
configurations, as shown in Figure 4.6.

44



Section 4.3. Polarization-independent FOPA

Polarization-diversity: parallel scheme

Two identical HNLFs (with same fiber specifications) are required in this config-
uration in order to obtain identical parametric gain at the output of the polariza-
tion beam combiner (PBC) as shown in Figure 4.6(i). In practice, it is difficult to
produce identical HNLFs due to uncontrolled effects such as fiber core deforma-
tions which eventually lead to zero-dispersion wavelength fluctuation. In addi-
tion, the optical path lengths in the two directions must perfectly match in order
to avoid interference at the output. The available total pump power is reduced
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by half, due to the splitting, thus the maximum gain is reduced compared to the
polarization-dependent counterpart configuration. Nevertheless, this scheme
has less issues with reflections which is often the problem in diversity schemes
with loop configurations.

Polarization-diversity: loop scheme

This configuration avoids the optical path length matching issue in the parallel
scheme. It also requires only one PBS and a HNLF as shown in Figure 4.6(ii).
Here, after a parametric process in the HNLF, the bidirectional waves (A to B
and B to A directions) are re-combined by the PBS and the waves exit the fourth
port of the PBS. Similar to the parallel scheme, the maximum gain is reduced
(due to the splitting) compared to the polarization-dependent counterpart con-
figuration. In addition, since the propagating waves travel bidirectionally in the
HNLF, the scheme has reflection-induced distortion problems [47, p. 251] [67].

Polarization-diversity loop with a circulator

The output wave from the PBS in the diversity loop scheme can be made to exit
the input port of the PBS. A circulator with a high isolation between the in-
put/output ports is employed in order to obtain the output light after the loop as
shown in Figure 4.6(iii). This configuration is usually used in the case where the
HNLF is polarization-maintaining (it can also be used for conventional HNLFs).
Note that one of the main challenges in realizing a FOPA with a conventional
HNLF is the random nature of birefringence of the HNLFwhich eventually causes
random rotation of the state-of-polarization of the propagating light waves in the
fiber [47,82]. Therefore one way to avoid such a detrimental effect is to employ
a PM-HNLF since state-of-polarization preservation of the light waves along the
fiber is ensured once they are linearly polarized along the axes of birefringence
of the PM-HNLF [47].

In PM-HNLFs, the orthogonal principal states-of-polarizations are well defined
therefore considering Figure 4.6(iii), the orthogonal components of the pump,
after splitting, travel in the same polarization axis (one of the principal axes)
of the PM-HNLF. Due to the high birefringence of PM-HNLFs, the unpredictable
variations as a result of PMD in conventional HNLFs are eliminated. However,
the scheme is more prone to reflections since all waves propagate on the same
axis of polarization of the PM-HNLF [67].

46



Section 4.4. Impact of pump-induced distortions

4.4 Impact of pump-induced distortions

4.4.1 Pump RIN and pump OSNR

One fundamental requirement of FOPA is the quality of the used pump. The rel-
ative intensity noise (RIN) and the OSNR of the pump are the key requirements.
The impact of pump RIN on 16-QAM data signals have experimentally been inves-
tigated and reported in [114]. The studies indicated that the pump amplitude
fluctuation has a significant impact on the quality of the signal. This is due to
the exponential parametric gain dependence on the pump power. Hence small
fluctuations on the pump amplitude causes severe gain fluctuation on the signal
and idler thereby degrading their quality. It was shown that pumps with lower
RIN (e.g. below -155 dB/Hz) and high OSNR (e.g. above 56 dB) renders parametric
amplification or conversion with good signal or idler quality [114,115].

4.4.2 Effect of pump line-width broadening

As already discussed in Section 3.3.1, the presence of SBS in fibers limits the
amount of optical power at the output of the fiber. This effect limits the achiev-
able parametric gain in FOPAs since the gain depends on the pump power. A
well-known technique for suppressing the SBS is broadening the line-width of the
pump without affecting the amplitude. This is obtained by modulating (dither-
ing) the pump phase [98]. The phase relation among the interacting waves in a
dual-pump FOPA, as discussed in Section 4.1, is given by:

ϕi = ϕp1 + ϕp2 − ϕs (4.22)

Where ϕi, ϕp1, ϕp2, and ϕs are the phases of the idler, pump one and two, and
signal, respectively. Equation (4.22) shows that the phase of the idler contains
the addition of the pump phases. Assuming ϕp1 = ϕp2, then the idler phase is
proportional to twice the pump phase. Pump phase-dithering with n number of
RF tones indicates that the pump has a line-width which consists of 3n spectral
components of the main-band (dominating spectral components) [98]. The spec-
trum of the converted wave (idler) becomes twice as broad as the pump spectrum
(2×3n) [116].

The use of idlers in FOPAs have many applications such as wavelength con-
version, all-optical add-drop, and optical phase conjugation for nonlinearity com-
pensation. The quality of the idler must be the same as the signal but this is
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usually not the case in systems employing the pump phase-dithering for SBS

threshold enhancement.
One well - known technique for reducing the idler spectrum broadening is

counter-phasing dithering. The technique requires two pumps (at differentwave-
lengths) and it is thus not applicable for single-pump FOPA [116–118]. The
phases of the two pumps are dithered such that there is a π-phase shift between
the phases of the pumps (ϕp1 = -ϕp2), therefore from equation (4.22), ϕi = -ϕs.
Thus the idler pump phase-dithering induced broadening cancels out and the
idler quality becomes the same as the signal.

4.5 Summary

In this chapter, the fundamental principles governing fiber-based optical para-
metric amplifiers (FOPAs) have been theoretically discussed. In order to imple-
ment FOPAs in practical optical networks, polarization-independent operation is
a prerequisite since the simplest form of FOPA is polarization-dependent. FOPA-
based schemes employing orthogonally polarized pumps and the polarization-
diversity loop techniques for the realization of polarization-independent opera-
tion have been discussed. The impact of pump noise, such as high relative inten-
sity noise (RIN), and low optical signal-to-noise ratio (OSNR) on the amplified sig-
nals and the wavelength converted signals have been reviewed. Counter - phas-
ing dithering is an efficient technique for reducing idler pump phase-dithering
induced broadening.
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Chapter 5

Realization of a Fiber-based
Optical Parametric Amplifier

Systematic characterization of a fiber-based optical parametric amplifier (FOPA)
for any application in the optical communication system is paramount, since it
gives a general information of the FOPA as a sub-system. In a transmission net-
work, a good understanding based on systematic characterization is desirable
and it helps in system analysis and performance evaluation.

This chapter explores the experimental implementation of a FOPA. The chap-
ter begins with the discussion of the basic characterizations of a single-pump
polarization-dependent FOPA. Furthermore, among the several polarization-
independent configurationswhichwere introduced inChapter 4, the polarization-
diversity loop with a circulator (see Figure 4.6(iii)) is implemented in order to
realize a single-pump polarization-independent FOPA. The FOPA is character-
ized using both CW signals and a 28-GBd QPSK data signal. In order to achieve
polarization stabilization in the FOPA, as described in Chapter 4, a PM-HNLF is
used in realizing the FOPA.

5.1 Characterization of a polarization-dependent FOPA

5.1.1 StimulatedBrillouin scatteringmeasurement of a PM-HNLF

As a result of SBS in fibers, as discussed in Chapter 3 Section 3.3.1, the applicable
pump power inHNLFs is usually limited. Consequently, the achievable signal on-
off gain of the FOPA is also limited once the pump power is above the Brillouin
threshold of the fiber. In this thesis, the pump phase-dithering or pump phase-
modulation technique [98], as discussed in Chapter 4, is implemented in order
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to increase the SBS threshold. To measure the SBS characteristics of the PM-

HNLF, the experimental setup shown in Figure 5.1 is used. It consists of an
external cavity laser (ECL) at a wavelength of 1562.2 nm which serves as a CW

source of the pump. This is phase-modulated using a phase-modulator (Phase
Mod.) with a modulation index of 1.4 radians. The phase-modulator has been
driven by three sinusoidal RF tones at the frequencies f1, f2, and f3 with values
75 MHz, 275 MHz, and 875 MHz, respectively. Each of the RF tone has been
modulated with a modulation index of 1.4 radians. The RF tones are electrically
combined together using an electrical coupler and after amplifying the total RF
power using an electrical amplifier (24-dB linear gain, 3-dB cut-off frequency
of 1200 MHz), an electrical low-pass filter (LPF) enables the suppression of the
high frequency components which arises as a result of harmonic generation by
the electrical amplifier. The polarization controller (PC) after the pump laser
is used to align the polarization of the pump wave into the axis of the phase
modulator. Note that 10% of the (output port of the 10-dB coupler) pump power
is used to combinewith another CW light source, which serves as a local oscillator
(LO), and both lights are detected by a photodiode (PD) for a heterodyne detection
on an electrical spectrum analyzer (ESA). After amplification of the pump (the
90% output port of the 10-dB coupler) with a high power EDFA, the out-of-band
amplified ASE noise is suppressed using an optical bandpass filter (OBPF) with a
full-width at half maximum (FWHM) bandwidth of 0.8 nm. The ASE suppression
in this particular experiment is not critical, thus the OBPF (with an insertion
loss of 1.6 dB) can be removed to increase the pump power.
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Figure 5.1: Experimental setup for the SBS measurement.
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The use of the polarization controller in front of the polarization beam split-
ter (PBS) enables the polarization alignment of the pump wave into the fast-axis
of the PM-HNLF. The output light of the fiber is detected using a power meter
(PM #2). The 20-dB coupler in front of the PM-HNLF enables the measurement
of the back-scattered light (Rayleigh and SBS) using a power meter (PM #1). The
variable optical attenuator (VOA) has been used to adjust the pump power levels
into the fiber. The PM-HNLF has length (L), fast-axis zero-dispersion wavelength
(λzd), nonlinear coefficient (γ), attenuation (α), and fast-axis slope (S) of 300 m,
1561 nm, 11.2/(W·km), 0.84 dB/km, and 0.02 ps/(nm2·km), respectively. Partic-
ularly, the fast-axis of the PM-HNLF is used in the experiment since the slow-axis
zero-dispersion wavelength is at 1514 nm which is not a typical telecommunica-
tion wavelength.

Experimental results

In order to measure the SBS characteristics from the PM-HNLF, the pump power
into the PM-HNLF has been initially varied from 6 dBm to 22 dBm and all the
three RF tones are switched-off. Figure 5.2 shows the measured output power
from the PM-HNLF and the back-scattered power as functions of the input pump
power into the fiber. It can be seen from Figure 5.2 that without the application
of pump phase-dithering (no RF tone), as the input power is gradually increased,
the output power from the fiber increases and the back-scattered power grow as
well. The measured SBS threshold for this case (no pump phase-modulation
tone) is found to be 16.5 dBm (1%-threshold). After the 16.5 dBm input power,
the output power begin to saturate whereas the back-scattered power continues
to increase.

Therefore the 1%-SBS threshold gives the input power for which the output
pump power starts to saturate. Furthermore, after turning-on the 75 MHz RF

tone, the RF power of the sinusoidal tone is adjusted so as to obtain equal ampli-
tude of the major spectral lines (dominating spectral components) on the elec-
trical spectrum analyzer (ESA). Application of only one RF tone for the pump
phase-modulation therefore increases the SBS threshold to 21 dBm (indicating
4.5-dB increase in the SBS threshold). This value is expected since, ideally, the
SBS threshold improvement scales with 10·log103n, where n is the number of RF
tones. After application of all three RF tones, the SBS threshold power increased
to 30.7 dBm (indicating 14 dB more pump power compared to the case without
any pump phase-dithering).
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Figure 5.2: SBS measurements for up to 3-RF pump phase-dithering tones of
frequencies: 75 MHz, 275 MHz, and 875 MHz.

5.1.2 Impact of pumpwavelength detuning andpumppower vari-
ation on the signal gain-bandwidth

One of the appealing features of a FOPA is the degree-of-freedom to vary the
gain-bandwidth profile for a desired application. This unique feature is realized
by either a suitable allocation of the pump wavelength with respect to the zero-
dispersion wavelength of the implemented HNLF or a specific pump power of the
FOPA [1, 47, 82]. Therefore the investigation of the pump wavelength and the
pump power characteristics in designing a FOPA cannot be disregarded. Figure
5.3 is a representation of the experimental setup that has been implemented for
the investigation. A single-pump polarization-dependent FOPA is employed for
the investigation of the signal gain-bandwidth profile dependence on the pump
wavelength detuning.

An external cavity laser (ECL) with a line - width of 100 kHz and a RIN of
-145 dB/Hz is used as a CW pump source for the FOPA. The phase of the pump
is dithered by a phase modulator (Phase Mod.) which is driven by three sinu-
soidal RF tones as discussed in Section 5.1. The pump phase-dithering has been
implemented so as to increase the overall SBS threshold of the used fiber. For
simplicity, the electrical amplifier and filter as well as the heterodyne setup for
monitoring the adjusted phase-modulation on the electrical spectrum analyzer
are not shown in Figure 5.3. After amplification of the phase-modulated pump
using an EDFA, the out-of-band ASE noise is suppressed using an optical band-
pass filter with a bandwidth of 0.8 nm. A second external cavity laser serves as
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Figure 5.3: Schematic representation of the experimental setup of a single-
pump polarization-dependent FOPA.

a CW signal source. The signal and the pump are combined and after aligning
the polarization of both waves, they are sent to the fast-axis of the PM-HNLF via
the polarization beam splitter (PBS). The PM-HNLF that has been used in this
experiment is the same as the one used in Section 5.1.1. In order to operate
the FOPA in the linear regime, the pump power (Pp) and the signal power (Ps)
that have been sent to the PM-HNLF are kept fixed at 31.5 dBm and -14.5 dBm
respectively [47,108,119].

Experimental results

To measure the dependence of signal gain-bandwidth profile on the pump wave-
length (λp) variation, the pump wavelength has been set to 1561.1 nm, 1561.3
nm, 1562 nm, and 1565 nm. It should be noted that the parametric on-off sig-
nal gain is defined as the ratio of the signal power at the output of the PM-HNLF

with the pump-on to the signal power at the output of the PM-HNLF with the
pump-off [54]. The on-off gain spectrum of the signal at a specific pump wave-
length is measured on the optical spectrum analyzer (OSA) by adjusting the sig-
nal wavelength (λs) from 1532 nm to 1564 nm. The experimental measurements
are compared with theoretical (analytical) simulation (i.e., from equation (4.13))
in Section 4.2.1. The analytical simulation and the experimental results are,
respectively, shown as solid lines and symbols in Figure 5.4. The used parame-
ters for the PM-HNLF in the simulation are: length (L) = 300 m , fast-axis zero-
dispersion wavelength (λzd) = 1561 nm, nonlinear coefficient (γ) = 11.2/(W·km),
attenuation (α) = 0.84 dB/km, and fast-axis slope (S) = 0.02 ps/(nm2·km). The
parameters are the same as those used in the experiments. A typical value of the
fourth-order dispersion, β4, of 2.7×10−55 s4/m has been chosen in the theoretical
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simulation [59, p. 397].
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Figure 5.4: Evaluation of a single-pump polarization-dependent FOPA on the:
(a) Impact of pump wavelength detuning on the signal gain - bandwidth profile
at a fixed pump power of 31.5 dBm. (b) impact of pump power variation on the
signal gain-bandwidth profile at a fixed pump wavelength of 1562 nm. Solid
lines-theoretical simulation (Sim.) using equation (4.13), symbols-experimental
(Exp.) results. Remark that λzd = 1561.0 nm.

Figure 5.4(a) shows the measured signal spectrum for each set pump wave-
length. It is clear that the peak signal gain decreases with decreasing the pump
wavelength detuning with respect to the zero-dispersion wavelength. In addi-
tion, the peak signal gains are measured at different signal wavelengths. How-
ever, the signal amplification bandwidth decreases with increasing the pump
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wavelength detuning. For instance, the measured 3-dB bandwidth (excluding
the idler) are 6 nm, 7 nm, and 8.8 nm for pump wavelength of 1565 nm, 1561.3
nm, and 1561.1 nm respectively. The pumpwavelength is not set to a wavelength
less than the zero-dispersion wavelength. This is because a pump wavelength
less than the zero-dispersion wavelength will result in a poor phase-matching
condition as discussed in Chapter 4. The different signal gain profiles in Figure
5.4(a) are due to different phase-matching conditions (as a result of the pump
wavelength detuning). In practice, the zero-dispersion wavelength is not con-
stant but it fluctuates. Even small changes in the zero-dispersion wavelength
(less than 0.1 nm) can produce large changes in the gain spectrum [59, p. 398].
Therefore one of the reasons for the discrepancy between the experiment and
the theory is due to the zero-dispersion wavelength fluctuation which is not in-
cluded in the simulation. It is worth noting that the impact of zero-dispersion
wavelength fluctuation on the gain profile will be discussed later in this Chap-
ter. In addition, the impact of the fiber loss has been neglected in the simulation.
Nevertheless, a strong sensitivity of the pump wavelength on the gain profile is
visible in both the theory and the experimental results.

The influence of pump power variation on the signal gain-bandwidth is also
investigated. Here, the pump wavelength is kept fixed at 1562 nm and the pump
powers into the PM-HNLF are adjusted to 30 dBm, 30.8 dBm, and 31.5 dBm.
Note that in each measurement, the signal power is still kept constant at -14.5
dBm as in the previous experiment. Similar to Figure 5.4(a), the theoretical
simulation has been compared with the experimental results. It can clearly be
seen from Figure 5.4(b) that the peak signal gain increases with increasing the
pump power (more visible in the experimental results) which also shapes the
curvature of the signal gain spectra. The discrepancies in both the theory and
experiments is also due to the zero-dispersion wavelength fluctuation and the
fiber loss which has been neglected in the theory.

5.1.3 Saturation measurement

The saturation characteristic is an essential parameter of any optical amplifier.
Therefore, for the purpose of system evaluation, the saturation characteristics
of the investigated single-pump polarization-dependent FOPA are studied.

The experimental setup in Figure 5.5 is employed for the saturationmeasure-
ment. Specifically, the pump power has been kept constant at 31.5 dBm for all
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Figure 5.5: Experimental setup for saturation measurement of a single-pump
polarization-dependent FOPA.

the measurements and for a particular set pump wavelength, the signal power
into the PM-HNLF is varied from -30 dBm to +10 dBm using the variable opti-
cal attenuator in the signal path. The measurement was carried out for pump
wavelengths (λp) of 1561.1, 1561.3 nm, 1562 nm, and 1565 nm. The used setup
is similar to the one in Figure 5.3 except the EDFA and the OBPF in the signal
path. In addition, the measurements are performed for signal wavelengths at
the peak on-off gain for the different spectra in Figure 5.4. The summary of the
saturation performance of the FOPA is shown in Figure 5.6.
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Figure 5.6: Saturation characteristics of a single-pump polarization-dependent
FOPA operating at a pump power of 31.5 dBm.

Therefore higher signal input powers are required for pump depletion at lower
on-off gain whereas lower input powers are already sufficient for pump depletion
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at higher gain. It is evident from Figure 5.6 that as a result of higher signal
amplitudes due to the higher signal gain in the case of the 1565-nm pump wave-
length, the pump is quickly depleted thereby reaching saturation much faster
than at the lower signal gains. Nevertheless at low on-off gain, the FOPA also
saturates as a result of higher signal input power which consequently depletes
the pump.

5.2 Characterization of a polarization - independent
FOPA

In practical optical communication systems, the random variation of the prop-
agating signal’s state-of-polarization requires polarization-independent devices
in the transmission network. Here, the polarization-diversity loop technique
has been adapted to a PM-HNLF for the application of a single-pump polarization-
independent FOPA. Specifically, the polarization-diversity loop with a circulator
(Figure 4.6(iii)) in Section 4.3 has been used.

5.2.1 Impact of back-reflections in a polarization-diversity loop

One of the main differences between a FOPA with straight configuration (i.e.,
polarization-dependent) and a FOPA based on a polarization-diversity loop scheme
is the presence of back reflections in the latter. These reflections (e.g. Rayleigh
scattering and SBS) can introduce distortions to the propagating light waves in
the loop. Therefore systematic investigations are necessary to verify the impact
of reflection-induced distortions in a FOPA based on the polarization-diversity
loop scheme especially at high gain conditions.

Experimental setup

Figure 5.7(a), setup I, is a representation of the experimental setup of a single-
pump polarization-independent FOPA based on the polarization-diversity loop
scheme. The PM-HNLF used in the setup is the same as the one which has been
used in the previous experiments. The setup consists of an external cavity laser
with a line-width of 100 kHz and a relative intensity noise (RIN) of -145 dB/Hz.
The laser is used as a CW pump source at a wavelength of 1562.2 nm. After

phase-dithering of the pump with three or four sinusoidal RF tones (depending
on the type of investigation) of frequencies 75 MHz, 275 MHz, 875 MHz, and
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Figure 5.7: Experimental setups: (a) Single-pump polarization-independent
FOPA based on the polarization-diversity loop scheme. (b) Modified setup of a
single-pump polarization-independent FOPA based on the polarization-diversity
loop so as to control the clockwise (A to B) and counter-clockwise (B to A) prop-
agating pump waves in the diversity loop.

2710 MHz representing f1, f2, f3, and f4 in the setup, the phase-modulated
pump is amplified using an EDFA. Note that the fourth RF tone will be used
when higher SBS threshold or pump power (parametric gain) is required.

The variable optical attenuator (VOA) in the pump path serves as a control
for the pump power into the PM-HNLF. The out-of-band ASE noise is suppressed
with an optical bandpass filter with a bandwidth of 0.8 nm. A tunable exter-
nal cavity laser is also used as a CW signal source. The total signal power in
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the diversity loop (i.e., both directions of the PM-HNLF) is set to -14.5 dBm and
the polarization scrambler enables the measurement of the effectiveness of the
polarization-independence of the FOPA. After combining the pump and the sig-
nal with a 20-dB coupler, both waves are sent to the polarization beam splitter
(PBS) via port 2 of the circulator (CIR). It should be noted that the fiber outputs
of the polarization beam splitter and the PM-HNLF are connected such that the
orthogonal polarization components (vertical and horizontal polarization) of the
incoming light travel on the fast axis of the PM-HNLF both in the A to B (clock-
wise) and B to A (counter-clockwise) directions of the diversity loop. The A to
B and B to A pump powers in the loop are monitored with an optical spectrum
analyzer via the 20-dB coupler in the loop. After launching the pump to the
polarization beam splitter, a manual adjustment of the polarization controller
before the polarization beam splitter enables the setting of equal pump pow-
ers in the A to B and B to A directions of the diversity loop. The technique for
dividing the pump power into the directions of the diversity loop is known as
pump splitting. Furthermore, the polarization beam splitter also splits the po-
larization scrambled signal’s polarization into its orthogonal components which
also travel in the fast axis of the PM-HNLF in both the A to B and B to A direc-
tions of the loop. The polarization-aligned signals with the pump components
traveling in both directions of the nonlinear medium experiences the same para-
metric gain in each direction of the PM-HNLF (i.e., when the FOPA is operated in
the linear regime) irrespective of the input state-of-polarization of the signal.
After recombining the amplified signals by the polarization beam splitter, the
total signal is routed to the optical spectrum analyzer (via the output port 3 of
the circulator and the 20-dB coupler at the output of the FOPA) for evaluation.

To investigate the impact of the reflections in the diversity loop, the modified
setup shown in Figure 5.7(b), setup II, is implemented. This allows an indepen-
dent control of the A to B and the B to A propagating pumpwaves in the diversity
loop. The variable optical attenuators (VOAs) are used to independently control
the propagating light waves whereas manipulating the polarization controllers
enables polarization alignment of the light waves to the fast axis of the PM-HNLF.

Discussion of results

Initially, 3-RF tones (75 MHz, 275 MHz, and 875 MHz) are used and the pump
powers in each direction of the PM-HNLF in the setup II (Figure 5.7(b)) are each
set to 27 dBm. Note that the total pump power will correspond to a signal on-off
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gain of 5 dB if a signal is present. The B to A pump is turned-on and its back-
scattered light is measured with an optical spectrum analyzer. In order to verify
the impact of the back-scattered light, the A to B pump is also turned-on and its
spectrum has been measured while the B to A pump is turned-on and off.

The measured optical spectra of the various cases are shown in Figure 5.8.
It can be seen from Figure 5.8(a) that without the B to A counter propagating
pump, the A to B pump spectrum is undistorted (depicting pump spectrum in a
polarization-dependent FOPA). Although the SBS from the back-scattered light
of the B to A pump is smaller than the Rayleigh scattered light, it is clear from
the measured spectra that when both pumps from each direction (A to B and
B to A pumps) of the PM-HNLF are turned-on, the A to B pump then becomes
slightly distorted by the SBS of the counter propagating pump which amplifies a
10-GHz frequency component of the A to B pump. It is worth mentioning that
due to the small signal gain, the presence of signal in the HNLF does not have
any influence on the pump spectra shape.

The pump powers in each direction of the fiber is further increased to 28.5
dBmand later to 31.5 dBm. The total pump powers will, respectively, correspond
to a signal on-off gain of 10 dB and 19.3 dB if a signal is present. Figure 5.8(b)
shows that increasing the pump power resulted in an increase of the SBS of the
counter propagating pump. Consequently the generated side-band on the A to
B pump is higher than that in the case of lower pump powers. The Rayleigh
back-scattered light now has a similar amplitude as the SBS. In other words the
A to B pump is more distorted than the case when the pump powers are low.
Figure 5.8(c) shows the pump spectra when the pump powers are increased to
31.5 dBm at each side of the fiber, and it can be seen that the growth of the
generated SBS (of the B to A pump) is found to be 37 dB more than that in the
case when the pump powers are each 27 dBm as shown in Figure 5.8(a). This
high increase in the side-band power is due to the amplification of the high SBS

power of the counter propagating pump. Moreover, it is evident that the A to
B pump shape is more distorted (when both pumps at each side of the fiber are
turned-on) than the previous two scenarios when the pump power per direction
have been 27 dBm and 28.5 dBm.

To investigate the severity of the SBS of the propagating pumps, using the
setup in Figure 5.7(b), only the A to B pump has been allowed to propagate in
the HNLF. The corresponding SBS is measured as the input power is adjusted
from 27 dBm to 31.5 dBm. This scenario is analogous to the SBS measurement
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Figure 5.8: Optical pump spectrum (after 20-dB coupler) with phase-dithering
of 3-RF tones (OSA resolution of 0.01 nm) showing SBS-induced distortion at (a)
Pp = 27 dBm at each direction of the fiber. (b) Pp = 28.5 dBm at each direction
of the fiber. (c) Pp = 31.5 dBm at each direction of the fiber.
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in a straight fiber (polarization-dependent) configuration.
Figure 5.9 shows a linear increase of the SBS powerwith increased input pump

power. However, when the counter propagating pump (B to A) together with the
(A to B) pump are turned-on, the growth of the 10-GHz side-band (difference
between the instantaneous side-band power and the main-band power) of the A
to B pump is found to increase nonlinearly which saturates at high input pump
levels as shown in Figure 5.9. The saturation is due to the fact that the growth
of the side-band power cannot be larger than the main-band power of the pump.
The higher levels of side-band power in the presence of counter propagating
pump are due to the availability of an initial optical wave (i.e., a seed) at 10
GHz offset from the main-band of the pump at the input of the HNLF (see Figure
5.10). The seed is amplified by the counter-propagating pump through SBS. Note
that even in the absence of the counter propagating pump (i.e., without B to A
pump), the growth of the side band is found to fluctuate over time (although
very small) and this is due to the stochastic nature of spontaneous Brillouin
scattering which initiates the generated SBS [120].

This scenario is analogous to increasing the spectral width of the pump by
employing more pump phase-dithering tones as discussed in Section 4.4.2. For
instance, the number of RF tones in the setup in Figure 5.7 is increased from
3-RF tones to 4-RF tones. The fourth pump phase-dithering RF tone is at a fre-
quency of 2710 MHz. Addition of the fourth RF tone increased the SBS threshold
of the PM-HNLF from 30.7 dBm (with three RF tones) to 33.2 dBm. The electrical
spectrum of the pump after phase-dithering is measured on an electrical spec-
trum analyzer for both the three and the four phase-dithering RF tones as shown
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Figure 5.10: A heterodyne electrical spectrum of the pump laser (after the
phase modulator) for the cases: (i) with no pump phase-dithering RF tone, (ii)
with 3-RF phase-dithering tones, (iii) with 4-RF phase-dithering tones. Electri-
cal spectrum analyzer resolution bandwidth = 10 MHz and video bandwidth =
10 MHz*.

in Figure 5.10∗.
It clear from Figure 5.10 that there is only noise floor at 10 GHz offset from

the main spectral components of the pump (i.e., no seed present) in the case of
phase-dithering with 3-RF tones. Therefore the generation of a 10 GHz side-
band of the pump is due to the SBS of the counter-propagating pump alone (no
seed present). However, in the case of pump phase-dithering with 4-RF tones or
more, the spectral width of the pump already creates seeds which eventually get
amplified by the SBS of a counter propagating pump. It can also be seen from
Figure 5.10 that in the case of the 4-RF tones, the relative difference between
the maximum power of the seeds and that of the main-band is about 11 dB. This
indicates that the seed power can be significant and it is easily enhanced by the
amplification of the counter propagating pump through SBS.

Furthermore, the pump spectra shapes for the 3- and 4-RF tones are mea-
sured, one after the other, on the optical spectrum analyzer (OSA) as shown in
Figure 5.11. The pump power per direction of the PM-HNLF has been 27 dBm.
The spectral width and distortion of the pump is more evident in the case of
4-RF tones (2710 MHz maximum frequency) than that of 3-RF tones (875 MHz
maximum frequency). Although, the SBS in the 3-tones is more pronounced than

∗The center frequency of ∼ 8 GHz of the heterodyne measurement shown in Figure 5.10 is due
to the difference in frequency between the LO and the pump laser under test.
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Figure 5.11: Optical spectrum of the pump (after 20-dB coupler) for 3- and 4-RF
tones (i) with no counter propagating pump, (ii) with counter propagating pump.
Pp = 27 dBm at each direction of the fiber. 0.01-nm OSA resolution bandwidth.

that in the 4-tone case, pump distortion is more severe with increasing the pump
bandwidth and this is due to the amplification of the already existing seed opti-
cal waves.

The growth in power of the SBS side-band on a pump causes amplitude mod-
ulation of the pump which causes the envelope of the pump (main-band and
side-band powers) to oscillate in time at the Brillouin frequency [68]. This ef-
fect has severe impact on the pump leading to pump distortion [67]. The pump
distortion starts with the generation of a 10-GHz side-band through SBS of the
counter propagating pump. The side-band then interacts with the main-band
of the forward propagating pump through FWM. The FWM process generates
higher-order side-bands on the forward propagating pump as illustrated in Fig-
ure 5.12. The effects on the forward propagating pump simultaneously occur on
the counter propagating pump. The impact of the pump oscillation on the signal
gain has been shown theoretically in [68] and experimentally in Section 5.2.3.

The sketch in Figure 5.12 shows that as the A to B pump propagates in the
HNLF, a 10-GHz shifted side-band is generated due to SBS from the counter prop-
agating (B to A) pump wave. The side-band acts as a signal and it interacts with
the main-band of the pump via FWM to produce other higher order side-bands
which consequently degrades the pump’s spectral shape substantially (see Fig-
ure 5.8(c)). Thus, the CW pump eventually becomes a modulated pump and the
total power of its envelope (as a result of the main-band and the side-band in-
teractions) oscillates in time. The theoretical work governing the impact of Bril-
louin reflections as a result of counter propagating pumps in the HNLF has been
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Figure 5.12: Schematic representation of pump evolution in the PM-HNLF show-
ing the induced-distortion due to the SBS counter-propagation of the pump.

reported in [67] and it indicated that pump distortion as a function of the pump
spectral width can be illustrated as shown in Figure 5.13.

The schematic representation in Figure 5.13 shows that there exist an opti-
mization pump spectral width where a minimum (min) pump distortion can be
obtained. For the same signal gain, a small pump spectral widthwill yield a high
SBS side-band power whereas larger pump spectral width will result in amplifi-
cation of seed optical waves (which are 10 GHz offset from the main-band of the
pump) by the SBS of the counter propagating pump. Optimization of the pump
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Figure 5.13: Schematic representation of pump distortion as a function of the
total pump spectral width of a FOPA based on the polarization-diversity loop.
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power and the total pump spectral width will yield minimum pump distortion,
however, at the expense of the achievable signal gain.

The experimental measurements (which will be discussed later in this Chap-
ter) and the analytical analysis [67] evidently show that the Brillouin reflections
in FOPAs based on the polarization-diversity loop scheme can lead to severe pump
distortion which eventually leads to signal distortion. The amplitude modula-
tion of the pump (due to the side-band) can also lead to XPM on the signal. The
impact of pump distortion on the modulated signal is discussed in Section 5.3.
One way to minimize the SBS reflections in the loop (i.e., pushing down the curve
in Figure 5.13) is to use a highly SBS-suppressed HNLF [92], [121], [47, p. 321].

5.2.2 Evaluation of pump splitting optimization

The setup for the single-pump polarization-independent FOPA based on the po-
larization - diversity loop scheme in Figure 5.7(a) is implemented for the opti-
mization of the pump splitting in the diversity loop as also explained in [113].
In order to obtain a high signal gain in this investigation, 4-RF pump phase-
dithering tones are used. Recall that addition of the fourth RF tone increased
the SBS threshold of the PM-HNLF from 30.7 dBm (with three RF tones) to 33.2
dBm. With regards to the SBS threshold by applying the 4-RF tones, the expected
35.6 dBm threshold is not achieved and this has been due to the bandwidth lim-
itation of the used electrical amplifier.

Initially, the total pump power in (both directions) the diversity loop has been
set to 31.5 dBm and later to 33 dBm. For each pump power, the polarization
scrambled signal is swept inwavelength from 1530 nm to 1560 nmand the signal
spectrum is measured. Note that the pump wavelength is still kept at 1562.2
nm. Figure 5.14(a) shows a peak on-off gain of 19.2 dB at a signal wavelength
of 1544 nm when the pump power has been 33 dBm, whereas the peak on-off
gain for a pump power of 31.5 dBm is 11.3 dB at a signal wavelength of 1548
nm. It is worth noting that the average parametric signal gain (in this section
of the thesis) is the average of the signal gain of both polarizations (i.e., in both
directions) of the diversity loop. In other words, it is the average signal gain
at the output of the diversity loop. The pump-on and -off output spectra of the
signal, pump and the generated idler waves at the output of the FOPA, when the
signal wavelength is set to 1544 nm, are shown in Figure 5.14(b) (OSA resolution
bandwidth of 0.5 nm). The net gain of the FOPA is measured as the difference
in signal powers between the output port 3 of the circulator (with pump on) and
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Figure 5.14: (a) Average signal on-off gain spectra at Pp = 33 dBm and Pp = 31.5
dBm. (b) Spectra, after 20-dB coupler, at the output of the PM-HNLF showing the
signal on-off gain the the generated idler with pump off and on at Pp = 33 dBm
and Pp = 31.5 dBm. (c) Residual PDG of the FOPA with pump switched-off. OSA

resolution bandwidth of 0.5 nm.
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the signal power at the input of the circulator port 1. The net gain is found to
be 5 dB less than the signal on-off gain due to the passive losses from port 1 to
port 3 of the circulator via the diversity loop.

In order to measure the residual polarization dependence of the setup, the
pump is switched off and the signal wavelength is set to 1544 nm. By varying the
signal’s state-of-polarization around the Poincaré sphere using the polarization
scrambler, the polarization dependence of the FOPA is measured by using the
zero-span function (span is set to 0 nm) of the optical spectrum analyzer. The
scrambling rate of the polarization scrambler has been kept low enough (few
kHz) in order to avoid power averaging at the optical spectrum analyzer and the
maximum fluctuation within a temporal sweep of 50 seconds is found to be 0.4
dB as shown in Figure 5.14(c). The origin of this gain fluctuation (also known
as PDG) will be explained later in this chapter.

The PDG is defined as the difference between the maximum and minimum
signal gain as the signal’s state-of-polarization is changed [122]. High levels of
PDG cannot be acceptable in any optical network application. In order to deter-
mine the spectral dependence of the FOPA, the optimization of the pump splitting
has been initially carried out for each signal wavelength at a pump power of 31.5
dBm. The summary of this optimization case is shown in Figure 5.15(a). Here,
at a particular wavelength of the polarization scrambled signal, a total pump
power of 31.5 dBm is sent to the diversity loop. The pump power equally divided
in the arms of the loop (by adjusting the PC in front of the PBS). A minimum
PDG indicates that the pump power has been equally divided into the arms of
the diversity loop. This optimization of the pump splitting procedure has been
carried out for all signal wavelengths (from 1530 nm to 1560 nm) and it can be
seen from Figure 5.15(a) that the obtained individual PDG is less than 0.5 dB for
signal wavelengths from 1536 nm to 1560 nm. Furthermore, the average PDG

over the entire spectrum range (1530 nm to 1560 nm) is less than 0.4 dB. How-
ever, in a practical system, one has to set a particular pump splitting to achieve
minimum PDG for all signal wavelengths at the same time. In order to do this, a
signal wavelength at 1542 nm is chosen for the optimization of the pump split-
ting. After splitting the pump power at this wavelength, the signal wavelength
is then adjusted from 1530 nm to 1560 nm and at each signal wavelength, the
corresponding PDG is measured. Note that the pump splitting is carried out only
once (at signal wavelength of 1544 nm). As depicted in Figure 5.15(b) the PDG

is not constant over the entire spectrum and the maximum PDG is found to be

68



Section 5.2. Characterization of a polarization - independent FOPA

1530153515401545155015551560
0

2

4

6

8

10

12

A
v
e

ra
g

e
 s

ig
n

a
l

 o
n

-o
ff

 g
a

in
 i
n

 d
B

 

 

Signal wavelength in nm

0

1

2

3

4

5

6

7

8

9

10
Psig = -14.5 dBm

   Pp = 31.5 dBm

Optimization of pump splitting

for each signal wavelength

P
D

G
 i
n

 d
B

(a)

1530153515401545155015551560
0

2

4

6

8

10

12

A
v
e
ra

g
e
 s

ig
n
a
l

 o
n
-o

ff
 g

a
in

 i
n
 d

B
 

Psig = -14.5 dBm

   Pp = 31.5 dBm

 

Signal wavelength in nm

0

1

2

3

4

5

6

7

8

9

10

P
D

G
 i
n
 d

B

Optimization of

pump splitting

(b)

Figure 5.15: (a) At Pp = 31.5 dBm: Optimization of pump splitting at each signal
wavelength. (b) Optimization of pump splitting at a single signal wavelength of
1542 nm. Note that for a particular graph, the y-axis on the left hand side is for
the average signal gain whereas the y-axis on the right hand side is for the PDG.

1.4 dB at a signal wavelength of 1536 nm whereas the average PDG is 0.5 dB.
Nevertheless, the PDG is flat over the wavelength range of 1538 nm to 1560 nm
with an average PDG of 0.4 dB.

In order to evaluate the performance of the optimization of the pump split-
ting at high gain conditions, the total pump power into the loop is increased to
33 dBm. The pump splitting is then performed individually for all the signal
wavelength as is done in the low gain condition. Figure 5.16(a) is a summary
of the measured PDGs values. It is clear that the obtained individual PDG is
less than 1 dB for signal wavelengths from 1536 nm to 1560 nm. In addition,
the PDG is higher at low signal wavelengths (e.g. 1530 nm) than in the case of
higher wavelengths (1560 nm). This trend of wavelength-dependent PDG will be
explained later in this Section.

Recall that in a practical system, one has to set a particular pump splitting
to achieve minimum PDG for all signal wavelengths at the same time. Therefore
the optimization of the pump splitting have been conducted at three additional
signal wavelengths (i.e., at 1532 nm, 1540 nm, and 1544 nm). First, the opti-
mization of the pump splitting has been performed at only a signal wavelength
of 1532 nm. The measured on-off gain profile and the PDG values are as shown
in Figure 5.16(b). A high PDG spectrum with an average value of 3 dB is experi-
enced for almost all the measured wavelengths.

The additional two pump splitting optimizations are carried out at signal
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Figure 5.16: At Pp = 33 dBm: (a) Optimization of pump splitting at each signal
wavelength. (b) Optimization of pump splitting at a signal wavelength of 1532
nm. Note that for a particular graph, the y-axis on the left hand side is for the
average signal gain whereas the y-axis on the right hand side is for the PDG.

wavelengths of 1540 nm (close to the gain maximum) and 1544 nm for a total
pump power of 33 dBm in each case. In Figure 5.17(a), the optimization of the
pump splitting has been carried out at a signal wavelength of 1540 nm. The PDG

values are seen to be generally higher in this case compared to that in Figure
5.16(b), but the spectrum is sufficiently flat from 1538 nm to 1560 nm with an
average PDG of 1.7 dB. However, it is clear that the signal wavelengths below
1538 nm experienced larger PDGs.
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Figure 5.17: At Pp = 33 dBm: Optimization of pump splitting at a signal wave-
length of (a) 1540 nm. (b) 1544 nm. Note that for a particular graph, the y-axis
on the left hand side is for the average signal gain whereas the y-axis on the
right hand side is for the PDG.
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Furthermore, a signal wavelength of 1544 nm is selected for the optimization
of the pump splitting as shown in Figure 5.17(b). The signal wavelengths below
1540 nm showed large PDG values in this case while the PDG spectrum is seen
to be almost constant among the signal wavelengths from 1542 nm to 1560 nm
with an average PDG of 0.7 dB.

In all the above investigated PDG cases, it is obvious that minimization of the
PDG is possible at a fixed signal wavelength by optimizing the pump power split-
ting at the diversity loop input. However, it will not lead to an overall minimized
PDG over the amplification bandwidth. The origin of the PDG in the polarization-
diversity loop, in general, will be explained in detail later in this chapter.

Nevertheless, the stability and reliability of the setup has been tested by oper-
ating the polarization-independent FOPA continuously without any interruption
for 9 hours after the PDG had been optimized at a signal wavelength of 1544
nm. It is worth noting that the average room temperature has been about 25◦C.
The signal at 1544 nm with 19.2-dB initial gain and an initial PDG of 0.6 dB is
monitored. Measurements of the signal on-off gain and the PDG are recorded
every hour. It can be seen from Figure 5.18 that the average PDG after 7 hours
of stable operation is 0.5 dB and the average drop in signal gain is less than
0.2 dB/hr. The reduction in gain over time is attributed to a drift of the pump
polarization due to environmental changes.

Moreover, increase in PDG above the average value after 7 hours of continuous
operation is observed but the values are still below 1 dB. The optimization of
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Figure 5.18: PDG stability monitoring of the polarization-independent FOPA

over time. Note that the y-axis on the left hand side is for the average signal
gain whereas the y-axis on the right hand side is for the PDG.
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pump splitting in single-pump polarization-independent FOPA at high gain con-
ditions show that it is not straightforward to achieve a low and flat PDG profile
in a wide signal gain-bandwidth.

A trade-off exist between the bandwidth and lower PDGs. Also, it is seen that
operating the FOPA at lower gain produced a lower and more flat PDG in a wider
wavelength range compared to that obtained at high gain.

5.2.3 Non-reciprocal gain due to counter-propagating pumps in
a polarization-independent FOPA with diversity loop

The presence of PDG in optical amplifiers, for practical applications, is not de-
sirable since it leads to signal distortions. Thus there is a need to investigate
the source of PDG in the investigated polarization-independent FOPA. Gain reci-
procity, i.e., equal gain in both directions of the polarization-diversity loop based
FOPA, has been theoretically shown provided that pump depletion (or saturation
regime), fiber loss, Brillouin and Raman scattering are negligible† [123]. A non-
reciprocal gain has been experimentally observed in a polarization-dependent
FOPA operating in the high pump-depletion regime (i.e., when one of the condi-
tions for gain reciprocity is violated) [124]. In addition, as seen in Figure 5.8 of
Section 5.2.1, the Brillouin scattering in the diversity loop can be very significant
(depending on the input pump power).

This section discusses the origin of PDG (as has been observed in Section 5.2.2)
in FOPAs employing the polarization-diversity loop scheme by considering the
contributions from SBS reflections in the diversity loop and also the variations
of the local zero-dispersion wavelength of the used PM-HNLF.

Experimental setup

In order to investigate the measured PDG which has been discussed in the pre-
ceding section, the modified setup shown in Figure 5.19 is employed. The avail-
ability of only one high power EDFA resulted in a modification of the original
setup in Figure 5.7(b). Therefore higher pump power levels (above 29 dBm) per
direction of the PM-HNLF are not attainable due to the limited output power
of the used single EDFA. Nevertheless, the setup still allows the independent
control of the propagating pump waves in direction A to B and B to A in the
polarization-independent FOPA. It is worth noting that the measurements in
†Remark that fulfilling all these conditions is not realistic and this indicates that practical

realization of gain reciprocity in the diversity loop can be very challenging.
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Figure 5.19: Schematic representation of the experimental setup depicting the
modified setup of a single-pump polarization-independent FOPA based on the
diversity loop scheme with four pump phase-dithering tones. (Note that a single
high power EDFA is used).

Figure 5.20 and Figure 5.21 are obtained by using setup I in Figure 5.7 (and
with 4-RF tones). The remaining measurements in this Section are obtained by
using the new setup in Figure 5.19 unless otherwise stated.

Discussion of results

Firstly, after optimization of pump splitting forminimum PDG of the polarization
scrambled signal (using the polarization-diversity loop setup in Figure 5.7(a)
and with 4 - RF tones) at 1544-nm wavelength, the polarization scrambler is
switched - off after the pump splitting optimization. Then the total signal power
is input to the A to B direction of the diversity loop. Note that the pump power
and the signal power are still fixed at 33 dBm and -14.5 dBm, respectively. After
measuring the signal gain spectrum on the optical spectrum analyzer, the total
signal power is then aligned to the B to A direction and the corresponding gain
spectrum is also measured. The two resulting gain spectra shapes are found to
be different as shown in Figure 5.20.

Although the polarization scrambler has been switched off (and the signal
aligned to one direction of the loop), the signal gain is found to fluctuate as can
be seen in Figure 5.20. The magnitude of the fluctuation (which has a maxi-
mum of about 2.5 dB at 1530-nm wavelength on the A to B pump) is found to be
smaller than as predicted in [68] and this may be due to: (i) the averaging of the
pump oscillation by the OSA (although not fully) which is limited in tracking the
nano-second fluctuations of the pump as shown in [68], (ii) the statistical nature
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Figure 5.20: Gain spectra of the A to B and the B to A directions of the diver-
sity loop with polarization scrambler switched-off and the absolute difference
between the two gain profiles (PDG = shaded region). It also shows the com-
parison of the PDG due to the difference between the two gain profiles with the
measured PDG when the signal is polarization-scrambled as shown in Figure
5.17(b). 0.5-nm OSA resolution bandwidth.

of the generated 10 GHz SBS on the pump, as discussed in Section 5.2.1, since
the amplitude fluctuation of the side-band can lead to a change in the overall
amplitude of the pump envelope. In addition, the gain fluctuations in one direc-
tion of the loop (B to A direction) is found to be smaller than that in the other
direction (A to B direction) which is consistent with the theoretical work in [68].
The different gain fluctuations in both directions of the loop will be explained
later in this section. Therefore the term time averaged signal on-off gain is used
to indicate the averaging of the signal gain (due to pump oscillations) by the OSA.

The absolute difference between the two gain spectra resulting from both di-
rections of the diversity loop is plotted and it is found to match the measured
PDG in the polarization-independent operation (shown in Figure 5.17(b)). The
two PDG curves are also shown in Figure 5.20. Therefore the cause of the PDG

in the diversity loop is attributed to different gain spectral shapes in both direc-
tions of the diversity loop.

To establish the observed direction-dependent signal gain spectral shape of
the PM-HNLF, the polarization-diversity loop is opened thus depicting a straight
FOPA configuration (with no counter propagating pump). Initially the gain spec-
trum in the A to B direction is measured. Afterwards, the gain spectrum of the
B to A direction is also measured. Since the FOPA is still operated in the linear
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Figure 5.21: (a) Signal gain in an open diversity loop (i.e., depicting straight
FOPA configuration) for both directions of the PM-HNLF. (b) Comparison of sig-
nal gain spectral shape of a FOPA with straight configuration and a FOPA in a
polarization-diversity loop (i.e., with counter propagating pumps) at the same
on-off gain. 0.5-nm OSA resolution bandwidth.

regime (no pump depletion), the signal power is still kept at -14.5 dBm per di-
rection of the HNLF. In order to obtain the same signal on-off gain of ∼ 20 dB
on-off gain just as in the case of the loop configuration, the pump power in one
direction of the PM-HNLF (straight configuration) is increased from 30 dBm to
30.4 dBm. The measured gain spectra are found to be equal as shown in Fig-
ure 5.21(a). The measured signal gain profile obtained in the diversity loop is
compared with the measured signal gain profile when the loop is opened (i.e.,
straight FOPA configuration) as shown in Figure 5.21(b). It is obvious that the
two spectral shapes for the different cases are different. Therefore it is clear
that the presence of counter propagating pumps in the diversity loop influences
the signal gain spectral.

To confirm the dependence of the gain spectral shape on the presence of a
counter-propagating pump in order to clarify the origin of the PDG, the modified
experimental setup shown in Figure 5.19 is implemented. The maximum avail-
able pump power per HNLF direction has been 29 dBm. This pump power yields
an on-off gain of ∼13 dB when both pumps are simultaneously turned-on (with
counter-propagating pumps) as shown in Figure 5.22. Again, it is identified
that with the presence of counter propagating pump, the gain spectral shapes
per HNLF direction are different. This corresponds to the previous results of the
obtained non-reciprocal spectral shape in the diversity loop as shown in Fig-
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ure 5.20. Figure 5.22 further shows the gain spectrum in the absence of the
counter propagating pump (with no B to A pump) and it is clearly seen that a
completely different gain spectrum is obtained. It has about 2 dB less gain than
the case when there is a counter pump. The increase of the parametric gain in
the case with counter pump is due to the additional instantaneous power that
the 10-GHz side-band adds to the A to B pump thereby changing the overall
pump envelope [68]. The parametric gain, which is an exponential function of
the instantaneous pump power translates the slight increase in pump power to
a higher average gain [1,82].

Interpretation of the origin of PDG in polarization-diversity based FOPA

In order to qualitatively explain the origin of PDG in the polarization-diversity
loop, the schematic illustration in Figure 5.23 is used. Here, a 300 m HNLF is
sectioned into three equal parts. A variation in the local profile of the zero-
dispersion wavelength (λzd) of the HNLF is assumed to be asymmetric with a
3-step profile and its wavelength is set to a lower value than the wavelength of
the pump (λp) as also shown in Figure 5.23. Where λuzd, and λlzd are the zero-
dispersion wavelength above and below the average zero-dispersion wavelength
(λ̄zd), respectively.

Initially, no Brillouin scattering is considered for both counter propagating
pump waves (A to B and B to A pumps) and therefore no SBS is generated on
either pump wave. In addition, the fiber loss is neglected. Thus, the total pump
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Figure 5.23: Illustration of non-reciprocal signal gain due to zero-dispersion
wavelength (λzd) variation and counter propagating pumps in polarization - di-
versity FOPA.

power in both directions of the HNLF are equal at any point in time (i.e., constant
pump power). The total generated parametric gain (i.e., a cascade of the local
parametric gain in the three sections of the HNLF) at each end of the fiber is
shown as:

Ḡ(AtoB) = G3

[
ωs, λzd3, Pp

]
·G2

[
ωs, λzd2, Pp

]
·G1

[
ωs, λzd1, Pp

]
(5.1)

Ḡ(BtoA) = G1

[
ωs, λzd1, Pp

]
·G2

[
ωs, λzd2, Pp

]
·G3

[
ωs, λzd3, Pp

]
(5.2)

Where Gj (j = 1, 2, 3) is the parametric gain per section of the HNLF. Recall
from Section 4.2.1 and Section 5.1.2 that the parametric gain is a function of:
(i) the signal wavelength (ωs), (ii) the zero-dispersion wavelength (λzd), and (iii)
the pump power (Pp), (i.e., when the FOPA is operated in a linear regime). Since
Ḡ(AtoB) = Ḡ(BtoA) (from equations (5.1) and (5.2)), irrespective of the direction
of the PM-HNLF, the average parametric gain (Ḡ) in both directions of the HNLF
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(even in the presence of local zero-dispersion wavelength variation) will be the
same.

Therefore the spectral shapes per direction of the fiber are the same. This
is true in the absence of both attenuation and Brillouin scattering (i.e., no side-
band generation) [123]. However, in the presence of Brillouin scattering, the
side-band grows exponentially from the beginning of the HNLF to the end of the
fiber as shown in Figure 5.23. This causes the parametric gain per section of the
HNLF (especially at the extremities of the HNLF) to be different depending on the
direction along the HNLF. Qualitatively, this can be represented as:

Ḡ(AtoB) =G3

[
ωs, λzd3,

(
Pp(z) + 0

)]
·G2

[
ωs, λzd2,

(
Pp(z) + δPSB(z)

)]
·G1

[
ωs, λzd1,

(
Pp(z) + ∆PSB(z)

)] (5.3)

Ḡ(BtoA) =G1

[
ωs, λzd1,

(
Pp(z) + 0

)]
·G2

[
ωs, λzd2,

(
Pp(z) + δPSB(z)

)]
·G3

[
ωs, λzd3,

(
Pp(z) + ∆PSB(z)

)] (5.4)

Where z is the fiber length. δPp(z) indicates a slight increase of the SBS power,
since the pump loses power to the Stokes wave (i.e., SBS) along the fiber length.
∆Pp(z) also indicates a substantial increase of the SBS power (e.g. at the end
of the fiber). It is clear from equations (5.3) and (5.4) that the parametric gain
becomes a function of the side-band power of the pump. And this contributes
to unequal gain per section of the HNLF (e.g. in section 3) due to the presence
of asymmetry of the local zero-dispersion wavelength profile. Thus the average
parametric gain (Ḡ), in this case, at the ends of the HNLF are different (Ḡ(AtoB)

6= Ḡ(BtoA)) thereby rendering in a direction-dependent spectral shape.
Furthermore, the PDG values are seen to be relatively higher at lower sig-

nal wavelengths compared to those at higher signal wavelengths (e.g. Figure
5.17), relative to the pump wavelength. This wavelength-dependent PDG effect
can be understood from the phase-matching condition (total phase mismatch
parameter per unit length, κ = ∆β+2γP ). Here, it is clear that in the lower sig-
nal wavelength regime (i.e., larger signal wavelength detuning from the pump),
the dominant phase mismatch parameter is the linear phase term (∆β) rather
than the nonlinear phase term (2γP ). Therefore the fluctuation of the local zero-
dispersion wavelength parameter in the linear phase mismatch term (see Sec-
tion 4.2.1) becomes the predominant source of gain fluctuation as the signal is lo-
cated at much lower wavelengths from the average zero-dispersion wavelength.
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This is consistent with the observations in Figure 5.4(a) and Figure 5.4(b) since
signal wavelengths close to the pump (or the zero-dispersion wavelength) have
less gain variation compared to the signals at lower wavelengths. Similarly,
the variation of the local zero-dispersion wavelength contributes to the different
gain fluctuations in Figure 5.20 and this can also be seen from the schematic
representation in Figure 5.23 and from equations (5.3) and (5.4). It is worth
noting that small changes in the zero-dispersion wavelength, even less than 0.1
nm, can produce large changes in the gain spectrum [59, p. 398].

It has been established that PDGs in polarization-independent FOPA based
on the polarization-diversity loop scheme is as a result of the combined effect of
Brillouin scattering (due to the counter propagating pumps in the diversity loop)
and asymmetry of the local zero-dispersion wavelength variation in the HNLF of
the FOPA.

5.3 Impact of SBS-induced distortions on QPSK signal
in a FOPA

As already discussed in Section 5.2.1, the presence of Brillouin scattering in
FOPAs based on the polarization-diversity loop scheme can severely distort the
pump, depending on the amplitude of the 10-GHz generated side-band, as shown
in Figure 5.8. Since the distortions on the pump are transferred to the signal
via FWM and XPM in the FOPAs) [47, 82], investigations of the impact of pump
distortion, as a result of the SBS, on data signals is essential. Here, a 28-GBd
single-polarization (SP) QPSK is used for the investigation.

5.3.1 28-GBd single-polarization QPSK transmitter setup

Figure 5.24 depicts the experimental setup of a 28-GBd single-polarization QPSK

transmitter and it consists of an external cavity laser (ECL) with a line-width of
100 kHz. The external cavity laser is used as a CW signal source at a wavelength
of 1544 nm. After amplification of the CW signal to about 18 dBm using an EDFA,
the polarization of the signal is aligned, (using a polarization controller) to the
principal axis of a single-polarization IQ modulator (IQ Mod.).

The IQ modulator is driven by a non-return-to-zero (NRZ) 217 De Bruijn se-
quence provided by a two channel 56 GS/s digital-to-analog converter (DAC).
Specifically, the binary sequence are mapped to the in-phase and quadrature
components of the IQ modulator. Two electrical amplifiers are used to boost the

79



Chapter 5. Realization of a Fiber-based Optical Parametric Amplifier

1 nm 

56 GS/s 

Q I 

Transmitter 

Out 

PC EDFA EDFA 

T-OBPF 

PC 

ECL  

(signal) 

IQ Mod. 

DAC 

Figure 5.24: Experimental setup of a 28-GBd single-polarization (SP) QPSK

transmitter.

power of the electrical data from the DAC to the IQ modulator. The two output
channels of the DAC provided a single-polarization 28-GBd QPSK signals to the
IQ modulator. After the IQ modulator, an EDFA is used to amplify the output
modulated data. The out-of-band ASE noise has been suppressed using a tun-
able flat-top optical bandpass filter (T-OBPF) with a bandwidth of 1-nm. The
polarization of the signal has been well aligned for maximum power before and
after the modulator as well as at the output of the transmitter.

5.3.2 Coherent receiver for a 28-GBd single-polarization QPSK
signal

Figure 5.25 is a schematic representation of the coherent receiver for the 28-
GBd single-polarization QPSK signal that is used in the experiment. A noise
loading stage is used which consists of a VOA and EDFA to set the desired OSNR

of the modulated signal at the receiver. For the OSNR measurement, an optical
noise bandwidth of 0.1 nm is used and a tunable flat-top optical bandpass filter
with a bandwidth of 0.4 nm has been used to properly select the signal before
it is coupled to a CW local oscillator in a single-polarization (2-by-4) 90◦ optical
hybrid. The local oscillator (LO) had a line-width of 100 kHz.

Two balanced photo-detectors (BPD) are connected to the outputs of the opti-
cal hybrid, and a real-time sampling scope with 40-GS/s sampling rate, 20-GHz
electrical bandwidth is used as analog-to-digital converter (ADC). Offline pro-
cessing has been performed on a desktop computer including resampling to 2
samples per symbol, 90◦ hybrid correction, fast Fourier transform (FFT)-based
frequency offset compensation, blind adaptive time domain equalization using
a constant modulus algorithm, carrier phase estimation by blind phase search,
de-mapping and bit-error counting [74,75].
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Figure 5.25: Experimental setup of a 28-GBd single-polarizationQPSK coherent
receiver.

5.3.3 Impact of pump distortion on 28-GBd SP QPSK signal

A modified setup of a single-pump polarization-independent FOPA based on the
diversity loop scheme is implemented as a subsystem in a system experiment to
investigate the impact of pump distortion transfer to a 28-GBd single-polarization
(SP) QPSK data signal. Figure 5.26 shows the experimental setup. It should be
noted that the fundamental description of the setup is similar to the descrip-
tion in Section 5.2.1. However, here, two different pump phase-dithering RF

sinusoidal tone sets (frequency set I and set II) are independently used for the
purpose of optimization criteria of the FOPA. For each frequency set, 3- and 4-
RF tones are used for the optimization. In addition, before the receiver, a WDM

coupler is used to filter only the modulated signal to the coherent receiver.
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Figure 5.26: Experimental setup of a modified single - pump polarization -
independent FOPA for the investigation of impact of pump distortion.
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Figure 5.27: Optical spectra of the signal measured from the modified polariza-
tion - diversity loop with and without counter propagating pump (B to A pump).
It shows the transfer of pump distortion due to pump phase-dithering (using fre-
quency set I with up to 4-RF tones with frequencies 75, 275, 875 and 2710 MHz)
to the modulated signal. OSA resolution bandwidth = 0.01 nm.

The used frequency set I is the same as the previously used pump phase-
dithering tones (75 MHz, 275 MHz, 875 MHz and 2710 MHz). Whereas fre-
quency set II consist of 55 MHz, 170 MHz, 520 MHz and 1570 MHz RF tones
(i.e., with a smaller maximum frequency compared to frequency set I). The pump
powers at the A to B and B to A directions of the PM-HNLF are each set to 27 dBm
and the signal power per direction of the PM-HNLF is still kept at -14.5 dBm. This
yields a signal on-off gain of 5 dB.

In order to verify the impact of pump distortion transfer to the data signal,
initially, the optical spectra of the modulated signal is measured for frequency
set I with the 3- and the 4-RF pump phase-dithering tones using the setup in
Figure 5.26. Note that the spectra measurement has been obtained for only fre-
quency set I. Figure 5.27 shows the measured spectra. It is evident from Figure
5.27 that the signal obtains stronger distortions from the pump in the case of
4-RF phase-dithering tones than in the case of 3-RF phase-dithering tones. In
addition, the distortions are observed in the presence of the counter propagat-
ing pumps in both investigated RF tones. The signal distortion is due to both the
pump distortion (resulting from the side-band and FWM) and XPM by the pump
as discussed in Section 5.2.1.

Furthermore, the coherent receiver has been used to enable the measure-
ment of the constellations of the modulated signal. Figure 5.28 shows a sum-
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Figure 5.28: Constellation diagrams of the 28-GBd SP QPSK data signal (at 25-
dB receiver OSNR) for the cases with and without counter propagating pump.
The two different pump phase-dithering frequency sets (set I and set II) inde-
pendently investigated at Pp = 27 dBm and Ps = -14.5 dBm per direction of the
PM-HNLF. Average signal on-off gain = 5 dB.

mary of constellation diagrams of the 28-GBd single-polarization QPSK data sig-
nal for the various cases using pump phase-dithering frequency set I and set II.
The observation from the constellation diagram (regarding the severity of signal
distortion) is in agreement with the spectra plot in Figure 5.27. Remark that us-
ing 4-RF tones (higher number of RF tones) for the pump phase-dithering could
increase the SBS threshold of the fiber, it however yields a pump with larger
spectral width. The tails of the pump spectrum which are 10-GHz shifted from
the main-band of the pump are amplified by the SBS of the counter propagating
pump as also discussed in Section 5.2.1. Therefore the acquired signal constella-
tion with 4-RF pump phase-dithering tones are more distorted compared to the
case with 3-RF pump phase- dithering as shown in Figure 5.28. This observation
is also consistent with the pump spectra in Figure 5.11. In addition, the constel-
lation diagram of frequency set I with 3-RF tones (with maximum frequency of
875 MHz) is also worse compared to the constellation of set II with 3-RF tones of
a lesser maximum frequency (i.e., 520MHz). Therefore the larger the maximum
frequency of the used pump phase-dithering tone, the wider the spectral width
of the pump and the more severe the data signal is distorted. The special orien-
tation of the constellation points is due to the fact that the phase and amplitude
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distortions are correlated.
In general, the choice of themaximum frequency of the pump phase-dithering

tone has a direct impact on the maximum pump power that can be transmitted
through the HNLF with less pump distortion. Thus optimization of the maxi-
mum frequency of the pump phase-dithering tone and the achievable transmit-
ted pump power is necessary. SBS threshold enhancement of HNLFs using pump
phase-dithering technique employing three RF tones with reducedmaximum fre-
quency level (e.g. less than 800MHz) such that the total pump bandwidth is well
below 10 GHz, is a preferred choice for minimum pump degradation. Note that
this will yield a limited polarization-independent parametric gain of about 10-15
dB [67].

It is worth mentioning that the SBS-induced pump distortion is more critical
since it precedes the generation of PDG in the diversity loop. Therefore, the
primary concern is to suppress the SBS in the diversity loop which will require
the use of SBS-suppressed HNLFs with high nonlinear coefficients so that lower
levels of pump power can yield appreciable signal gain.

5.4 HNLF requirement for system experiments

After a systematic characterization of a single - pump polarization-independent
FOPA based on the polarization-diversity loop scheme, the following issues have
to be addressed in order to implement the FOPA for system experiments:

1. SBS-induced pump distortion: In order to reduce the impact of SBS in the
FOPA, HNLF with a high SBS threshold (i.e., SBS-suppressed HNLF) and with
a high nonlinear coefficient can lead to better system performance. For in-
stance, the investigated PM-HNLF has a SBS 1%-threshold (with no pump phase-
dithering RF tone) of 16.5 dBm and a nonlinear coefficient of 11.2 /(W·km). Thus
higher pump powers will be required to obtain a significant signal gain (com-
pared to HNLF with a higher SBS threshold and a higher nonlinear coefficient).
However, as already discussed in Section 5.2.1, the higher the pump power, the
higher the induced pump distortion (i.e., amplitude distortion of the pump as
shown in [68]).

2. PDG: The presence of high SBS in the diversity loop is the primary problem
since the occurrence of PDG in the diversity loop is dependent on SBS. SBS

in the presence of asymmetric local zero-dispersion-wavelength fluctuations of
the used HNLF yields PDG as discussed in Section 5.2.3. The higher the SBS in
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Parameter Symbol Unit PM-HNLF non-PM-HNLF
SBS threshold at 1550 nm Pth dBm 16.5 18.4
Nonlinear coefficient γ /(W·km) 11.2 16.3
Length L m 300 300
Effective area at 1550 nm Aeff µm2 11.9 8.6
Loss coefficient at 1550 nm α dB/km 0.84 1.4
Dispersion slope at 1550 nm S ps/(nm2·km) 0.02 0.019
Dispersion at 1550 nm D ps/(nm·km) -0.22 -0.1
Zero-dispersion wavelength λzd nm 1561 1555.6

Table 5.1: Comparison of fiber specifications of a PM-HNLF and a non-PM-HNLF.

the diversity loop, the stronger the PDG. In addition, the higher the local zero-
dispersion wavelength fluctuations, the higher the PDG. The presence of PDG in
a FOPA also degrades the quality of the data signal.

Based on this analysis, another HNLF which is a non-PM-HNLF (i.e., conven-
tional HNLF) has been selected and compared with the PM-HNLF using the fiber
specifications as shown in Table 5.1. It can be seen that the conventional HNLF

has a higher SBS threshold and a higher nonlinear coefficient values than that of
the PM-HNLF. In conventional HNLF, the light waves do not travel in the same po-
larization mode as in the case of PM-HNLF (when implemented in a polarization-
diversity loop scheme). Therefore, for the same pump power, the SBS-induced
distortion of the pump in conventional HNLF is expected to be smaller than that
in PM-HNLF. Nonetheless, for system experiments, a stable polarization in a
FOPA employing conventional HNLF is challenging to achieve. However, based
on the high nonlinear coefficient and SBS threshold, as shown in Table 5.1, the
conventional HNLF will yield better performance since the expected SBS-induced
pump distortion will be minimum. Therefore the conventional HNLF is selected
for characterization and it is implemented in a polarization-independent FOPA

employing the diversity loop scheme and the FOPA is used as an OPC device. The
detailed discussion of the performance evaluation of the OPC device is presented
in Chapter 6. The implementation of the OPC device in a transmission system
for Kerr nonlinearity compensation is also discussed in Chapter 7.

5.5 Summary

In this chapter, systematic experimental characterizations of both a single-pump
polarization-dependent FOPA and polarization-independent FOPA based on po-
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larization - diversity loop scheme have been investigated. Particularly, since one
of themain differences between a polarization-dependent FOPA and polarization-
independent FOPA based on the polarization-diversity loop scheme is reflections
in the loop, the impact of Brillouin reflections (in the polarization-diversity loop)
on the FOPA pump was also investigated. Higher pump powers (which is desired
for higher signal gain) in the diversity loop acquires significant distortions due
to higher Brillouin reflections in both directions of the loop. A 10-GHz shifted
Brillouin side-band is created on a pump by the counter propagating pump.
The side-band experiences four-wave mixing with the main-band of the pump
thereby distorting the pump spectral shape significantly. It was also observed
that the wider the pump spectral width (due to pump phase dithering), the more
severe the pump distortion in the loop due to the amplification of seed waves (i.e.,
spectral components which are 10-GHz shifted from themain-band of the pump)
by the counter pump. The generation of a side-band on the pump has been shown
to generate amplitude modulation of the pump [125]. The amplitude modulated
pump and XPM generated by the pump eventually degrades the signal quality.
Distortion of a 28-GBd single-polarization QPSK data signal due to Brillouin re-
flections in a single-pump FOPA employing the polarization-diversity loop scheme
has been investigated.

Another parameterwhich also degrades the signal in the diversity loop scheme
is PDG. The origin of PDG in a single-pump FOPA based on the polarization-
diversity loop technique has also been experimentally investigated. The PDG

was found to evolve from the combined effect of SBS and an asymmetric local
profile of the zero-dispersion wavelength in the HNLF of the FOPA. This qualita-
tive analysis is also consistent with the theoretical work in [125].
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Design of a FOPA-based OPC

Device

Optical phase conjugation (OPC) is a well-known phase conjugation technique
for compensation of chromatic dispersion and fiber nonlinear impairments of a
signal in an optical transmission link [16, 37, 40, 126]. Phase conjugation of an
electric field in the electrical domain has also been reported [13,28,127]. Recall
that the optical domain provides real-time compensation without the need for
electronic signal processing and with a reduced latency.

In order to design a good fiber-based OPC device employing the polarization-
diversity loop scheme, the Brillouin-induced distortions which have been investi-
gated inChapter 5must be considered. In this context, a fiber-based polarization-
independent OPC device employing the diversity loop scheme is designed and
investigated in this Chapter. The first section of the Chapter discusses the fun-
damentals of an OPC device in a transmission system. In order to realize an
OPC device with a broad and flat gain-bandwidth, a dual-pump polarization-
independent fiber-based optical parametric amplifier (FOPA) is used. A conven-
tionalHNLF is used for the implementation of the FOPA. System performance and
evaluation of the OPC device using a 28-GBd PDM 16-QAM signals for both single-
channel and 5-channel WDM scenario at 50-GHz channel spacing in a back-to-
back testbed is also investigated. The relative performances of the amplified
signal and the idler are evaluated in terms of polarization sensitivity and the
bit-error ratio (BER), highlighting the key optimization aspects for the successful
design of a black-box OPC device.
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6.1 Fundamentals of optical phase conjugation

The physical phenomenon governing OPC operation in HNLF (or third-order non-
linear susceptibility effect, χ(3), media) is four-wave mixing [128]. However, the
use of second-order nonlinear susceptibility effect, χ(2), based on difference - fre-
quency generation, in other nonlinear media such as periodically-poled lithium-
niobate (PPLN) to realize phase conjugation has also been reported [16,40–42].

Basically, application of OPC in a transmission link for distortion compen-
sation relies on the mid-link spectral inversion technique [37, 40, 126]. In this
configuration, the OPC device is placed in the middle of the entire transmission
link or symmetrically placed between the fiber spans in the transmission link
(in the case of cascaded OPCs). Specifically, precise middle-point location of the
OPC in link is not the criteria to achieve optimum OPC performance but symmet-
ric accumulated dispersion and signal power profiles around the OPC device is
required [14]. Different link configurations with OPC will be discussed in detail
in Chapter 7. Nevertheless, different position allocation of the OPC unit in the
transmission link other than the mid-link technique have also been studied [83].

Recalling the nonlinear Schrödinger equation (NLSE), from Chapter 3 Section
3.3.2, the evolution of the propagation of a signal with an electric field, A, in a
transmission link in the presence of fiber nonlinearity is described as [59, p. 35]:

∂A(z, T )

∂z
= −α

2
A(z, T )−j β2

2

∂2A(z, T )

∂T 2
+
β3
6
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∂T 3
+jγ|A(z, T )|2A(z, T ) (6.1)
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+
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∂3A∗(z, T )

∂T 3
− jγ|A∗(z, T )|2A∗(z, T )

(6.2)

Equation (6.1) describes the evolution of the signal field, A(z, T ), in the fiber
and the evolution of the conjugated field, A∗(z, T ), after the OPC device is also
described by equation (6.2). The parameters in equations (6.1) and (6.2) have
been discussed in Section 3.3.2. It is worth noting that as a result of the phase
conjugation achieved by the OPC device, the signs of the GVD (β2) and the non-
linear coefficient (γ) in the NLSE are reversed. Therefore, these two effects can
be compensated at the end of the transmission by the OPC. A schematic analogy
is shown in Figure 6.1.

As shown in Figure 6.1, the total transmission link is made of 2-spans with
total length of L km (i.e., each span is L/2 long) and the OPC is placed in the
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Figure 6.1: Schematic representation of a mid-link OPC device in a 2-span
transmission link showing the spectrum of the signal before and after the OPC

unit.

middle of the link. After the signal has propagated over a length of L/2, the
conjugated signal copy which is generated by the OPC is propagated (signal is
suppressed at the output of the OPC) over the remaining transmission length
of L/2. The accumulated chromatic dispersion and the nonlinear impairments,
resulting from a nonlinear phase-shift due to SPM and XPM, in the first half (i.e.,
before the OPC device) can be compensated for in the second half of the link (i.e.,
after the OPC device) by propagating the conjugated signal (instead of the signal)
in the second half of the transmission link. The fiber loss, α, in equations (6.1)
and (6.2) is compensated for by the gain of the optical amplifier (e.g., EDFA) in
the transmission link.

6.1.1 Limitations of OPC based on mid-link spectral inversion

It is clear from equations (6.1) and (6.2) that, after transmission over the entire
transmission length, the OPC is capable of compensating for both the second-
order dispersion (i.e., GVD or β2) and the fiber nonlinear impairments (i.e., γ).
However, the magnitude of the third-order dispersion (β3), which also related to
the dispersion slope, doubles at the end of the link. Therefore, efficient distortion
compensation by the OPC is compromised by the accumulated dispersion slope.
Since the signal and its conjugated copy have different wavelengths, they experi-
ence different dispersions due to the dispersion slope. Hence slope compensation
is necessary in order to maximize the efficiency of the OPC device for distortion
compensation [33,129,130]. Another limiting parameter of the mid-link OPC is
the inter-channel nonlinear cross-talk. As a result of dispersion slope, neigh-
boring channels in a WDM system experience different nonlinear inter-channel
cross-talk before and after the OPC device in the link [33,129,130].
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The impact of PMD also becomes significant especially in long transmission
lengths and also in fibers with high PMD coefficients. As discussed in Section
3.2.3, PMD causes the propagating wave to broaden and as a result of its stochas-
tic nature, its compensation by OPC can be challenging [16].

6.1.2 Requirements for an efficient OPC device

A practical OPC device should provide broadband (capable of WDM operation)
with flat gain-bandwidth profile. In addition, a polarization-independent oper-
ation as well as wavelength and modulation format transparency of the OPC is a
pre-requisite. Furthermore, the OSNR implementation penalty of the OPC device
must be sufficiently low. One way to achieve low OSNR implementation penalty
is by using an OPC device which has a positive conversion efficiency (CE) [45].
The conversion efficiency in this thesis is defined as the ratio of the idler power
at the output of the HNLF to the signal power also at the output of the HNLF with
pump switched-off [47, p. 48].

It is worth noting that for efficient OPC operation, the dispersion map of the
used fiber spans and the power profile of the propagating signal have to be sym-
metric around the mid-link OPC and this can be achieved by a proper design of
the entire transmission link. This will be discussed in Chapter 7.

6.2 Experimental realization of OPC device

Practical implementation of OPC device does not only require polarization - in-
dependent operation, but also a flat gain-bandwidth of the OPC device is desir-
able for WDM applications. A dual-pump polarization-independent FOPA fulfills
these requirements as discussed in Chapter 4. In addition, a dual-pump FOPA

allows the provision of counter-phasing mechanism which enables the suppres-
sion of pump phase-dithering tones transferred from the pumps to the gener-
ated idler(s) in the OPC as already discussed in Section 4.4.2. It is worth noting
that based on the optimization measurements in Chapter 5 Section 5.3.3, two
pump phase-dithering tones are used in this experiment so as to minimize the
Brillouin-induced pump distortion in the diversity loop. Therefore, the max-
imum frequency of the pump phase-dithering tones (i.e., 253 MHz) has been
selected. This frequency is smaller than that of the investigated frequencies in
Section 5.3.3.

Furthermore, a non-PM-HNLF (see Table 5.1 in Section 5.4) with high SBS
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threshold (18.4 dBm) and high nonlinear coefficient (16.3 /(W·km)) has been
used in this experiment. Since a lower pump power is required (for this con-
ventional HNLF) in order to achieve the same parametric gain compared to that
of the already investigated PM-HNLF in Chapter 5, a less SBS-induced pump dis-
tortion is expected. However, with regards to polarization, a stable polarization
in a FOPA employing conventional HNLF is challenging to achieve. In addition,
as a result of low birefringence of conventional fibers, polarization rotation of
the light waves (due to the random variation of the birefringence of the fiber) is
undesirable since any polarization misalignment between the interacting waves
in the FOPA affects the phase-matching condition [131], [82, p. 343]. Note that
the polarization-diversity loop scheme in Figure 4.6(ii) (Section 4.3) is imple-
mented in order to realize the dual-pump polarization-independent FOPA. It is
worth mentioning that the type of dual-pump FOPA (i.e., OPC device) configura-
tion (i.e., regarding allocation of the pumps and the signal frequencies) used in
this experiment is similar to that shown in Figure 4.3 in Chapter 4.

6.2.1 28-GBd PDM 16-QAM transmitter setup

The experimental setup of a 28-GBd PDM 16-QAM transmitter is shown in Figure
6.2. It consists of five ECLs which are used as CW WDM signal sources. The sig-
nals are placed 50-GHz apart on the International Telecommunication Union
-Telecommunication Standardization Sector (ITU - T) grid with wavelengths
1549.32 nm, 1549.72 nm, 1550.12 nm, 1550.52 nm and 1550.92 nm. The WDM

channels are combined with an optical coupler and after amplification with an
EDFA, the total signal is modulated with a single-polarization IQ modulator (IQ
Mod). The IQ modulator is driven by a NRZ 218 De Bruijn sequence provided by
a two channel 56 GS/s DAC. Specifically, the binary sequence are mapped to the
in-phase and quadrature components of the IQ modulator. Two electrical am-
plifiers are used to boost the power of the electrical data from the DAC to the IQ
modulator. The two output channels of the DAC provided a single-polarization
28-GBd 16-QAM signals to the IQmodulator. The two output channels of the DAC

provide the in-phase (I) and quadrature (Q) components of a single-polarization
28-GBd 16-QAM signals to the IQ modulator.

A polarization multiplexing emulator (PolMux) is used to generate a polar-
ization - division multiplexed (PDM) signal. Specifically, the polarization beam
splitter (PBS) at the input of the polarization multiplexing emulator splits the
single-polarization data into its orthogonal polarization components by adjust-
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Figure 6.2: Experimental setup of a 5 - channel 28 - GBd PDM 16-QAM trans-
mitter.

ing the polarization controller (PC) in front of the polarization beam splitter.
After delaying one of the polarizations by 500 symbols, using a delay line, the po-
larizations of the delayed and undelayed data are recombined by a polarization
beam combiner (PBC). Thus a PDM data signal is obtained at the output of the po-
larization multiplexing emulator stage. After separating all the WDM channels
using a wavelength-selective switch (WSS), the channels are individually decor-
related by delaying the symbols of the neighboring channels by a minimum of
100 symbols using various lengths of standard single-mode fiber (SSMF) patch
cords in the individual optical paths [132]. All fiveWDM channels are recombined
with an optical coupler and the 28-GBd PDM 16-QAM signals are amplified with
an EDFA. After suppressing the out-of-band ASE noise with an optical bandpass
filter (OBPF) with a bandwidth of 3 nm, the SOP of the data signal is randomized
on a Poincaré sphere using a polarization scrambler before the data signal is
sent out from the transmitter.

6.2.2 Setup of a coherent receiver for a PDM 16-QAM signals

Figure 6.3 shows the experimental setup of a standard polarization-diverse [72,
p. 103] coherent receiver. The coherent receiver uses a VOA and EDFA for the
purpose of noise-loading on the data signal in order to set the desired OSNR of
the signal at the receiver. For the OSNRmeasurement, an optical reference noise
bandwidth of 0.1 nm is used.

A tunable flat-top optical bandpass filter (T-OBPF) with a bandwidth of 0.4
nm is used to select the data signal channel under test before it is combined with
a CW local oscillator in a (2-by-8) 90◦ optical hybrid. The LO has a line-width of
100 kHz. Four balanced photo-detectors (BPD) are connected to the hybrid out-
puts, and a real-time sampling scope (RTO) with 40-GS/s sampling rate and 20-
GHz electrical bandwidth is used as analog-to-digital converter (ADC). Offline
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Figure 6.3: Experimental setup of a 28-GBd PDM 16-QAM coherent receiver.

processing of the data is performed on a desktop computer. The receiver DSP in-
cludes resampling, 90◦ optical hybrid correction, frequency offset compensation,
blind adaptive time-domain equalization using a constant-modulus algorithm
and multi-modulus algorithm, carrier-phase estimation by blind phase search,
de-mapping, and bit-error counting [74,75].

6.2.3 Design of a FOPA-based OPC device

A dual-pump polarization-independent FOPA is employed for the design of the
OPC device. The experimental setup of the OPC unit is as shown in Figure 6.4. It
consists of two external cavity lasers (ECLs) which serve as CW pump sources at
the C-band and L-band windows with wavelengths of 1534 nm and 1574 nm, re-
spectively. The C-band laser has a line-width and relative intensity noise (RIN)
of 25 kHz and -165 dB/Hz, respectively. Whereas the L-band laser has a line-
width and RIN of 100 kHz and -145 dB/Hz, respectively. The pumps are sepa-
rately modulated using the phase modulators (Phase Mod.) in order to increase
the SBS threshold of the used HNLF of the OPC device as also discussed in Sec-
tion 5.1.1. The phase modulators are driven in a counter-phasing fashion (see
Section 4.4.2 in Chapter 4) by two sinusoidal tones of frequencies 69 MHz and
253 MHz, generated by a two-channel arbitrary waveform generator (AWG), at
a modulation index of about 1.4 radians. A smaller maximum frequency of the
pump phase-dithering tones (i.e., 253 MHz) has been selected in order to mini-
mize the impact of SBS-induced pump distortion as already discussed in Section
5.3.3. In addition, the focus of the FOPA is not for in-line amplification (i.e., high
parametric gain). Thus low signal gain with positive conversion efficiency will
be sufficient to realize good performance of the OPC device. In order to achieve
the targeted modulation index, independent control of the amplitude and phase

93



Chapter 6. Design of a FOPA-based OPC Device

L = 300m,

γ = 16.3W-1km-1

λzd = 1555.6nm,

S = 0.019ps/(nm2.km)

α = 1.4 dB/km

20 dB

ECL 

(L-band pump)

Input
Output

T-OBPF

4 nm

Black-box OPC device

R

T

WDM

WDM

OBPF

0.8 nm

0.8 nm

VOA 

EDFA

PC

PC

PC

ECL 

(C-band pump)

EDFA

VOA 

PC

α

α

Phase 

Mod.

Phase 

Mod.

PC

A
W

G

OBPF

HNLF

PC

20 dB

PBS

OSA OSA

OSA

VOA 

α

Figure 6.4: Experimental setup of a black-box OPC device based on a dual-pump
polarization-independent FOPA. Note that a non-PM-HNLF is used.

of the frequency tones are necessary. This optimization procedure is enabled by
the arbitrary waveform generator.

After amplifying the pumps with EDFAs, the pumps OSNR are measured to be
59 dB and 56 dB for the C- and L-band pumps, respectively. The pump power
levels are controlled using the variable optical attenuators (VOAs) thus ensuring
constant pumps OSNR values. The out-of-band ASE from the EDFAs is suppressed
by using an optical bandpass filter with a bandwidth of 0.8 nm. The C- and L-
band pumps are combined together using a WDM coupler before the signal (from
the transmitter) is added to the pumps, by using a second WDM coupler, before
being sent to the polarization-diversity loop via the polarization beam splitter
(PBS). A conventional HNLF has been used as a nonlinear medium and it has
length (L), zero-dispersion wavelength (λzd), nonlinear coefficient (γ), attenua-
tion (α), dispersion slope (S) of 300 m, 1555.6 nm, 16.3 /(W·km), 1.4 dB/km, and
0.019 ps/(nm2·km), respectively. The HNLF also has a 1%-SBS threshold of 18.4
dBm (i.e., without any SBS threshold enhancement technique) and after pump
phase-modulation (with 2-RF tones) the SBS threshold of the fiber increased to
27.5 dBm (indicating 9.1 dB increase of the SBS threshold).

Using the variable optical attenuator (VOA), the total power of the polarization-
scrambled signal at the PBS input or the transmit port (i.e., port-T) is kept con-
stant at -5 dBm throughout the evaluation, except for the saturation analysis.
This power is used in order to operate the FOPA in the linear regime [108]. In
addition, the total pump power into the loop has been set to 28.2 dBm, 29.9 dBm,
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and 30.8 dBm in order to achieve 5-dB, 10-dB, and 13-dB signal on-off gain val-
ues, respectively. The signal and pump power levels have been chosen such that
the difference between the pump power and the total signal power at the output
of the HNLF is well above 17 dB so as to avoid high nonlinear distortions in the
FOPA as demonstrated in [108].

In order tomatch the parametric signal gain in both directions of the diversity
loop at a particular pump power, the SOP of the pumps has been properly set by
adjusting the polarization controllers (PCs) on each pump path before the polar-
ization beam splitter, while monitoring the power levels on an optical spectrum
analyzer (OSA) via the 20-dB coupler in the diversity loop. Proper adjustment
of the PC in the loop ensures that the light waves at the output of the HNLF exit
at the reflect port (i.e., port-R) of the polarization beam splitter. The output
spectra after the diversity loop are monitored by an optical spectrum analyzer
via a 20-dB coupler at the output of the diversity loop. At the output of the di-
versity loop, a tunable flat-top optical bandpass filter with 4-nm bandwidth has
been used to suppress the pumps. At the same time, the filter selects either the
amplified signal or the idler bands depending on the channel(s) of interest .

6.2.4 OPC device performance evaluation

The transfer of pump phase-dithering tones to the generated idler in a FOPA

strongly degrades the quality of the idler. Therefore after connecting the OPC

device between the transmitter and the coherent receiver, the undesirable effect
of pump phase-modulation transfer to the generated idler has been minimized.

In order to do this, the counter-phasing technique (as discussed in Section
4.4.2) is implemented and optimized using a single-channel CW (unmodulated)
signal at a wavelength of 1550.12 nm injected into the FOPA. Note that the IQ
modulation has been turned-off and the polarization-division multiplexing em-
ulator is by-passed so as to obtain an unmodulated signal from the transmit-
ter. The pumps and the CW signal are aligned in one state-of-polarization and
propagated in one direction of the HNLF of the FOPA. By heterodyning the local
oscillator and the generated idler at the receiver, the spectrum of the idler is
detected and monitored, using the real-time oscilloscope. The real-time oscillo-
scope enables the assessment of the strength of phase-modulation RF tones at
69 MHz and 253 MHz being transferred from the pumps to the idler.

Proper adjustment of the phase delay and amplitude parameters of the RF

modulation tones, using the arbitrary waveform generator, ensure substantial
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Figure 6.5: Acquired idler electrical spectra from real-time oscilloscope (RTO)
showing suppression of pump phase - dithering tones on the generated idler.

suppression of the pump phase-modulation on the idler as shown in Figure 6.5.
The suppression technique of the pump phase-modulation on the idler is carried
out for 5-dB, 10-dB, and 13-dB signal on-off gain values. It is clear from the
electrical spectrum of the idler, shown in Figure 6.5, that regardless of the gain
values, the suppression ratio between the carrier and the two modulation tones
(69MHz and 253MHz) and their harmonics is higher than 33 dB. This indicates
that low pump phase-modulation tones are transferred to the idler.
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Figure 6.6: Gain saturation characteristics of the FOPA-based OPC device.

Figure 6.6 shows the signal on-off gain and idler CE as functions of the signal
power at the polarization beam splitter input. This particular characterization
has been done in a polarization-dependent configuration (the polarizations of the
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pumps and the CW signal at 1550.12 nm are aligned to propagate in only one di-
rection of the diversity loop without polarization scrambling). As expected, the
difference between the signal on-off gain and the idler CE decreases with increas-
ing the parametric gain [1]. Again, higher signal gains begin to saturate at lower
input powers than lower gain levels as also discussed in Chapter 5 Section 5.1.3.
However, gain reduction of 1 dB is obtained at a signal input power of 5 dBm
even when the gain is 13 dB.

For the gain-bandwidth measurement of the polarization-independent OPC

device, the second WDM coupler for combining the signal and the pumps in Fig-
ure 6.4 is temporarily replaced with a 10-dB coupler. After pump splitting op-
timization using a polarization-scrambled cw-probe signal at a wavelength of
1550.12 nm, the gain-bandwidth characterization is performed. It is worth not-
ing that the pump splitting technique is carried out for both pumps one at a
time (see Chapter 5 Section 5.2.1 for discussions on pump splitting). Then the
wavelength of the single-channel CW signal is swept from 1535 nm to 1572 nm.
The results of the polarization-independent average gain-bandwidth measure-
ment are summarized in Figure 6.7(a) and it can be seen that a flat gain with
1-dB bandwidth of 24 nm at 5-dB on-off gain reduces to 18 nm when the gain
is increased to 13 dB. Furthermore, a slight gain-tilt resulting from the Raman
effect is also visible though its impact is kept low by setting the C-band pump
power ∼1.8 dB higher than the L-band pump power.

In order to evaluate the PDG performance of the device, the IQ modulation is
turned-on and the polarization-divisionmultiplexing emulator is still by-passed.

This indicates a single-polarization 28-GBd 16-QAM single-channel polarization-
scrambled data at the output of the transmitter. By using the zero-span function
(span is set to 0 nm), the PDG is measured as also discussed in Section 5.2.2. Av-
eraging effects in the PDGmeasurement areminimized by the use of a low scram-
bling rate. The wavelength of the polarization-scrambled data signal has been
varied from 1542.5 nm to 1565 nm, i.e., the flat region of the gain-bandwidth
profile.

Figure 6.7(b) illustrates the measured PDG for the modulated signal and its
idler. The measurement is done for 5-dB, 10-dB, and 13-dB gain showing low
PDG values ranging from 0.2 dB to 0.5 dB with similar signal and idler values.
This indicates the effectiveness of the implemented counter-phasing techniques
for suppression of the pump phase-dithering tones on the idler (see Figure 6.5).
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At higher gain, the SBS-induced distortions of the pump, in the diversity loop,
becomesmore critical resulting in slightly higher PDG values especially at higher
pump powers as also discussed in Chapter 5 Section 5.2.1 and Section 5.2.3.

The single-channel optical spectra at the output of the diversity loop with
pumps on and off for 5-dB, 10-dB, and 13-dB gain levels have been captured
with an optical spectrum analyzer as shown in Figure 6.8(a). The corresponding
generated idlers are also shown in the Figure 6.8(a).

During the WDM performance evaluation of the device, all the five channels
of the modulated data are launched into the FOPA with a total power of -5 dBm
into the diversity loop. This power has been used in order to operate the FOPA

in the linear regime [108]. The wavelengths of the WDM channels are selected
to be within the flat range of the gain-bandwidth spectra of the FOPA as indi-
cated in Figure 6.7(b). The optical spectra for the WDM channels at the output
of the diversity loop for the investigated signal on-off gain levels are shown in
Figure 6.8(b). The spectrum is obtained from an optical spectrum analyzer (at
a resolution bandwidth of 0.1 nm) after a 20-dB coupler.

The BER performance for the amplified signals and their corresponding gener-
ated idlers are measured for the 5-channel WDM as well as for a single-channel
scenario. Initially, the single-channel BER performance is evaluated. Figure
6.9(a) and 6.9(b) show the summary of the BER performance as a function of
receiver OSNR. It is worth noting that the BER evaluation has been performed
for the polarization-scrambled PDM data. It can be seen from the BER graph
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Figure 6.7: (a) OPC device gain-bandwidth showing the regions of the signal and
idler channels that is used for WDM performance analysis. (b) PDG evaluation of
the OPC unit for the amplified signals and their corresponding idlers.
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Figure 6.8: Optical spectra at the HNLF output of the OPC device, after a 20-dB
coupler, showing the generated idlers and the signals at different on-off gain for:
(a) signal-channel case. (b) 5-channel WDM scenario. OSA resolution bandwidth
of 0.1 nm.

that the back-to-back measurement (i.e., b2b w/o FOPA) deviates from the the-
ory. This is due to the non-ideal components used to generate the signal at the
transmitter. The OSNR penalties at a BER of 1×10−4 for the different signal gain
levels are 0.5 dB, 0.9 dB, and 1.6 dB for the 5-dB, 10-dB, and 13-dB gain values,
respectively. It is worth to note that in the WDM investigation, the WDM center-
channel (signal wavelength at 1550.12) is used for the evaluations. Here, the
OSNR implementation penalties at a BER of 1×10−4 for the different signal gain
levels are found to 0.9 dB, 1.4 dB, and 2.1 dB for the 5-dB, 10-dB, and 13-dB gain
values, respectively, as shown in Figure 6.9(b).
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Figure 6.9: Receiver BER curves for signal and idler at different gain levels:
(a) Single-channel. (b) 5-channel WDM system. (c) OSNR penalties at a BER of
1×10−4 for both signal and idler as functions of on-off gain.
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Figure 6.10: 29-dB receiver OSNR of x-polarization of the polarization-
scrambled 28-GBd PDM 16-QAM signal and idler constellation diagrams at 5-dB
and 13-dB on-off gain for both single-channel and 5-channel WDM scenario.

A summary of the measured OSNR penalties for both single and WDM scenar-
ios at a BER of 1×10−4 is depicted in Figure 6.9(c) for the investigated on-off
gain values. It is clear that the distortion experienced in the FOPA increased
with increasing pump power and is stronger in the case of WDM [108], indicat-
ing that a limited signal gain of 5 dB would be more beneficial for a practical
implementation of the OPC device since signal and idler show OSNR penalties
below 1 dB for both the single-channel and the 5-channel WDM case at 5-dB on-
off gain and at a BER of 1×10−4. In all the measurements, the dependence of the
OSNR penalty on the parametric gain is attributed to the fact that at high gain
levels, the total pump powers are high thus the SBS-induced pump distortion in
the diversity loop is relatively high as discussed in Section 5.2.1. Nevertheless,
it can be seen from Figure 6.9 that the performances of the signal and idler, in
both the single-channel and the WDM scenario, are very similar as also shown
in the constellation diagram in Figure 6.10. This indicates the effectiveness of
the suppression of the pump phase-modulation transfer to the idler.

6.3 Summary

A dual-pump polarization-independent FOPA for OPC has been experimentally
demonstrated at 5 dB, 10 dB, and 13 dB signal on-off gain values for 28-GBd
PDM 16-QAM signals in a 5-channel WDM system with 50-GHz spacing. Signal
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and idler investigations showed OSNR penalties below 1 dB, at a BER of 1×10−4,
for both single-channel and the 5-channel WDM cases at 5-dB on-off gain. The
maximum PDG was also measured to be below 0.5 dB across a 22.5-nm wave-
length range (from 1542.5 nm to 1565 nm) of the gain-bandwidth of the OPC

device. It was also noted that the differences in the BER between the WDM chan-
nels were insignificant. This makes the OPC well applicable for WDM transmis-
sion systems.

The designed FOPA-based polarization-independent OPC is well suited for in-
line OPC applications, especially at 5-dB gain (since the total passive losses in
the OPC is 5 dB) for gain-transparent operation with minimal penalty from the
FOPA. For practical implementation, OPC operation with a stable polarization
is required. Thus, the conventional HNLF, which have been used in the OPC

design, has to be replacedwith a polarization-maintaining highly nonlinear fiber
(PM-HNLF) with a high SBS threshold (e.g. about 33 dBm) and a high nonlinear
coefficient (e.g. above 20 /(W·km)).
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Chapter 7

Kerr Nonlinearity Mitigation
Using a FOPA-based OPC Device

The use of fiber-based optical phase conjugation (OPC) to provide Kerr nonlin-
earity distortion compensation of lower spectrally efficient modulation formats
(e.g. BPSK, QPSK) has been widely studied [25, 34, 133]. It has been reported
that higher-order modulation formats are more prone to Kerr nonlinearity dis-
tortions and are severely degraded in densely packed channels [8]. Moreover,
modulation formats with higher symbol rates are easily affected by dispersion-
induced distortion, which can interact with nonlinear effects even over short
fiber lengths. Therefore, experimental investigation of fiber-based OPC for Kerr
nonlinearity compensation of higher-ordermodulation formats with higher sym-
bol rates, which has not been extensively studied so far, is necessary.

This chapter discusses nonlinear distortion compensation of 5×28-GBd PDM

16-QAM signals in a laboratory prototype transmission system. Prior to the ex-
perimental investigations, a brief description of OPC-based transmission link
designs are discussed in Section 7.1. The dual-pump polarization-independent
FOPA, which has been characterized in Chapter 6, is used as the OPC device to
provide the mid-link spectral inversion of 5×28-GBd PDM 16-QAM signals.

Initially, the nonlinearity compensation is performed in up to 800-km of a dis-
persion - compensated transmission with lumped amplification of EDFAs. A dig-
ital back-propagation algorithm based on the split-step Fourier method is also
employed for the mitigation of fiber nonlinearities. The Q2-factor performance
is compared with that of the OPC-based compensation scheme. The performance
comparison has been done both in the single-channel and WDM scenario.

Finally, in Section 7.3, the transmission link is changed to a 400-km link
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with dispersion - uncompensated fibers. The transmission system utilizes a
backward-pumped distributed Raman amplification (DRA) scheme. Fiber non-
linearity compensation of 5×28-GBd PDM 16-QAM signals with 50-GHz spacing,
using a fiber-based OPC based on the mid-link spectral inversion, is also experi-
mentally investigated. Note that investigation of Brillouin scattering in the fiber
spans of the transmission link is not considered in the experiments.

7.1 Transmission link design based on mid-link OPC

In order to fully experience the benefits of distortion compensation provided by
mid-link OPC, the entire transmission link must be well designed such that the
propagating signal’s power profile is symmetric around the mid-link OPC. In
addition, the dispersion profile of the fiber spans before and after the OPC device
must also be symmetric around the OPC unit [14,133,134]. These criteria, when
fulfilled, together with a low OSNR penalty of the OPC device is expected to yield
a high distortion compensation efficiency which can tremendously increase the
transmission reach.

7.1.1 Mid-link OPC-based transmission links utilizing EDFAs

Figure 7.1 shows a schematic representation of various dispersionmaps of trans-
mission links utilizing lumped amplification by EDFAs. In Figure 7.1(a), the
transmitted signal power and the accumulated dispersion profiles are plotted
as functions of the transmission distance. Here, the link is basically made of
dispersion-uncompensated fiber spans (e.g., standard single-mode fiber) with
EDFAs. The high power regions are shaded and marked as effective length ( Leff).
The effective length of a fiber has been discussed in Chapter 3 Section 3.3.1. It is
clear from Figure 7.1(a) that optical domain nonlinear distortion compensation
is not possible since there is no OPC (or any black-box regeneration) device in the
link. The accumulated nonlinear distortion of the signal can be significant for
longer transmission lengths. An advantage of this kind of link configuration is
that, as a result of the walk-off effect, due to dispersion in the fiber spans, XPM
among WDM channels is minimized. This is due to the averaging of crosstalk
between neighboring channels (especially for multiple spans). Thus nonlinear
crosstalk in dispersion-uncompensated links is expected to be less than the non-
linear crosstalk in their dispersion-compensated counterpart links [135].

A mid-link OPC device is inserted in the transmission link as shown in Figure
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pensated spans. (b) dispersion - uncompensated spans with mid - link OPC. (c)
dispersion - compensated (SLA+IDF) spans with mid-link OPC, (Tx: transmitter,
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7.1(b). It can be seen that, based on the NLSE in equation (6.2), the dispersion
map after the OPC device is reversed. The accumulated dispersion in span 1
and span 2 (i.e., before and after the OPC) are seen to be symmetric around the
OPC unit. However, the accumulated dispersion in the high power regions (i.e.,
shaded areas) are not the same. Hence, a poor nonlinear distortion compensa-
tion by the OPC is expected in such a link configuration. And this is due to the
unfulfilled simultaneous conditions of the power and dispersion symmetry of the
mid-link OPC [14,133,134].

Another well-known transmission link configuration is the use of dispersion-
compensated fiber spans employing mid-link OPC as depicted in Figure 7.1(c).
Here, the dispersion-compensated fiber spans are made from super large area
(SLA) fiber and an inverse dispersion-shifted fiber (IDF). The SLA fiber has a pos-
itive dispersion slope whereas the IDF has a negative dispersion slope. The OPC

device reverses the dispersion profile after span 1. Although dispersion com-
pensated fiber spans are used, it is clear that both the accumulated dispersion
and the signal power profiles are not symmetric around the OPC device. Never-
theless, the accumulated dispersion in the high power regions (before and after
the OPC), in this case, are seen to be relatively similar. Thus, the efficiency of
nonlinear distortion compensation by the OPC is expected to be relatively better,
although not optimum due to the asymmetry of the accumulated dispersion in
the high power regions, compared to the previously discussed links. In the ab-
sence of OPC, the transmission link is expected to degrade WDM signals severely
due to lack of walk-off among WDM channels. However, with the implementa-
tion of mid-link OPC, substantial nonlinear distortion compensation should be
achieved. Note that experimental investigation for nonlinearity compensation
using this transmission link type will be discussed later in this Chapter.

7.1.2 Mid-link OPC-based transmission links utilizing DRA

To be able to achieve a symmetric signal power profile in the transmission fiber
spans, distributed Raman amplification (DRA) with backward pumping is a suit-
able amplification technology compared to the other amplification schemes [136].
In addition, the large bandwidth of Raman amplifiers makes them attractive for
optical transmission networks [78]. Backward-pumped distributed Raman am-
plification provides lower signal power excursion which eventually yields a near
symmetric power profile than that of EDFAs as also discussed in [16, 136–138].
Figure 7.2 shows several link configurations utilizing backward-pumped dis-
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tributed Raman amplification.

In Figure 7.2(a), a transmission link made of dispersion-uncompensated (e.g.
SSMF) spans with Raman amplification utilizing backward pumping schemes
is shown. In this kind of link configuration, an approximately symmetric power
profile is achieved (i.e., with the application of the backward-pumped distributed
Raman amplification). However, nonlinear distortion compensation is not pos-
sible since the accumulated dispersion increases monotonically. A mid-link OPC

device is placed in the transmission link, as shown in Figure 7.2(b). It is clear
that symmetric dispersion and signal power profiles, around the OPC device,
are achieved. Therefore, this kind of link configuration represents a suitable
configuration for nonlinear distortion compensation using mid-link OPC. It is
worth noting that due to thewalk-off in standard fibers, accumulated XPM among
neighboring channels is reduced compared to their dispersion-compensated coun-
terpart links.

In practice, the power symmetry expected from the implementation of dis-
tributed Raman amplification is difficult to achieve, especially in longer trans-
mission fiber spans [27]. Therefore, a complete nonlinearity compensation will
not be achieved even in this configuration. However, in transmission links with
shorter fiber spans (e.g. less than 70 km), the performance of the OPC for non-
linearity compensation can be closer to the optimum [26,27].

Distributed Raman amplification can also be implemented in a transmission
linkwith dispersion-compensated fiber spans. Employing amid-link OPC in such
a link, as shown in Figure 7.2(c), can compensate for a significant amount of
nonlinear distortions. The accumulated dispersion in the high power regions
are relatively similar, although not ideal. Due to the use of DRA, however, the
signal power profile is symmetric around the OPC. Therefore, in Figure 7.2(c),
the benefits of the OPC device for nonlinearity compensation is expected to be
slightly worse than the link design shown in Figure 7.2(b).

Based on the different transmission link configurationswhich have been qual-
itatively considered here, the preferred transmission link design for nonlinearity
compensation utilizing mid-link OPC is as shown in Figure 7.2(b). This is due
to: (i) the walk-off in dispersion - uncompensated fibers yielding less XPM among
neighboring channels, (ii) the power and dispersion symmetry provided by the
link design fulfills the performance efficiency of mid-link OPC for nonlinearity
compensation. It is worth noting that this kind of link design (i.e., Figure 7.2(b))
is also experimentally investigated in this Chapter.
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7.2 Mitigation of nonlinear effects in a dispersion -
compensated link

7.2.1 Experimental setup: Linkwithmid-linkOPC anddispersion-
compensated spans with EDFAs.

Figure 7.3 shows the experimental setup which is similar to the link design
shown in Figure 7.1(c). It has been discussed in Section 7.1.1 that this kind
of link configuration will not provide the maximum nonlinearity compensation
provided by the mid-link OPC. And this is due to the asymmetry of both the
power and the dispersion profiles of the link. However, there exist in practice
legacy transmission links utilizing this type of link configuration. Therefore,
experimental investigation of the performance of a mid-link OPC in such a link
design is paramount.

In the experimental setup, a 5×28-GBd PDM 16-QAM transmitter and a stan-
dard polarization-diverse coherent receiver have been implemented for the ex-
perimental investigation. The complete setup and description of both the trans-
mitter and the receiver have been described in Chapter 6 Sections 6.2.1 and
6.2.2, respectively. The generated PDM 16-QAM signals from the transmitter are
sent to the coherent receiver over the dispersion-compensated link (i.e., SLA+IDF

spans). The transmission link is a dispersion-compensated link which basically
consists of fiber spans made from SLA and IDF fibers. Table 7.1 shows the spec-
ifications of a representative span of the link. In order to set the propagating
signal power in the fiber span (referred to as launch power under test), an EDFA

in front of each span is used. The EDFA after the first half of the link (N spans
in link part 1) is set to a constant output power of 17 dBm so as to keep the
input signal power into the FOPA constant. The accumulated ASE generated
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Figure 7.3: Experimental setup showing the 5×28-GBd PDM 16-QAM transmit-
ter, the dispersion-managed fiber spans (SLA+IDF), the dual-pump polarization-
independent FOPA, which is used as OPC device, and the coherent receiver.
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by the link EDFAs is suppressed by using a 3-nm optical bandpass filter and the
signal is split into two portions by a 3-dB optical coupler. One portion of the
signal goes through the OPC device, whereas the other portion bypasses the OPC

device, which is referred to, here, as straight transmission. The detailed design
and performance evaluation of the used polarization-independent OPC device is
already discussed in Chapter 6. In order to keep the OPC penalty low in this
experiment, a total pump power of 28.2 dBm and a total signal power of -5 dBm
(for either single-channel or WDM case) are launched into the diversity loop via
the polarization beam splitter (PBS) as discussed in Section 6.2.4. This provided
polarization-independent parametric signal on-off gain of 5-dB and 4-dB idler
conversion efficiency at the output of the OPC. A variable optical attenuator
(VOA) in the path without OPC ensures that the same input power is injected
to the first EDFA of link part 2 in both scenarios, thereby resulting in the same
noise accumulation behavior in the second half of the link.

Parameter (properties at 1550 nm) Symbol Unit SLA IDF
Length L km 55.57 25.68
Effective area Aeff µm2 107 31
Loss coefficient α dB/km 0.186 0.234
Dispersion slope S ps/(nm2·km) 0.06 -0.13
Dispersion D ps/(nm·km) 20.2 -44
Nonlinear refractive index n2 × 10−20 m2/W 2.23 2.36

Table 7.1: Specifications of the dispersion-compensated fiber (each span con-
sists of SLA and IDF fibers).

Due to the low-loss operation of the OPC device, the additional attenuation
introduced by the variable optical attenuator in the path without OPC is about 5
dB and it is mainly due to the loss of the optical bandpass filter (5 dB) which has
been used to select the idler channel(s) at the output of the OPC. A conventional
link without OPC would not consist of the interface between the link part 1 and
link part 2 in Figure 7.3. Note that link part 1 and link part 2, respectively,
indicate the link before and after the OPC device. However, this interface has a
negligible effect on the noise performance of the link since as mentioned before,
the first EDFA in the interface is set to a large constant output power and the sig-
nal level is high during the optical processing in the interface and reduces only
to about 2 dBmmeasured at the input of the first EDFA in link part 2. Therefore,
the interface causes a negligible signal OSNR penalty. An optical switch, before
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link part 2, is used to either select the output of the OPC device (the idler) or
the signal which bypasses the OPC device (straight transmission) before launch-
ing the selected data into the remaining half of the link (N spans in link part
2). Detection of the signal or the idler after transmission over the entire link is
performed with a standard polarization-diverse coherent receiver. It also worth
noting that the entire transmission experiments in the thesis have been carried-
out in a straight transmission link (i.e., without recirculating loop). Recall that
investigation of Brillouin scattering in the fiber spans of the transmission link
is not considered in the experiments.

7.2.2 Results and discussion

Single-channel

In the single-channel scenario, the nonlinearity compensation performance by
using the OPC in a transmission link with total lengths of 480 km, 640 km, and
800 km (corresponding to N = 3, 4, and 5 spans before the OPC and 3, 4, and 5
spans after the OPC) have been individually investigated with a single-channel
28-GBd PDM 16-QAM signal at 1550.12 nm (center-channel in the WDM experi-
ment).

In the link, the signal launch power per span is adjusted from -6 dBm to +4
dBm and after the transmission, the signal quality factor (Q2-factor) has been
derived for each signal launch power from the measured BER at the receiver
using the relation [23,76,139]:

Q2(dB) = 20× log10

[√
2 erfc−1

(
2×BER

)]
(7.1)

Where erfc is the complementary error function. It is customary to relate the
BER to the signal-to-noise ratio (SNR) since in an ideal linear transmission sys-
tem, the Q2-factor scales linearly with SNR. Hence Q2-factor margin corresponds
to the SNR margin. For instance, improvement in the Q2-factor intuitively sug-
gest an increment in the transmission reach since the SNR will be improved.

The calculated Q2-factors, for the various transmission lengths, are plotted as
a function of the signal launch power per polarization as shown in Figure 7.4(a).
As expected, since the accumulated dispersion compensation is achieved by the
used dispersion-compensation fibers, the OPC does not provide any compensa-
tion in the linear regime (at lower launch powers) in all the three investigated
transmission lengths. However, a significant compensation is achieved in the
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Figure 7.4: (a) Single-channel plot of Q2-factor versus launch power per polar-
ization over 480 km, 640 km, and 800 km of dispersion-compensated transmis-
sion link showing the performances for the cases of straight transmission with-
out nonlinearity mitigation and with OPC operation. (b) single-channel X- and
Y-polarization constellation diagrams at 480 km and 800 km at signal launch
power of Plaunch = -1 dBm/pol.

nonlinear regime (at higher launch powers). It can be seen from Figure 7.4(a)
that the maximum Q2-factors for the 480 km, 640 km, and 800 km without OPC

operation are 10 dB, 9.2 dB, and 8.3 dB, respectively, at at a launch power of -3
dBm/pol. The application of OPC increases the maximum Q2-factors for the 480

112



Section 7.2. Mitigation of nonlinear effects in a dispersion - compensated link

km, 640 km, and 800 km to 11 dB, 10.3 dB, and 9.6 dB, respectively, at a launch
power of -1 dBm/pol. Thanks to the OPC implementation at a transmission of
800 km, the maximum Q2-factor is found to be well above the hard-decision for-
ward error correction (HD-FEC) threshold of BER = 3.8×10−3 [140] (corresponding
to Q2 = 8.5 dB). The observed maximum Q2-factor improvement is 1.3 dB and
this is not possible in the case without OPC (maximum Q2-factor is below the
HD-FEC). Moreover, it is also clear that the nonlinear threshold for each trans-
mission length increased about 2 dB with OPC operation. Note that the nonlin-
ear threshold, in this thesis, is defined as the launch power at the maximum
Q2-factor [141]. The constellation diagrams for the received single-channel 28-
GBd PDM 16-QAM signal at a launch power of -1 dBm/pol for the 480-km and
800-km transmission lengths for the cases with and without OPC operation is as
shown in Figure 7.4(b). It is clear that although the power-dependent nonlin-
ear phase-shift causes the outer constellation points to be rotated and also with
higher nonlinear noise with respect to the inner constellation points, the nonlin-
ear phase distortion squeezing by OPC operation is visible from the constellation
diagrams.

WDM scenario

During the WDM performance evaluation, all five WDM channels are launched
into the transmission link. The total WDM signal power and pump power into
the OPC are still kept at -5 dBm and 28.5 dBm, respectively, since the FOPA is
still operated in a linear regime as discussed in Section 6.2.4. The signal launch
power per channel is adjusted from -8 dBm to +1 dBm and the corresponding
BERs at the receiver are measured. The Q2-factors are calculated from the mea-
sured BERs as in the single-channel case. The center-channel at a wavelength of
1550.12 nm has been used for the WDM performance evaluation. It can be seen
in Figure 7.5(a) that using signal transmission without OPC for the 480-km, 640-
km, and 800-km transmission lengths, the maximum Q2-factors are 9.4 dB, 8.5
dB, 7.7 dB, respectively, at a launch power of -4 dBm/ch/pol. With the appli-
cation of OPC, the maximum Q2-factor improves to 10.1 dB, 9.2 dB, and 8.6 dB
for the 480-km, 640-km, and 800-km transmission lengths, respectively. Again,
the OPC operation provides a maximum Q2-factor above the HD-FEC threshold,
in the 800 km transmission length, and this is not possible in the case with-
out OPC. Furthermore, the nonlinear threshold for each transmission length
increased about 1 dB with OPC operation. More interestingly, it is worth to note
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Figure 7.5: (a) Five-channel WDM (center-channel): plot of Q2-factor versus
launch power per channel per polarization over the 480 km, 640 km, and 800
km of dispersion-compensated transmission link showing the performances for
the cases of straight transmission without nonlinearity mitigation and with OPC

operation. (b) WDM-channel (center-channel): X- and Y-polarization constel-
lation diagrams at 480 km and 800 km at signal launch power of Plaunch = -3
dBm/ch/pol.

that the implementation of OPC in the 800-km transmission length enables the
same Q2-factor performance as in the 640-km transmission length without OPC

operation. This indicates an increase of the transmission reach, thanks to the
OPC operation, by 25%. The 5×28-GBd PDM 16-QAM constellation diagrams for
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Figure 7.6: (a) Plot of Q2-factor as a function of channel index for the cases with
and without OPC operation over the 800-km transmission length. (b) Summary
of single-channel andWDMQ2-factor improvements for the 480-km, 640-km, and
800-km transmission lengths.

the cases of signal transmission with and without OPC at a launch power of -3
dBm/ch/pol is shown in Figure 7.5(b). The nonlinear phase distortion squeezing
by the OPC can be clearly seen from the constellations.

The Q2-factor performances at a launch power per channel of -3 dBm/ch/pol
for all the five WDM channels have been also investigated as shown in Figure
7.6(a). It can be seen that the Q2-factor performance of the inner channels (ch-2,
ch-3, and ch-4) are slightly worse compared to the outer channels. This obser-
vation is to be attributed to the high nonlinear contributions from neighboring
channels to the inner channels therefore leading to slightly lower performances
compared to that of the outer channels. Furthermore, the Q2-factors of all the
WDM channels are found to be above the hard-decision forward error correction
(HD-FEC) with the OPC operation but are not possible without the OPC.

Figure 7.6(b) shows a summary of the Q2-factor improvements for the single-
channel and WDM scenario over the investigated transmission lengths. It can
be seen that the benefits of OPC for nonlinearity compensation is more realized
at longer transmission reach (for both single and WDM channels) as also shown
numerically in [27]. This is due to the compensation of higher magnitudes of
accumulated nonlinear distortions over longer transmission lengths.

The Q2-factor improvements in the single-channel case are higher than that
in the WDM scenario. This observation may be attributed to the residual disper-
sion mismatch as a result of the difference in dispersion slope (signal and idler
wavelength difference = 7.2 nm) before and after the OPC device. Note that since
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Figure 7.7: Power and dispersion map of the transmission link showing: (a)
evolution of EDFA amplified signal power at 0 dBm, (b) signal and idler dispersion
profiles before and after the OPC device, respectively.

such a difference will cause a sub-optimum inter-channel nonlinearity compen-
sation in the WDM scenario. Furthermore, it is seen from both Figure 7.4(a) and
Figure 7.5(a) that the Q2-factor performance degrades as the transmission dis-
tance increases, even for the case with OPC implementation. This observation
can be explained by using the dispersion and power profiles, as shown in Figure
7.7, obtained from the data sheet of the transmission fibers. Specifically, the
accumulated dispersions of the signal and idler (signal at 1550.12 nm, idler at
1557.32 nm) at the end of the effective length (i.e., 21 km) are 423.3 ps/nm and
-429.7 ps/nm, respectively. It is worth noting that the properties of the used
dispersion-compensated fibers are similar, thus profiles of only two spans are
shown in Figure 7.7. The absolute difference in the accumulated dispersion is
therefore 853 ps/nm at the end of the effective length (Leff). Remark that this
large dispersion value is due to the use of the inverted β2 for the conjugated sig-
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nal in the NLSE as also shown in Figure 7.7(b). The bandwidth of each channel
is ∼0.26 nm, hence the corresponding dispersion mismatch between the signal
and the idler will be ∼217 ps (about 6 symbols). The nonlinearity compensation
of the OPC technique is degraded by effects such as fiber-length mismatch be-
fore and after OPC, non-symmetrical power distribution versus the fiber length,
as observed in [27,34]. The PMD coefficient of the used dispersion-compensated
link is 0.1 ps/

√
km, therefore the accumulated differential group delay (DGD)

after 800 km of transmission is 2.8 ps which is negligible comparing it to the
symbol slot of 35.7 ps (symbol rate of 28-GBd). Thus, the main performance
limiting factor for the nonlinearity compensation is the wavelength-dependent
accumulated dispersion profiles of the signal and the idler which are not per-
fectly symmetric.

7.2.3 Nonlinearitymitigation: mid-linkOPCversus digital back-
propagation (DBP)

The degree of nonlinearity compensation efficiency of the OPC in the transmis-
sion link, investigated in section 7.2, has been quantified by conducting a per-
formance comparison of the OPC and a split-step Fourier method digital back-
propagation algorithm. In this comparison, the standard digital back-propagation
based on a split-step Fourier method serves as a reference benchmark for the
compensation of nonlinear impairments.

Specifically, a non-iterative symmetric split-step Fourier method based on
coupled nonlinear Schrödinger (NLSE) equations has been employed for the re-
alization of the back-propagation [11, 31]. The theoretical modeling of back-
propagation algorithm has been explained in Appendix A. The dispersion - com-
pensated fibers are modeled using the measured parameters from the fibers
used in the experiment and a typical specification of a fiber span is shown in
Table 7.1. Note that only the second-order and the third-order dispersion param-
eters have been taken into consideration. The ASE noise from the link EDFAs and
the PMD of the fiber spans have not been considered [31]. The super large area
fiber (SLA) and inverse dispersion-shifted (IDF) fibers in each span are modeled
separately by performing the split-step Fourier method on each fiber type and
each fiber is modeled with a number ofm steps in the split-step Fourier method
back-propagation algorithm. It is worth noting that the value ofm has been opti-
mized on a 480-km transmission scenario under WDM operation. Increasing the
number of steps per fiber beyond m = 10 did not provide further improvements.
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Therefore, the number of steps per fiber is kept fixed atm = 10 and corresponds
to ten steps per SLA and ten steps per IDF. A higher number of steps can im-
prove the DBP performance up to a certain level at the expense of higher com-
plexity and computational effort [9, 11]. The split-step Fourier method (SSFM)
back-propagation algorithm has been performed on the center-channel of the
received 5×28-GBd PDM 16-QAM signal and the results are compared to those
obtained from the OPC operation. Remark that two million samples have been
processed in both OPC measurements and back-propagation computation. In
addition, transmission lengths of 480 km and 800 km are considered for the
nonlinearity performance comparison.

Single-channel

The received single-channel 28-GBd PDM 16-QAM data of the straight signal trans-
mission over 480 km is back-propagated in the modeled back-propagation algo-
rithm. It is seen from Figure 7.8(a) that the maximum Q2-factor for the case
with back-propagation increases to 11.8 dB (at a launch power of 1 dBm/pol)
comparing to the maximum Q2-factor of straight signal transmission. There-
fore an improvement in performance of 0.8-dB is achieved compared to the max-
imum Q2-factor for the OPC compensation technique. The 28-GBd PDM 16-QAM

constellation diagrams at a launch power of 1 dBm/pol for the cases of: straight
transmission without any compensation scheme, with OPC operation, and with
back-propagation are also shown in Figure 7.8(a).

After increasing the transmission length to 800 km, the calculated Q2-factors
are plotted as a function of the signal launch power per polarization as shown in
Figure 7.8(b). It is clear that straight signal transmission without any nonlin-
earity mitigation scheme is not possible with Q2-factors below the hard-decision
forward-error correction (HD-FEC) threshold. However, with the implementation
of the OPC the maximum Q2-factor increased from 8.3 to 9.6 dB resulting in a
Q2-factor improvement of 1.3 dB. Moreover, application of the back-propagation
increases the maximum Q2-factor to 10.5 dB. This yields an improvement of
the maximum Q2-factor improvement of 2.2 dB when compared to the straight
signal transmission and is 0.9 dB better than the OPC scheme. The nonlinear
threshold is also seen to be increased considerably thanks to the use of the back-
propagation algorithm.

It is observed that the OPC compensation scheme shows poorer performance
than the back-propagation. This is attributed to the asymmetric power evolu-
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tion over the EDFA-based transmission link as shown in Figure 7.7. In addi-
tion, locating the OPC exactly in the middle of the link such that the accumu-
lated dispersion is symmetrical around the OPC device can be very difficult, and
therefore, any asymmetry regarding the position of the OPC will affect the per-
formance [14,16]. The back-propagation algorithm, however, does not have such
constraints. In addition, the generation of an idler at a different wavelength
in the OPC scheme (signal at 1550.12 nm, idler at 1557.32 nm) results in a dis-
persion mismatch between signal and idler which can lead to inefficient distor-
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Figure 7.8: Single-channel: plot of Q2-factor versus launch power per polariza-
tion, showing the performances for the cases of straight transmission without
nonlinearity mitigation, with OPC operation and with split-step Fourier method
digital back-propagation (DBP) (a) over the 480-km transmission link at Plaunch

= 1 dBm/pol. (b) over the 800-km transmission link at Plaunch = 0 dBm/pol.
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tion compensation as already discussed in 7.2.2. The 28-GBd PDM 16-QAM con-
stellations diagrams at a launch power of 1 dBm/pol for the cases of: straight
transmission without any compensation scheme, with OPC operation, and with
back-propagation are also shown in Figure 7.8(b).

WDM scenario

During the WDM performance evaluation, all five WDM channels have been ini-
tially launched into a transmission link of 480-km length and the signal launch
power per channel per polarization is adjusted from -7 to 0 dBm. The center-
channel (at 1550.12 nm) is evaluated in the WDM investigations. The calculated
Q2-factors are plotted as a function of the signal launch power as shown in Fig-
ure 7.9(a).

AmaximumQ2-factor of 9.4 dB at a launch power of -5 dBm/ch/pol is achieved
in the straight signal transmission without nonlinearity compensation. How-
ever, with the application of the back-propagation, the maximum Q2-factor im-
proves to 9.9 dB and the implementation of the OPC increases the maximum
Q2-factor to 10.1 dB. This indicates an improvement of the maximum Q2-factor
of 0.5 dB and 0.7 dB (compared to the straight transmission without any com-
pensation scheme) for the back-propagation and OPC operation, respectively. An
improvement in the nonlinear threshold by the OPC is obviously seen in Figure
7.9(a) to be about 1 dB compared to the back-propagation and by 2 dB compared
to the straight transmission. The 28-GBd PDM 16-QAM constellations diagrams
at a launch power of -3 dBm/ch/pol for the cases of: straight transmission with-
out any compensation scheme, with OPC operation, and with back-propagation
are also shown in Figure 7.9(a).

After increasing the transmission length to 800 km, the Q2-factor perfor-
mances for the three cases (straight transmission without any nonlinearity com-
pensation, withOPC, andwith back-propagation) are shown in Figure 7.9(b). The
maximumQ2-factor obtained from straight transmission without the implemen-
tation of any nonlinear compensation scheme is 7.7 dB, which is well below the
hard-decision forward-error correction (HD-FEC) threshold, as shown in Figure
7.9(b). Implementation of DBP, although, improves the maximum Q2-factor to
8.2 dB but it is still below the HD-FEC threshold. However, OPC operation in-
creases the maximum Q2-factor to 8.6 dB, which is above the HD-FEC thresh-
old. Therefore, in this experiment, signal transmission over the 800-km length
is only possible with OPC operation with a Q2-factor improvement of 0.5 dB,

120



Section 7.2. Mitigation of nonlinear effects in a dispersion - compensated link

HD-FEC 

X-POL Y-POL 

DBP 

OPC 

straight 

-8 -6 -4 -2 0 2
3

4

5

6

7

8

9

10

 480 km: WDM  (straight)

 480 km: WDM  w/ DBP

 480 km: WDM  w/ OPC

 

 

Q
2
-f

a
c
to

r 
in

 d
B

Launch power in dBm/ch/pol

(a)

HD-FEC 

X-POL Y-POL 

DBP 

OPC 

straight 

-8 -6 -4 -2 0 2
3

4

5

6

7

8

9

10

 800 km: WDM  (straight)

 800 km: WDM  w/ DBP

 800 km: WDM  w/ OPC

 

 

Q
2
-f

a
c
to

r 
in

 d
B

Launch power in dBm/ch/pol

(b)

Figure 7.9: Five-channel WDM (center-channel): plot of Q2-factor versus
launch power per polarization, showing the performances for the cases of
straight transmission without nonlinearity mitigation, with OPC operation and
with split-step Fourier method back-propagation (DBP) (a) over the 480-km
transmission link at Plaunch = -3 dBm/ch/pol. (b) over the 800-km transmission
link at Plaunch = -3 dBm/ch/pol.

compared to straight transmission without any nonlinearity mitigation. How-
ever, for the same HD-FEC threshold, signal transmission is not possible with
the back-propagation algorithm. The constellation diagrams of the 28-GBd PDM

16-QAM data at a launch power of -3 dBm/ch/pol for the cases of: straight trans-
mission without any compensation scheme, with OPC operation, and with back-
propagation can also be seen in Figure 7.9(b).

This experiment shows that, in the WDM scenario, the OPC outperforms the

121



Chapter 7. Kerr Nonlinearity Mitigation Using a FOPA-based OPC Device

back-propagation algorithm. Ideally, back-propagation can work efficiently for
WDM signals if the full-field of the WDM band is back-propagated in the algo-
rithm. Therefore the lower performance of the back-propagation in the WDM

scenario is due to the detection bandwidth of the employed coherent reception
which is limited to a single WDM channel. In other words, the full-field of the
WDM channels cannot be received at the same time due to the limited bandwidth
(e.g. the used real-time scope has 20-GHz electrical bandwidth). Hence, the DBP

scheme compensated here is for only intra- channel but not for inter-channel dis-
tortions [69]. Whereas the OPC compensates for both intra- and inter-channel
impairments. The same behavior has been observed for a different dispersion-
compensated link configuration in numerical simulations [9]. The performance
of the OPC might be further improved in the WDM case over the DBP algorithm
if the power profile is made more symmetrical with respect to the middle of
the transmission link, a condition which is very critical to attain by using only
EDFAs [16].

7.3 Mitigation of nonlinear effects in a dispersion -
uncompensated link

As discussed in Section 7.1, both the symmetry of the signal power and fiber dis-
persion around the OPC is essential for nonlinearity compensation performance
enhancement of a mid-link OPC. In order to achieve this, distributed Raman
amplification (DRA) with backward pumping has been employed in a dispersion-
uncompensated transmission link (similar to Figure 7.2(b)).

7.3.1 Experimental setup: Linkwithmid-linkOPC anddispersion-
uncompensated spans with backward-pumped DRA.

Figure 7.10 shows the experimental setup, consisting of a 28-GBd PDM 16-QAM

transmitter, two 100-km standard single-mode fiber spans forming the first half
of the link, the FOPA (the OPC device), another two 100-km standard single-mode
fiber spans forming the second half of the link, and a digital coherent receiver. It
is worth noting that with the exception of the transmission link; the transmitter,
the OPC device, and the coherent receiver used in this investigation are the same
as those used in Section 7.2 and have been described in detail in Chapter 6. The
entire transmission link consists of 400-km standard single-mode fiber, and it
is divided into four spans, and four Raman pumps (one for each span) as shown
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Figure 7.10: Experimental setup showing the 5×28-GBd PDM 16-QAM trans-
mitter, the 400-km dispersion-uncompensated link with backward-pumped dis-
tributed Raman amplification (DRA), the OPC device, and the coherent receiver.

in Figure 7.10.
After the transmitter, the signal is launched into an EDFA that enables chang-

ing the launch power into the first span. The Raman pumps are implemented
in the backward distributed pumping scheme [99,136]. The wavelengths of the
Raman pumps are 1428 nm, 1448 nm, 1450 nm, and 1466 nm. The pumps have
been coupled to the end of each span via WDM couplers such that the pump wave
propagates in a counter-direction to the signal in the fiber span and this schemes
provides a near symmetric power profile per span [99, 136]. The output power
of an EDFA, after 200-km of transmission (after two spans), is set to a constant
output power of 17 dBm so as to keep the input signal power into the FOPA (the
OPC device) constant. Recall that the OPC has an attenuator at the input in order
to ensure a linear regime operation (see Section 6.2.3). Note that amplification
of the signal power to 17 dBm gives two advantages: (i) high EDFA noise perfor-
mance and (ii) the required constant -5 dBm signal power at the OPC input is not
dependent on the adjustment of the signal launch power. The ASE noise from the
link EDFAs is suppressed using a 3-nm optical bandpass filter. A 3-dB coupler
is used to split the signal into two parts with one part going through the OPC

device whereas the other portion bypasses the OPC device. The used pump and
signal powers into the OPC are the same those used in Section 7.2. Similar to the
discussion in Section 7.2, a variable optical attenuator is used to ensure that the
input powers (for the cases with and without OPC) into the EDFA at the beginning
of the second half of the link are the same. To select either the idler (the conju-
gated signal after the OPC device) or the straight signal which bypasses the OPC

device, an optical switch is implemented for the selection before launching the
selected data into the remaining 200-km standard single-mode fiber link. The
data after the transmission link is detected with a polarization-diverse coherent
receiver.
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7.3.2 Results and discussion

The BER performance for a single-channel scenario has been initially measured.
Here, only the center-channel (at 1550.12 nm) from the transmitter is allowed to
propagate along the transmission link and either the signal or the corresponding
idler is then detected at the receiver. The launch power per polarization of the
polarization-scrambled signal into the first span of the link has been adjusted
from -12 dBm to +6 dBm by tuning the gain of the EDFA located at the output
of the transmitter. In order to obtain, approximately, a symmetric signal power
profile, the launch powers at the input and output of the fiber span must be
the same. To do this, the power of the Raman pump has been adjusted (whilst
monitoring the power at the output of the 20-dB tap coupler after the span) until
the launch power into the second span is equal to the launch power under test
(considering the low total insertion losses of the WDM coupler and of the 20-dB
monitor coupler of about 0.6 dB). Similarly, the launch power at both the input
and output of the second span are also set equal by adjusting the output power
of the Raman pump after that span. It is worth to note that since the FOPA is
operated in the low-gain regime (i.e., idler conversion efficiency is 4 dB) to avoid
signal degradation [108,119], an additional EDFA at the input of span 3 (after the
mid-link OPC) is required. Therefore, the launch power into the third span is set
with the EDFA after the OPC. The previous procedure has been used in setting the
launch power per span (following adjustment of the backward-pumped Raman
amplifiers) for the remaining half of the link.

The calculated single-channel (ch-3 alone) Q2-factor is plotted as a function of
the launch power per polarization into the fiber spans. The receiver DSP disper-
sion compensation is required for signal transmission without OPC in order to
recover the constellations to measure the BER. However, DSP-assisted dispersion
compensation is not required in the case of OPC operation since OPC operation
inherently compensates for chromatic dispersion. It can be seen from Figure
7.11(a) that without the OPC implementation, a maximum Q2-factor of 11.2 dB
at a launch power of -5 dBm is obtained. However, with the implementation of
the OPC, the maximum Q2-factor improves to 12.4 dB (indicating about 1.2 dB
improvement) at 3-dB increased optimum launch power. In addition, the case
with OPC operation is also seen to improve the nonlinear threshold significantly.
The experimentally measured 28-GBd PDM 16-QAM constellations diagrams for
the cases with and without OPC are also shown in Figure 7.11(a).

Comparing the dispersion-compensated link utilizing only EDFAs (as discussed
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Figure 7.11: (a) Single-channel: plot of Q2-factor as a function of launch power
per polarization, showing the performances for the cases with and without OPC

with the corresponding experimental constellation diagrams at a launch power
of 2 dBm/pol. (b) Five-channel WDM (center-channel): plot of Q2-factor as a func-
tion of launch power per polarization, showing the performances for the cases
with andwithout OPCwith the corresponding constellation diagrams at a launch
power of 2 dBm/pol.

in Section 7.2) with this Raman-based link, it is clear that the dispersion - un-
compensated link utilizing DRAs is better in terms nonlinearity mitigation per-
formance. This observation is consistent with the qualitative description in Sec-
tion 7.1.2.

In order to investigate the performance evaluation in the WDM scenario, all
five channels are then enabled, by the wavelength selective switch (WSS) in the
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transmitter, to propagate over the transmission link. Similar signal launch
power setting procedure as in the single-channel case has been used to adjust
the launch power per channel per polarization into the fiber spans from -11 dBm
to +4 dBm. Remark that the center-channel (ch-3) is investigated in the WDM

performance analysis. Figure 7.11(b) shows the calculated Q2-factor plot versus
launch power per channel per polarization. It can be seen that without the OPC

operation, a maximum Q2-factor of 11 dB at a launch power of -5 dBm is ob-
tained, whereas with the implementation of the OPC, the Q2-factor improves to
11.8 dB (0.8 dB improvement) at 2-dB increased optimum launch power. More-
over, OPC operation shows a much higher nonlinear threshold.

In [27], the experimental parameters have been matched to a numerical sim-
ulation. The simulation results indicated that, using the HD-FEC, the transmis-
sion reach can be extended from the 400 km to 1300 km without OPC and to
2400 km with OPC. This indicates ∼85% increase of the transmission reach at
the HD-FEC threshold. The experimental constellation diagrams, after 400 km of
transmission, at a launch power of 2 dBm/ch/pol for the cases with and without
OPC is also shown in Figure 7.11(b). It is also worth to note that all the five WDM

channels show similar performances with a difference between the maximum
and minimum Q2-factors of only 0.1 dB.

It has also been shown in [27] that the longer the fiber spans, the more asym-
metric the signal power evolution with respect to the middle of the span, even if
both forward- and backward-pump DRA are employed (i.e., the power symmetry
condition is not fulfilled). This power-length asymmetry in longer span designs
reduces the full benefits of OPC, especially in long-haul transmission systems as
also seen in these experiments. In order to obtain a near symmetric signal power
profile over the span, the recommended length of the fiber span, in the presence
of DRA, was shown to be about 70 km [27]. Moreover, shorter lengths will result
in lower maximum loss per span. This has the tendency to improve the noise
performance and therefore it is expected to lead to higher Q2-factors. However,
shorter spans are not cost attractive since more amplifiers will be required over
the entire transmission link.

7.4 Summary

This chapter is mainly concerned with the experimental implementation of mid-
link optical phase conjugation (OPC) in a transmission link for Kerr nonlinearity
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compensation of 28-GBd PDM 16-QAM signals in a 5-channel WDM system with
50-GHz spacing with a net capacity of 1.12 Tb/s.

Initially, the OPC-based nonlinearity compensation was conducted in up 800-
km transmission over dispersion-compensated transmission spans for both the
single-channel and the WDM scenario. The Q2-factor improvement over 480 km
was∼ 1 dB in a single-channel case and 0.7 dB in a 5-channelWDM, compared to
the case without OPC. The WDM transmission over 800 km indicated a Q2-factor
improvement of 0.9 dB (compared to the signal transmission without nonlin-
earity compensation) enabled by the OPC. This allowed 1.12 Tb/s signal trans-
mission above the hard-decision forward-error correction threshold (i.e., BER =
3.8×10−3), which was not possible without the OPC.

Furthermore, the nonlinearities in the received 5×28-GBd PDM 16-QAM sig-
nals were compensated for by employing digital back-propagation nonlinearity
compensation scheme based on the split-step Fourier method. The measured re-
sults were compared with that of the OPC. The OPC compensation scheme shows
an inferior performance compared to back-propagation in the single-channel
case. However, in the WDM scenario over the same link length, the OPC-based
compensation scheme outperformed back-propagation. This is due to the fact
that the back-propagation algorithm can practically compensate for only intra-
channel cross-talk. This is due to receiver bandwidth limitations. However,
the OPC compensates for both inter- and intra-channel impairments. Thus, in
the investigations, the optical domain signal processing proves to be a better
approach than its digital domain counterpart for nonlinearity compensation of
WDM signals.

Finally, chromatic dispersion and nonlinearity compensation of 5×28-GBd
PDM 16-QAM signals with 50-GHz spacing using OPC have been experimentally
demonstrated in a 400-km dispersion-uncompensated link. The transmission
link consists of standard single-mode fiber (SSMF) spans with distributed Ra-
man amplification with backward pumping scheme. The compensation was con-
ducted for both single-channel and WDM cases. Signal Q2-factor improvement of
1.1 dB in a single-channel case and 0.8 dB in a 5-channel WDM compared to the
case without OPC have been experimentally measured.

Based on the foregoing investigations, Kerr nonlinearity compensation of 28-
GBd PDM 16-QAM signals employing fiber-based polarization-independent OPC

which utilizes the polarization-diversity scheme is possible. For practical sys-
tems, it is recommended that transmission systems consisting of dispersion-
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uncompensated fiber spans employing backward-pumped distributedRaman am-
plification is the preferred link design. Optimum performance of a mid-link OPC

devices, in such a link configuration, for Kerr nonlinearity compensation can be
realized.
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Chapter 8

Summary and Conclusion

In this thesis, the impact of SBS reflections and the origin of polarization depen-
dent gain (PDG) in a single-pump polarization-independent fiber-based optical
parametric amplifier (FOPA) employing the polarization-diversity loop scheme
are experimentally investigated at high gain conditions.

In addition, the regenerative capabilities of a mid-link optical phase con-
jugation (OPC), laboratory prototype, has been employed for Kerr nonlinear-
ity compensation of 28-GBd polarization-division multiplexed (PDM) 16-QAM sig-
nal. Practical implementation of OPC device does not only require polarization-
independent operation, but also a flat gain-bandwidth of the OPC device is desir-
able for WDM applications. A dual-pump polarization-independent FOPA fulfills
these requirements. Therefore, a dual-pump polarization - independent FOPA,
employing the polarization-diversity loop scheme, has been used to realize the
polarization-independent OPC device. Kerr nonlinearity distortion compensa-
tion in modern optical transmission system with a net capacity of 1.12 Tb/s has
been experimentally investigated using the dual-pump FOPA-based OPC device.

8.1 Summary

8.1.1 SBS-induced pump distortion

A polarization-maintaining highly nonlinear fiber (PM-HNLF) was used as a non-
linearmedium for a single-pump polarization-independent FOPAwhich employed
the polarization-diversity loop scheme. The experimental investigation was con-
ducted for up to 20-dB on-off gain with amaximumpump power of 33 dBm. In an
unsaturated operation of the FOPA, the presence of Brillouin reflections in the
diversity loop was found to distort the pumps traveling in a counter-direction
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fashion (i.e., bidirectional) in the diversity loop. Specifically, a 10-GHz shifted
Brillouin side-band is created on a pump traveling in one direction by the pump
traveling in the opposite direction in the loop. Four-wave mixing (FWM) between
the main-band of the pump and the side-band creates new frequency bands on
the pump envelope thereby distorting its spectral shape. The degree of pump
distortion was found to scale with the pump power (i.e., the higher the pump
power, the more severe the pump distortion). This is due to the fact that the
side-band (i.e., SBS) power increases with pump power.

Furthermore, it was observed that if the total pump spectral width (due to
pump phase-dithering in an attempt to increase the SBS threshold of the used
HNLF) is larger than 10 GHz, the pump spectrum in the loop is severely dis-
torted. Specifically, a pump which already contains seeds degrade more quickly
(i.e., pumps with large spectral width). Note that seeds are spectral components
at 10 GHz relative to the main-band of the pump. The seeds experience am-
plification by the SBS of the counter propagating pump. For the same pump
power, pumps with smaller spectral width (i.e., smaller maximum frequency of
the pump phase-dithering tones) also degrades the pump due to high levels of
SBS in the HNLF. The resulting high amplitude of the side-band interacts with
the main-band of the pump by FWM which eventually distorts the pump. The
generated 10-GHz side-band creates oscillations (at the Brillouin frequency) on
the pump (i.e., amplitude modulation of the pump) which induces a gain mod-
ulation of the signal by FWM. Since the parametric gain has an exponential
dependence of the pump power, a slight amplitude modulation of the pump has
severe impact on the signal gain.

In addition, the pump causes cross-phase modulation (XPM) on the signal.
The polarization-independent FOPA was investigated in a back-to-back system
test-bed using a 28-GBd single-polarization QPSK signal. It was found that the
distortion of the pump (due to SBS) in addition to the XPM by the pump degrades
the signal BER.

However, there exist an optimization point where the pump distortion is min-
imal. The optimization parameters are the total pump spectral width and the
generated SBS side-band on the pump. Since the SBS power grows with the
pump power, an optimum pump power (at an optimum spectral width) will be
required to minimize the pump distortion, however, at the expense of the para-
metric gain [67]. Therefore, in FOPAs employing the polarization-diversity loop
scheme, there exist a trade-off between the pump power (i.e., parametric gain)
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and the signal quality [67].

8.1.2 Polarization dependent gain (PDG) in diversity loop scheme

Another parameter which also degrades the signal quality in the diversity loop
is the presence of polarization dependent gain (PDG). The dependence of PDG

on the pump splitting in the diversity loop was investigated using a continuous
wave (CW) signal. The polarization-independent FOPA provided a flat and low
PDG of maximal 0.7 dB in a 16-nm wavelength range (1544 nm to 1560 nm) and
maximal 1.7 dB in a 22-nm wavelength range of (1538 nm to 1560 nm).

Minimization of the PDGwas possible at a fixed signal wavelength by optimiz-
ing the pump power splitting at the diversity loop input. However, it did not lead
to an overall minimized PDG over the amplification bandwidth. The origin of the
PDG in the diversity loop was then investigated and it was found that a 10-GHz
shifted spectral component of a propagating pump causes a gradual increase
of the pump peak power along the PM-HNLF. The combined effect of SBS of the
pump and the presence of asymmetric HNLF’s local zero-dispersion wavelength
profile, create different local gain spectra in both directions of the diversity loop
leading to direction-dependent gain (or non gain-reciprocity) and therefore PDG.

8.1.3 Transmission links with mid-link fiber-based OPC

Adual-pump polarization-independent FOPA employing the polarization-diversity
loop scheme was designed, characterized, and implemented as a mid-link OPC

device. The FOPA-based OPC device was used for nonlinearity compensation of
28-GBd PDM 16-QAM signal in a 5-channel WDM transmission system with 50
GHz spacing. In order to minimize the SBS in the FOPA, a non-PM-HNLF (i.e.,
conventional HNLF) with a high nonlinear coefficient and a high SBS threshold
was used as a nonlinear medium for the FOPA. During the OPC performance
evaluation, both signal and idler investigations showed OSNR penalties below 1
dB, at a BER of 1×10−4, for both the single-channel and the 5-channelWDM cases
at 5-dB on-off gain. The maximum PDG was also measured to be below 0.5 dB
across a 22.5-nm wavelength range (from 1542.5 nm to 1565 nm) of the gain-
bandwidth of the OPC device. It was also noted that the differences in the BER

between theWDM channels were insignificant, showing similar performances for
all WDM channels. Initially, the mid-link OPC-based nonlinearity compensation
was experimentally conducted in up to 800-km transmission over dispersion-
compensated transmission spans for both single-channel and the WDM scenario.
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In the case of WDM transmission, the OPC operation allowed 1.12 Tb/s signal
transmission above the hard-decision forward-error correction (HD-FEC) thresh-
old of 3.8×10−3 which was not possible without the OPC. The implementation of
OPC in the 800-km transmission length enables the same Q2-factor performance
as in the 640-km transmission length without OPC operation. This indicates an
increase of the transmission reach, as a result of OPC operation, by 25%.

The nonlinearities in the received 5×28-GBd PDM 16-QAM signals were com-
pensated for by employing digital back-propagation scheme based on the split-
step Fourier method. The results obtained from the digital back-propagation
were compared with that of the OPC. Specifically, the OPC compensation scheme
shows an inferior performance compared to the back-propagation in the single-
channel case. However, in the WDM scenario over the same link length, the
OPC-based compensation scheme outperformed the back-propagation. This is
due to the fact that the back-propagation algorithm can practically compensate
for only intra-channel cross-talk, due to receiver bandwidth limitations. The
OPC, on the other hand, is capable of compensating for both intra-channel and
inter-channel nonlinear impairments. However, as a result of effects such as
non-perfect symmetry of dispersion and power profiles, polarization mode dis-
persion (PMD), and residual dispersion slope, the nonlinear compensation by
the OPC was not optimum. Nevertheless, the OPC showed slightly better perfor-
mance than the single-channel back-propagation algorithm which compensates
for only intra-channel nonlinear impairments. Thus, the optical domain signal
processing proves to be a better approach than its digital domain counterpart
for nonlinearity compensation of WDM signals.

Finally, nonlinearity compensation of 5×28-GBd PDM 16-QAM signals with 50-
GHz spacing using the mid-link OPC device was experimentally demonstrated
in a 400-km dispersion-uncompensated link. The transmission link consisted of
standard single-mode fiber (SSMF) spans utilizing distributed Raman amplifica-
tion with backward-pumped scheme. The compensation was conducted for both
single-channel and WDM cases. As a rule of thumb for the nonlinearity perfor-
mance comparison, the Raman-based link (400 km) improves the signal quality
than the EDFA-based link (480 km), even without OPC implementation. This is
due to the effective noise figure improvement of the link offered by the use of
distributed Raman amplification (DRA) compared to the noise figure provided by
the use of discrete amplifiers (e.g. EDFAs) [99,136].
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8.2 Conclusion

Pragmatic application of polarization-independent FOPA based on the polariza-
tion - diversity loop scheme will require SBS-suppressed HNLFs. This is because
the presence of SBS can lead to pump distortions in the diversity loop. This in
effect degrades the signal quality. Therefore, the primary concern is to suppress
the SBS in the diversity loop. This will require the use of SBS-suppressed HNLFs
with high nonlinear coefficients so that lower levels of pump power can yield
appreciable signal gain. For instance, aluminum - doped HNLFs with high non-
linear coefficients and with high SBS threshold will provide a reduced pump dis-
tortion in the diversity loop. The recently developed stable phase-matching for
improved nonlinear efficiency (SPINE)HNLF [142] has lower loss (0.8 dB/km) com-
pared to aluminum-doped HNLF (6-dB/km loss) [97]. However, both the SPINE

and the aluminum-doped HNLFs are not polarization - maintaining. A PM-HNLF

is required for a practical FOPA implementation. Furthermore, the 26-dBm 1%-
SBS threshold of the SPINE HNLF can be improved, if possible, to 33 dBm by man-
ufacturers and this, presumably, will not require further SBS suppression. SBS

threshold enhancement of HNLFs using pump phase-dithering technique em-
ploying three RF tones with reduced maximum frequency level (e.g. less than
800 MHz) such that the total pump bandwidth is well below 10 GHz (i.e., Bril-
louin frequency), is a preferred choice for minimum pump degradation. Note
that this will yield a limited polarization-independent parametric gain of about
10-15 dB [67].

A secondary issue is to use HNLFs with little (well below 0.1 nm) [143] zero-
dispersion wavelength variation. Note that such HNLFs are not easy to manufac-
ture with high precision of the core diameter. As indicated in [47, p. 14], for large
pump powers, short fibers can be used so as to avoid large variations of the zero-
dispersion wavelength. Based on the the qualitative analysis in this thesis, and
the analytical work in [68], a fiber with minimum zero-dispersion wavelength
variationwill lead tominimum PDG in a FOPA based on the polarization-diversity
loop.

The current implementation of OPCs (whether single or cascaded OPCs) in
transmission links reduces the spectral efficiency by half. This is because half
of the spectral bandwidth before and after the OPC device is not used. Parallel
OPCs can be implemented such that the signal spectrum, before the OPC devices,
are split into two parts (one part for each OPC). After the OPC devices, the two
portions of the idler spectrum can be transmitted without wasting half of the
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spectral bandwidth but at the expense of more OPCs. Such a scheme has recently
been experimentally demonstrated [58]. Furthermore, a mid-link OPC in a more
symmetrical link, through the use of shorter transmission spans (up to 70 km),
with distributed Raman amplification with backward pumping [26, 27] and in
the presence of third-order dispersion (dispersion slope) compensation [129] will
yield better nonlinearity compensation improvements.

It is worth noting that the state-of-the-art of mid-link OPC implementation
in optical transmission systems is only applicable in point-to-point transmis-
sion links. Implementation of OPC devices in systems with reconfigurable opti-
cal add-drop multiplexer (ROADM) is challenging. This is due to the power and
the dispersion symmetry requirements of mid-link OPCs. Therefore, future opti-
cal transmission systems would require innovative ways to implement mid-link
OPCs (for nonlinearity compensation) in ROADMs.

In general, for practical systems, it is can be concluded that in transmission
systems consisting of shorter spans of dispersion-uncompensated fibers utiliz-
ing backward-pumped distributed Raman amplification, the presence of a well
optimized mid-link polarization-independent OPC (based on the polarization-
diversity loop scheme) can lead to a high Kerr nonlinearity compensation. The
FOPA-based OPC device will require SBS-suppressed PM-HNLFwith a high nonlin-
ear coefficient. It is recommended that in place of the PM-HNLF, a conventional
HNLF can be used in the diversity loop. However, there should be a feedback
from the diversity loop (e.g. using a coupler) in order to stabilize the input po-
larization of the pump.
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Appendix A

Digital Back-propagation
(DBP)

The nonlinear Schrödinger equation (NLSE) describes the evolution of an optical
field propagating in an optical fiber. There exist no analytical solution of the
NLSE: either the scalar NLSE or the coupled NLSE. In a scalar NLSE, the optical
field has only one polarization state (e.g. single-polarization data signal) and it
is given by equation (3.28) in Chapter 3. The coupled NLSE takes into consid-
eration all the two orthogonal polarizations (e.g. x- and y- polarizations) of the
optical field (e.g. PDM data signal) propagating in a fiber. In both the scalar and
the coupled NLSE, numerical approach presents an approximate solution of the
NLSE. The generalized coupled NLSE equation is given by [10,82]:

∂Ax

∂z
= −α

2
Ax − j

β2
2

∂2Ax
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+
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∂T 3
+ jγ
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]
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2

3
|Ax|2

]
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WhereAx andAy are the optical fields in the x and y polarizations. Note that the
field is a function of both time and distance of the fiber. The dispersion terms,
βj (j = 2, 3), and the nonlinear coefficient term (γ) as well as the retarded time
(T ) have been explained in Chapter 3. Note that for co-polarized signals, the
cross-phase modulation (XPM) induced by field Ay on field Ax is given as, ∆ϕXPM

= 2γ|Ay|2Leff. However, for orthogonally polarized signals, the coefficient of 2
reduces to 2/3 [82, p. 206] and this is found in the second term of the nonlinear
part (terms containing the nonlinear coefficient, γ) of equations (A.1) and (A.2).

For the purpose of digital back-propagation of PDM signals, the Manakov
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equation (modified coupled NLSE) is often used. The generalized Manakov equa-
tion is given by [144]:
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Here the coefficient (8/9) in front of the nonlinear term takes into consideration
the averaging of the polarization rotation (over the Poincaré sphere) of the prop-
agating signal in the fiber [145]. The split-step Fourier method is a well-known
numerical approach in solving the NLSE [82]. The numerical approach for solv-
ing both equations (A.3) and (A.4) are similar to (A.1) and (A.2). Taking (A.3),
for instance, the linear terms and the nonlinear terms on the right-hand-side of
equation (A.3) can be group and rewritten as:

∂Ax

∂z
= (D̂ + N̂)Ax (A.5)

Where the linear operator, D̂, is given by:

D̂ = −α
2
− j β2

2

∂2
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6

∂3

∂T 3
(A.6)

And the nonlinear operator, N̂ , is given by:

D̂ = jγ
8

9

[
|Ax|2 + |Ay|2

]
(A.7)

In the split-step Fourier method, the entire fiber length is divided into several
sections (step-size) of length h and the field of the signal in equation (A.5) is
solved by either neglecting the linear operator the nonlinear operator. To im-
prove the accuracy of the algorithm, the symmetric split-step Fourier method
is used [10, 31]. The method requires that, the h section of the fiber is equally
divided into two parts. First, the linear operator is applied in equation (A.5)
(while the nonlinear operator is set to zero) and the signal amplitude is solved
in the frequency domain over fiber length h/2. Then, inverse-Fourier transform
is applied so that the nonlinear operator is solved in the time domain over fiber
length h, by setting the dispersion operator to zero. Finally, the dispersion in
the second part of the section is solved, again in the frequency domain over the
remaining fiber length of h/2, by setting the nonlinear operator to zero. The ap-
proximation solution of the optical field after propagating over length h is given
as [10,31]:

Ax(z + h, T ) ≈ exp
(
D̂(T )

h

2

)
· exp

(
N̂(T )h

)
· exp

(
D̂(T )

h

2

)
Ax(z, T ) (A.8)
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The choice of h has significance on the performance of the algorithm. Small step-
size improves the performance but at the expense of computational time and
complexity. Implementation of the split-step Fourier method for digital back-
propagation requires that the received field is applied in the NLSEwith the signs
of the terms in the NLSE are reversed. It is worth noting that back-propagation
in the thesis did not include amplified spontaneous noise (ASE) and polarization
mode dispersion (PMD). In Chapter 7 Section 7.2.3, the received 5×28-GBd PDM

16-QAM data signals after up to 800-km over dispersion-compensated link were
back-propagated using the split-step Fourier method for nonlinearity compen-
sation.
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List of Acronyms

ADC analog-to-digital converter

ASE spontaneous emission

AWG arbitrary waveform generator

BER bit-error ratio

BPD balanced photodetector

BPSK binary phase-shift keying

CE conversion efficiency

CW continuous wave

DAC digital-to-analog converter

DBP digital back-propagation

DBPSK differential binary phase-shift keying

DFG difference-frequency generation

DGD differential group delay

DRA distributed Raman amplification

DSP digital signal processing

DQPSK differential quadrature phase-shift keying

ECL external cavity laser
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EDFA erbium-doped fiber amplifier

ESA electrical spectrum analyzer

FOPA Fiber-based optical parametric amplifier

FFT fast Fourier transform

FWM four-wave mixing

FWHM full-width at half maximum

GVD group velocity dispersion

HD-FEC hard-decision forward-error correction

HNLF highly nonlinear fiber

IDF inverse dispersion-shifted fiber

LO local oscillator

MB main-band

MLSI mid-link spectral inversion

NLSE nonlinear Schrödinger equation

NRZ non-return-to-zero

OOK on-off keying

OBPF optical bandpass filter

OPC optical phase conjugation

OSA optical spectrum analyzer

OSNR optical single-to-noise ratio

PBC polarization beam combiner

PBS polarization beam splitter

PC polarization controller

PCTW phase-conjugated twin waves

PD photodiode
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PDG polarization-dependent gain

PDL polarization-dependent loss

PDM polarization-division multiplexed

PMD polarization-mode dispersion

PMF polarization-maintaining fiber

PM-HNLF polarization-maintaining highly nonlinear fiber

PPLN periodically-poled lithium-niobate

PSK phase-shift keying

PSA phase-sensitive amplification

QAM quadrature amplitude modulation

QPSK quadrature phase-shift keying

16-QAM 16-ary quadrature amplitude modulation

RF radio frequency

RIN relative intensity noise

ROADM reconfigurable optical add-drop multiplexer

RTO real-time oscilloscope

SB side-band

SBS stimulated Brillouin scattering

SE spectral efficiency

SLA super large area

Si silicon

SNR signal-to-noise ratio

SOA semiconductor optical amplifier

SOP state-of-polarization

SP single-polarization
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SPINE stable phase-matching for improved nonlinear efficiency

SPM self-phase modulation

SRS stimulated Raman scattering

SSFM split-step Fourier method

SSMF standard single-mode fiber

VOA variable optical attenuator

WDM wavelength-division multiplexing

WSS wavelength-selective switch

XPM cross-phase modulation

ZDW zero-dispersion wavelength
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List of Symbols

α linear attenuation coefficient
βj jth-order propagation constant
γ nonlinear coefficient
λ optical wave wavelength
λzd zero-dispersion wavelength
ωzd zero-dispersion angular frequency
ω0 optical carrier angular frequency
ωs signal angular frequency
ωi idler angular frequency
ωp pump angular frequency
fj jth pump phase-dithering tone
F (x, y) transverse modal field distribution
Dp PMD-coefficient
gB Brillouin gain coefficient
Pth Brillouin pump threshold
Aeff effective area
nco core refractive index
ncl cladding refractive index
rco core radius
rcl cladding radius
Pp pump power
Ps signal power
Plaunch launch power
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nsp spontaneous emission factor (inversion factor)
F noise figure
c · c complex conjugate
NA numerical aperture
P optical power
L fiber length
E electric field vector
P induced electric polarization
χ(j) jth-order susceptibility
ε material dielectric permittivity
ε0 absolute dielectric permittivity
εr relative dielectric permittivity
k0 wave number in free space
µ0 absolute dielectric permeability
vgr group velocity
c speed of light in vacuum
D dispersion
S dispersion slope
B birefringence
∆τ time delay
Dp PMD coefficient
∆vp optical wave line-width
∆vB Brillouin gain bandwidth
A(z, t) complex amplitude
∆ϕSPM nonlinear phase shift due to self phase modulation
∆ϕXPM nonlinear phase shift due to cross phase modulation
RS symbol rate
RB bit rate
M modulation order
<{x} real part of x
={x} imaginary part of x
R responsivity
B0 optical bandwidth
P0 output power
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∆β linear phase mismatch
κ total phase mismatch
g parametric gain coefficient
PSB side-band power
PMB main-band power
z transmission length
X-Pol x-polarization
Y -Pol y-polarization
Q2 signal quality factor
Tb/s terabit per second
Pb/s petabit per second
dB decibel
N number of fiber segments
Tx transmitter
Rx receiver
I in-phase component
Q quadrature component
w with
w/o without
GS/s giga samples per second
GBd gigabaud
λp pump wavelength
λs signal wavelength
a.u. arbitrary unit
m number of steps per fiber
ch WDM channel
ϕp pump phase
ϕs signal phase
ϕi idler phase
ϕ(t) symbol phase
V V-parameter
D̂ linear operator
N̂ nonlinear operator
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