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Abstract

The field of optical communication has gained rapid development throughout
the past years. With the exponentially increasing demand for the internet, the
existing transmission bandwidth of fiber optic communication has become insuffi-
cient to meet up with end-user requirements. Hence, it is necessary to increase the
data rate while enhancing the quality of optical communication systems. Due to
the unavailability of high-speed electronics, typical intensity modulation is hard
to improve further. One future proof option is to use phase modulated schemes
or a combination of phase and amplitude modulation schemes. In this scenario,
simultaneous amplitude and phase regeneration schemes are implemented thus
making phase synchronization a major concern during the regeneration process.
This research is intended to extract the carrier signal phase using the principle of
four wave mixing (FWM) and to implement a successful optical carrier recovery
scheme. The noise influences from the signal laser for the recovered carrier have
been investigated both theoretically and experimentally. Also, the dispersion
effects have been analyzed experimentally.

Index terms—Optical fiber communication, carrier recovery, Four Wave Mix-
ing, linewidth, Signal to Noise ratio, binary phase shift keying.
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Chapter 1

INTRODUCTION

Over the years, optical fiber networks have been developed in such a way that
the leading internet service providers are replacing their underlying copper cable
networks with optical fiber. The optical fiber communication has successfully
addressed many issues of conventional communications, however it requires high
installation and maintenance costs and requirement of a highly skilled workforce.
But the recent surveys show that existing bandwidth is not sufficient to overcome
the end-user requirements [7]. The transport networks are upgrading their capac-
ity continuously to provide the bandwidth requirement. As a result, the network
capacities have moved from 40 Gbps to 400 Gbps data rate per single channel [8].
While increasing the data rate, the quality of the optical communication system
should be preserved. One of the proven methods is to change the modulation
scheme from amplitude shift keying (ASK) to phase shift keying (PSK) [9]. The
signal processing in the ASK scheme will be no longer effective because, the cur-
rently developed optical communication systems are operating based on the PSK
scheme.

In any long distance communication system the receiving and recovering the
information sent over the channel is required. To recover modulated information
at the receiver, as the same quality of the original signal, initiat the carrier infor-
mation should be recovered. This information which was used for modulation of
the optical carrier signal has to be stripped off from the received signal.

Even though phase modulation is a better option for achieving high data rates,
signal regeneration in an optical domain has become a challenge. Phase synchro-
nization is a major requirement to achieve accurate and efficient signal reception
and regeneration. Hence, it is necessary to extract the original carrier phase infor-
mation from the incoming phase modulated signal for homodyne receiving process
or signal regeneration and synchronization. However, in most of the PSK modu-
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Outline of the Thesis INTRODUCTION

lation schemes, a strong carrier is not available. Therefore, various optical carrier
recovery methods have been experimented [10–12]. The optical carrier recovery
method using four wave mixing (FWM) in a highly non-linear fiber (HNLF) was
experimentally demonstrated [13]. However, most of the demonstrated schemes
have not done detailed characterization. In this research, it is expected to char-
acterize the extracted recovered carrier with respect to the signal-to-noise ratio
degradation and tolerance for accumulated dispersion of the incoming signal. This
will help in the process of homodyne receiving, signal regeneration, synchroniza-
tion, format conversion, etc. The technique used to recover the original carrier
during the analysis is FWM. Most communication systems generally try to avoid
nonlinear effects but it is useful in this scenario.

Aims and Objectives
Aims and the objectives of this research is divided into 3 sections according

to the problem statement.

• Perform Optical Carrier Recovery

• Impact of noise on recovered carrier’s linewidth

• Impact of Accumulated dispersion effects on recovered carrier linewidth

1.1 Outline of the Thesis

The organization of the chapters is as follows:
• Chapter 2: Literature Review

This section summarizes the related research work conducted and different
techniques used in optical carrier recovery. Further, it presents the theory
including basic concepts in optical communications systems, FWM, BPSK,
effects of channel impairments, non-linear phenomena, fiber types and how
they are used to effectively transmit data.

• Chapter 3: Optical Carrier Recovery Scheme
This chapter briefly describes the methodology used to develop a carrier
recovery scheme and present the results obtained and analyzes the perfor-
mance.

2
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• Chapter 4: System Characterization for Degrading OSNR
This chapter theoretically and experimentally examine the effect of input
OSNR of the BPSK modulated signal on the recovered carrier LW. This
also includes a comparison of theoretical and experimental results.

• Chapter 5: Characterization for Accumulated Dispersion
This section presents the effect of the accumulated dispersion value on the
recovered carrier, the problems faced and how those were overcome.

• Chapter 6: Conclusion and Future Work
This chapter details the major findings of this research and the conclusions
that can be formed from the results. A subsequent part lists recommenda-
tions for further developments is also discussed.

3



Chapter 2

LITERATURE REVIEW

2.1 Historical Background

Modern optical communication had started with the invention of the ruby laser
in 1960 [14]. After a few years of this invention, the low loss optical fibers were in-
vented which was not only used in communication but also gave an encouragement
to conduct fundamental research about their properties. Optical communication
is the most important application of optical fibers, therefore, most of the research
work has been conducted on fiber communication. The low loss fiber (20 dB/km
at 632.8 nm) was demonstrated in 1970 [15].

In the first generation of the light-wave system, bit rate was limited to below
100 Mb/s due to the dispersion and multi-mode fiber. The single mode fibers
were used as a solution to this limitation [16]. In 1981, they demonstrated a
single mode fiber with 2 Gb/s bit rate over 44 km [17]. In the second generation,
after 1987, the light-wave system introduced a commercial system with 1.7 Gb/s
bit rate with a repeater spacing over 50 km.

Researchers developed fiber technology with loss reduction up to 0.154 dB/km
in the past century [18]. Low fiber attenuation is 0.003 dB/km recorded in
2002 [19]. Today, most of the commercially available fiber has 0.2 dB/km at-
tenuation at around 1.55 µm. It is the low loss window of the optical fiber [20].
Because of this low loss characteristic of optical fiber, optical signals can be trans-
mitted for long distances without regeneration and amplification. But in the third
generation, they realized that the light-wave systems which operate at 1.55 µm
were considerably delayed by large fiber dispersion. This dispersion phenomenon
can be overcome by limiting the spectrum to the single longitudinal mode or using
dispersion shifted fiber with less dispersion at the 1.55 µm [21]. In 1990, (Third
generation light-wave system) the system operating at a bit rate of up to 10 Gb/s
were invented commercially. But in the third generation system, electronics re-
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peaters have to be placed at every 60 km to regenerate signals periodically. The
repeater space can be increased by improving receiver sensitivity using homo-
dyne or heterodyne detection schemes [21,22]. Such a system is called a coherent
light wave system; it is not commercially invented because of the advent of fiber
amplifiers in 1989.

The optical amplifier and the wavelength division multiplexing (WDM) were
used in the fourth generation system. This optical amplification was used for
increasing the repeater spacing and WDM increasing the total capacity in a single
fiber. After inventing the WDM technique, the system capacity dramatically
increased and led to operating at a bit rate in Tb. The WDM system uses erbium-
doped fiber amplifiers (EDFA) spaced 80 km apart to compensate for fiber losses.
It helps to transmit data over 21000 km and to develop an amplifier based, all
optical, submarine transmission systems for intercontinental communication [23].
Therefore, at the end of the fourth generation system, a huge technological jump
of fiber optic communication was achieved. At end of the 2000, there was a
commercial terrestrial system with a capacity of 1.6 Tb/s and after a few years,
they extended the capacity to nearly 5 Tb/s [24–26].

In the next generation systems wavelength range extended from the conven-
tional wavelength window (C band) to both long and short wavelength windows
(L and S band) in which a WDM system that is capable of operating at the same
time and increase the bit rate of each window thus rises up the total capacity
inside a single fiber. Now, the fiber loss occurs mostly due to the Rayleigh scat-
tering in optical fiber. Optical communication technology has developed due to
the rapid development of fibers and optical sources [16, 27].

2.2 Theory

2.2.1 Optical fiber communication system

The general communication system includes three basic components, a transmit-
ter or modulator connected to the information source, the transmission medium,
and a receiver or demodulator at the destination point. Figure 2.1 shows the
schematic diagram of a general communication system. As shown in the figure
an electrical signal fed into the transmitter by information source and at the
transmitter, that signal gets modulated or converted to any suitable modulation
form to transmit over the transmission media (a pair of wires, a coaxial cable or a
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radio link) by comprising electrical and electronic components in the transmitter.
Before the destination, there is a receiver that is used to transform or demodulate
the received signal into an original electrical information signal [8, 28,29].

Figure 2.1: Basic Communication System

An optical communication system is similar to a general communication sys-
tem. In optical communication systems, the three basic components are, an opti-
cal transmitter (e.g. an LED or a LASER) to convert electrical signals to optical
signals, an optical channel (e.g. fiber optic cable or free space for wireless-optics)
and an optical receiver consists with an optical detector (e.g. a photodiode) that
operate in electrical domain and demodulate the optical carrier. Since all types of
communication signals are generally modulated using a suitable carrier, an optical
system also has a modulator (e.g. a Mach-Zehnder or an Electro-absorption Mod-
ulator) to modulate the information signal. To aid long distance communication,
repeaters or amplifiers are also present (e.g. Erbium Doped Fiber Amplifier).
The receiver circuitry, therefore, comprises a demodulator. Sometimes many sig-
nals are multiplexed in modern systems (e.g. Wavelength Division Multiplexed
Systems) [8,30–32]. Therefore, a multiplexer and a demultiplexer are also needed.
A simple optical communication system is depicted in Figure 2.2.

Figure 2.2: Basic Optical Communication System
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2.2.2 Optical communication media

The purpose of communication media is to transmit a signal from the transmitter
to the receiver. Optical fiber is the most popular communication media in most
of the light-wave systems. Silica fiber has the ability to transmit light with
small losses as 0.2 dB/km, and only 1% optical power reduction after 100km.
Fiber consists of some design issues and those issues determine the repeater or
amplifier spacing of long haul lightwave systems. Dispersion is a major issue
in optical communication and that causes the broadening of individual optical
pulses with propagation. These kinds of issues will lead to inaccurate recovery
of the received signal.This problem occurs in the multi mode fibers. Different
speeds related to various fiber modes causes the recovery of the received signal to
be inaccurate. To overcome this, most optical communication systems use single
mode fibers. As shown in figure 2.3 ordinary fibers that are made of glass (SiO2)
are exposed to high dispersion and attenuation. Therefore, special kinds of fibers
such as dispersion compensated fibers and dispersion shifted fibers are used for
compensating the dispersion [8, 16,33].

Figure 2.3: Total dispersion in several fiber types [1]

Since these newer fibers have lower loss and attenuation, research about specific
fiber types was increased. There are special types of fibers to address some newer
issues such as low water peak fiber and large effective (core) area fiber (LEAF).
Water peak is a loss feature that is there in SiO2 fibers due to the hydroxyl ions
in the fiber cable (Figure 2.4). Therefore, the profile of fiber is shown as a sudden
peak which is undesirable in fiber communication systems. By eliminating this
effect, the low water peak fiber was invented [2].
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Figure 2.4: Comparison of loss profiles [2]

Fiber which has a large effective (core) area is a fiber type that allows more
beam quality and lesser impact from nonlinear effects. These support more
modes; therefore these are also called large mode area fibers(Figure 2.5) [16].

Figure 2.5: Cross section of single and multi-mode fiber

All fibers have a set of special effects called nonlinear effects that are caused
due to the refractive indices of the fiber core and cladding plus material used for
fiber construction. Generally, these effects reduce the efficiency and signal quality,
therefore some compensation is used to minimize the impact of these effects. But
most modern communication uses these properties of non-linearity for various
reasons. They have come up with fibers that show these effects. HNLF is one
such instance.

HNLF is a specifically designed fiber with a higher nonlinear coefficient. The
nonlinear coefficient is a measure of the amount of induced non-linearity in a
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fiber. In general, fibers that are used in optical communication have a nonlinear
coefficient of about 1 W-1/km. HNLFs have this value as high as more than
10 W-1/km. Due to this feature of HNLF it is a promising platform for a wide
range of applications, such as optical communication and processing, amplifica-
tion, sensors, meteorology and spectroscope [34].

2.2.3 Optical modulation formats

Modulation is a process of modifying the amplitude, phase or frequency of the
high-frequency carrier in accordance with the low-frequency information signal.
Modulation formats improve the channel operation to achieve better performance
in optical fiber communication. Generally, there are two methods identified for
applying electrical modulation into the optical carrier. The first method is directly
modulating the source driving current called direct modulation and the second
method is modulating the source light by mean of external modulator called
external modulation [34–36].

There are different types of modulation schemes such as ASK, FSK, PSK and
QAM based on which parameter of the signal is considered in the modulation
process.

2.2.3.1 Amplitude shift keying (ASK)

ASK is a digital modulation scheme that modulates the intensity of the car-
rier [37]. Here, the amplitude of the carrier signal is changed with respect to an
information signal. By this method, binary 1 of the information signal is trans-
mitted without a change in the carrier amplitude while binary 0 is transmitted
by suppressing the carrier amplitude fully or partially (Figure 2.6) [16,38].

Simply, the direct modulation method of the laser drive can be used to generate
ASK modulation. However, this method incurs problems due to the inability of
semiconductor lasers to maintain a stable output frequency with charging drive
current. Then the external modulation can be introduced by using directional
couplers or the Mach-Zehnder Modulator (MZM) (active integrated optical de-
vices). All external ASK modulator’s major drawback is wastage of half of the
transmitter power [34,39].
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Figure 2.6: ASK modulated signal

2.2.3.2 Frequency shift keying (FSK)

Switching the frequency of the laser light between two frequencies according to
the information signal is known as FSK (Figure 2.7). The envelope of optical
signals stay unchanged in the FSK modulation technique. The simplicity of
producing and receiving the ASK system is better compared to FSK. FSK can
also be generated using direct modulation and external modulation [39].

The different FSK modulation formats can be defined by changing the Mod-
ulation index. The most simple FSK format is binary FSK (BFSK). In BFSK
binary data are transmitted by using two discrete frequencies. The binary “1”
is named as the mark frequency and the “0” is named as the space frequency.
Multilevel FSK (MFSK) is used to increase the choice of signaling frequencies
and it helps to improve the coherent optical receiver sensitivity [40,41].

Figure 2.7: FSK modulated signal

10



Theory LITERATURE REVIEW

2.2.3.3 Phase Shift keying (PSK)

PSK is a digital modulation method that changes the instantaneous phase of
the carrier signal according to the information signal (Figure2.8). A constant
signal envelope and a narrow spectrum of PSK optical signals have the way to
improve the nonlinear tolerance of the system [16]. PSK uses a set of phases that
represents a set of unique binary values. The bit count of each of these binary
values are same [36, 39, 42]. There are various types of PSK systems. Some of
the more frequently used forms are BPSK, differential phase shift keying (DPSK)
and quadrature phase shift keying (QPSK).

Figure 2.8: PSK modulated signal

• Binary Phase Shift keying (BPSK)

BPSK is the simplest PSK modulation technique. It has one fixed phase when
binary 1 is represented and it changes by π when binary 0 is represented. An
example waveform of the BPSK signal is illustrated in figure2.9.
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Figure 2.9: BPSK modulated waveform

In this method, the two valid constellation points are placed anywhere on the
constellation diagram by separating them with 180◦ phase difference and figure
2.10 shows that they are at 0◦ and 180◦ on the real axis. It is not suitable
for high data rate application however it can handle the highest noise level or
distortions. [16, 36,43].

Figure 2.10: BPSK constellation diagram

• Differential Phase Shift keying (DPSK)

DPSK is a different version of BPSK. But it is significantly fairly complicated
to implement than BPSK. Because it is a non-coherent scheme, therefore no
reference signal is required and the phase of the DPSK modulated signal is shifted
relative to the previous bit.
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Figure 2.11: DPSK modulated waveform

The following figure2.11 represents the waveform of a DPSK modulated signal.
According to the figure, if the next data bit is 1 then the phase of the signal
is inverted, but if the next data bit is 0 then the phase of the signal remains
unchanged and continues as it was.

As mentioned for the BPSK constellation diagram, phase values 0 and pi are
encoded as bit 0 and 1 (figure2.10). [36, 44].

• Quadrature Phase Shift Keying (QPSK)

QPSK is also known as 4-PSK. The constellation diagram for the QPSK signal
represented in the figure2.12 includes four constellation points. A single constel-
lation point encoded in two bits (00, 01, 10 or 11).

Figure 2.12: QPSK constellation diagram
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The figure2.13 shows the QPSK waveform for all four possible combinations
of two bits and the maximum phase separation is 90. Compared to the BPSK
system QPSK can be used to double the data rate without changing the signal
bandwidth [16,45].

Figure 2.13: QPSK modulated waveform

2.2.4 Linewidth of Laser

Laser linewidth is the width of the emission spectrum of a laser beam. Simply it
is the width of the power spectral density of the emitted electric field. Linewidth
is measured in terms of frequency, wavenumber or wavelength. Linewidth is often
defined in terms of the full width at half maximum (FWHM) of the optical field
power spectrum [46]. Fleming and Mooradian, found there is a Lorentzian shape
for the signal spectrum and there is an inverse relationship between output power
and the FWHM linewidth value [47]. This Laser linewidth can be changed due to
the internal and external property of the laser. As an example, it can be changed
due to the phase fluctuation of the optical field [48–50] or due to the change of
refractive index with carrier density [51,52].
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Figure 2.14: (a)Linewidth of a single wavelength (single-mode) laser diode, (b) Linewidth and Spectrum width
of a multiple wavelength (multi-mode) laser diode

Figure 2.14 illustrates the concepts of linewidth and spectral width. As shown
in the figure linewidth broadening occurs due to the phase noise of the optical
carrier. Spectral width is the measurement of the spectral content of the multiple
wavelength laser diode. It relates to the envelope of the spectrum and is controlled
by the wavelength dependence of the material gain in the laser diode [6, 53].

The Schawlow Townes expression is used to calculate the fundamental value
of spectral width [54]. But the fundamental value of a narrow linewidth laser is
difficult to measure, because the narrow line laser light will be subject to frequency
jitter [55]. Frequency jitter is the random change in the operating frequency of
the laser over the time. Usually, it occurs due to pump laser noise, acoustic
noise, vibrations, etc. The effect of frequency jitter widens the spectrum. But
that effect on the linewidth can be reduced by measuring further down on the
displayed spectrum. Therefore, the measured linewidth is then transformed into
the correct FWHM linewidth [56].

Practically, the Grating based optical spectrum analyzer cannot be used to
measure the laser linewidth because optical spectrum analyzers (OSAs) do not
offer the required measurement resolution. Therefore, alternative methods must
be used [57–59]. Some of them are,

• Optical heterodyne method

• Delayed self-heterodyne method
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• Delayed self-homodyne method

• Optical discriminator technique

Those methods are capable of obtaining the extremely high resolution required
for laser linewidth measurements. There are advantages and disadvantages of each
method, by understanding those limitations and advantages the best method can
be selected to use in particular application [60]. Among those techniques, the
delayed self-heterodyne method is known to be the most sensitive method to
analyze the laser linewidth.

2.2.5 Laser linewidth measurement methods

Among all the linewidth measurement techniques, the optical heterodyne method
can characterize both symmetric and non-symmetric spectral lineshapes. Also, it
can be used to identify the optical spectrum of unknown signals. This method has
high resolution and sensitivity. As shown in figure 2.15 commonly used optical
heterodyne system required the reference laser with a stable, narrow linewidth
(local oscillator). The light from the local oscillator is combined with the signal
laser using a coupler and there is a polarization state converter in the local oscilla-
tor path. Then the output signal is divided into two ports using a power splitter.
One port leads to an OSA and the other one leads to an electrical spectrum
analyzer (ESA) [55,61].

Figure 2.15: Schematic of the setup for optical heterodyne detection

The ESA output spectrum displays the combination of direct detection and
heterodyne spectrum [57].

Si(f) = R2[Sd(f) + 2(SLO(ν) ~ Ss(−ν))] (2.1)

Where, R - Detector responsivity
Sd(f) - Ordinary detection
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SLOν - Local oscillator spectrum
Sν - Signal spectrum

SLO(ν) is approximated with Dirac delta function Plo(ν − νlo), when local os-
cillator laser linewidth is small compared to the signal laser linewidth. Thus the
spectrum display in ESA can write as a,

Si(f) = 2R2PLOSs(ν − νLO) (2.2)

Where, PLO is the power of local oscillator

The delayed self heterodyne method also has a similar technique as the optical
heterodyne method. But a separate local oscillator laser is not necessary here.
This concept is briefly shown in figure 2.16 2.16 [3].

Figure 2.16: Schematic of the setup for optical delayed self-heterodyne detection [3]

As shown in the figure the laser light is split into two paths by the interferometer
and one arm is delayed with respect to the other arm which contains a frequency
shifter. Variety of devices can be used as frequency shifters such as acousto-optic
frequency shifter, phase modulator and intensity modulators.

If the delay time of the laser is higher than the coherent time, the two combined
beams are considered as they were generated from two separate lasers. Therefore,
the system performs similarly to the optical heterodyne method. Here the ESA
spectrum is a convolution of the individual power spectrum of the interfering
waves [57].

Si(f) = R2[Sd(f) + 2(Ss(ν − δν) ~ Ss(−ν))] (2.3)

Where, δν is the shift frequency
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The displayed FWHM lineshape will be twice the actual lineshape of the
Lorentzian shape spectrum and it is larger by a factor of

√
2 than the actual line-

shape of a Gaussian shape [62]. The ESA displayed lineshape is always symmetric
even if the original lineshape is asymmetrical because the spectrum is convoluted
with itself [57]. For this reason in this research, delayed self-heterodyne method
is used as the linewidth measuring technique.

2.2.6 Phase synchronization

Synchronization is a process of equalizing the appearance of two different signals
due to the interaction. Phase synchronization is a process of two or more signals
that tend to oscillate with a repeating sequence of relative phase signal. It is
usually defined as locking of the phase [63].
Therefore if the relative phase is a constant, it is assumed to be the phase of the
interactive waves are locked to each other. In equation 2.14 gives a relationship
considering two signal phases but this can be extended to multiple signals,

∆Φ = nΦ1 −mΦ2 = C (2.4)

Where,
nΦ1 is the phase of the reference signal
mΦ2 is the phase of the 2nd signal
m, n integers, while C is a constant

The phase difference of two signals is a constant value [64]. Over the years,
different phase synchronization methods have been developed and implemented.

• Optical Phase Locked Loop (OPLL)

An OPLL is a control system that generates an output signal with a phase
equal to or in a constant relationship with the phase of the input signal.

Figure 2.17: Block diagram of OPLL
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The figure 2.17 shows the fundamental configuration of OPLL. This architec-
ture mainly consists of a phase detector, a loop filter and an optical voltage
controlled oscillator (OVCO). The phase detector is used to generate an error
signal which is proportional to the phase difference between two signals. Both
received optical signal and local oscillator (LO) are combined using a 3dB di-
rectional coupler. And Photodiode (PD)is used to convert the optical signal to
electrical domain [65]. The loop filter is used to filter the phase error signal to
operate the OVCO. An optical continuous wave (CW) signal was generated by
OVCO and the frequency of the signal depends on the input voltage [66,67].

• Optical Injection locking (OIL)

Optical injection locking is a technique which is used to operate a laser (slave
laser) on a certain frequency by injecting external light (master laser) with that
particular frequency. This is a technique used to achieve the synchronization
in-terms of both laser frequency and phase. Optical injection locking system
produces the enhancement of performance against the free running laser. It can
be used to improve side mode suppression [68], enhance bandwidth, relaxation
of oscillation frequency [69], suppressing of nonlinear distortion and reducing the
relative intensity noise [4, 70,71].
Figure 2.18 shows the two possible methods for injection locking a salve laser [4].

• Transmission style

• Reflection style

Figure 2.18: Schematic diagram of optical injection locked laser system (a) Transmission style (b) Reflection
style [4]

During the injection locking, the slave laser wavelength and phase is locked to
the master laser wavelength and phase. In transmission style, the injected master
laser light is entered through one facet of slave laser and the output is taken from
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the other facet. The isolator is used to avoid the back reflection being fed to the
master laser. Transmission style setup can be easily converted into the reflection
style setup. In this style, same slave laser facet is used to inject the injected
master laser light and to take the output. The optical circulator is used to obtain
only the injection locked output of the system. In both systems, polarization
controllers are used to match a master and slave polarization [4, 72, 73].

The main requirement to achieve phase synchronization using OIL and OPLL
a carrier should be available with signal. Exploiting the phase information and
achieving phase synchronization through OIL or OPLL from carrier less, noise
contained signal slightly difficult and complicated. In this thesis use carrier less
BPSK modulated signal for carrier recovery therefore, it uses the nonlinear tech-
nique of FWM to recover the phase information of the input carrier from the
BPSK modulated signal.

2.2.7 Nonlinear Phenomenon

In an optical fiber, a nonlinear effect occurs due to the changes of the core
medium refractive index with an optical intensity and inelastic scattering phe-
nomenon. Kerr nonlinearity effect was generated due to the dependence of the re-
fractive index on the optical power. Nonlinear optics started as a growing research
area after the second harmonic generation [74] by Franken and his team [75].
Nonlinear effects can be mainly divided into two categories [76].

1. Effects depend due to the refractive index on the optical power - Kerr effect

2. Effects due to the interaction of phonons in fiber medium with lightwave -
Inelastic scattering

Effects due to the dependence of refractive index on the optical power:

1. Four wave Mixing (FWM)

2. Self-Phase Modulation (SPM)

3. Cross Phase Modulation (XPM)

Effects due to the interaction of phonons in fiber medium with lightwave:

1. Raman Scattering

2. Brillouin Scattering
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All nonlinear effects depend on and are proportional to the link length and
the cross section of the fiber. Except SPM and XPM, all other nonlinear effects
provide gain to some channels. SPM and XPM effects only the phase of the signal
and it can cause increased dispersion and that cause the spectral broadening
[77,78]. Attenuation in fiber too participates in the process of reducing the signal
being propagated. So the following equation gives an approximate value of the
effective length in modelling fiber systems [76]:

Le =
1− e−αL

α
(2.5)

Where, Le is the effective length, L is the length of the fiber and α is the
attenuation coefficient in m−1. In conventional SMF, the attenuation can be
low value (0.16 - 0.2 dB/km) and typical HNLFs attenuation is around 0.8 -1.2
dB/km. The total attenuation is reduced with the implementation of nonlinear
devices in HNLF due to the low length of fiber.

2.2.7.1 Four Wave Mixing

A main nonlinear phenomenon that is arising from 3rd order susceptibility which
is a result of the Kerr effect of silica fiber. It occurs when at least high power
two different frequency components propagate together in a nonlinear medium.
The new signals generated by mixing the original signal which is propagated to
the output are called FWM products or idlers [79–81].

The number of new idlers can be calculated using,
For N number of signals

Number of new Idlers = N2/2(N − 1) (2.6)

Figure 2.19: Non-degenerate Four Wave Mixing

Four wave mixing can be categorized into two types according to the number
of frequencies involved at the input:
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• Non-degenerate .

• Degenerate .

Figure 2.19 shows four wave mixing in frequency domain using three different
signals. The frequency fijk and the phase Φijk of the FWM products are given
by,

fijk = fi ± fj ± fk (2.7)

Φijk = Φi ± Φj ± Φk (2.8)

Where,
fi, fj, fk – frequencies of the interacting signals
Φi,Φj,Φk - phases of the interacting signals

If waves are distinct (i 6= j 6= k) the FWM process is called the non-degenerate
FWM. If the two waves are identical (i = j 6= k or i 6= j = k) the FWM process
is called the degenerate FWM.

This degenerate FWM process generate significant two idler waves [34,
35,82]

Ei1 = E2
s · Ep · e(i((2ωs−ωp)t−(2Φs−Φp))) (2.9)

Ei2 = E2
p · Es · e(i((2ωp−ωs)t−(2Φp−Φs))) (2.10)

Where,
Ei1 - electric field variation or the amplitude of new idler closer to the

signal
Ei2 - electric field variation or the amplitude of new idler closer to the

pump
Es, Ep - signal and pump field strength
ωs, ωp – signal and pump angular frequencies
Φp,Φs – signal and pump phases
The frequency and phase of new idler closer to the signal and pump can

be written as,
Frequency of new idlers, [34,35,82]
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fi1 = 2fs − fp (2.11)

fi2 = 2fp − fs (2.12)

Phase of new idlers, [34, 35,82]

Φi1 = 2Φs − Φp (2.13)

Φi2 = 2Φp − Φs (2.14)

Where,
fi1 - frequency of new idler closer to the signal
fi2 - frequency of new idler closer to the pump
fs,Φs - frequency , phase of the signal
fp,Φp - frequency , phase of the pump

By considering the equations 2.12 and 2.13, we can see that one idler phase
can be used to erase the data which is modulated in the optical carrier at the
transmitter. If equation 2.12 is considered, for each signal phase "0", the idler 1
phase contribution is always "0" and for each signal phase "π", the idler 1 phase
contribution is "2π", which is equivalent to "0". Thus if a BPSK data signal is
considered ("0" and "π" phase) it is noticed both phases have been erased. This
is illustrated in table 2.1.

Table 2.1: Idler phases for different data phases

Pump Phase Signal Phase Idler 1 (at fi1) Idler 2(at fi2)
0 0 0 0
0 π 2π = 0 −π

Therefore, it can be concluded that the phase modulation has been
stripped from the idler 1 and it tracks the phase of the signal and pump [16,83].

2.2.8 Optical signal to noise ratio (OSNR)

The optical fiber is an essential measurement technique in the optical commu-
nication system. The performance of the optical fiber can be validated through
the fiber loss parameters. There are two main loss mechanisms that are generated
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inside the fiber due to the material absorption and Rayleigh scattering. Material
absorption is an intrinsic property of material that may cause some attenuation
in the signal as it propagates along the fiber. Currently, the fibers have an atten-
uation of around 2.5, 0.4, and 0.2 dB/km in 0.8µm, 1.3µm and 1.5µm wavelength
bands respectively which are used in optical communication [84, 85]. The most
significant loss is the scattering loss due to the Rayleigh scattering. Due to the
losses, after substantial propagation distance, the signal power will be reduced
below the detectable threshold of optical receivers. Therefore, communication
systems require optical amplification. The main impact of optical amplification
is the generation of ASE [86].

Optical amplifiers do not only amplify the signal power, but also add noise
power which will result in reducing signal performance at the receiver. Therefore,
OSNR is an important measure of the performance of any long-distance commu-
nication system. OSNR is typically defined as the ratio of the average optical
signal power to the total optical noise power measured at the signal bandwidth.

OSNR =
Optical Signal Power

Optical Noise Power measured at the signal bandwidth
(2.15)

Since this is a ratio between two powers, the output is a dimensionless unit.
It is often given in decibels. The OSNR value has a direct relationship with the
Q-factor and Bit Error Rate (BER) value [87]. BER is the parameter that is used
to determine the quality of the received bit at the receiver.

This OSNR value drops due to the impairments in the transmission path.
Generally, an external OSNR setup added to the signal path using a tap coupler
for analyzing the signal variation with the OSNR. In this research the linewidth
variation of the recovered carrier was measured with the variation of the OSNR.
[88,89].

2.2.9 Dispersion

Dispersion phenomenon is the light pulse broadening when they travel along the
optical fiber [16]. This is mainly due to the wavelength dependent refractive index
of the silica fiber. It causes distortion for both digital and analog transmission.
The dispersion phenomenon which is generated in the digital transmission is
presented in figure 2.20. As shown in the figure, indistinguishable pulses can be
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observed at the receiver point due to the pulse broadening and overlapping with
neighboring pulses. The number of errors occur in the digital optical channel
is increasing due to this effect which is named "inter symbol interference (ISI)"
[8, 90,91].

Figure 2.20: The broadening of light pulses when they are transmitted along a fiber for digital bit pattern 1101:
(a) fiber input; (b) fiber output after L1 distance; (c) fiber output after L2 distance (L2 > L1)

However, the dispersion can distort the signal such that the individual symbols
can no longer be distinguished and this limits the bandwidth of the particular
optical fiber.

Figure 2.21 diagrammatically illustrating the pulse broadening associated with
the multimode step index, multimode graded index and single-mode step index
fibers which are the three main optical fiber structures. As observed from the
figure, the lowest pulse broadening given from the single mode fiber and the
multimode graded index fiber has lower dispersion than the dispersion of multi-
mode step index fiber. A single mode fiber is has the highest transmission band-
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Figure 2.21: Pulse broadening in a multimode step index fiber, multimode graded index fiber and single-mode
step index fiber due to the intermodal dispersion. [5]

width which is in gigahertz range and multimode fibers are limited to megahertz
range [8, 92].

The amount of pulse broadening is increased with the pulse travel distance
through the optical fiber. The light pulse should be detected before it is re-
constituted. Therefore, there are some restrictions on usable bandwidth of each
fiber link and bandwidth is detected by the distance between the regenerative re-
peaters. Thus, the pulse broadening in time for a unit length of fiber states as the
dispersive properties of a particular fiber. Hence, the information carrying capac-
ity of the fiber is limited by the amount of pulse broadening in unit length. The
bandwidth is inversely proportional to fiber distance due to the pulse broadening
increases with fiber length. Figure 2.21 shows the typically best bandwidth-length
product for multimode step index (20MHz km), multimode graded index (1 GHz
km) and single-mode step index (100 GHz km) fibers [8, 93].
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2.2.9.1 Chromatic Dispersion

Chromatic or intramodal dispersion occurs due to the spreading of the spectral
modes in all types of optical fibers and the dispersion is directly proportional to
the spectral width of the source [39, 42]. Since the optical sources are normally
emitted a band of frequencies instead of emitting single frequency, there is a
delay between propagation of the different spectral components of the transmitted
signal. This enhances the intramodal dispersion by broadening each transmitted
mode. Intramodal dispersion is considered as an important loss factor in single
mode fibers [94]. The loss that occurs due to the intramodal dispersion in a
multimode fiber is negligible when considering the other losses in multimode fibers
but it is a great concern when considered in the single mode fiber [91,95,96].

Intramodal dispersion can be given by the equation:

σ = σs ×Dm × L (2.16)

Where, L is the fiber length, Dm is the Dispersion coefficient in ps/nm/km and
σs is the spectral width [8].

Figure 2.22: LED and LASER spectral broadening

As shown in figure2.22, the LED will cause more Intramodal dispersion than
the laser and it has a larger spectral width than a laser, because the injection
laser corresponds to only a fraction of a percent of the center frequency. But for
the LED, it is a significant percentage. Chromatic dispersion is a combined effect
of both waveguide and material dispersion [16].

• Material dispersion
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Material Dispersion is caused due to atomic structure of the material;
mainly because of different elements being present in the fiber material
during the manufacturing process. The pulse broadening due to the ma-
terial dispersion is generated because each wavelength component of an
initial pulse passes with unequal group velocities. Laser pulses are almost
monochromatic and consist of many wavelengths in a small range. Nor-
mally, the refractive index of a material depends on the wavelength. There-
fore each frequency component has a different speed. The pulse becomes
broadened with the increase of distance and the material dispersion limits
the data capacity [76,97,98] .

• Waveguide dispersion

Waveguide dispersion depends on the propagation characteristics where the
propagation characteristics depend on the angle that a ray hits the cladding.
Therefore, the dispersion occurring in this particular method strictly de-
pends on the refractive index of the core, the cladding of the fiber and the
wavelength of the source. In multimode fiber, waveguide dispersion is negli-
gible when compared to material dispersion because the majority of modes
propagate far from cutoff. But when it comes to single mode fibers it is
considerable [76, 98].

2.2.9.2 Intermodal dispersion

Pulse broadening due to intermodal dispersion is a result of the propagation
delay differences between modes. Intermodal Dispersion takes place in step-index
multimode fibers where the core diameter usually is around 62.5 µm [8]. The pulse
width of the output signal is depending on the receiver time of the slowest and
fastest modes because, different modes pases through the fiber at different group
velocities [99].

Figure 2.23: Light ray propagation in fiber
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Figure 2.23 shows the differences of the delays of two rays passing through
the fiber core. When both rays are travelling at the similar speeds within the
constant refractive index, the differences of the delays directly depends on their
path length. Here, Ray 1 (Axial ray) is the ray that travels straight through the
core and it is the fastest at the receiver end. Ray 2 is the ray that makes the
critical angle with the cladding and it arrives last at the receiver end. All other
rays arrive in time between the arrival of these two rays. Equation 2.17 will give
the time delay between the critical angle ray and the axial ray. Large amount of
intermodal dispersion will lead to ISI which might cause a tendency of bit errors.

Figure 2.24: Rays traveling at different velocities

Intermodal dispersion can be given by the following equation:

∆t = (L
n1

C
)(
n1

n2

− 1) (2.17)

Where n1 is a refractive index of core, n2 is a refractive index of cladding
and C is the velocity of light in a vacuum [100].
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2.3 Related previous research

In previous studies, researchers investigated various techniques for carrier recov-
ery in optical contexts. Ezra Ip and Joseph M. Kahn show the Electric feed-
forward carrier recovery method in their published work, “Feedforward Carrier
Recovery for Coherent Optical Communications” [75]. As shown in figure 2.25,
the received optical signal is combined with a local oscillator laser using two 90◦

hybrids and a polarization beam splitter. The outputs of the balanced photo-
detectors are the base-band electrical signals. These signals sent through low
pass filter and sampled using analog-to-digital converters (ADCs) with high sam-
pling rates. The incoming signals are multiplied using the numerical oscillator.
The soft decision phase estimator is used for soft estimating the carrier phase for
each signal period. The soft decision estimated phase will acquire an offset equal
to the angular difference between the detected signal and the actual signal. In
the next stage, the phase estimated signal is passed through a linear filter. The
feedback section has a similar structure to a PLL. The major implementation
issues of this research are the resolution or the bit count of the ADC and system
complexity.

Figure 2.25: Electric feed-forward carrier recovery diagram

A quite similar method presented by Selwan K. Ibrahim, et.al in their published
work, “Novel Carrier Extraction Scheme for Phase Modulated Signals Using Feed-
Forward Based Modulation Stripping”. As illustrated in figure 2.26 this technique
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uses an Optical-Electrical-Optical (OEO) DPSK re-generator to recover a carrier
from a BPSK signal. It is formed in a feed-forward manner by modulating it with
a complementary data pattern [101]. This technique can be used to enable optical
injection locking and phase lock loop systems for carrier less BPSK signals.

Figure 2.26: Feed-forward based modulation stripping carrier recovery diagram

Another similar study presented by K.T. Wu and H. Sun in their published
work, “Techniques in Carrier Recovery for Optical Coherent Systems” [102]. They
use feedback and a feedforward carrier recovery method using phase locked loops.
These systems include phase locked loops and phase detectors for their efficient
carrier recovery. These methods have opted for differential encoding to optimize
the outputs. The straight forward phase recovery techniques, including PLL
and IL cannot be directly applied for the carrier recovery from the carrier less
signal [103]. Then, a new technique was introduced using decision driven PLL for
carrier phase recovery [104]. But decision driven PLL technique is difficult to use
for practical purposes due to its high bandwidth requirements [105]. As another
solution a digital feed forward technique has been introduced for carrier phase
estimation [106]. However, both techniques required a polarization alignment.
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Figure 2.27: Optical phase sensitive oscillator method diagram for carrier recovery

The next new method was introduced by Inwoong Kim, et.al in “All-Optical
Carrier Phase and Polarization Recovery Using a Phase-Sensitive Oscillator”
[107]. As shown in figure 2.27 this method is used to recover the carrier from
the BPSK modulated signal using a PSK data-pumped phase-sensitive oscillator.
The phase sensitive oscillator is an optical parametric oscillator with phase sensi-
tive amplifier (PSA) as a gain block. A Nonlinear Mach-Zehnder Interferometer
(NMZI) or a Nonlinear Optical Loop Mirror (NOLM) configuration was used as
the PSA [108].

The Major issue with this method is the losses. The extinction ratio of the
NOLM was limited by a relatively high return loss (17dB) and the total insertion
loss. The coupling losses at both ends of the Bi-HNLF were not symmetric.
Due to the coupling losses data leaks into the oscillator. The round-trip phase
matching condition for the oscillating signal was mainly interrupted by pump
frequency noise. It affects more for the long round-trip delay [107].

Meng Qiu, et.al presented a method that can do carrier phase recovery by
parallelizing a phase recovery system in “Simple and Efficient Frequency Offset
Tracking and Carrier Phase Recovery Algorithms in Single Carrier Transmission
Systems” [109]. This paper presents an efficient algorithm that can work as a
frequency offset estimator working parallel and sharing these offset information
with more parallel streams. Therefore, the frequency offset tracking and carrier
phase recovery can be made simpler. The publication titled “Hardware Efficient

32



Related previous research LITERATURE REVIEW

Carrier Recovery Algorithms for Single Carrier QAM Systems” was presented
by Xiang Zhou [110]. In this research, the blind phase search method is used
for single carrier quadrature amplitude modulation (QAM) systems and phase
estimation techniques have been used at multiple levels for further improvement
of the carrier recovery process.

In previous studies, similar carrier recovery methods have come up with a FWM
technique. Cheng Cheng, et al. shows a method to measure carrier recovery time
in semiconductor optical amplifiers (SOA) based on dual pump FWM in the
publication “Measurement of the carrier recovery time in SOA based on Dual
Pump FWM" [11, 111]. This also uses a practical experimental setup as shown
in figure 2.28. The injected current has been varied and carrier recovery time has
been observed. For example, in the case of 120 mA current, carrier recovery time
has been reported as 91 ps.

Figure 2.28: Experimental setup of the measurement for the carrier recovery using SOA

Another related study was done by Guo-Wei Lu, et.al and presented in the
publication “Format Conversion of Optical Multilevel Signals Using FWM-Based
Optical Phase Erasure” [112]. In this research, optical phase deletion has been
shown using FWM technique for DPSK systems. They too have used a practical
approach to come up with this conclusion.

The foundation of this research taken from the publication “Generation of fre-
quency symmetric signals from a BPSK input for phase sensitive amplification”
published by Ruwan Weerasuriya, et al [113]. In this research also a BPSK mod-
ulated signal is launched into an actual HNLF to participate in a FWM process
thereby recovering the carrier of the modulated signal. This signal is further
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sent to injection lock a laser to create a frequency symmetric signal for applica-
tions using phase-sensitive amplification. Phase sensitive amplification is a phase
amplifying process that takes the signal phase to a considerable level when it
is applying. At present, phase sensitive amplification is useful for long distance
optical communications due to low noise.

All the above research shows techniques for carrier recovery. The majority of
them use hardware solutions. Carrier recovery, however, can change as the data
levels go up and the fiber material changes. A very recent paper shows how carrier
dynamics vary with the frequency especially at TeraHertz level communications
and their dependency on the fiber material [114]. Finding a flexible and indepen-
dent solution is therefore important. In my thesis and research, I have tried to
show a system without hardware constraints that can perform carrier recovery.
Also, I have further analysed the system and tried to identify the limiting factors
for each characterization which is useful in the implementation of this system.
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Chapter 3

OPTICAL CARRIER RECOVERY SCHEME

The requirement for carrier recovery schemes arose when the communication
systems started transmitting carrier less modulation format, such as phase en-
coded data format. This research used suppressed carrier BPSK modulated data
signal for the analysis of carrier recovery.

The simulation tasks of this research were done using VPItransmissionMakerTM

Optical Systems software. Carrier extraction simulation is initially carried out for
BPSK signal, the very basic form of PSK. A BPSK transmitter was designed be-
cause of the unavailability of an inbuilt BPSKmodulator in VPItransmissionMakerTM

software.

The schematic diagram of BPSK transmitter was presented in the figure 3.1.

Figure 3.1: The schematic diagram of BPSK transmitter

The BPSK modulated signal was produced by using a random incoming data
sequence. A 10 Gbit/s BPSK signal (193.1 THz) was generated with a DFB
laser (LW = 100 MHz) and MZM modulator is driven by a pseudo random bit
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sequence (PRBS) electrical signal from a pattern generator with a 1024 (PRBS
10) pattern length.

Figure 3.2 denotes the output spectrum of BPSK modulated signal which is
used to recover the carrier information after transmission, while figure 3.3 denotes
the waveform diagram of the BPSK modulated signal.

Figure 3.2: Spectrum diagram of BPSK modulated output in frequency domain

Figure 3.3: Waveform diagram of BPSK modulated output in Time domain

To analyze a phase modulated system, one of the best parameters is to draw
the constellation of the transmitted symbols. Therefore, the constellation analysis
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was carried out and tested for the implemented transmission format to validate
the simulated system.

Figure 3.4: Constellation Diagram of BPSK modulated signal

The simulation setup for carrier information extraction from a BPSK mod-
ulated signal using FWM in a highly non-linear fiber is illustrated in figure
3.5 [13,115].

Figure 3.5: FWM schematic diagram with BPSK modulator

Previously modulated BPSK signal and a continuous wave laser pump signal
(193.3 THz) was coupled, amplified and launched into a nonlinear media to par-
ticipate in the degenerate FWM process. The nonlinear media is a HNLF with
a zero-dispersion wavelength (ZDW) of 1554 nm, a nonlinear coefficient of 10
(W/km), a dispersion slope of 0.08 ps/nm/km2, an effective area of 12 µm2, and
a fiber loss of 0.2 dB/km at 1550 nm [82]. The optical spectra after the FWM
process were observed using an optical signal analyzer (OSA).
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The output spectrum of the highly nonlinear fiber after the FWM process
is shown in figure 3.6 (a). Since a BPSK signal is generated by multiplication
of a sinusoidal high frequency carrier with a data signal of binary values, the
resulting wave is spread over a range of wavelengths (frequencies). The Pump
signal is a clean continuous wave laser output with a very narrow linewidth (single
frequency). Output spectrum illustrates the newly generated idlers by confirming
the FWM process. The recovered carrier at centered at 192.91 THz or idler 1
(2fs− fp) was filtered using a 60 GHz Gaussian type filter [4].

Figure 3.6: (a)-Four Wave Mixing Output, (b)- filtered idler 1 spectrum

Also, figure 3.6 (b) presents an enlarged image of idler 1 and it further
confirmed that the modulation was stripped off from the incoming data signal
and the phase information of the data laser was transferred to the idler 1.
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Equation 2.9 defines the properties of the idler 1. According to the equation
the field strength is squared and data gets filtered out. Since the data is filtered
out, the idler only contains the remains of the data signal which is the carrier
and pump signal. The amplitude and phase properties of the Idler 1 are identical
to the carrier which proves that the carrier is recovered. The signal frequency is
different from the frequency of the carrier. But using appropriate electronics, this
recovered carrier can also be down-converted into the original carrier’s frequency.
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Chapter 4

SYSTEM CHARACTERIZATION FOR DEGRADING
OSNR

4.1 Analysis

4.1.1 Theoretical

In this research, FWM is used as a phase modulation erasure technique from
an incoming signal. Here, we use the degenerate FWM in a HNLF. The noise
influences from the signal laser for the recovered carrier was investigated. For
that, the linewidth of a recovered carrier was analyzed with various levels of OSNR
and accumulated dispersion of an input modulated signal. Linewidth of a laser
is often defined in terms of the FWHM of the optical field power spectrum [57].
The Delayed self-heterodyne method is known to be one of the most sensitive
methods to analyze the laser linewidth. The FWHM linewidth of a laser is often
measured with respect to the assumed Lorentzian spectral shape. The Lorentzian
optical power spectrum (S(f)) centered at fc has a functional form given by [57],

S(f) =
1

1 + ( f−fc
∆v/2

)2
(4.1)

where, fc - Center frequency,
f -signal frequency,
∆v -Spectral linewidth,

The Linewidth broadening of the recovered optical carrier due to the OSNR and
dispersion of an incoming signal is investigated theoretically and experimentally.

This experiment consists of 3 steps as shown in figure 4.1. These 3 steps
were analyzed separately by directly connecting the laser signal as input and
measuring the linewidth using delayed self-heterodyne linewidth measuring setup
(figure 2.16).

40



Analysis SYSTEM CHARACTERIZATION FOR DEGRADING OSNR

Figure 4.1: Schematic diagram for carrier extraction using FWM

4.1.1.1 Linewidth broadening due to the optical modulation

Figure 4.2: (a)-Phase modulated delayed self-heterodyning interferometric arrangement. [6] (b)- Linewidth mea-
suring after modulation

The analysis of the modulation starts with analysing the phase modulated de-
layed self-heterodyne setup. The optical field equation of upper and lower arms
of the interferometer (figure 4.2 (a)) is derived. At the photodetector, which is as-
sumed to have unity responsivity, after τ delay time the output current produced
is given as,

(4.2)I(t, τ) = 2E2
0 + E2

0e
j(Φ(t)−ω0(τ)−Φ(t+τ))ejD sin(ΩRF

t)

+ E2
0e
−j(Φ(t)−ω0(τ)−Φ(t+τ))e−jD sin(−ΩRF

t)

Where,
E0 - Optical field amplitude,
ω0 - Optical frequency,
D - Modulating index,
ΩRF

- Phase noise of the electrical signal,
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φ(t) - Phase fluctuation function.
Using the Bessel function [6],

ejD sin(ΩRF
(t)) = Σ∞m=−∞Jm(D)ejmΩRF

(t) (4.3)

J−m(D) = (−1)mJm(D) (4.4)

where,
J - Bessel function,
m - order of the Bessel function,

rearranging the current produce by photo detector,

I(t, τ) = 2E2
0 [1 + Σ∞m=−∞Jm(D) cos (Φ(t)− ω0(τ)− Φ(t+ τ) +mΩRF

t] (4.5)

Let,

Φ(t)− ω0(τ)− Φ(t+ τ) = A (4.6)

by substituting,

I(t, τ) = 2E2
0 [1 + Σ∞m=−∞Jm(D) cos (A+mΩRF

t] (4.7)

Spectral density of the signal is given by taking the Fourier transformation of
the output current in equation 4.7 [116–118],
Therefore, spectral density of the laser is given by,

(4.8)
S(f0) = 2E2

0 [
√

2πδ(f)

+Σ∞m =−∞Jm(D)[
√

π
2
(e−jAδ(f −mΩRF ) + ejAδ(f +mΩRF ))]]

where, δ is the Dirac delta function.
Here the zeroth and first kind Bessel functions are considered. For m = 0, J0(D)

= 1 and for m = 1, J1(D) = D/2.
By substituting on equation 4.8,

(4.9)S(f0) = 2E2
0 [
√

2πδ(f) +

√
π

2
(e−jAδ(f) + ejAδ(f))

+D/2
√

π
2
(e−jAδ(f − ΩRF ) + ejAδ(f + ΩRF ))]
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If the input optical field to the delayed self-heterodyne is a phase modulated
signal instead of an unmodulated laser (figure 4.2 (b)), the optical field after
phase modulation can be written as,

EPM(t) = E0e
j(ω0(t)+Φ(t)+D sin (ΩRFxt)) (4.10)

where, ΩRFx is the phase noise of the phase modulator.
Output current of the photodetector (in the delayed self-heterodyne) correspond-
ing to the phase modulated signal,

I(t, τ) = 2E2
0 [1 + Σ∞m=−∞Jm(D) cos (A+mΩRF

t−mΩRFxτ)] (4.11)

Spectral density of the signal is the Fourier transformation of the output current,

(4.12)
S(f) = 2E2

0 [
√

2πδ(f) + Σ∞m=−∞Jm(D)[
√
π/2(e−j(A−mΩRFxτ)

δ(f −mΩRF ) + ej(A−mΩRFxτ)δ(f +mΩRF ))]]

Similarly, let’s consider only the zeroth and first kind of the Bessel functions.
for m = 0, J0(D) = 1 and for m = 1, J1(D) = D/2.
by substituting to equation 4.12,

(4.13)
S(f) = 2E2

0 [
√

2πδ(f) +
√
π/2(e−jAδ(f) + ejAδ(f))

+D/2
√
π/2(e−j(A−ΩRFxτ)δ(f − ΩRF ) + ej(A−ΩRFxτ)δ(f + ΩRF ))]

From equation 4.9 and equation 4.13,
Spectral density of phase modulated signal,

(4.14)
S(f) = S(f0)−D/2

√
π/2[e−jAδ(f − ΩRF )(1− e(jΩRFxτ)) + ejA

δ(f + ΩRF )(1− e(−jΩRFxτ))]

According to the above equation, the signal strength shifts to the modified
Lorentzian pedestal from the delta function peak with the increase of a delay time.
This happens until the power spectrum becomes exactly Lorentzian [57,119].
Therefore, using equation 4.1 the linewidth at FWHM of the phase modulated
signal can be written as,

∆v =
2(f − fc)√

(1/S(f)− 1)
(4.15)
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4.1.1.2 Linewidth broadening due to optical amplification

An EDFA is the most commonly used optical amplifier to compensate the loss
of an optical fiber in long-distance optical communication. In an optical commu-
nication system with cascaded amplifiers, the spontaneous emission from optical
amplifiers are accumulated and added to the transmitted signal. It deteriorates
the optical signal to noise ratio (OSNR) of the signal [120]. The amplified spon-
taneous emission (ASE) noise is generated in the optical amplifier and it is con-
sidered as one of the main sources of noise that limits the performance of the
phase modulated transmission system [121–124].
The ASE noise field can be expressed in terms of in-phase and quadrature-phase
noise components as shown in figure 4.3.

Figure 4.3: Vector representation of a signal and spontaneous emission.

The in-phase component becomes amplitude modulated (AM) noise of the signal
and tyhe quadrature component serves as a phase modulated (PM) noise. Such
PM noise directly increases the spectral linewidth of the signal and AM noise is
converted into PM noise due to the Kerr nonlinearity of the optical fiber. It also
gives rise to spectral linewidth broadening of the signal [125–127].
The linewidth broadening due to ASE arises from optical amplification is given
by, [128,129]

∆v =
(nsphνB

2
0(G− 1))

(aπGPin)
(4.16)

where, nsp - spontaneous emission factor,
h - planck’s constant,
ν - frequency of signal,
G - gain of the amplifier,
B - bandwidth of the amplifier.
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4.1.1.3 Linewidth broadening due to Four Wave Mixing

The degenerate FWM process generate two idlers [79–81] with phase(Φix), frequency(ωix),
and amplitude(Eix) relationship as shown below [4,34,82]:

Ei1 = E2
s · E∗p · e(i((2ωs−ωp)t−(2Φs−Φp))) (4.17)

Ei2 = E2
p · E∗s · e(i((2ωp−ωs)t−(2Φp−Φs))) (4.18)

The frequency and phase of new idlers closer to the signal and pump can be
written as:

ωi1 = 2ωs − ωp (4.19)

ωi2 = 2ωp − ωs (4.20)

Φi1 = 2Φs − Φp (4.21)

Φi2 = 2Φp − Φs (4.22)

Linewidth of the idler of our interest [130],

∆νi = 2∆νs −∆p (4.23)

where, the ∆νs and ∆p are signal and pump linewidth respectively.

4.1.2 Simulation

After successful carrier recovery, further experiments was carried out to confirm
the OSNR tolerance of the system. The intended measurement were to degrade
the input OSNR of the BPSK signal to the carrier recovery system.
To set the OSNR to the system, a variable optical attenuator and an EDFA
placed after the BPSK transmitter. Then the total optical power was restored to
a constant level using a second EDFA and a variable attenuator [131]. This signal
was coupled with a continuous wave laser pump and launched into a HNLF to
participate in the degenerate FWM process. The polarization controllers in front
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of the signal and the pump were used to achieve maximum efficiency for FWM
process. The recovered idler was filtered out using a band-pass filter and the
FWHM linewidth was measured using a delayed self-heterodyne technique [4,13].

Figure 4.4: schematic diagram for carrier extraction under OSNR

Figure 4.5: BPSK signal eye diagram before adding noise

Initially, the output of the HNLF Figure was observed using an OSA. Figure
5.4 shows the eye diagram variation of BPSK transmitted signal without any
impairments. The visual information given by eye diagrams are very helpful to
evaluate and troubleshoot the transmission systems. As shown in the figure, it is
a clear eye diagram, it can be concluded this signal does not consist of amplitude
or phase noise.

Figure 4.6 shows the captured eye diagram of the BPSK modulated signal for
different levels of OSNR. According to figure 4.6, the amount of eye opening
reduces with the degradation of the input OSNR value. The eye opening depicts
the amplitude variation and OSNR degradation of the signal. Furthermore, the
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Figure 4.6: BPSK signal eye diagrams for different input OSNR values: (a) OSNR = 15.61 dB, (b) OSNR =
15.39 dB, (c) OSNR = 14.79 dB, (d) OSNR = 13.32 dB, (e) OSNR = 12.38 dB, (f) OSNR = 10.58 dB

data laser was re-tuned from the pump laser to have frequency separations ∆f
from 175 GHz to 200 GHz with 5 GHz steps during this analysis.

Figure 4.7 depicts the optical spectrum of recovered idler with the variation
of input OSNR of BPSK signal. According to the figure, idler power (dBm) has
been reduced with respect to the reduction of input OSNR value.
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Figure 4.7: Power Variation of Idler with various input OSNR values (a)- Power in dBm, (b)- Power in mW

Figure 4.8 shows the linewidth variation of recovered carrier with various input
OSNR values for (∆f =) 180 GHz, where ∆f is the frequency separation between
signal and pump. As shown in the figure, the extracted carrier had nearly constant
linewidth measured for an input OSNR greater than 10 dBm. Since this figure
represents the linewidth values in GHz range it might not be the exact value.
Moreover, it is difficult to measure the linewidth for input OSNR less than 8
dBm.
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Figure 4.8: Linewidth Variation of Idler with various OSNR values for ∆f 180GHz

The input OSNR of the BPSK signal of the carrier recovery setup was re-
duced and the effect of the linewidth for different ∆f values were measured. The
linewidths measured for the OSNR values up to 16 dBm were between 170-200
GHz at 10 GHz intervals for all the ∆f variations is shown in figure 4.9. As
shown in figure 4.9, the laser linewidth was increased dramatically for the in-
put OSNR value of less than 10 dB. This figure represents the linewidth values
in GHz range as well. The deviation visible in the frequency separation of 170
GHz between pump and signal separation is mainly due to the limitation of
VPItransmissionMakerTM software. The frequency separations (∆f) below 170
GHz was not able to simulate accurately in this software. With these limitations,
the simulations were carried for a frequency separation (∆f) from 170 to 200 GHz,
From figure 4.9 the behavior of recovered carrier linewidth can be observed and
decided about the limiting parameters of the input OSNR values to operate the
system accurately.
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Figure 4.9: Measured linewidths vs Input OSNR for different ∆f

The influence of the linewidth of the recovered carrier against different OSNR
was investigated for a frequency separation of (∆f =) 190 GHz where ∆f is
the frequency separation between signal and pump. The extracted carried had
a linewidth of 149.11 MHz. As shown in figure 4.10, the extracted carrier had a
nearly constant linewidth (LW = 149.11 MHz) for an input OSNR greater than
14.32 dB.

Figure 4.10: Linewidth variation of idler with various OSNR values for ∆f of 190 GHz
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The input OSNR of the BPSK signal of the carrier recovery setup was re-
duced and the effect of the linewidth for different ∆f values was measured. The
linewidths measured for the OSNR values up to 16 dBm was between 175-200
GHz at 5 GHz intervals for all the ∆f variations. The laser linewidth was in-
creased dramatically for the input OSNR value of less than 14.32 dB (figure 4.11).
According to equation 4.17, recovered carrier power and the signal power has a
quadratic relationship, and the reduction in signal power through the degradation
of OSNR, is the reason for the reduction of idler power. Decreasing of idler power
causes the increase in idler linewidth.

It is obvious that the same carrier information with a slightly broadened linewidth
can be obtained. The system can tolerate a constant recovered linewidth up to
14.32 dB. Hence, by combining this scheme with injection locking a more cleaned
narrower linewidth can be generated [13]. This narrow linewidth laser is more
suitable for achieving phase synchronization in higher performance in the PSA,
optical synchronization schemes and Optical homodyne receivers.

Figure 4.11: Measured linewidths vs Input OSNR for different ∆f

Linewidth broadening of a phase modulated signal was calculated using equa-
tions 4.9, 4.14 and 4.15 and linewidth broadening of an amplified signal was calcu-
lated using equation 4.16. For an initial input signal with 100 MHz linewidth, the
percentage of theoretically calculated linewidth broadening and the percentage
of simulated linewidth broadening is tabulated in Table 4.1.
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Table 4.1: Linewidth broadening value

Calculated Value Measured Value
After phase modulation 13.92 % 14.67%

After amplification 0.036 % 0.101 %

The FWM idler linewidth for BPSK modulated and pre-amplified signal is cal-
culated using equation 4.23. According to the calculation, the idler linewidth
broadening value is 27.92 MHz and the measured linewidth broadening value is
34.34 MHz. Therefore, it can be concluded that the measured linewidth broad-
ening values are in good agreement with the theoretically calculated linewidth
broadening values. The calculated value of the idler linewidth which underwent
the phase modulation, amplification and the FWM process is, 127.92 MHz and
the measured value is, 134.34 MHz.
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Chapter 5

CHARACTERIZATION FOR ACCUMULATED
DISPERSION

The accumulated dispersion analysis was carried out for the carrier recovery
system to inspect the dispersion tolerance of the system. The chromatic disper-
sion mainly depends on the dispersion parameter of the fiber, the spectral width
of the data pulse, the center wavelength of the data pulse and the uncompensated
length of the fiber which the data traverse. In this simulation, the length of the
fiber was changed to introduce a controlled amount of chromatic dispersion to
the system.

To set the dispersion, the OSNR setup (figure 4.1) was replaced with the differ-
ent lengths of single mode fiber (SMF) [4]. As shown in figure 5.1 It was placed
after the BPSK transmitter to vary the dispersion at the input of the FWM
setup. The dispersed data signal was coupled with a continuous wave laser pump
signal and launched into a HNLF to participate in the degenerate FWM process.
Similar to the OSNR setup, the recovered idler was filtered using a band-pass
filter and the FWHM linewidth was measured.

Figure 5.1: schematic diagram for carrier extraction under OSNR
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The captured eye diagram of the input BPSK modulated signal is represent in
figure 5.2 for different level of dispersion.

Figure 5.2: BPSK signal eye diagrams for different input Dispersion values: (a) 0 ps/nm, (b) 1.6 ps/nm, (c) 3.2
ps/nm, (d) 4.8 ps/nm, (e) 8 ps/nm, (f) 16 ps/nm, (g) 32 ps/nm, (h) 80 ps/nm, (i) 128 ps/nm

According to the eye diagram, it can be seen that the noise in both amplitude
and time has been increasing with increased dispersion. Eye opening value is
nearly equals to 152 mW at the zero dispersion tolerance.
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Figure 5.3: Linewidth variation of idler with various dispersion values for ∆f of 185 GHz

Figure 5.3 depicts the linewidth variation of the recovered carrier with var-
ious dispersion values for ∆f of 185 GHz. As shown in the figure, the mea-
sured linewidth began to saturate after a higher dispersion value (greater than 70
ps/nm). The reason for this might be, even though the eye opening is fairly good
(fairly better OSNR) an increased timing jitter will affect the carrier recovery
and the system might collapse.
During the simulation, the OSNR value is kept at a fixed level at 14.78 dB and
it has a very low ASE noise. Here the system tolerance for the dispersion was
evaluated. Due to the limitations in the simulation software, it is difficult to
observe a clear idler spectrum (or recovered carrier) for higher dispersion values
after 100 ps/nm. As a result of that, the linewidth values converged to the same
level. Therefore, to display more accurate results by eliminating the limitations
due to the simulator, the independent axis values were limited up to 80 ps/nm.
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Figure 5.4: Linewidth variation of idler with various dispersion values for ∆f of 185 GHz

Figure 5.5: Measured linewidths against the accumulated dispersion for different ∆f

The linewidth measurement for the dispersion value up to 38.4 ps/nm is shown
in figure 5.5. The frequency separation between the pump and the data signal
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was changed between 180-200 GHz at 5 GHz intervals for all the ∆f variations. It
is noted that with increased ∆f values the recovered linewidth is increased. The
linewidth increment for zero dispersion value for different signal pump separation
is mainly due to the reduction in the FWM conversion efficiency. This FWM
efficiency reduction has an impact on the modulation stripping system with the
increment of the frequency separation between pump and signal.
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Chapter 6

CONCLUSION AND FUTURE WORK

The research presented in this thesis is all about the behavior of the FWM
based carrier recovery system for OSNR and dispersion degradation. Under the
optical carrier recovery, FWM based carrier recovery system was simulated using
VPItransmissionMakerTM optical systems software and HNLF was used to per-
form FWM by reducing other non linear effects. The impairment effects present
in the practical system was simulated for BPSK modulated signals. In conclu-
sion, the theoretical concept of FWM was proved by the results generated by
simulation.

The recovered linewidth value was broadened by 27.92 MHz in the theoretical
examination conducted for checking the effect of input OSNR of the BPSK mod-
ulated signal on the linewidth of the recovered carrier. This theoretical examina-
tion was evaluated separately by dividing the whole system into three sections and
the recovered carrier linewidth was measured using the delayed self heterodyne
method. Both modulation and FWM make considerable contributions towards
the linewidth variation. However, ASE noise generated through amplification
does make a low contribution to the linewidth broadening.

The experimental assessment has started with simulating the effect of input
OSNR of BPSK modulated signal on the linewidth of the recovered carrier. The
results denote that the recovered carrier linewidth is increasing with more addi-
tive noise power. The recovered linewidth was dramatically decreasing with the
increase of the input OSNR values. The recovered carrier had a nearly constant
linewidth value from input OSNR value became 14.32 dB. Therefore, the system
is working properly for an OSNR value greater than 14.32 dB for different pump
and signal separations. Both theoretical and experimental analysis brought up
the conclusion that the theoretical and measured linewidth broadening values are
in good agreement with each other.
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Furthermore, we have analyzed the linewidth of the recovered carrier for dif-
ferent dispersion values of the input BPSK modulated signal and observed that
linewidth is increasing with the dispersion value. Also, at the higher dispersion
value the measured linewidth was started to saturate due to the timing jitter
effect on the carrier recovery. Therefore, a proper dispersion compensation (up
to 80 ps/nm) should be employed for better performance.

6.1 Future developments

This research was only carried out in implementation carrier recovery and char-
acterization for OSNR and dispersion. But this achievement of carrier recovery
can be used in applications in ultra-high speed optical communications and co-
herent optical receivers to process homodyne receiving, signal regeneration, syn-
chronization, format conversion, etc

The carrier recovery method is based on only one nonlinear phenomenon which
is FWM. Therefore, in this research it was considered only the FWM effect by
reducing other nonlinear effects. In reality, there are many more nonlinear effects
degrading the quality of carrier recovery such as self and cross phase modulations,
scattering, back propagation and harmonic generations. The research can be
expanded using these effects and their impact on carrier recovery.

This carrier recovery and characterizing were demonstrated using BPSK mod-
ulated signal. But this carrier recovery technology and characterization can be
extended to DPSK, QPSK schemes and other MPSK schemes.
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