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Abstract

Today, fiber-optic communication systems are considered the
backbone of telecommunication systems and networks. Optical fiber is an
excellent transmission medium due to its low loss, high bandwidth and
robustness. However, linear and nonlinear impairments of an optical fiber
lead to signal distortions. Propagation impairments accumulate over fiber
distance and seriously distort the signal in high-capacity, long-haul fiber-
optic communication systems. Transmission performance can be
significantly improved by compensating for fiber dispersion and nonlinear

distortions.

This thesis investigates the performance of advanced fiber-optic
communication systems incorporating Optical Phase Conjugations (OPC)
technique for mitigation of linear and nonlinear signal phase distortions. The
OPC is achieved using Four-Wave Mixing (FWM) process in Highly
Nonlinear Fiber (HNLF). Two compensation configurations are investigated
and compared, one uses one OPC inserted in the mid-link point (Mid-Span
OPC (MS-OPC)) while the other configuration uses multiple OPCs
distributed along the link.

The work in this thesis falls into two main parts. In the first part, the
effect of polarization on the performance of a dual-pump HNLF-based OPC
(HNLF-OPC) is investigated analytically using a set of eight Nonlinear
Schrédinger Equations (NLSES). These equations describe the propagation
of the orthogonal components of the two pumps, signal, and the generated
idler. Practical assumptions are applied to derive expressions describing the
dependence of FWM gain and conversion efficiency on the States Of
Polarization (SOP) of the four waves. The results reveal that the use of two
orthogonal linearly-polarized pumps leads to an OPC whose characteristics

is independent of the signal polarization.
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The second part of the thesis simulates the performance of two high-bit rate,
long-haul, and Wavelength Division Multiplexing (WDM) systems
incorporating HNLF-OPC compensation technique. The results are obtained
using Optisystem v14.1 software package for both MS-and multiple-OPC
configurations. Both WDM systems use long-haul distributed Raman
amplified (DRA) link with 320 Gbps (8x40 Gbps) Polarization Division
Multiplexing (PDM) Non-Return-to-Zero On-Off-Keying (NRZ-OOK) and
2.048 Thps (8%256 Gbps) PDM 16-states quadrature-amplitude modulation
(16-QAM).

Simulation results show that the use of multiple-OPC compensation
technique offers an improvement in system performance over a MS-OPC
compensation technique.

In single channel PDM NRZ-OOK 40 Ghbps transmission, the use of
multiple-OPC compensation technique provides an improvement in
achieved maximum Q-factor of ~2 dB compared to the MS-OPC
compensation technique. Furthermore, the transmission reach at the Hard
Decision-Forward Error Correction (HD-FEC) limit is enlarged by 24.2%
when the multiple-OPC configuration is used. In WDM system, the Q-factor
Is improves by 0.62 dB when a multiple-OPC compensation technique is
used over the MS-OPC technique.

In single channel PDM 16QAM 256 Gbps transmission, the use of
multiple-OPC shows a 1.35 dB improvement in Q-factor over the MS-OPC
case. In the WDM system, using multiple-OPC increased the nonlinear
threshold by ~2 dB compared to the case of MS-OPC, showing 0.62 dB
improvement in Q-factor over the MS-OPC compensation scheme.
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CHAPTER ONE

Introduction

1.1 Overview

The fiber-optic communication system is the simplest kind of
lightwave system, consists of a transmitter, followed by an optical fiber as a
transmission channel, and then a receiver. The evolution of fiber-optic
communications has been promoted along with the advent of the above three
major components. In 1960, the invention and the realization of laser [1]
provided a coherent source for transmitting information using lightwaves. In
1966, the optical fiber was firstly used as a lightwave transmission medium
despite the fact that optical fiber at that time suffered unacceptable loss (over
1000 dB/Km). Since then, strenuous efforts have been made to reduce the
losses of the optical fiber. In 1979, the low loss fiber was realized at the
operating wavelength of 1550 nm with a loss of 0.2 dB/Km. The
simultaneous availability of stable optical source (laser) and a low-loss
optical fiber led to a rapid development of fiber-optic communication
systems, which can be grouped into five distinct generations. A commonly
used figure of merit for point-to-point communication systems is the bit rate-
distance product, BL, where B is the bit rate and L is the repeater spacing. In
every generation, BL increases initially but then begins to saturate as the
technology matures. Each new generation brings a fundamental change that

helps to improve the system performance further [2].

The first-generation of lightwave systems operated near 800 nm and
used GaAs semiconductor lasers. The operating bit rate was 45 Mb/s and

allowed repeater spacings of up to 10 Km. The repeater spacing of the first-
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generation lightwave systems was limited by fiber dispersion which lead to
pulse-spreading at the operating wavelength of 800 nm. In 1970s that the
repeater spacing increased considerably by operating the lightwave system
in the wavelength region near 1300 nm, where optical fibers exhibit
minimum dispersion, furthermore, fiber loss is below 1 dB/Km. This
realization led to a worldwide effort for the development of InGaAsP

semiconductor lasers and detectors operating near 1300 nm [3].

The second generation of fiber-optic communication systems became
available in the early 1980s, but the bit rate of early systems was limited to
below 100 Mb/s because of intermodal dispersion in multimode fibers. This
limitation was overcome by the use of single-mode fibers. By 1987, second-
generation lightwave systems, operating at bit rates of up to 1.7 Gb/s with a
repeater spacing of about 50 Km, were commercially available. The repeater
spacing of the second-generation lightwave systems was limited by the fiber
losses at the operating wavelength of 1300 nm (typically 0.5 dB/km). Losses
of silica fibers become minimum near 1550 nm. Indeed, a 0.2 dB/Km loss
was realized in 1979 in this spectral region. The drawbacks of 1550 nm
systems were a large fiber dispersion near 1550 nm, and the conventional
InGaAsP semiconductor lasers could not be used because of pulse spreading
occurring as a result of simultaneous oscillation of several longitudinal
modes. The dispersion problem can be overcome either by using dispersion-
shifted fibers designed to have minimum dispersion near 1550 nm or by
limiting the laser spectrum to a single longitudinal mode. For a Dispersion
Shifted Fiber (DSF) the zero Chromatic Dispersion (CD) is shifted to
minimum-loss window at 1550 nm from 1300 nm by controlling the
waveguide dispersion and dopant-dependent material dispersion such that
transmission fiber with both low dispersion and low attenuation can be
achieved. Third-generation lightwave systems operating at 2.5 Gb/s became

available commercially in 1990. Such systems are capable of operating at a
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bit rate of up to 10 Gb/s. The best performance is achieved using dispersion-
shifted fibers in combination with lasers oscillating in a single longitudinal
mode [4].

A drawback of third-generation 1550 nm systems is that the signal is
regenerated periodically by using optoelectronic repeaters, spaced apart
typically by 60 - 70 Km, in which the optical signal is first convert to the
electrical current and then regenerate by modulating an optical source. The
repeater spacing can be increased by making use of a homodyne or
heterodyne detection schemes because its use improves receiver sensitivity.
These optoelectronic regenerating procedures are not suitable for multi-
channel lightwave systems because each single wavelength needs a separate
optoelectronic repeater, which leads to high cost and excessive system
complexity. Another obstacle of using electronic repeaters is that due to high
data rate in fiber-optic communication systems, the high speed electronic

devises are required which is very hard and expensive to make [2].

The fourth generation of lightwave systems makes use of optical
amplification for increasing the repeater spacing and of WDM for increasing
the bit rate. The advent of optical amplifiers, which amplify the optical bit
stream directly without requiring conversion of the signal to the electric
domain, revolutionized the development of fiber-optic communication
systems. Only adding noise to the signal, optical amplifiers are especially
valuable for WDM lightwave systems as they can amplify many channels
simultaneously. The optical amplification was first realized using
semiconductor laser amplifiers in 1983, then Raman amplifiers in 1986 [5],
and later using optically pumped rare earth Erbium-Doped Fiber Amplifier
(EDFA) in 1987 [6]. The low-noise, high-gain and wide-band amplification
characteristics of EDFAs stimulated the development of transmitting signal
using multiple carriers simultaneously, which can be implemented using a

WDM scheme. WDM is basically the same as the Frequency-Division



5

Multiplexing (FDM) as the wavelength and frequency are related A = v/f
where v is the speed of light and f is the frequency. The advent of the WDM
technique started a revolution in fiber-optic communication networks due to
the fact that the capacity of the system can be increased simply by increasing
the number of channels without deploying more fibers. That resulted in
doubling of the system capacity every 6 months or so, and led to lightwave
systems operating at a bit rate of 10 Tb/s by 2001 [3]. Commercial terrestrial
systems with the capacity of 1.6 Tb/s were available by the end of 2000, and
the plans were underway to extend the capacity toward 6.4 Th/s. Given that
the first-generation systems had a capacity of 45 Mb/s in 1980, it is
remarkable that the capacity has jumped by a factor of more than 10,000 over

a period of 20 years [2].

The fifth-generation of fiber-optic communication systems is
concerned with extending the wavelength range over which a WDM system
can operate simultaneously. While WDM systems can greatly improve the
capacity of fiber optic transmission systems by increasing the number of
channels, achievable data rate is limited by the bandwidth of optical
amplifiers and ultimately by the fiber itself. The conventional wavelength
window, known as the C-band, covers the wavelength range 1530 — 1570
nm. It is being extended on both the long- and short-wavelength sides,
resulting in the L- and S-bands, respectively. The Raman amplification
technique can be used for signals in all three wavelength bands. Moreover, a
new Kkind of fiber, known as the dry fiber has been developed with the
property that fiber losses are small over the entire wavelength region
extending from 1300 to 1650 nm. Availability of such fibers and new
amplification schemes may lead to lightwave systems with thousands of
WDM channels [2].

The fifth-generation systems also attempt to increase the data rate of

each channel within the WDM signal. This could be addressed by improving
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the signal spectral efficiency [7]. The signal spectral efficiency is measured
in bit/s/Hz, and can be increased using various spectrally efficient
modulation schemes, such as M-ary Phase Shift Keying (MPSK),
Quadrature Amplitude Modulation (QAM), and PDM technique. In fiber-
optical transmission systems the transmitted signal power cannot be arbitrary
large due to the fiber nonlinearity and therefore it requires a high-sensitivity
optical receiver for a noise-limited transmission system. The power
efficiency can be improved by minimizing the required average signal power
or Optical Signal to Noise Ratio (OSNR) at a given level of Bit Error Rate
(BER). In a conventional fiber optic communication system, the intensity of
the optical carrier is modulated by the electrical information signal and at the
receiver, the optical signal, transmitted through fiber link, is directly detected
by a photo-diode acting as a square law detector, and converted into the

electrical domain.

This simple deployment of Intensity Modulation (IM) on the
transmitter side and Direct Detection (DD) at the receiver end called
Intensity Modulation-Direct Detection (IM-DD) scheme. Apparently, due to
the power law of a photo-diode, the phase information of the transmitted
signal is lost when direct detection is used, which prevents the use of phase-
modulated modulation schemes, like MPSK and QAM. Therefore, both
spectral efficiency and power efficiency are limited in a fiber-optic system

using direct detection [2].

In contrast, like many wireline and wireless telecommunication
systems, homodyne or heterodyne detection schemes can be introduced to
fiber-optic communications. This kind of system are referred to as coherent
fiber-optic systems. The coherent fiber-optic communication systems have
been extensively studied during 1980s due to high receiver sensitivity [8].
However, coherent communication systems were not commercialized

because of the practical issues associated with Phase Locked Loops (PLLS)
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to align the phase of local oscillator with the output of the fiber optic link
and with the emergence of the EDFA, the former advantage of a higher
receiver sensitivity compared to direct detection disappeared, the more so as

the components were complex and costly [9].

Nowadays however, coherent optical systems are reappearing as an
area of interest. The linewidth requirements have relaxed and sub-megahertz
linewidth lasers have recently been developed. More recently, the high-speed
Digital Signal Processing (DSP) available allows for the implementation of
critical operations like phase locking, frequency synchronization and
polarization control in the electronic domain through digital means. Former
concepts for carrier synchronization with Optical Phase Locked Loops
(OPLL) can be replaced by subcarrier OPLLs or digital phase estimation.
Thus, under the new circumstances, the chances of cost effectively

manufacturing stable coherent receivers are increasing.

In addition to the already mentioned potentials of spectral efficiency,
coherent detection provides several advantages. Coherent detection is very
beneficial within the design of optical high-order modulation systems,
because all the optical field parameters (amplitude, phase frequency and
polarization) are available in the electrical domain. Therefore, the
demodulation schemes are not limited to the detection of phase differences
as for direct detection, but arbitrary modulation formats and modulation

constellations can be received.

Furthermore, the preservation of the temporal phase enables more
effective methods for the adaptive electronic compensation of transmission
impairments like chromatic dispersion and nonlinearities. When used in
WDM systems, coherent receivers can offer tunability and enable very small
channel spacings, since channel separation can be performed by high-

selective electrical filtering [10].
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It is expected that the demand in the growing system and the capacity
of the network remain to deal with more-bandwidth requiring technologies
such as voice and video over internet protocol, TV satellite channels, and
video conferences. To stay in step with the growth of the data capacity
requirement, new technologies to improve the fiber-optic communication
systems are in great need. On the other hand, systems must be carefully
studied and designed [11].

The major transmission performance degradation of long-haul, large-
capacity fiber-optic communication systems comes from fiber non ideal
transmission characteristics (such as attenuation, dispersion, optical fiber
nonlinearity caused by Kerr effect, polarization-mode dispersion), optical
amplifier noise accumulation, and interaction among them [12,13].

The way to achieve high performance fiber-optic communication
systems has been studied widely by different research groups around the
world. However, the complicated interaction between system impairments
makes the study of fiber-optic communication systems a difficult task. This
thesis focuses on the study of the fiber dispersion and nonlinearity mitigation

in fiber-optic communication systems.

1.2 Objectives of the Thesis

The main objective of this work is to compensate linear and nonlinear
distortions in large-capacity, long-haul fiber-optic communication systems.
These distortions are originated from the interaction of fiber dispersion and
fiber nonlinearity that is caused by Kerr effect. This goal may be achieved

through the following steps



e Developing numerical and analytical models to characterize fiber
transmission characteristics in the presence of dispersion and
optical nonlinearities.

e Implementation of compensation methods to compensate the fiber
nonlinearities in fiber-optic communication systems.

e Applying the proposed mitigation methods to fiber-optic

communication systems with different modulation formats.

1.3 Fiber-optic communication Systems Impairments

The effects that degrade the optical signal when it is propagating in an
optical fiber are usually divided into linear and nonlinear effects. This section

discusses briefly these effects in fiber-optic communication systems.
1.3.1 Linear Impairments

Linear Schrodinger Equation (LSE) well describes the linear
impairments in optical fiber, where the propagation constant (B) is firstly
expanded into a Taylor series about the carrier frequency, here in, the series
expansion includes only the first three terms. Under this assumption, the LSE
can be given by [14]
03A

1
- B3 Frole 0 (1.1)

0%A
ot2
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where A4 is the amplitude of the optical field, « is the attenuation coefficient, g,
is associated to the group velocity, while the parameter [, represents
dispersion of the group velocity and is responsible for pulse broadening, and

B is the third-order dispersion parameter.
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1.3.1.1 Fiber Attenuation

The optical wave propagation in optical fiber is accompanied by
power loss. The main reasons behind power loss are due to material light
absorption, Rayleigh and Mie linear scattering. Beer’s law governs the decay
of optical power in a lossy fiber extended in the z direction and it can be

written as
P(z) = P(0) exp(—az) (1.2)
where P(0) is the launched power into the fiber.

Optical fibers are designed with low levels of attenuation coefficients
with a of about 0.17 dB/km at 1550 nm is reported. Figure (1.1) shows the
spectrum of the losses caused by different sources of a fused silica fiber. This
fiber shows minimum losses value in the region near 1550 nm. At shorter

wavelengths, losses show higher values reaching a few dB/km in the visible

region [15].
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Figure (1.1): Measured loss spectrum of a single-mode silica fiber (solid line) with
the calculated spectra for some of the loss mechanisms contributing to the overall
fiber attenuation (dashed and dotted lines) [16].
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1.3.1.2 Chromatic Dispersion

After attenuation, dispersion is considered the next limiting factor that
determines how much and how far information can be transmitted on the
fiber link. From Eqn. (1.1), B, controls the propagation speed of the envelope

of the optical pulse along the fiber [14]

ﬁ1=l=1(n+w%> (1.3)

Vg C

where n is the linear refractive index, w is the optical frequency, and c is the
speed of light in vacuum. The Group Velocity Dispersion (GVD) is the main
reason behind optical pulse broadening during the propagation. In Eqgn. (1.1),

B, is the GVD parameter and given by [14]

1/ _dn d*n

B, is related to the dispersion parameter D which can be obtained by taking
the first derivative of B, with respect to the wavelength
_dp,  2mc A d’n

——p r—— (1.5)

D = —
da A2 72 ¢ qp?

Return to Egn. (1.1) again, B; = dB,/dw is considered as the GVD

slope parameter, which is associated to the dispersion slope parameter S [16]

dp, 4mc? 27c\*
s=at =t () (10

For transmission in the region of zero dispersion i.e. g, = 0, the GVD

slope becomes dominant and must be taken into account.

If one introduces a retarded time frame T =t — z/v;, which moves
with the signal at the group velocity, then g, will be eliminated from Eqgn.
(1.1). Furthermore, when Standard Single-Mode Fibers (SSMFs) or other
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types with sufficiently high GVD are used, then the effect of the GVD slope
can be neglected. Under these conditions Eqgn. (1.1) can be written as [16]
0A « j 0%A

—+—A+

3z 2 ﬁzm =0 1.7)

In silica SSMF, the total dispersion profile is determined by the
waveguide dispersion and the material dispersion. The summation of those
two parameters gives the dispersion profile depicted in Fig. (1.2). The zero
dispersion wavelength is located at 1324 nm and D = 16 ps/km/nm at 1550
nm. The material dispersion is related to the nature of the fused silica, and
hence it cannot be changed. However, the effective refractive index of the
fiber controls the waveguide dispersion. By changing the index profile,
different fibers such as Dispersion Compensating Fiber (DCF) with D =
—80 ps/km/nm and non-zero dispersion shifted fiber with D = 4 ps/km/

nm can be manufactured. [16].

............................................
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Figure (1.2): Dispersion characteristic of a typical standard single mode fiber as a
function of wavelength and frequency [8].
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1.3.1.3 Polarization Mode Dispersion

Polarization of light is an electromagnetic wave property that
describes the direction of fluctuation of the transverse electric field. In
SSMF, there exists two orthogonal polarization states, which are denoted
here as x and y. Polarization of light can be described by representation of
Stokes parameters, which can be straight forward expressed by using
Poincaré sphere. The Poincaré sphere consists of four stocks parameters in
terms of optical power as shown in Fig. (1.3) to visualize the SOP. SSMFs
support two polarization modes simultaneously transmitting. These two
polarization modes are orthogonal to each other. But the modes
orthogonality can be changed due to temperature fluctuations and fiber

birefringence caused by mechanical stress [2,17].

ZA

Figure (1.3): Poincaré sphere. S, Sz, and Sz are the stockes parameters. The forth

parameter Sy is calculated from S2 = S2 + S2 + §2 [17].
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The SOP variation occurs typically with fiber length ranges from
hundreds meters and extends up to a few kilometers. Mathematically, one
can define modal birefringence, Bmas [16]

|:3x B ﬁy|

B, =————= |nx — ny| (1.8)
2T

with n, and n,, being the effective refractive index of both modes and Sxand
By the equivalent propagation constants. The axis with larger group velocity
is usually denoted as the fast axis while the axis with smaller group velocity
is referred to as the slow axis. Consider a linearly polarized pulse, which is
launched into a fiber at a 45 degree (rr/4 rad) angle with respect to the slow
axis as depicted in Fig. (1.4). In this case, the optical pulse excites two
orthogonal modes of equal power, one in the slow axis and one in the fast
axis. Whilst propagating along the fiber, the energy splits randomly between
these two polarization states and the receiver detects two pulses, one in each
polarization. The difference between the arrival-times of the two pulses is
denoted as Differential Group Delay (DGD) AT and exhibits a Maxwellian
distribution around the mean DGD-value (AT). The mean DGD scales with
L? (square of the fiber length) and is directly related to the Polarization

Mode Dispersion (PMD) parameter of the fiber, which typically varies
between 0.01 and 0.5 ps/vkm [16]

DGD

fast ayis

Slow ax

is

Figure (1.4): Random birefringence and the resulted DGD for a pulse launched into a
fiber at 45° [16].
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1.3.2 Nonlinear Impairments

The response of the optical fiber and all the dielectric materials to the
light becomes nonlinear for intense electromagnetic fields. The silica is not
considered in nature as a highly nonlinear material, but sometimes the fiber
geometry that leads to confine the light to a small cross-section for long fiber
lengths can makes nonlinear effects [10]. Fiber nonlinearities consist
generally of two main groups. The first group is related to nonlinear
refractive index, and these nonlinearities are called (Kerr effect). The other
type of nonlinearities is associated to the nonlinear optical scattering. The
fiber refractive index depends on the light intensity, and hence due to this
dependency, the Kerr effect is produced. Fiber nonlinearities in this category
are represented by Self-Phase Modulation (SPM), Cross-Phase Modulation
(XPM), and FWM. On other hand, parametric interaction between the light
and materials is caused by the stimulated scattering effects. Stimulated
scattering effects occur in two types, the first is called Stimulated Raman
Scattering (SRS) and the other is Stimulated Brillouin Scattering (SBS). The
stimulated scattering effect has threshold power level as a condition at which
the nonlinear effects manifest themselves. However, Kerr effect does not
have such threshold [18]. The Raman backscattering and SBS may cause
severe performance degradations in dense bidirectional WDM systems. By
extending Eqn. (1.1) to include the nonlinear propagation effects, one obtains
the NLSE defined in Eqgn. (1.9) [14]

oA o L OA ] 924 3
0z 2 Blat 2'82(%2

! J = jy|A|*A 1.9
cPsogE =y (1.9)
The refractive index (fi) of an optical fiber consists of a linear part n

and a nonlinear part n,, the later depends on the optical intensity in the fiber

(Kerr effect) [14]
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i =n+n,|A|? (1.10)

The fiber nonlinearity coefficient y in Egn. (1.9) is related to n, and

the effective core area A, at the center frequency w, by [14]

(UO le

y(wo) = (1.11)

C Aeff

The amplitude of the optical field A in Eqgn. (1.1) can be decomposed
into three interacting field components Ao, A1and A2 which describe the two
pumps and signal with Af describing the phase relationship between them.
To explain the influence of nonlinearity, one can restrict the analysis to
small-signal distortions, and separate Eqn. (1.1) into three coupled equations.

For Ao component, the NLSE becomes [14]

0A a j  0%A . .
20 S ot L, T = g A+ 2y (1A, + 14,0,
+j)/z AlAmA;+mejAﬁZ (1.12)
l#m

where AB is the linear phase mismatch.

In Eqn. (1.12), the SPM, XPM, and FWM are represented by the three
parts of the right hand side, respectively. In SPM, the nonlinear phase shift
caused by the power of the A, component itself is considered, while XPM
describes the nonlinear phase shift that induced due to the contribution of the
optical powers of neighboring channels. FWM describes a mixing process

between all channels satisfying k = [ + m — n [16].

1.3.2.1 Self-Phase Modulation

If one assumes single signal propagation, (i.e. no XPM and FWM as
defined in Eqgn. (1.1)) and neglect chromatic dispersion, the solution to Eqn.
(1.1) has the following form [2]
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A(z.T) = A(0.T) exp (—% z) exp(j@spm) (1.13)

where T is the pulse duration, « is attenuation coefficient, and @, is the
nonlinear phase distortion caused by the SPM. The nonlinear phase shift
acquired due to SPM is dependent on the intensity profile of the waveform

and the fiber effective length, and it is proportional directly to the optical

power [16]
ﬂspm = VLefflAl2 (1.14)
Furthermore, @, scales with the effective fiber length L,,, which
includes the exponential decay of power profile [16]
1—exp(=al) 1 I .
L, = " N (for suifficiently long fibers) (1.15)

Note that in absence of chromatic dispersion, SPM does not change
the pulse shape, while the interaction of SPM with dispersion results in pulse
distortion due to Phase-Modulation to Intensity-Modulation (PM-IM)
conversion of the phase distortion @,,,. In the latter case, the time
dependent nonlinear phase shift induces carrier frequency fluctuations,

which are referred to as chirp [16]

06@spm (T)

ow(T) = — T

(1.16)

The chirp generates new frequency components leading to spectral
broadening in dispersive media, increasing for fast pulse rise times since the
shape of ¢, (T) is proportional to the pulse shape. In a response to the
SPM phase shift, the leading edge of the pulses experiences a frequency

reduction and the trailing edge a frequency increase.
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1.3.2.2 Cross-Phase Modulation

By analogy to SPM, XPM is also a result of a nonlinear phase shift in
an optical field. With SPM, the nonlinear phase shift in an optical signal is
due to time-dependent power fluctuations in the wavelength channel itself.
XPM, in contrast, covers the influence of the nonlinear phase shift induced
by an orthogonal polarization (polarization multiplex) or neighboring
wavelength channels (wavelength division multiplexing). Referring to Eqgn.
(1.12) and consider the second term on the right hand side. One can find an
expression for the nonlinear phase shift due to two neighboring channels 4,
and A; [16]

2

dz'

! j !/
Bxpm(2.T) = yLiss ([ A,(0.T + dg, 2" )exp (Eﬁzwgz )
0

z 2
+ dz' (1.17)
/ )

This expression can be generalized to express the nonlinear phase shift

A5(0.T + dg, 2" )exp (]E ,Bza)gz’)

induced on central channel Asdue to XPM, by summing up the contributions

of all neighboring waves [16]

2

dz'  (1.18)

: J /
Ap(0.T + dg,z")exp (Eﬁzwgz )

Bxpm(2.T) = VL%aff z
p*+1
where w,, is the angular frequency of the neighboring wave that caused the

nonlinear phase shift on the signal due to XPM.

Due to the different group velocities of each WDM-channel the
symbol patterns of the interacting channels walk-off from the central channel
as displayed in figure (1.5). This effect is described by the walk-off
parameter d,, [16]
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where D is the dispersion parameter, As and Ap are the wavelengths of the

central and the neighboring waves, respectively.

A higher walk-off parameter helps decorrelate XPM contributions
along the transmission link and reduces the variance of the XPM distortion.
Eqn. (1.18) shows that @, depends on the adjacent channels power profile
and is therefore, similarly to SPM, stronger within the effective length of the
fiber. Furthermore, the nonlinear phase shift depends also on the
accumulated dispersion of the interfering channels. Since the signal peak-to-
average power ratio is generally smaller for larger values of accumulated
dispersion. It is justified to say that highly dispersed channels induce less
severe XPM-distortions [16].

A(ZQOIO

Figure (1.5): Walk-off between two waves at wavelength A1 and A after propagation
over the distance L [16].

1.3.2.3 Four-Wave Mixing

This nonlinear effect comes from the nonlinear response of material
bound electrons to the electromagnetic fields. The nonlinear effect is
classified as a second order parametric process if the second-order
susceptibility y @ is responsible for this effect. While the effect that depends

on the third-order susceptibility ¥ is classified as third-order parametric
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process. In isotropic medium such as silica optical fiber, y® is almost
vanished. Thus, the effects of the second-order processes can be ignored in
silica fibers. FWM is a third-order parametric processes that occurs due to
nonlinear interaction among three or four optical waves simultaneously
forming a Non-Degenerate Four-Wave Mixing (NDFWM) where two pumps
at frequency wy; and w,, (w,; # wy,) co-propagate with the signal at

frequency w; in nonlinear medium; an idler wave at frequency w; = w,; +

w,, — w; is generated (see Figure 1.6) [19].

Power
F

3> Frequency
Figure (1.6): Waveforms of non-degenerated four-wave mixing.

If an intense pump at frequency w,, and a signal at frequency w; are

injected into the nonlinear medium together, an idler wave at frequency w; =

2w, — wg Will be generated efficiently if the phase-matched condition is

satisfied (see Figure (1.7)). This nonlinear process is called Degenerate
FWM (DFWM), [19].

Power

M

> Frequency

Figure (1.7): Waveforms of degenerated four-wave mixing.
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The phase mismatch plays an important role in FWM process; if the
phase mismatch is almost zero, significant FWM can be achieved. This
condition is satisfied only by matching the frequencies of all the interacting
waves, as well as the wave vectors [14]. The phase-matching condition

required for this process is Ak = 0 where

Ak = Bs + Bi — Bp1 — Br2 = (Nsw; + njw; — Npywp; — Npywp,)/c (1.20)

Here npq po 5 2; are the effective mode indices at the frequencies wpq po s &;-

1.4 Nonlinearity = Compensation Techniques in  Fiber-optic

communication Systems

Fiber-optic communication technology has been growing rapidly
during recent decades to meet the increase of data capacity to be
transmitted over the optical link. The broad development of fiber-optic
communication has started from 1980s after the use of optical equipment
that enhance the performance of optical systems such as low-loss SSMF,
EDFA, and the use of various multiplexing techniques. Besides that,
advanced modulation formats in coherent transmission systems enable
high-speed, large-capacity, and long-haul transmission system. Currently,
the transmission capacity of fiber-optic communication systems is mainly
limited by the dispersion and fiber nonlinearity caused by Kerr effect. At
low levels of signal power, transmission performance is limited by
Amplified Spontaneous Emission (ASE) noise, so the capacity can be
enhanced by increasing signal power to increase OSNR. However, with
high signal power, fiber nonlinear effects dominate and make it impossible
to enhance transmission performance by simply increasing signal power.

Different optical and digital electronic compensation techniques have



been proposed in the literature to partially or completely compensate for

fiber chromatic dispersion and nonlinearities [20].

1.4.1 Digital Back-Propagation Algorithm

The Digital Back-Propagation (DBP) algorithm is done by digitally
inverting the distortions due to the chromatic dispersion and fiber
nonlinearities. This process is done by the re-propagating of the received
signal into a designed virtual link. This virtual link is characterized by
inverse dispersion and nonlinear coefficients with respect to the original
fiber link (see Fig. (1.8)). DBP is an effective compensation technique for
dispersion and Kerr nonlinearities especially for single channel
transmission systems [21]. However, due to the complexity of design and
manufacturing, DBP compensation method is not suitable to be used in

the WDM systems in long-haul transmission link [22].
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Figure (1.8): Schematic diagram of the fiber nonlinearity compensation system using

digital back-propagation technique.

1.4.2 Frequency-Referenced Transmission

In this method, the canceling of the nonlinear distortions due to Kerr
effect is achieved with the help of the optical carrier stability. If the optical
carriers have a sufficient degree of mutual coherence, the nonlinear wave
interaction in optical fiber can be substantially reverted. By this approach,
all transmitted carriers are generated from a stable optical frequency
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comb, in order to conserve a locked frequency separation. Such strategy
Is proved to benefit multi-channel nonlinearity compensation performed

at the transmitter, with the use of nonlinear pre-distortion [23].

1.4.3 Phase-Conjugated Twin-Waves

Compensation of fiber nonlinearity can be achieved using a method
of Phase Conjugated Twin Waves (PCTWSs). In this method, the nonlinear
distortions caused by Kerr effect of a pair of phase conjugated twin waves
are anti-correlated and as a result, nonlinear distortions due to signal-
signal nonlinear interactions are canceled by coherent superposition of the
conjugated twin waves (see Fig. (1.9)). Experimentally, two orthogonal
polarizations are used as twin waves and the data modulated on one

polarization is the conjugation copy of that of the other polarization [24].

Optical fiber

Transmitter ( @ i E ) Recei
eceiver
for PCTW
OA OA

Coherent superposition
of PCTW

E = ERY + (EFX)

Figure (1.9): lllustration of nonlinearity cancellation based on phase-conjugated twin
waves.
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1.4.4 Optical Back-Propagation

Optical Back Propagation (OBP) has been proposed for the
compensation of chromatic dispersion and fiber nonlinearity by placing an
OBP device at the fiber output. The OBP module usually consists of Highly
Dispersion Fiber (HDFs) and nonlinearity compensators (see Fig. (1.10)).
These optical elements used to undo fiber distortions by reversing signal
propagation. The nonlinearity compensator makes a phase shift that is equal
in magnitude to the nonlinear phase shift caused by fiber propagation, but of
course, opposite in sign. The effective negative nonlinear coefficient of the
nonlinearity compensator is realized using two segments of HNLFs. This
OBP scheme shows good transmission performance, however, it requires
very good alignment in polarization between pumps and signal, and hence,

the complexity of the receiver is significantly increased [25].
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Figure (1.10): Optical pack-propagation module in WDM system [25].

1.4.5 Mid-Span Optical Phase Conjugation

Another interesting technique to mitigate fiber nonlinearity is by using
OPC fixed in the middle of the optical link, a scheme known as Mid-Span
Spectral Inversion (MSSI) [22,26]. This method firstly used for channel

dispersion compensation, lately extended to show that OPC at the mid-point
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of the link can also compensate nonlinear distortions. In a MSSI link, the
phase of the signals is conjugated and the spectrum is inverted at the mid-
point of the optical link. The signal phase distortion that accumulated from
the first part of the link due to fiber dispersion and Kerr effect now has
opposite phase in the second part of the link. Consequently, the effects in the
second part of the optical link after the OPC cancel out the impairments of
the first part. To achieve full nonlinearity mitigation, the mid-way OPC must
be located exactly at the mid-point of the optical link, which can reduce the
flexibility of optically routed networks because the ‘mid-way’ point is
difficult to identify. Moreover, the mid-point of the link can be changed with
time. In addition, in the mid-span OPC compensation scheme, the
wavelength of the phase-conjugated signal is different compared to the
original transmitted signal and this required extra complexity in the receiver

design.

In this thesis, a dispersion and fiber nonlinearity mitigation using
multiple OPCs placed in the optical link is introduced. In this method, the
phase of the signal is conjugated after every certain length of the fiber and
the phase conjugation is repeated after another equal length fiber. Therefore,
the dispersion and fiber nonlinearities can be compensated along the optical
link, not only at fiber end. This compensation scheme allows dynamic
routing of the signals. Another advantage of using this scheme is that the
signal wavelength can be conserved at the receiver using even number of
OPC devices. This reduces the complexity of the receiver. Using multiple-
OPC compensation scheme, a large capacity, high speed, and long-haul
fiber-optic communication systems with high performance can be designed.
Furthermore, the multiple-OPC compensation scheme is transparent to the
modulation formats and suitable to single channel transmission as well as to
WDM systems.
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1.5 Literature Survey

This section reviews some of the works related the use of OPC
technique in advanced fiber-optic communication systems which is the

research area of this thesis.

In 2006, Jansen et al. [27] employed OPC for the mitigation of fiber
dispersion and nonlinearity due to Kerr effect. In this work, 16x42.7 Gb/s
NRZ is transmitted over an 800 km straight line of SSMF. An OPC device
was used to get difference frequency generation in a periodically poled
lithium-niobate waveguide, in order to achieve high conversion efficiency
and transparent WDM operation. The principle of the use of OPC as a
polarization-independent OPC subsystem was discussed. Then, the use of
OPC for fiber dispersion and nonlinearity compensation in WDM long-haul
transmission system was investigated. The results reveal that the
transmission reach can be increased by 50% when the OPC is inserted in the
transmission link with the help of DCF. The results show an improvement in
the Q factor up to 4 dB due to the nonlinearity compensation resulting from
the nonlinear phase noise. Then, the performance of an ultra-long haul WDM
transmission system of 22x20 Gb/s Return-to-Zero Differential Quadrature
Phase Shift keying (RZ-DQPSK) over same link was discussed. The results
show that the use of OPC can completely compensate the fiber dispersion
and nonlinear impairments. Comparing the results with those of a system
using a DCF for fiber dispersion compensation shows a 44% increase in

transmission reach when OPC is employed.

In 2007, Kaewplung and Kikuchi [28] proposed the use of MS-OPC
with DRA for simultaneous mitigation of fiber attenuation, chromatic
dispersion, and fiber nonlinearity caused by Kerr effect in ultra-long haul
transmission link. DRA helps to provide symmetrical power profile along

the link and the power becomes identical with respect to the midpoint of the
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system where the OPC device is fixed. Then, the fiber dispersion and the
nonlinear distortions caused by the Kerr effect are almost completely
mitigated by the OPC. Numerical simulation results demonstrate that, by
employing the flat power maps with a span of 40 km, a single-wavelength
signal whose data rate is 160 Gb/s can be successfully transmitted over 5000
km at Q-factor 7 dB, and the Kerr effect is sufficiently suppressed near

limitation due to the nonlinear accumulation of noise.

In 2012, Morshed et al. [29] reported through the simulation that
OPC based on FWM for MSSI can be improved by splitting HNLF into
two parts separated by an optical filter to suppress the XPM around the
pump. Simulation results show an improvement of the maximum signal
quality, Q-factor, by 1 dB in a 10x80 km 4QAM 224 Gh/s CO-OFDM
system with MSSI. The simulation results of the proposed OPC was
compared with the system in which a conventional OPC is used and

showed an improvement in terms of Q factor.

In 2014, Ros et al. [30] investigated experimentally the use of a dual-
pump Fiber Optic Parametric Amplifier (FOPA)-based optical phase
conjugation to achieve MSSI in order to mitigate the fiber nonlinearity for
a signal consisting of five channels each of 112 Gb/s per polarization (WDM-
PDM 16-QAM signal) over 800 km dispersion-compensated optical link.
The polarization insensitive operation of the designed OPC device using a
dual-pump FOPA was demonstrated. The results show an improvement in
the value of the maximum Q-factor provided by the compensation scheme
for different dispersion-managed transmission lengths with clear
improvement reported for all the lengths considered. In the nonlinear regime,
the nonlinearity compensation provided by OPC enables improvements of
the Q-factor of 0.56 dB, 0.71 dB and 0.9 dB, for 480 km, 640 km and 800
km, respectively, provided only 1 dB higher power per channel is launched
in the spans. The OPC operation allows reaching BERs below the HD-FEC
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threshold (3.85x107®) for 800 km transmission and the results show better

performance when compared with a direct transmission link.

In 2014, Sackey et al. [31] presented experimental and numerical
extension for their work reported in [30]. They used a particular link of
4x100 km SSMF spans employing backward pumping DRA. The
transmitter and receiver configuration are the same as in the previous
work. A dual-pump polarization-independent FOPA was used as a mid-
link OPC. In single channel transmission, an improvement of 1.1 dB in Q-
factor was achieved. While the Q-factor improvement of the five-channel
WDM system is 0.8 dB. The experimental results are in good agreement
with numerical simulations ones. Maximum transmission reach of 2400
km was obtained through simulation for a WDM system using mid-link
OPC.

In 2014, Hu et al. [32] proposed multiple-OPC on an 8-channel
WDM PDM quadrature phase-shift keying (QPSK) 1Thb/s data signal
enabling a 6000 km transmission reach. Best performance is obtained for
600 km OPC span length and the results were compared experimentally
with the case of MS-OPC and the direct link. The proposed method shows
better performance than with MS-OPC and without OPC. The results
show that the optimum launched power is still at -7 dBm when the FOPA
without OPC is used, but the Q-factor is reduced by 1.4 dB compared to
the case of a direct link (without FOPA). After 3600 km transmission, for
the case of FOPA with MS-OPC, the optimum launch power is increased
by 3 dB, but the optimized Q-factor is still 0.4 dB lower than without
FOPA. For the case of FOPA with multiple- OPC, the optimum launch
power is increased by about 5 dB, resulting in Q-factor improvement of
0.5 dB higher than the case without FOPA and 0.9 dB higher than the case
of FOPA with MS-OPC.
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In 2014, Sackey et al. [33] demonstrated experimentally a
polarization-independent FOPA-based OPC with different values of the
On-Off gain to transmit a test signal of 112 Gb/s PDM 16-QAM signals
in a 5 channel 50-GHz spacing WDM system. Investigation of signal and
generated idler shows OSNR penalties below 1 dB for single channel and
a 5 channel WDM cases at 5 dB On-Off gain and at a BER of 10*. The
maximum polarization dependent gain was also measured to be below 0.5
dB across a wavelength range from 1542.5 nm to 1565 nm. The proposed
scheme is very useful for in-line OPC applications at 5 dB gain for gain-

transparent operation with minimal penalty from the FOPA.

In 2015, Ros et al. [34] demonstrated a fiber nonlinearity
compensation scheme by OPC ina WDM PDM 16-QAM system. Improved
received signal quality was reported for both dispersion-compensated and
dispersion-uncompensated transmission and a comparison with DBP scheme
was investigated. The received Q-factor for the center channel is shown as a
function of the power launched into each span for the two scenarios. In both
cases application of the OPC device increases the optimum transmission
power as well as the maximum received Q-factor with improvements of
around 0.9 dB over 800 km transmission and 1.1 dB over 400 km
transmission for the two link configurations. For the dispersion-compensated
link, the use of OPC for 800 km transmission results in the same performance

as 640 km straight transmission, increasing the reach by 25%.

In 2016, Yoshima et al. [35] demonstrated experimentally fiber
nonlinearity compensation for two 10 Gbaud (60 Gb/s) 64-QAM signals
using MS-OPC in a 400 km EDFA-amplified transmission link. The system
was tested in a WDM environment using a single OPC to simultaneously
conjugate two WDM signal bands. This provides twice the usable bandwidth

when compared to conventional schemes. Q-factor improvement of more
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than 1.7 dB was achieved for channels in the two bands when OPC was in

place.

Also in 2016, Hu et al. [36] demonstrated multiple optical phase
conjugation of an 8-channel WDM PDM 16-QAM signal achieving total bit
rate of 2.048 Tb/s in a 900 km SSMF transmission experiment. In both
single-channel and WDM cases, by using repeated OPC, the system
performance was demonstrated to be improved over both the case of MS-
OPC and the case of no OPC. The system performance was evaluated by the

Q-factor (calculated from BER) measured with various launched powers.

In2017, Hu et al. [26] investigated experimentally the use of multiple-
OPC to fiber nonlinearity compensation in single-channel and WDM
transmission systems. They used two signals with different modulation
formats, the first is 8x32-Gbaud PDM QPSK signal, and the second is 8x32-
Gbaud PDM 16-QAM signal. The total bit rates of 1.024 Th/s and 2.048 Th/s
for the first and second signals, respectively. They compared their results
with the scheme of single MS-OPC and with direct transmission link. The
proposed method shows improved performance in terms of a best achievable
Q factor after transmission and the nonlinear threshold. In addition, the
signal wavelength can be preserved at the receiver using even number of
OPCs. The results prove that the proposed technique is transparent to the
modulation formats and effective for different optical transmission links. The
WDM PDM QPSK signal band is transmitted over a long-haul DRA by
employing multiple-OPC. In this system, 5 dB and 2 dB increasing in the
nonlinear threshold were obtained compared to the case of no OPC and MS-
OPC, respectively. While in WDM PDM 16-QAM signal transmission, the
nonlinear thresholds are increased by 7 dB and 1 dB compared to the case of
no OPC and MS-OPC, respectively.
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It is clear from this survey that OPC can be adapted as an effective
technique to compensate the combined effect of fiber chromatic dispersion
and nonlinearities. Most of the researchers focus on using MS-OPC for this
purpose from cost point of view. The benefits gained by using multiple-OPC
technique have been addressed by few researchers in this field. Their results
are deduced mainly on experimental investigation without considerable
attention to SOPs of the associated pumps and signal as the main issue. In
this thesis, this issue is addressed theoretically and by simulation using
commercial software packages, namely Optisystem v. 14.1. The theoretical
results are found to be in good agreement with experimental data reported in
reference [29]. The theoretical modeling and simulation results can be used
to design multi-span HNLF-OPC devices which can offer flat spectral
conversion efficiency with less sensitivity to signal polarization. These
devices are suitable for mitigation of linear and linear phase distortions
associated with transmitted signals in high-bit rate and long-haul WDM

systems incorporating high-order modulation formats.

1.6 Thesis Outlines

This thesis consists of four chapters; the rest three chapters are

organized as follows

Chapter 2 introduces background information of optical pulse
propagation starting with Maxwell's equations until reaching the complete
NLSE which well describes the pulse propagation through optical fiber.
Furthermore, coherent fiber-optic communication systems, multiplexing

techniques, and advanced modulation formats are presented.

Chapter 3 investigates analytically the performance of dual-pump
HNLF-OPC in the presence of SOP misalignment hence the signal and the
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two pumps expressions are derived to characterize the fiber-optic
communication system incorporating HNLF-OPC device for mitigating the
effects of fiber dispersion and nonlinearities that is caused by Kerr effect.
FWM parametric gain and conversion efficiency as a function of signal and
pumps SOPs in both MS-OPC and multiple-OPC configurations are

considered here.

Chapter 4 present and discuss the simulation results of proposed
compensation systems and compare the obtained results with published
experimental ones. Finally, discussion of the future steps that can be taken to

improve this work will be provided.
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Chapter Two

Theoretical Background

2.1 Introduction

This chapter presents the basic theory for a propagation of
electromagnetic wave in nonlinear dispersive optical fiber. Basic concepts of
the optical pulses propagation into single mode fibers starting from
Maxwell’s equations are given. Maxwell’s equations are used as the
mathematical framework to introduce the NLSE which well describes the
principles of optical pulse propagation in dispersive nonlinear fiber. This
chapter presents the principle of the operation of OPC based on FWM
process ina HNLF. The techniques that enable long-haul, large-capacity, and
high-speed fiber-optic communication systems are also briefly mentioned in

this chapter.

2.2 Maxwell’s Equations and Optical Wave Equation

Similar to all electromagnetic phenomena, optical pulse propagation
in fibers, either in linear or nonlinear regimes, is governed by the basic

Maxwell’s equations [37]

VXE = B (2.1a)
ot -

oD
VXH=]+— (2.1b)

Jt
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V.D=p (2.1¢)
V.B=0 (2.1d)

where E and H are the electric and magnetic fields vectors, respectively,
D and B are associated electric and magnetic flux densities, respectively, J is
the current density, and p represents the electromagnetic field source. In

optical fibers, which are dielectric transmission media, J = 0 and p = 0.

D and B are generated as a response of the medium to the propagating

electric and magnetic fields E and H. respectively, [37]
D=¢E+P (2.2a)
B=uH+M (2.2b)

where €, and u, are the permittivity and permeability in the vacuum,
respectively, P is the induced electric polarization while M represents the
induced magnetic polarization. Note that the value of the magnetic

polarization is equal to zero for non-magnetic mediums as in optical fibers.

The propagation of optical pulses in optical fiber is controlled by

Maxwell’s equations and governed by the following wave equation [14]

1 0%E 9%P
VXVXE=""7%a "t

(2.3)

where c is the light vacuum speed and the relation pyeq = 1/c? is used.

The induced polarization P at position r in the fiber consists of two

parts

P (r.t) =P, (r.t)+ Py, (r.t) (2.4)
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where P, is the linear polarization and P, is the nonlinear polarization. The
linear part P, (r.t) is related to the electric field by the first order
susceptibility ¥y [14]

t

P,(r-t)=e,xVE = EOJ ¥ (t—t).E(r.t"dt’ (2.5)

In optical fiber, the nonlinear polarization often comes from the third

order susceptibility y® and hence [14]
Py, (r.t) = €, x® : EEE

t t t
=eoj dtlj dtzj dt; X y®(t —ti.t —t,.t —t3)

tE(r.t)E(r.ty)E(r. t3) (2.6)

where y®) is a tenser of fourth rank which contains 81 terms. In isotropic
media, like a silica fiber operating away from any resonance, the independent

terms in y®) is reduced to be only one [14].

Equations (2.4) to (2.6) can be used in the wave Eqn. (2.3) to obtain
the propagation equation of the optical pulse in nonlinear dispersive fibers.
Before that, some practical assumptions are to be considered to solve Eqgn.
(2.3) [37].

1) Nonlinear polarization is considered as a small perturbation of a linear
polarization and the polarization remains constant along the fiber.

i) The small refractive index difference between the fiber core and
cladding is neglected and the spectral width of the wave is much less
than the center frequency of the wave, considering a quasi-
monochromatic assumption. This leads to the use of the approximation

of slowly varying envelope in the time domain.
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iii) The propagation constant is approximated by only few terms of the
expansion of Taylor series around the carrier frequency, and hence the

propagation constant can be expressed as [38]

1 1
B(w) =Py + (w0 —wp)p; + E(w — wo)?f, + 5 (0 — wo)*Ps3 (2.7)
where , = £ (w,) and other parameters are given as

B = (dm—ﬁ)wzwo (=123 ) (2.8)

do™

The parameters £, and S, are given in Eqns. (1.3) and (1.4),

respectively.

The third-order term and beyond in equation (2.7) can be ignored as
long as the quasi-monochromatic assumption is assumed. However, when
the center of the signal wavelength is at or near the zero-dispersion
wavelength, the second-order term of the propagation constant S, is

negligible and therefore the S5 term should be taken into account [39].

2.3 Nonlinear Schrodinger Equation

If the propagating electric field A(z.t) propagates toward +z
direction and it is linearly polarized toward x direction, Eqn. (1.9) that
governs the evolution of the slow-varying complex envelope of the optical
pulses along a SSMF can be written as follow [14,37]

0A(z.t) « 0A(z.t) j 0%A(z.t) 1 _ 093A(z.t)
oz T ZAEOth Gt b e B
= —jy |A(z.t)|* A(z.t) (2.9)

where z is the spatial longitudinal coordinate.
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Equation (2.9) is usually called generalized NLSE. This equation
describes the optical pulse propagation in a SSMF. This equation is
applicable for propagation of short optical pulses with width as low as (~50
fs). This is associated to a spectral width of (~20THz) [14].

If the optical pulse width is much less than 1ps, the effect of SRS and
the self-steepening should be included in the NLSE, then equation (2.9) can
be written as [14, 38]:

0A(z.t) «a 0A(z.t) j 0%A(z.t) 1 03A(z.t)
0z T2 AEO Bt b e s
d
= —jy |A(z.t)|? A(z.t) + jyTg 5 |A(z.t)|? A(z.t)
_ Y %A@l Az (2.10)
w, Ot ' ' '

where Ty is the Raman gain slope (~5 fs). However, at higher pulse width
(wider than 1 ps), the SRS and the self-steepening effect terms can be ignored

compared to the Kerr effect term.

2.4 FWM-Based OPC

FWM is an important nonlinear process occurs in optical fibers. It is
useful in many applications such as phase conjugation and wavelength
conversion [40, 41]. In the conventional NDFWM processes in a nonlinear
medium, a two pumps and a weak signal are simultaneously injected into the
medium. As a result of the nonlinear interaction among these waves, an idler
or conjugate wave can be generated when the phase-matching condition is
met (see Fig. (2.1)). Using FWM-based OPC, the restoration of temporal
pulses in optical fibers can be achieved, and hence, the pulse shape can be
restored after being affected by fiber dispersion and nonlinearity. This leads
to a restoration of the shape of the propagated pulse in a fiber as the pulse
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propagates through another fiber after conjugation of its phase, and hence,
undoes the chromatic dispersion and fiber nonlinearity induced by the
original pulse. As a result of these important properties, FWM-based OPC
has received much attention in long-haul fiber-optic communication systems
[27]. A phase conjugation with high efficiency becomes possible with fairly
high input powers and this may lead to an optimum fiber length of maximum

conversion efficiency.

— Pumpl
E—— Pumpz
medium —— signal

— Conjugated idler

Pump] ee—— Nonlinear
Pump? ey
Signal —————p

Figure (2.1): Generation of a conjugated idler using four-wave mixing.

Consider non-degenerate FWM in a HNLF where all the four
frequencies (two pumps, signal and idler) are different. In this process, two
pump waves at frequencies (w,;) and (w,;), and signal wave (to be phase
conjugated) at frequency (ws) are launched into a HNLF generating an idler
wave with an optical frequency (w; = w »; + Wy, — ws), the total electric
field is expressed as [42]

1 4
E = 5 X z explj(Bnz — wut)] + c.c. (2.11)

n=1
where c.c. stands for complex conjugate mirror.

The nonlinear polarization parameter P,; can be expanded in the

same form as E
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4
Py, = % X Z P,explj(Bnz — w,t)] + c.c. (2.12)
n=1
Substituting Eqgns. (2.11) and (2.12) into the wave equation together
with a linear part of the polarization that has similar expression, and
neglecting all the time dependence terms of field components, yields the
following set of coupled NLSEs in terms of the complex amplitudes of these
waves [19,37]

dAp:(z) -
7A@
+iv[14,:@) |2 + 2|4, |2 +2]4,2) |2 +2|4:(2) [?]4,1(2)
+ 2jyA,,(2)As(2)A;(2) exp(jdkz) (2.13a)
dA,,(z) -—«a
dz TAPZ(Z)
+jv[2| 42 |2 + |4, [ +2]4:(2) |2 + 2| 4:(2) [?]4,2(2)
+ 2jyA,1(2)As(2)A;(2) exp(jAdkz) (2.13b)
dA(z) _—a
dz TAS(Z)
+jv[2] 42 |2 + 2[4, |7 + [4s2) |2 +2]4:(2) |2 ]A4,(2)
+ 2jy A (2)Ap1(2)Ap,(2) exp(—jdkz) (2.13¢)
dA;(z) -—a
dz TAi(Z)

+jy[2]| 4@ |? + 2|4, |? + 2|4, |? + |42 |?]Ai(2)
+ 2jy As(2)Ap1(2)Ayz(2) exp(—jdkz) (2.13d)

where, A, (2), A, (z) As(z), and A;(z) are the electric field of the pump1,
pump2, signal, and idler waves, respectively. Further, z is the direction of

propagation, and Ak is the wave-vector mismatch given in Egn. (1.20).
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2.5 Advanced Techniques in Long-Haul, High-Speed Fiber-optic

communication Systems

This section covers some key technologies that enable long-haul,
large-capacity fiber-optic communications beyond 1 Th/s, such as high-order
modulation formats, different multiplexing techniques, and optical

amplifiers.

2.5.1 Optical Modulation Formats

Fiber-optic communication systems are forming the main
infrastructure that enables a high performance, large-capacity and long-haul
global data network. Modern advanced applications such as high definition
video conferences, satellite television channels, and complex internet
applications have become affordable with the help of the fiber-optic
communication [43,44]. The need for higher data rate signals transportation,
and at the same time, reduction of the construction cost, have led to use the
optical networks with high spectral efficiencies. Advanced optical
modulation formats have been playing a great rule to design the advanced

fiber-optic communication systems [45].

In this subsection, some of the optical modulation formats are
presented briefly which are suitable for optically routed WDM networks
such as amplitude-shift keying (ASK), phase-shift keying (PSK), and
quadrature-amplitude modulation (QAM).

a) Amplitude Shift keying

Optical Amplitude Shift Keying (ASK) is a type of amplitude
modulation in which the digital data is represented by variations of


https://en.wikipedia.org/wiki/Amplitude_modulation
https://en.wikipedia.org/wiki/Amplitude_modulation
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the amplitude of an optical carrier wave. In binary ASK system, the binary
digit of the input signal is represented by transmitting a constant amplitude
carrier wave with constant carrier frequency for time duration of T seconds
per bit. In ASK, each symbol contains only one bit. Therefore, the symbol
rate (number of transmitted symbol per second) is equal to the bit rate. The
simplest and most common method to generate the ASK signal uses a switch.
The presence of a carrier wave indicates a binary 1 and absence of the carrier
wave to indicate a binary 0. This type of modulation is usually called On-Off
Keying (OOK) [16]. Figure (2.1a) shows the OOK constellation diagram.
From this diagram, it is clear that the choice of the threshold is critical to the
performance of the receiver. OOK receiver needs an adaptable amplitude
threshold, this can be achieved by an automatic gain control in order to
ensure setting of the optimal threshold. Figure (2.1b) explains the ASK
waveforms with simple on-off binary method to send a series of four bits
“1001° [46].

d.
-
Q2
Threshold r 0 0 j\
Baseband :
Data
* —
’ RS B! ASK modulate
00K signal
A cos ot A cos ot

Figure (2.2): (a) OOK signal constellation diagram, and (b) is the modulated binary
ASK signal corresponding to a baseband input data [46].

b) Phase Shift Keying

Phase Shift Keying (PSK) is a one of the most important digital

modulation formats in fiber-optic communication systems. PSK modulation
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process conveys data by modulating the phase of the optical carrier wave.
PSK uses a specific number of phases, a symbol of an equal number of bits
Is encoded by each phase. The PSK demodulator is designed with high
accuracy to deal with the phase of each received symbol and this phase must
be defined by the modulator, and then maps it back to the bit stream of each
symbol, thus recovering the original data. This is achieved if the receiver is
able to compare the phases of the received symbols to a reference symbols,
such system is well known to be called coherent detection system. PSK is

classified into many types depending on number of bit per symbol [37].

1) Binary Phase-Shift Keying (BPSK) encodes one bit per symbol by
modulating the carrier wave in two phase states (0 and x) as illustrated in
Fig. (2.3) [16, 37] BPSK signal can be generated using a Mach-Zehnder
Interferometer (MZI) which consists of two nested phase modulators. This
phase modulator is used to manipulate the relative phase between the two
branches and to achieve either constructive or destructive interference at the
output. The MZI is driven in push-pull mode around its zero-transmission
point, to achieve a relative phase of « radians [16]. The BPSK modulated

signal can be given by the following two equations

S; = Acos(w,t) (2.14a)
Sy = —Acos(w,t) (2.14b)

where S, and S, are the two input states (1 and 0), and w, is the angular

carrier frequency.


https://en.wikipedia.org/wiki/Data#Uses_of_data_in_computing
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https://en.wikipedia.org/wiki/Demodulator
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(a) (b) ©

= 0 D, 10 o |1
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Figure (2.3): (a) Generation of BPSK signal using Mach-Zehnder interferometer, (b)
constellation diagram of the BPSK signal, and (c) is the modulated BPSK signal
corresponding to a baseband input data [37].

i)  Quadrature phase-shift keying (QPSK) contains 4 phase states
separated by 7/2 rad from each other (see Figure (2.4b)) [37, 46]. QPSK
encodes 2 bits per symbol. QPSK can be represented effectively by two
BPSK systems (I and Q), and hence achieve the same performance but twice
the bandwidth efficiency. QPSK is often generated by two nested MZI. One
of the optical outputs is then phase shifted by /2 rad and combined with the
other signal (see Figure (2.4)).

Eight phase-shift keying (8PSK) encodes 3 bits per symbol with 8 phase-
states [46], equally spaced with a phase difference of /4 rad as depicted in
Fig. (2.4). It can be generated by using a QPSK transmitter followed by a
phase-modulator, which shifts the phase between 0 and /4 rad. Note, that it
Is possible to encode 16 different phase states and obtain 16PSK if an 8PSK
transmitter is preceded by an additional phase-modulator shifting the signals

phase between 0 and /8 rad.
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Figure (2.4): (a) Generation of QPSK and 8PSK signals, and (b) Constellation diagrams
of QPSK and 8PSK signals, D1 — D3 are the binary data [46].

C) Quadrature Amplitude Modulation

QAM is an important type of modulation formats which is widely used
for modulating data signals onto a carrier in fiber-optic communication
systems. It provides number of advantages compared to the other modulation
formats such as ASK and PSK. QAM is a signal with two carriers shifted in
phase by 90°, they are modulated to produce an output that varies in both
amplitude and phase. QAM is considered as a mixture of amplitude and
phase modulation because of the presence of both amplitude and phase in the
output signal. Many forms of QAM constellation are often used and some of
the most common forms are 4QAM, 8QAM, 16QAM, 32 QAM, 64 QAM.
Figure (2.5) explains the constellation diagram of some types of QAM
signals depending on the number of points in each electrical constellation
diagram [47].

BOAM 16QAM 320AM 640AM
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Figure (2.5): Constellation diagram of the 8QAM, 16QAM, 32QAM, and 64QAM.
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QAM enables higher data rates with respect to the conventional
amplitude and phase modulation schemes. When QAM is used, the points of
the electrical constellation diagram are normally arranged either in a square
grid with equal vertical and horizontal spacing or in star form. The higher
order modulation formats utilizing more points on the constellation enables
transmitting more than one bit per symbol, and hence, increases the data rate
of the system. However, the electrical constellation points are relatively
closer together and therefore more possibility to be affected by noise and
data errors arises. Table (2.1) gives a summary for the symbol rates of
different forms of QAM and PSK.

Table (2.1): Summary of symbol rate for different forms of modulation formats.

Modulation Bit per symbol Symbol rate
BPSK 1 Bit rate
QPSK 2 1/2 Bit rate
8PSK 3 1/3 Bit rate

16-QAM 4 1/4 Bit rate
32-QAM 5 1/5 Bit rate
64-QAM 6 1/6 Bit rate

Although QAM is used to increase the efficiency of different
communication systems by utilizing both phase and amplitude variations,
unfortunately it has many disadvantages [48]. For example, the states are
closer together, therefore it is more affected by noise, and hence a lower level
of noise is needed to drift the received symbol from the correct decision
point. In phase or frequency modulation, the receivers are able to use
amplifiers that are able to reduce the effect of amplitude noise, and results in
improvement in the noise reliance. This property is not existent with QAM
because of its dependence on the signal amplitude. Second, when a signal is
phase or frequency modulated, there is no need to use linear amplifiers, while

in QAM, that includes an amplitude component, amplification linearity must
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be taken into account. But the linear amplifiers have many disadvantages

such as, high power consumption and low amplification efficiency.

2.5.2 Wavelength Division Multiplexing

Multiplexing of signals at different wavelengths through the same optical
fiber leads to multiplying transmission capacity. WDM (see Fig. ((2.6)) is
one of the promising techniques used for increasing transmission capacity in
fiber-optic communication systems. WDM is a technique that multiplex
number of optical signals at different wavelengths, each signal is modulated

independently by different electrical bit streams [2].

TX1é é RX1
TX— —> Rxz
TX3% ). RX3
Optical link
° MUX ptical in DMUX °
[ ®
™% ®_5 __® S Rx,

Figure (2.6): Simplified block diagram for wavelength division multiplexing system
including MUX: Multiplexer, DMUX: Demultiplexer, and Tx (Rx): Single-channel
optical transmitter (receiver).

This technique allows multiple optical signals to be transmitted at
same the time through the same optical fiber, therefore, increases the
capacity of the system transmission significantly. An optical multiplexer
with suitable number of channels is used to combine the signals and an
optical wavelength division demultiplexer is used to separate the signals at
the receiving end. The separated optical signals at different wavelengths can

be then distributed into different detectors.
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2.5.3 Polarization Division Multiplexing

Optical PDM is based on independently transmitting two modulated
signals over orthogonal polarizations of the same optical wavelength and
therefore doubling the transmission capacity. In optics, the SOP is the shape
of direction of propagation of the electric field vector of the optical signal in
a constant plane. Figure (2.7) shows the linear, circular, and elliptical

polarization states.

Linear polarization is obtained when the direction of the electric
wave propagation is constant over a certain axis (the electric-field vectors
along with E,. and E,, directions are in phase). When E, and E,, are exactly
ninety degree out of phase, one has a circular polarization. There are right-
handed or left-handed circular/elliptical polarizations, depending on which
direction the electric field vector rotates, that is, if the electric field vector is

seen rotating clockwise or counterclockwise.

Circular (Right Hand) Elliptical (Right Hand)

Linear iy i
Polarization Polarization

Polarization

Figure (2.7): Examples of linear, circular, and elliptical polarization states [39].

2.5.4 Optical Amplifiers

Fiber attenuation that is caused by absorption loss, coupling loss,

bending losses, and different types of scattering limits the transmission



49

distance. An Optical Amplifier (OA) such as EDFA can simply amplify the
optical signal in optical domain by several orders of magnitude without
converting the signal to electrical domain. In addition, optical amplification
Is transparent to the change of the signal bit rate and modulation format. OAs
can compensate the fiber losses efficiently and therefore they are important
in fiber-optic communication systems because they help to enable long-haul
transmission. The most common approaches for loss compensation are to use

either lumped amplification or distributed amplification [49].

a)  Lumped amplification

The most common type of lumped OAs is the EDFA which is inserted
after each fiber span to compensate the fiber loss. For example, the
transmission span consists of 50 km SSMF of 0.2 dB/km attenuation
coefficient followed by a 6 km forward pumped EDFA of 10 dB gain. The

model for this scheme looks as shown in Figure (2.8).

Transmitter : : Receiver

Figure (2.8): Model for lumped amplification using EDFA.

EDFA is considered as one of the most important inventions in fiber-
optic communication technologies [50]. Before the appearance of EDFAS,

the standard amplification method to compensate the fiber loss was


https://en.wikipedia.org/wiki/Optical_communication
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electronic signal regenerators fixed in the optical transmission link. The
electronic regenerator consists of a photodetector, DSP, electrical amplifier,
and an optical transmitter. The regenerator receives the optical signal and
converts it into electrical signal, then amplifies it and performs the
conversion from electrical to optical domains, and finally retransmission of
the regenerated optical signal. However, electronic devices that used in
regenerators will prevent exploitation of the huge bandwidth of the optical
fiber. Moreover, if the system capacity is increased, all the electronic
repeaters must be replaced because they would be designed to a specific bit

rate and modulation format.

b)  Distributed Amplification

One of the most important types of distributed amplifiers is SRS-based
OA which is called Distributed Raman Amplifier (DRA). Pump power and
signal is injected into the fiber using pump coupler. Figures (2.9a) and (2.9b)
illustrate the DRA with forward and backward Raman pumping,
respectively. DRA has become a very attractive amplification principle in
modern high-speed, long-haul, and broadband fiber-optic communication
systems. Raman amplifier provides better performance in L band
amplification and it also provides a flat gain profile compared to the other
discrete amplifier types [51]. The accumulation of amplifier noise is reduced
significantly if the DRA is used within the link because the level of the signal
power is kept from decreasing to very low values, as it can occur when
discrete EDFAs amplifiers are used. Therefore, the level of the maximum
signal power can be reduced without accumulating significant amplifier
noise. Reduction of the input signal power level also leads to reduce the

effects of fiber nonlinearities [52].
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SSMF
Coupler
Transmitter (’_“\ Receiver
Raman
pump
(@)
SSMF
@ Coupler
Transmitter % Receiver
Raman
pump
(b)

Figure (2.9): (a) Forward pumped-distributed Raman amplified link, and (b) Backward
pumped-distributed Raman amplified link.

Raman amplification is a function to the frequency difference between
the signal frequency and pump frequency. The basic theory of the Raman
effect can be concluded by a transition of molecule from the ground state to
the virtual state and finally to the vibrational excited state, a photon with
energy hw,is converted by a molecule to another photon at lower frequency
with energy of hwg, when the molecule is transitioned to a new vibrational
excited state (Fig. (2.10)) [14].
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_——_/IR_—___——'_——_— Virtual state

7/ % V/ Vibrational states

Ground state

Figure (2.10): Schematic illustration of spontaneous Raman scattering [14].

From a practical view, energy can be transferred from a pump to the
signal which has lower frequency; as a result, the signal (Stocks wave) is
amplified. The following equation describes the primary growth of the
Raman Stokes wave [14]

dI
== grlyls (2.15)

where I, and I are the Raman pump and Stokes intensities, respectively, gg
is the Raman-gain coefficient which is associated with the value of the cross
section of spontaneous Raman scattering. gy is a function to the frequency
difference between the pump wave and the Stokes. It also depends
significantly on the SOP of the pump and Stokes, it shows higher values if
the pump and Stocks are co-polarized.

Figure (2.11) shows gy variation with the frequency shift between

Raman pump and the Stocks for an optical fiber made from silica [14].
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Figure (2.11): Normalized Raman gain for fused silica when the pump and Stokes waves
are co-polarized (solid curve). The dotted curve shows the situation in which the pump
and stokes waves are orthogonally polarized [14].

From Fig. (2.11), gg is maximum when the frequency of the stokes
wave is shifted from the pump frequency into lower frequency by about 13.2
THz, if the pump power is greater than the threshold Raman pump. Equations
(2.16a) and (2.16b) provide the critical Raman pump power which is
required to reach the value of the Raman threshold in the case of forward and
backward pumping, respectively. The Raman-gain spectrum is assumed to

have a Lorentzian shape here [14]

g PCT'L
RF0 eff ~ 16

" (forward pumping) (2.16a)
ef f

IrPo Lesy o

20 (backward pumping) (2.16b)
Acrr

where P§" is the critical Raman pump power, (it is the Raman pump power

required to reach the threshold Raman effect), A, is the effective core area
of the fiber and it can be given by A, = mw?. The width parameter w
depends on the V parameter of fiber , L. is the effective fiber length and

itis given by
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Less = [1 — exp(—ayL)]/a, (2.17)

where a,, is the fiber loss at the Raman pump frequency. Equation (2.17)
depicted that the fiber effective length is reduced from L.¢, to L due to the

fiber loss.
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Chapter Three

Analysis of HNLF-Based Optical Phase Conjugation

3.1 Introduction

A comprehensive analysis was performed in this chapter to address the
effect of SOPs of associated waveforms on the performance of dual-pump
HNLF-OPC. The analysis starts with set of coupled NLSEs for each of the
two orthogonal SOPs. Approximate analytical solutions were developed
under the assumption that the pump powers control the fiber nonlinearity
(i.e., relatively high pump powers compared with signal power and hence the
power of the generated idler). For comparison purposes, results related to
linearly-polarized case are given. Section 3.2 gives some basic concepts that
are related to the principle of operation of the HNLF-OPC. The performance
of single- and dual-pump FWM in optical fibers is well addressed in the
literature under the assumption of polarization alignment. A summary of the
results related to single-polarization HNLF-OPC is given in section 3.3, (for
more detailed analysis, refer to Appendix A). The effect of SOPs associated
with the two pumps, signal, and idler is given in section 3.4. The output
equations of signal wave, conjugated idler, and conversion efficiency are
presented in section 3.5. In section 3.6, the expressions of the signal and
idler waves at the end of the HNLF, as well as, the conversion efficiency are
presented. And finally some results related to the HNLF-OPC conversion

efficiency are given in section 3.7.
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3.2 Basic Concepts of HNLF-Based Optical Phase Conjugation

OPC generates one or more idler waves during the process of FWM in
a nonlinear medium such as HNLF. Since each idler is a phase-conjugated
replica of the correspondinng signal, the idler contains all the information of
the signal and thus it can be used for signal phase conjugation. Optical signal
propagation in a nonlinear, dispersive, and lossy medium can be well
described by the NLSE given in Egn. (2.9) assuming a slowly varying
envelope approximation. The complex conjugate of Eqgn. (2.9, p.p. 36 ) can

be expressed as

04" (z.t) a 0A*(z.t) j  0%A4*(z.t)
07 A0t b
1 334 (z.t) -
g B3 5z )Y |4 (z.t)|* A*(z.1) (3.1)

where * denotes the complex conjugate operation. From Eqgn. (3.1), it can be
observed that the sign of both chromatic dispersion term g, and the Kerr
effect term y are reversed. Therefore, the GVD induced chirp and nonlinear
distortion due to Kerr effect that occur after OPC will cancel the GVD
induced chirp and nonlinear distortion due to Kerr effect occuring before
OPC. Thus, in a transmission link with a fully symmetric fiber before and
after the OPC, full GVVD and nonliniarity compensation can be acheived by
placing the OPC in the midlink.

Figure (3.1) represtnts a schematic diagram of the dual-pump HNLF-
OPC. The setup consists of two CW pump sources whose outputs are
seperatly amplified by two optical EDFAs. The ASE noise is suppressed
using two Optical Band-Pass Filters (OBPFs). The SOPs of the pumps are
controlled via two polarization controllers (PCs) placed after the OBPFs. The
two pumps are multiplexed together using WDM coupler, this coupler is
used here because it helps to reduce the insertion loss compared with the
other types of couplers. The signal and the two pumps are combined together

and the resultant signal then launched into the HNLF. The conjugated idlers
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will be generated via process of FWM. The wavelength selective switch

(WSS) then chooses either the signal or the conjugated idler.

Pump1

Pump2

A
A>

OBPF

WDM
Coupler

OBPF

/

OBPF

Wss

SIGNAL

Signal

Figure (3.1): Schematic diagram of the optical phase conjugation device including
erbium-doped fiber amplifier (EDFAS), optical band-pass filter (OBPF), polarization
controller (PC), highly nonlinear fiber (HNLF), and wavelength selective switch (WSS).

The four waves (pumpl, pump2, signal, and conjugated idler) that

interact in the OPC system of Fig. (3.1) can be described by four coupled
NLSEs described by Eqgns. (2.13a-d, p.p. 39). Figure (3.2) shows the optical
spectrum of all the four waves at the output of the HNLF. The amplified

signal exits across one port of the WSS while the conjugated idler exits from

the other port of the WSS.

Pu
.I

mpl
p

Signal

Pump?2

Idler

Figure (3.2): Schematic diagram of the optical spectrum at the HNLF output, Ao
denotes, zero dispersion wavelength.
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3.3 Analysis of Dual-Pump Polarization-Aligned HNLF-OPC

A dual-pump HNLF-OPC employing NDFWM process has several
advantages over a single-pump counterpart which is based on degenerate
FWM. The most important advantage is that the dual-pump HNLF-OPC can
provide relatively high and flat gain when it is used as parametric amplifier.
Further, it provides high and flat conversion efficiency over a much wider
bandwidth than what is possible with a single-pump HNLF-OPC and thus it
can be used efficiently as an OPC device with the WDM systems.

In this section, the analysis of NDFWM-based OPC in HNLF using
dual-pump configuration is summarized in the absence of polarization effect
and the result will be used in the next sections for comparison purposes. The
final aim is to find an expression describing the conversion efficiency of the
OPC device. The model is based on a set of NLSEs (Egns. (2.13a-d))
describing the propagation of the pumps, signal and conjugated idler
waveforms through the HNLF. Exact analytical solution of these coupled
equations is very complex. Therefore, to solve the coupled equations exactly,
a numerical approach is required. However, some assumptions are
introduced to provide an approximate analytical solution. The results of the
approximate analytical solution are verified with a numerical solution using

Matlab software.

3.3.1 Approximate Analytical Analysis

The analysis given in this subsection stands heavily on the results
reported in references [14, 18, 20] which address FWM in SSMF. To develop
an approximate analytical model for the NDFWM, some considerable
assumptions should be taken into account. Firstly, a scalar case is considered
with all four fields that are linearly co-polarized along the propagation axis
of a birefringent fiber (+z direction) such that they maintain their SOPs

during propagation. Secondly, the four waves are oscillating at
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frequencies wy,, wy,, ws, and w;, these four waves are linearly polarized
along x axis. Thirdly, the pump waves are much more intense than the other
waves and remain undepleted during the FWM process. Fourthly, the small
frequency difference among the four waves is neglected when the nonlinear
coefficient is calculated, so that, y,; = ¥y, = ys = y; = y. Finally, the
effective fiber attenuation is neglected, this is satisfied when the OAs
compensate the fiber losses. Under these assumptions, Egns. (2.13a, p.p. 39)
and (2.13b, p.p. 39) can be simplified to

dApl (Z) _

T = JV[Po1 + 2Py |4y () (3:2)
dAp,(2)
ZZZ = j¥[2Py1 + Pp2]Ap; (2) (3.2b)

where P,; = |Ap1(0)|2 and P,, = |4y, (0)|2 are the incident pump powers
at the HNLF input z = 0. The approximate analytical solution of Eqgns.
(3.2a) and (3.2b) can be expressed as (see Appendix A)

A, (z) = A,,(0) exp(j)/[Pp1 + ZPpZ]Z) (3.3a)
A, (2) = Ay, (0) exp(jy[2Py1 + Py2]2) (3.3a)

Now, to find the signal amplitude A;(z) and idler amplitude 4;(z),
Egns. (2.13c, pp. 39) and (2.13d, pp. 39) can be written under same previous

assumptions as

d
Adsz(z) = 2jy([Pyy + Py2]As(2) + A;(2)Ap1 (2)A,,(2) exp(—jdkz)) (3.4a)
dAjZ(Z) = —2jy([Pyy + P,y A; (2) + As(2) A, (2)A},(2) exp(jdkz))  (3.4b)

Solution of Eqns. (3.4a) and (3.4b) with the help of Egns. (3.3a) and
(3.3b) can be written as (see Appendix A)
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'k
A, (z) = A;(0) (cosh(gz) + é_g Sinh(gz))

3y(P,1 + P,yy) — Ak
X exp (j ]/( pl > pZ) z) (3.5a)
—j2y A;,(0) A3 (0)
A;(z) = A;(0) sinh(gz)
3y(P,1 + P,y) — Ak

X exp (—j ]/( pl > pZ) Z) (3.5b)
where g is the parametric gain coefficient and it can be given by
g = \/4y2Pp1Pp2 - (k/z)z (3'6)

Further, k is the total phase mismatch and it is given by

k = Ak +y(Pyy + Ppy) (3.7)

where Ak represents the linear phase mismatch and is defined in Eqn. (1.20).

From Eqn. (3.5a), the optical signal power can be expressed as
k2
P.(z) = P,(0) [cosh2 (gz) + 4_g2 sinh? (gz)] (3.8)

Using the hyperbolic functions property (cosh?(x) = 1 + sinh?(x)). Eqn.
(3.9) at the end of the fiber where z = L can be written as

2

P, (L) = P,(0) ll + (1 + 4k—gz> sinh?(gL) (3.9

The signal and the idler in the HNLF are amplified together during the
process of FWM, and hence, it can be concluded that the difference between
the signal power and the idler power is only the signal launched power at z =
0. Therefore, the idler power can be given by P;(z) = P,(z) — P,(0). Thus,
from Eqn. (3.5b), the optical idler power at the end of the fiber can be
obtained from the following equation
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kZ
P;(L) = P(0) Kl + 4_g2> sinhz(gL)] (3.10)

From Eqgn. (3.10), the power of the idler wave depends on the signal
launched power and it is directly generated after applying the input signal to
the fiber. The pump sources feed the signal and idler waves with some energy
and hence amplify the signal and generated idler as well. The idler power is
proportional directly to the square of the fiber length when gL « 1. When a
product of gL becomes more than 1, both the original signal and the
converted idler grow exponentially with fiber length and parametric gain. In
this case, the idler amplitude becomes almost equal to the signal amplitude
at the HNLF output because they are amplified together along the fiber
length. The idler wave carries the phase-converted data which is similar to

the original signal data.

The conversion efficiency n. of the HNLF-OPC (defined as the ratio
of the converted idler power at the fiber output z = L to the signal power at
the HNLF input z = 0) can be calculated from Eqn. (3.10) as follow

P;(L) K\

N, = P.(0) = <1 + 4_gz) sinh?(gL) (3.11)

The same analysis can be performed in the case of a single-pump
configuration to evaluate the performance of the HNLF-OPC operation. The
conversion efficiency in this case can be obtained also from Eqgn. (3.11), with

a single pump power B, but the phase mismatch is k = Ak + 2yP,, and the

parametric gain is g = \/(Zpr)z — (k/2)2.

3.3.2 Numerical Solution

To validate the analytical approximate solution of the set of four
NLSEs given in Egns. (2.13a-d), comparisons were made versus the results
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based on numerical solution using MATLAB code. The results reveal that
the numerical solution is in excellent agreement with the analytical
approximate solution in both single-pump and dual-pump configurations,
and hence serves to validate the use of Eqgn. (3.11). This conclusion is
verified for two sets of dual-pump HNLF-OPC parameter values (see Tables

(3.1)), which will be used later in chapter four.

Table (3.1): Parameters values of single-pump HNLF-OPC and dual-pump HNLF-
OPC1 and HNLF-OPC2

) Dual pump
Parameter Single pump
HNLF-OPC1 | HNLF-OPC2
Power of pumpl (W) 0.5 0.5 0.3
Power of pump2 (W) - 0.5 0.3
Pumpl wavelength (nm) 1550.106 1502.6 1567.06
Pump?2 wavelength (nm) - 1600.6 1589.74
Length of the HNLF (km) 2.5 0.5 0.5
Attenuation coefficient of
0.5 0.5 0.5
the HNLF (dB/km)
Nonlinear coefficient of the
2 10 20
HNLF (W-t.km?)
Nonlinear refractive index
26x102 26x102 26x10%
(M?/W)
Effective core area of the
52.7 10 5.7
HNLF (um?)
Group velocity dispersion
16.75 16.75 16.75
of the HNLF (ps/nm/km)
Dispersion slope of the
0.1 0.1 0.1
HNLF (ps/nm?/km)
Zero-dispersion wavelength
1550 1550 1578.3
of the HNLF (nm)
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Figure (3.3a) shows the conversion efficiency for a single-pump
HNLF-OPC. The HNLF that used in this configuration is of 2.5 km length
with a zero-dispersion wavelength of 1550 nm. The pump has 0.5 W power
and 1550.106 nm wavelength. The pump wavelength is chosen near zero-
dispersion wavelength to decrease the effect of phase mismatch. A flat
conversion efficiency of about 15 dB is obtained in two wavelength regions
extending from 1515 to 1530 nm and from 1570 to 1585 nm. In Fig. (3.3b),
in order to increase the conversion efficiency of the single-pump HNLF-
OPC, the pump power is increased from 0.5 to 1W. In this case, the
maximum conversion efficiency increased to 33.2 dB but the flat region of

the conversion efficiency is narrowed.
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Figure (3.3): Analytical and numerical conversion efficiencies of the single-pump
HNLF-OPC with (a) 0.5 W pump power, and (b) 1 W pump power.
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The dual-pump HNLF-OPC configuration provides higher conversion
efficiency over a wider wavelength region compared to the single-pump
configuration. Figure (3.4a) compares the conversion efficiency of the dual-
pump HNLF-OPC1, calculated analytically and numerically. The HNLF has
1550 nm zero-dispersion wavelength and 0.5 km length. Other HNLF-OPC1
parameters used in this example are given in Table (3.1). In this figure, a
constant conversion efficiency of about 37 dB is obtained over a wide-

wavelength region extending from 1510 to 1590 nm.

Recall that the analytical solution is conducted under the assumption
that the pump powers remain undepleted over the fiber. However, the HNLF
length can be increased to obtain higher values of conversion efficiency. In
this case, the depletion of pump may take place and the conversion efficiency
will show a difference between the analytical and numerical solutions. For
example, in Fig. (3.4b), the length of the HNLF is increased from 0.5 to 0.8
km. The calculated numerical and analytical conversion efficiencies are 55

and 65 dB, respectively.
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Figure (3.4): Analytical and numerical conversion efficiencies of HNLF-OPCL1 with the
parameters values listed in Table (3.1) when the length of the HNLF is (a) 0.5 km, and
(b) 0.8 km.
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Figure (3.4): Continued
The performance of HNLF-OPC2 which works at different wavelength

region is also

investigated and the results are given in Fig. (3.5). Again, the

results show very good agreement between the analytical and the numerical

solutions.
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s listed in Table (3.1).
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3.4 Effect of Polarization on the FWM Process in HNLF-OPC

In the previous section, the theory assumes that the all propagating
waves are aligned linear polarization states along the fiber length. However,
this condition is difficult to be satisfied. The SOP of propagating light
randomly changes along the fiber length due to external perturbations, such
as fiber bending and asymmetrical fiber cross section. In this section, the
performance of FWM operating under general polarization states is

investigated due to its importance in fiber-optic communications.

3.4.1 Mathematical Framework

Consider the general case where the incident two pumps and signal
have the polarization angles 8,4, 65, and 6, respectively, measured against
the TE-axis (see Fig. (3.6)). Each of these waves can be decomposed into

Transvers Electric (TE) and Transvers Magnetic (TM) modes.

N Signal

Figure (3.6): Schematic diagram to analyze the effect of polarization on FWM in highly
nonlinear fiber.
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The FWM occurs only among waves with the same polarization mode.

In this case, (Eqns. (2.13a-d)) can be rewritten for each polarization mode

leading to a set of eight coupled equations.

dAplTE () _ —Up1TE

dz

2 AplTE (2)

+jYp1TE[ | Ap1TE(Z) | 2 +2 |Ap2TE(Z) | 242 |ASTE(Z) | 2

+2 |AiTE(Z) | 2 ]AplTE(Z)

+ 2jyAprE (2)Agrg(2)Aire (2) exp(jAkrgz) (3.12a)
dAy1rv(2)  —apiry
de = ; AplTM (2)
+ij1TM[ | A1y (2) | 242 |Ap2TM(Z) | 242 |AsTM(Z) | 2
+ 2 |AiTM(Z) | 2 ]AplTM(Z)
+ zij;JZTM(Z)AsTM (2)Airy (2) exp(jAkry2) (3.12b)
dA,y,re(z2)  —aporg
pdz = ; ApZTE(Z)
+jYp2TE[2 |Ap1TE(Z) | 2 + |Ap2TE(Z) | 2 +2 |ASTE(Z) | 2
+2 |AiTE(Z) | 2 ]ApZTE(Z)
+ 2jy Ay 11 (2) Asrp(2) Airp (2) exp(jAk g z) (3.12¢)
dA,,ry(2)  —apory
pdz = ; ApZTM ()
+jYp2TM[2 |Ap1TM(Z) | 2 + |Ap2TM(Z) | 242 |ASTM(Z) | 2
+2 |AiTM(Z) | 2 ]ApZTM(Z)
+ ijA;ATM(Z)ASTM (2)Airm(2) exp(jAkryz) (3.12d)
dA.qz(2) —-«a
S;; = ZS = Agrg (z)

+stTE[2 |Ap1TE(Z) | 2 +2 |Ap2TE(Z) | 2+ |ASTE(Z) | 2
+ 2 |AiTE(Z) | 2 ]ASTE(Z)
+ 2jy Ajrp(2)Ap1re(2)Aporp (2) exp(—jdkrgz) (3.12¢)
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dA Z -
SZ;Z( )= ZSTMAsTM(Z)

+jVsTM[2 |Ap1TM(Z) | 242 |Ap2TM(Z) | 2+ |ASTM(Z) | 2
+ 2] Airu @) |2 ]Asru (2)
+ 2jy A;TM(Z)AmTM(Z)ApZTM (z) exp(—jlkryz) (3.12f)

dA;rg(2) _ ~WrE
dz 2

+fViTE[2 |Ap1TE(Z) | 242 |Ap2TE(Z) | 2 +2 |ASTE(Z) | 2
+ |AiTE(Z) | 2 ]AiTE(Z)
+ 2jy Asrg(2)Api7e (2) Apare (2) exp(—jdkrg2) (3.12g)

Airg (2)

dA; —q;
lCTiZ @ = aZlTM Airy (z)

+ j¥irm[2 | Apirn @) |2 + 2| Aporu (@) |2 + 2| A (2) | 2
+ |AiTM(Z) | 2 ]AiTM(Z)
+ 2jy A;TM(Z)AplTM (Z)ApZTM (z) exp(—jlkryz) (3.12h)

In Eqns. (3.12a-h), the subscript TE (TM) denotes TE (TM) wave
component. The TE and TM wave components of the two pumps and signal

powers coupled to the HNLF can be expressed as

Pp17£(0) = Crg Pp1g c0s*(6p1) (3.13a)
Pp17m(0) = Cry Ppyg 5in®(6p1) (3.13b)
Ppyrg(0) = Crg Ppyg c0s*(8p3) (3.13¢)
Pporn (0) = Crpy Ppyo Sin?(6p,) (3.13d)
Pyrg(0) = Crg Pso cos?(65) (3.13e)
Pyry (0) = Cry Pyo sin*(6s) (3.13f)

where Crx (Crpy) is the relative coupling efficiency for TE (TM) mode, and
the linear phase mismatch for TE (TM) wave components are given by
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AkTE = ﬁSTE + ﬁCTE - ﬁPlTE - ﬁPZTE (3140,)

AkTM = IBSTM + :BCTM - :BPITM - :BPZTM (314b)

It can be considered that all the propagating waves are in the same
wavelength region. Therefore, the linear-loss coefficients of all the waves
are almost equal (apire = Ap1Tm = AparE = Ap2rm = AsTg = AsTy =
a;re = airy = a). Further, the nonlinear parameters can be assumed equal
for all the waves t00 (Vpire = Vpirm = Vp2re = Vp2rm = VstE = VsTM =

Yire = Yirm = V)

3.4.2 Applying Practical Assumptions

Exact analytical solution of Eqgns. (3.12a-h) is very difficult because of
their complexity. However, some practical assumptions must be taken into

account to get the approximate analytical solution

1) The effects of SPM and XPM are negligible.

i)  The optical power of the two pump waves control the fiber
nonlinearity

iii)  The pump powers remain undepleted during the FWM process.

iIv)  The effective attenuation coefficient « is negligible.

Under these assumptions, Egns. (3.12a-d) can be simplified to

Pte D) Pyrrs + 2Prars] Apire(2) (3150)
St G Prsr + 2Pl Ay (2) (3.15b)
Sote D) 2Pyire + PrarsVAore 2 (3:150)
) 2 Pprras + Prar Aar 2 (3.154)

dz
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where|Apjk(z) |2 =Ppjx, j=1.2 and k= TE. TM) are the pump
powers of the corresponding components. Integrating both sides of Egns.
(3.15a-d) yields

1 .
fmdAplTE(z) = jJY[PPlTE + 2Ppyrg] dz (3.16a)
p1
1 .
fmdAplTM(z) = j]y[PPlTM + 2Ppyry] dz (3.16b)
p1
1 .
JA—(Z)dApZTE(Z) = ]]V[ZPPlTE + Ppyrel dz (3.16¢)
p2TE
1 .
JA—(Z)dApZTM(Z) = ]]V[ZPPlTM + Ppyryl dz (3.16d)
p2TM

Equations (3.16a-d) can be solved as follow

In (AplTE(Z)) =j¥Y[Ppire + 2Pporgl 2 + Cyg (3.17a)
In (AplTM(Z)) = j¥[Ppirm + 2Pporm] 2 + Cyo (3.17b)
In (ApZTE(Z)) =j¥[2Pp1rg + Pparel 2 + Cso (3.17¢)
In (ApZTM(Z)) =JY[2Pp1ra + Pparm] z + Cyo (3.17d)

where Cjo.(j =1 —4) are the integration constants. Let C;; = exp( O)

then by taking exponential for both sides to Eqgns. (3.17a-d) yields

AplTE(Z) = Cy1 exp(jy[Ppirg + 2Ppar] 2) (3.18a)
AplTM(Z) = Cy exp(jy[Ppirm + 2Pp2ru] 2) (3.18b)
ApZTE(Z) = C13 exp(jy[2Ppi7g + Ppare] 2) (3.18¢)
ApZTM(Z) = C14 exp(¥[2Pp1ry + Pporum] 2) (3.18d)

where C11 = Ap17e(0), Cip = Apiry(0), Ci3 = Appre(0), and Gy =

A,y (0) are the integration constants obtained from the initial conditions
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when z = 0 is applied to Eqns. (3.18a-d). Then, inserting these values into

Eqgns. (3.18a-d) produces

Api7e(2) = Api7e(0) exp(jy[Ppirg + 2Ppare] 2) (3.19a)
AplTM(Z) = AplTM(O) exp(jy [Peirm + 2Pparu] 2) (3.19b)
ApZTE(Z) = ApZTE(O) exp(jy[2Pp1rg + Ppore] 2) (3.19¢)
Aporm (z) = Aporm (0) exp(jy[2Ppirm + Pparm] 2) (3.19d)

The complex conjugations of Egns. (3.19a-d) can be written as

ApirE (z) = ApirE (0) exp(—jy[Ppire + 2Pparg] 2) (3.20a)
Ay (2) = Apiri (0) exp(—jy[Ppiry + 2Ppory] 2) (3.20D)
Ay ore(2) = Aporgp(0) exp(—jy[2Ppi7g + Ppore] 2) (3.20¢)
Ao (2) = Apori(0) exp(—jy[2Ppiry + Pporum] 2) (3.204)

Now, to solve Egns. (3.12e-h), the same previous assumptions are

applied and these equations can be written in the following forms

dAsrg(2) .
% = ZJY([PMTE + PporelAsre (2)
+ A;TE(Z)AplTE(Z)ApZTE(Z) eXP(_jAkTEZ)) (3.21a)
dAsry(2) .
S;—Z = ZJV([PplTM + Pporm]Asri (2)
+AITM(Z)Ap1TM(Z)Ap2TM(Z) eXp(—jAkTMZ)) (3.21b)
dAjg(2) .
lz; = _ZJV([PplTE + PpyrelAire (2)
+ Agre(2) AZ1TE(Z) A;JZTE (z) exp(jAkTEZ)) (3.21¢)
dAiry(2) .
lCTlIZ = _ZJV([PMTM + PpormlAiry (2)

+ Asry (2) A;)lTM(Z) A;JZTM (2) exp(jAkTMZ)) (3.21d)



73

Substituting Eqgns. (3.19a and 3.19c) into Eqn. (3.21a), Eqgns. (3.19b
and 3.19d) into Egn. (3.19b), Eqgns. (3.20a and 3.20c) into Eqgn. (3.21c), and
Eqgns. (3.20b and 3.20d) into Egn. (3.21d) yields

dAsre@) . ) _

;5 = = zfy([PPlTE + PPZTE]AsTE(Z) + AiTE(Z)AplTE(O) exp(])/[PplTE +
2Ppyrg] 2)Aparg(0) exp(jy[2Ppirg + Prorel 2) eXP(—jAkTEZ)) (3.22a)
dAstm(2)

iz zjy([PPlTM + PporylAsru (2) + Airy (Z)AplTM (0) exp(jy[Ppirm +

2Ppry] Z)ApZTM(O) exp(jy[2Pp1rpm + Pporum] 2) eXp(_jAkTMZ)) (3.22b)

dAirg(2) . ) _
;5 - = _ZJV([PMTE + Peare)Airs (2) + Asre (2) Apire (0) exp(—jy[Ppire +

2Ppyre] 2) A;;ZTE (0) GXP(_jV[ZPP1TE +
Ppyre] 2) eXp(jAkTEZ)) (3.22¢)

dAirm(@) _
dz

2Ppyru] 2) Aporm (0)exp(—jy[2Ppirm + Pporm] 2) exp(jAkTMZ)) (3.22d)

_zjy([PPlTM + Ppory]Airm (2) + Asrm (2) Ay 17y (0)exp(—jy [Ppiry +

Simplifying Eqgns. (3.22a-d) mathematically yields

dAsrg(2) .
S;—g = ZJY([PMTE + PporelAsr (2)
+ A;TE(Z)AplTE(O) ApZTE(O) eXp(—jRTEZ)) (3.23a)
dAry (2) .
S;Z = ZJV([PplTM + PpormlAsri (2)
+ Airy (Z)AplTM(O) Aoy (0) eXP(—jRTMZ)) (3.23b)
dA;g(z) .
lz; = _ZJV([PplTE + PpyrelAire (2)
+ Asrg (Z) A;;lTE(O) A;;ZTE (0) exp(jRTEZ)) (3.23C)
dAiry(2) .
lCTlIZ = _ZJV([PMTM + PpormlAiry (2)

+ Agru (2) A;;lTM(O) A;JZTM(O) exp(jRTMZ)) (3.23d)

where
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Rrg = Akrg — 3y (Ppyrg + Pporr) (3.24a)

Rry = Akry — 3Y(PP1TM + PPZTM) (3.24b)

3.4.3 Variation of Signal and Idler Waveforms Along the Fiber

To solve Egns. (3.23a-d), the following equations are introduced

B (2) = Asrg(2) exp(=2jy[Ppirg + Pporelz) (3.25a)
By (2) = Agry (2) exp(=2jy[Ppirm + Pparmlz) (3.25b)
Birp(2) = Ajrg(2) exp(2jy[Ppire + Prarel2) (3.25¢)
Biry(2) = Ajry(2) exp(2jy[Ppiry + Pporml2) (3.25d)

Differentiating Eqgns. (3.25a-d) with respect to z gives

dBSd;j(Z) = Asrp(2) (=2jy[Ppire + Prarel) exp(=2jy[Ppirg + Pporel2)

+ dA%g(Z) exp(—=2jy[Ppirg + Pparelz) (3.26a)
dB%ZI(Z) = Asrm(2) (=2jy[Ppirm + Prorm]) exp(=2jy[Ppirm + Pparml2)

+ dA%IZW(Z) exp(=2jy[Ppirm + Pp2rml2) (3.26D)
%E(Z) = Ajrp(2) jy[Ppire + Pporel) exp(2jy [Ppire + Prargl2)

+ %E(Z) exp(2jy[Ppire + Pparelz) (3.26¢)
%A;(Z) = Airy (2) 2jy[Ppirm + Pearu]) exp(2jy[Ppirm + Pearml2z)

n dA:fTM (2)

dz exp(2jy[Ppirm + Pparul2z) (3.26d)

Substituting Eqgns. (3.23a-d) into Egns. (3.26a-d) yields
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dBgrg(2) . .
% = Agrp(2) (=2jY[Ppire + Pporel) exp(—=2jy[Ppire + Pparelz)
+ ZJY([PMTE + PPZTE]AsTE(Z) exp(_zjV[PmTE + PPZTE]Z))
+ 2jy Ajrg (Z)AplTE (O)ApZTE (0) exp(—jOrgz) exp(—2jy[Ppire
+ Ppargl2) (3.27a)
dB gy (2) . .
S;—Z = Agry (2) (=2jY[Ppirm + Poarml) exp(=2jy[Ppyiry + Pparmlz)
+ 2j¥([Pparu + PrormlAsri(2) exp(=2jy [Ppirm + Prarml2))
+ 2jy Airm (2) Ap17i (0)Ap2ri (0) exp(—jOryz) exp(—2jy[Ppiru
+ Ppory]2) (3.27b)
dBirg(z) . .
Z—g = AiTE(Z) (ZJV[PP1TE + Ppyrel) exP(ZJV[PplTE + Ppyrgl2)
- ZjY[PP1TE + PPZTE]A:TE (z) exP(ZjV[PP1TE + PPZTE]Z)
— 2jyAgrg(2) Ay (0) Aot (0) exp(jbrgz) exp(2jy[Ppire
+ Pparglz) (3.27¢)
dBiy(z) . .
% = A7y (2) 2jY[Ppyirm + Prarum]) exp(2jy[Ppiry + Ppormlz)

— 2j¥ [Ppirm + PrarmlAiry (2) exp(2jy[Ppiry + Praru]2)
— 2jyAsru(2) A;nTM(O) AZZTM(O) exp(jOrmz)exp(2jy[Ppiry
+ Pparml2) (3.27d)

Simplifying Eqns. (3.27a-d) produces

dB g (2) o ' '
Zj = 2jy Airp(2)A,17£(0)ALorp (0) exp(—jRrgz) exp(=2jy[Ppire
+ Pporgl2) (3.284)
dB sy (z) o ' |
s;: - = 2jy Ajry (2)Ap1ry (0) A, 271 (0) exp(—jRryz) exp(=2jy[Ppiry

+ Pparyl2) (3.28b)
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(3.28¢)

g; = —ZJYASTE (Z) AplTE(O) APZTE (0) eXp(]RTEZ) exp(z]y[PPlTE
+ Pparelz)
dB ., (2) _ . ) . |
l;I\Z/I = —ZJVASTM (Z) AplTM (0) ApZTM (0) exp(]RTMZ)exp(ZJ]/[PPlTM

+ PPZTM]Z)

(3.284d)

From Eqgns. (3.25a-d), Agrp(2). Agry(2). Ajrg(2).and Ajpy, (z) can

be written as

A5 (z) = Bgrg(2) exp(2jy[Ppire + Prarelz)
Asry(2) = Bsry(2)exp(2jy[Ppiry + Pporml2)
Ajrp(2) = Birg(2) exp(=2jy[Ppirg + Pporsl2)
Airy(2) = Biry(2)exp(=2jy[Ppiry + Pparml2)

Substituting Egns. (3.29a-d) into Eqns. (3.28a-d) yields

dBSd;;(Z) = 2jy Birg(2) Ay17£(0) A7 (0) exp(—jkrgz)
‘w%r(z) = 2y Biry(2) Apyyng (0) Ay (0) exp(—jkpy2)
BeE) iy Bora () Apirs (0) Ay (0) expers)
%IZ"(Z) = —2jyBsry(2) Ay (0) Appry (0) exp(kryz)

(3.29a)
(3.29b)
(3.29¢)

(3.29d)

(3.30a)

(3.30b)

(3.30¢)

(3.30d)

where k;r and k,, is the effective phase mismatch for the k;z and k

wave components and they are given by

krg = Akrp + Y(PP1TE + PPZTE)

kry = Akry + V(PP1TM + PPZTM)

(3.31a)

(3.31b)

The effective phase mismatch plays an important role in the process

of FWM and hence in its applications such as parametric amplifier and phase

conjugation. The linear phase mismatch Akrgray depends directly on the
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interacting waves frequencies. The second part of Eqns. (3.31a) and (3.31b)
represent the nonlinear phase mismatch terms, which depend on the pumps
intensity. Better FWM performance is achieved when the effective phase

mismatch vanishes or becomes near to zero.

3.5 FWM Parametric Gain

The effective phase mismatch and the parametric gain (g) are the two
parameters that can evaluate the performance of the FWM process. The
effective phase mismatch is given in the previous subsection. However, to
derive the formula of the parametric gain and to study its effect in corporation
with the effective phase mismatch on the FWM process, the previous
analytical analysis is continued. Taking the second derivative of Eqns.

(3.30a-d) with respect to z yields

dzBsTE(Z) . i _ .
dz2 = 2jy APITE(O)APZTE(O) B (2) (—jkrg)exp(—jkrpz)
dB:
n lTE(Z) exp(—jkTEz)] (3.32a)
dz
d?B 1, (2) _ ) ' .
—C;;I;I = 2]]/ AplTM(O)APZTM(O) lBiTM(Z) (_]kTM)exp(_]kTMZ)
dBimy (z
+ lTM( ) exp(—jkTMZ)] (3.32b)
dz
d’B.(2) _ . .
dl—; = —2jy Ap1re(0) Apore(0) [BSTE(Z) (krg) exp(ikppz)
dB Z
+ STE( ) eXp(jkTEZ)] (332C)
dz
d?Bi,(2) , ' |
dzzzzw = =2jy A;)lTM(O) A;;ZTM(O) [BSTM(Z) Gkrm) exp(kryz)

n dBSTM(Z)

P exp(jkTMz)] (3.32d)



78

From Eqns. (3.30a-d), one can get the following expressions

B = 55 AmE(o)Apz:E(O) TR (5:330)
B 2) = 25 AmM(O)APZ;(O) e (3:530)
Bere2) = 2y Az @ A;;Z_Ti(O) e e (5:339)
Byru(2) = - 4Birw (2) (3.33d)

Substituting Eqns. (3.33a) and (3.30c) into Egn. (3.32a), Eqns. (3.33b)
and (3.30d) into Eqn. (3.32b), Egns. (3.33c) and (3.30a) into Eqgn. (3.32c),
and Eqgns. (3.33d) and (3.30b) into Eqgn. (3.32d) yields

% ]'kTEdBSd;;(Z) — 4Y?Ppyrg Pporg Bsrp(2) = 0 (3.34a)
% + jkrg M%Z(Z) — 4Y*Ppirm Pparm Bsrm(2) = 0 (3.34b)
dZZZI;"(Z) —JjkrE ABirs (2) — 4y?Pp1rg Prarg Birg(2) = 0 (3.34¢)
—dzigg(@ — jkrg —dBZZ(Z) — 4Y?Ppirm Prarm Biry(2) = 0 (3.34d)

The general solutions of Egns. (3.34a-d) are given as

k
B (z) = [C, exp(grg 2) + C, exp(—grg 2) ] exp (‘]% Z) (3.35a)
k
By (z) = [C3exp(gry 2) + Cyexp(—gry 2) ] exp (‘]% Z) (3.35b)
. . kg
B (2) = [Cs exp(gre z) + Cs exp(—gre z) | exp | j PR Z (3.35¢)

k
Birw(2) = [C; ex0(grus 2) + Co exp(—gru 2) T exp (j =22 2) (3:350)
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where ;. (j = 1 — 8) are constants determined from the boundary conditions
and g and g, is the parametric gain of the TE and TM wave components,

respectively, and they are given by

2

2 k
It = \/(2]’\/ Ppirg PPZTE) - (%) (3.36a)

2 ko)
9rm = \/(ZV\/ Ppirm PPZTM) - (%) (3.36b)

It is logically that the maximum parametric gain is obtained when the
phase mismatch decays to zero. This condition reduces Eqgns. (3.36a) and
(3.36b) to

(gTE)MAX = 2)’\/ Ppirg Pporg (3.37a)
(gTM)MAX = 2]’\/ Ppirm Prarm (3.37b)

One assumes that the two pumps have the same power and SOP, then
PPITE == PPZTE == PTE and PPlTM == PPZTM == PTM' Under these tWO

assumptions, (grg)max and (gru)max Can be given by

(rE)max = 2YPrg (3.38a)
(Grmdmax = 2YPry (3.38b)

Figures (3.7a) and (3.7b) show the variation of the parametric gain
coefficient with the linear phase mismatch for different values of yP;; and
yPry. Note that the peak of the parametric gain in both figures are shifted

from Ak = 0, due to the effects of fiber nonlinearities.
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Figure (3.7): (a) Variation of the parametric gain of the TE component with different
values of yPte product, and (b) Variation of the parametric gain of the TM component
with different values of yPtm product.

3.6 Conversion Efficiency

In this section, derivation of the conversion efficiency in dual-pump
HNLF-OPC is addressed. The conversion efficiency is a parameter that
evaluates the performance of the OPC device. This parameter with linearly
polarized waves is well studied in literature. However, the effect of
polarization is taken into account in this section to calculate the HNLF-OPC

conversion efficiency. Applying z = 0 to Egns. (3.35a-d) produces
Byz(0) = C, + C, (3.39a)
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Cs+Cs =0 (3.39¢)
C,+Cg =0 (3.39d)

Note that only the signal and the two pumps are launched to the HNLF

atz =0, and hence, Bj;;(0) = Bj;,,(0) = 0. Taking the derivative of
Eqgns. (3.35a-d) with respect to z yields

dB z k k
Z—E() = [C, exp(grg 2) + C, exp(—grg 2) | (_j ﬂ) exp (‘jﬂ Z)
z 2 2
+ [greCi exp(grg 2)
Krg
~ gre Cexp(—grz 2)] exp|—j—~ Z (3.40a)
dB z k k
S;—M() = [C3 exp(gry z) + Cpexp(—9gruy 2) ] (—j ﬂ) exp (—jﬂ Z)
z 2 2
+ [grmCs exp(gry 2)
Kkrm
— 9rm CaexXp(—grum 2)] exp (—j ™ Z (3.40b)
dBi - (z k k
Z—E() = [Cs exp(grg z) + Cs exp(—grg 2) ] (] ﬂ) exp (]ﬂ Z)
VA 2 2
+ [9reCs exp(grg 2)
k
— greCe exp(—gre 2) ] exp (J% Z) (3.40¢)
dBiry(2) k k
% = [C; exp(gruy 2) + Cgexp(—gry 2) | (] %) exp (J % Z)

+ [grm C7 exp(grum 2)

k
— grmCs exp(—gru z) | exp (]% Z) (3.404)

Equating Eqns. (3.40a-d) with Egns. (3.30a-d) and applying the
primary conditions at z = 0, (i.e. Bj75(0) = 0.and Bj;,,(0) = 0) yields

(C, + () (‘] %) + gre(C; —C) =0 (3.41a)

(Cl + Cz) (‘] k%) + gTM(Cl - Cz) =0 (3-41b)
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k

—2jyBr5(0) Ap175(0) Ayprg(0) = (Cs + Co) (J %) +9re(Cs — Cs)  (341¢)
k

~2j B (0 A7 (0) Ay (0) = (C; + Co) (J722) + grua (€, = G (3:41D)

Solving Eqgns. (3.39a-d) and Eqgns. (3.41a-d) produces

1 jkTE
c 2_(1 _) B (0 3.42
1 jkTE
c 2_(1_ )B 0 3.42b
1 jkTM
c =_(1 _) B (0 3.42
1 jkTM
c =_(1__)B 0 3.42d
—ivB 0) A* 0) A 0
C. = JYBsr£(0) Apir (0) Aporg (0) (3.42¢e)
ITE
ivB 0) A* 0) A 0
¢, = 2YBsre(0 Ap1r(0) Apor (0) (3.42f)
9rE
—ivB 0) A* 0) A; 0
¢, = Y st (0) A1 (0) Aoy (0) (3.429)
Irm
ivB 0) A* 0) A; 0
¢, = JYBaru©®) ;;TM( ) Apzru (0) (3.42h)
™

Substituting C; and C, into Egn. (3.35a), C;and C, into Eqn.
(3.35h), Cs and C, into Egn. (3.35c), and C, and Cg into Egn. (3.35d),
yields after simplification

Jkre

Bgrg(2) = [BSTE(O) <COSh(gTEZ) + 29

Sinh(gTEZ))]

TE

k
* exp (—j% z) (3.43a)
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By (z) = [BSTM(O) (COSh(.gTMZ) + QI;TM Sinh(gTMZ)>]

™
ery
* exp —]T z (3.43b)
—2jyBrg(0) A; 0) 4; 0
By, (2) =[ j¥Bsrg(0) gplTE( ) pZTE( ) sinh(gTEZ)]
TE
kg
* exp ]T z (3.43¢)
—-2jyB 0) A4; 0) A4; 0
B:y, (2) =[ j¥ By (0) gplTM( ) pZTM( ) Sinh(gTMZ)]
™
ery
*exp\j—- z (3.43d)

where the following hyperbolic function properties are used

exp (g TE(TM)Z) T exp (_gTE(TM)Z)
2

cosh(x) =

exp (9 TE(TM)Z) —exp (_g TE(TM)Z)
2

sinh(x) =

Return back to Egns. (3.26a-d) to find expressions describing

Agrp(2). Ay (2). A;TE(Z)- and A;TM(Z)

Asrp(z) = Borg(2) exp(2jy[Ppire + Prarelz) (3.44a)
Asry(2) = By (2) exp(2jy[Ppiry + Pporml2) (3.44D)
Airg(z) = Birg(2) exp(=2jy[Ppirg + Pporel2z) (3.44a)
Ajry(z) = Bipy(2) exp(=2jy[Ppiry + Ppormlz) (3.44a)

Substituting Eqgns. (3.43a-d) into Eqns. (3.44a-d) yields

Agrp(2) = [ASTE (0) (COSh(gTEZ) + QI;TE Sinh(gTEZ))]

TE

k
* exp [_j (% — 2y (Ppyrg + PP2TE)> Z] (3.45a)
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jk
Ay (2) = [ASTM (0) (COSh(gTMZ) + > a

Sinh(gTMZ))]

™

k
* exp [_j (% —2Y(Ppyrm + PPZTM)> Z] (3.45b)

—2jyBgrg(0) Apire (0) Apare (0)
9rE

Airg(z) = [ Sinh(gTEZ)]
k
X exp \]’ (% — 2y(Ppyre + PPZTE)> Z] (3.45¢)

—2jy B (0) Apirm (0) Aporm (0)

Irm

Airy(z) = [ Sinh(gTMZ)]

(3.45d)

k
X exp l] (% — 2y(Ppyrm + PPZTM)) z

3.6.1 Signal and Idler Wave Equations

At the HNLF output, there are two waves expected to be seen, the
amplified signal wave and the conjugated idler wave. From Eqgns. (3.45a)
and (3.45b), the power of the signal of the TE and TM component at the

HNLF output can be expressed as

k2
Pyrp(z) = lPsTE(O) <C05h2 (grez) + 4ng sinh? (gTEZ)>] (3.46a)
TE
2 k%M . 2
Pyrp(2) = [Pgrp (0) | cosh?(gryz) + 492 sinh®(gruz) (3.46b)
™

Using the hyperbolic functions property cosh? (gTE(TM)Z) =1+

sinh? (gTE(TM)Z). Eqns. (3.46a) and (3.46b) can be written at the end of the
fiber (z=1L) as
2

Pyrp(L) = [PSTE(O) (COShZ (grel) + 4kng Sinhz(gTEL)>] (3.47a)

TE
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2

Pgry (L) = [PSTM(O) <C05h2(.gTML) + 4’;2\/1 sinh? (gTML)>] (3.47b)

™

The signal and the idler waves are equally amplified during the FWM
process in the HNLF, but the difference between them is only the signal
launched power, and hence, the idler power for TE and TM components can

be calculated at any point of z as
Pirg(z) = Psrg(z) — Psrg(0)

Pirg(z) = Psrg(z) — Psrg(0)

Therefore, from Eqns. (3.47a) and (3.47b), the optical power of the
orthogonal components of the idler wave can be calculated at the end of the
fiber (z = L) and the result is

2

Pirg(L) = |Psr5(0) <<1+ gf )sinhz(gTEL)>] (3.484)
TE
2

Piw (L) = |Pyra (0) <<1+ fTZM )sinhZ(gTML)>] (3.48b)
™

3.6.2 Expression of the Conversion Efficiency

From Eqgns. (3.48a) and (3.48b), it can be concluded that the idler wave
components P;;;(L) and P, (L) are generated when the signal power is
launched into the fiber. The idler components powers increase with the
square of the fiber length L? when greanL < 1. When the distance is
increased to satisfy grgy)L > 1, both signal and idler waves would be
growing exponentially. At the HNLF output, the signal and the idler waves

may be at same level because they are all amplified together along the fiber.

The total signal and idler powers for TE and TM components at the

HNLF output can be expressed as
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Pi(L) = |Agrg (LI + |Agrm (L)? = Pgrp(L) + Pypp (L) (3.49a)
P,(L) = |Airg(L)1? + |Airn (L)I? = Pigg (L) + Py (L) (3.49b)

Substituting Eqns. (3.47a-b), (3.48a-b), and (3.13e-f) into Egns.
(3.49a-b) yields

P(L) =

k2
Crg Py cos?(6y) ((1 + 4; )sinh2 (gTEL)>

TE

2

kTM .
Cry Py sin?(6y) ((1 + 7 )smh2 (gTML)>] (3.50a)

4'TM

_|_

P.(L) = [CTE P, cos?(6;) (1 + (1 + IjZE )sinhz(gTEL)>]

4'TE
2

k
+ [CTM P,y sin?(6y) (1 + (1 + 4;” >sinh2(gTML)>] (3.50b)

™

The total launched signal power is given by
P;(0) = [Crg Py COSZ(HS)] + [Crum Pso Sinz(es)] (3.51)
The conversion efficiency at the HNLF output is the then given by

_ k(L)

"= R0

k2
Crg cos?(8) ((1 + 2 TZE >sinh2 (gTEL)>

TE

k2
+ Cry sin®(6y) ((1 + 4gTéVI )sinh2 (gTML)>]

™

/Crp cos?(0,) + Crpy sin?(6,)] (3.52)

3.7 Calculated Results Related to HNLF-OPC Conversion Efficiency
The obtained conversion efficiency expression defined in Eqgn. (3.52)
is well evaluating the performance of the HNLF-OPC devices when the
effect of SOPs of the pumps and signal waves is included in the study. The
following figures show the conversion efficiency in the wavelength region
around the zero-dispersion wavelength for different system parameters.
Firstly, the signal and both pumps are assumed linearly co-polarized,
in this case, the HNLF-OPC provides maximum conversion efficiency.

Figures (3.8a) and (3.8b) show the conversion efficiency spectra for the
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HNLF-OPC1 and HNLF-OPC2, respectively, when the signal and both
pumps are linearly copolarized along TE axis. In Fig. (3.8a), HNLF-OPC1
shows a flat maximum conversion of about 37.4 dB for a wide wavelength
region extending from 1510 to 1590 nm. In Fig. (3.8b), the HNLF-OPC2

offers a flat conversion efficiency of about 39 dB extending from 1550 to
1610 nm.
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Figure (3.8): Conversion efficiency as a function of signal wavelength when the signal

and both pumps are linearly copolarized along TE axis for (a) HNLF-OPC1, and (b)
HNLF-OPC2.

The conversion efficiencies in Figs. (3.8a) and (3.8b) are obtained

based on the assumption that the signal and the two pumps are linearly
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copolarized initially and maintain their SOPs during propagation inside the
HNLF. However, the FWM process is highly polarization-dependent
because it requires conservation of angular momenta among the four
interacting waves.

In practice, the SOPs of the input pumps can be chosen, but the SOP
of the input signal is often arbitrary. Furthermore, in PDM signals, two
orthogonally polarized signals are sent simultaneously in same fiber.
However, to investigate this issue, Figs (3.9a) and (3.9b) illustrate the
variation of the maximum conversion efficiencies for HNLF-OPC1 and
HNLF-OPC2, respectively, as a function of the signal polarization angle. In

these figures, the two pumps are linearly copolarized along the TE axis.

50 T T T T T T

Maximum conversion efficiency (dB)

0 L 1

0 10 20 30 40 50 60 70 80 90 100
Signal polarization angle (degree)
(a)

Figure (3.9): Variation of the maximum conversion efficiency as a function of signal
polarization angle when the two pumps are linearly copolarized along the TE axis for (a)
HNLF-OPC1, and (b) HNLF-OPC2.
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Figure (3.9): continued.

Figures (3.10a) and (3.10b) show the variation of the maximum
conversion efficiencies for HNLF-OPC1 and HNLF-OPC2 as a function to

the signal polarization angle, respectively when the two pumps are linearly
copolarized along the TM axis.

[3,]
o

N w H
o o o
I

Maximum conversion efficiency (dB)
)

(=]

0 10 20 30 40 50 60 70 80 90 100
Signal polarization angle (degree)

()
Figure (3.10): Variation of the maximum conversion efficiency as a function of signal

polarization angle when the two pumps are linearly copolarized along TM axis for (a)
HNLF-OPC1, and (b) HNLF-OPC2.
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Figure (3.10): continued.

Figures (3.9) and (3.10) show that the conversion efficiency is
strongly polarization dependent because of an intrinsic angular-momentum
conservation requirement. This polarization sensitivity is an obstacle to the
practical implementation of OPC devices in fiber-optic communication
systems. To solve this problem, polarization-independent HNLF-OPC
device is investigated here using linearly orthogonal polarized pumps.
Unfortunately, the conversion efficiency is reduced dramatically when
linearly orthogonal polarized pumps are used due to the nonlinear coupling
efficiency. However, the reduction in the conversion efficiency can be
compensated using higher pump powers.

Figures (3.11a) and (3.11b) show the conversion efficiencies spectra
as a function signal wavelength for HNLF-OPC1 and HNLF-OPC2,
respectively, when pumps are orthogonally polarized. In Fig. (3.11a), the
maximum conversion efficiency of the HNLF-OPC1 is reduced by 58.3%
compared to the case when the signal and the two pumps are linearly
copolarized. In Fig. (3.11b), the maximum conversion efficiency of the
HNLF-OPC?2 is also reduced by 56.3% compared with the case when the
signal and the two pumps are linearly copolarized.
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Figure (3.11): Conversion efficiencies as a function of signal wavelength with
orthogonally polarized pumps for (a) HNLF-OPC1, and (b) HNLF-OPC2.

To compensate the reduction of the conversion efficiencies associated
with orthogonally polarized pumps, the pump powers should be increased.
In Fig. (3.12a), HNLF-OPC1 gives maximum conversion efficiencies of
15.6, 26.5, and 37.4 dB when both pump powers are 0.5, 0.75, and 1 W,
respectively. Figure (3.12b) shows that the maximum conversion efficincy
increases from 17.7 dB to 32.8 dB in HNLF-OPC2 when each of the pump

powers is increased 0.2 W. Morever, a maximum conversion efficiency of
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47.8 dB is obtained when each power of the orthogonally polarized pump
powers increase by 0.4 W.
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Figure (3.12): Variation of conversion efficiencies as a function of signal wavelength
with different associated values of orthogonally polarized pump powers for (a) HNLF-
OPC1, and (b) HNLF-OPC2.

Figures (3.13a) and (3.13b) show the conversion efficiencies as a
function of signal polarization angle for HNLF-OPC1 and HNLF-OPC2,
respectively. The results are obtained for different values of orthogonally
polarized pump powers.
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Figure (3.13): Conversion efficiency as a function of signal polarization angle for (a)

HNLF-OPC1 and (b) HNLF-OPC2, with orthogonal polarization pumps.

Note that the conversion efficiency are almost independent of signal
polarization angle. It is clear that the HNLF-OPC device becomes

polarization independent for any two orthogonally polarized pumps.

It is worth to discuss the dependence of conversion efficiency of a

dual-pump HNLF-OPC driven by two orthogonal pumps (i.e., 0p1—0p2 = 90°%)

on signal polarization. The pumps components along the signal polarization
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vector are given by Ppicos?(0p1—0s) and Ppacos?(0p—0s) = PpoSin?(0p1—0s).
Thus, one can treat the OPC as driven by an equivalent single pump of power
(Pp)eq = Pp1C0S%(0p1—0s) + Pposin®(0p1—0s) whose polarization is aligned with
the signal polarization. For equal pump powers Pp; = Ppp, the equivalent
pump power (Pp)eq = Pp1 = Ppo. This condition makes the OPC to behave as
a polarization-independent device. This conclusion is illustrated in Figs.
(3.13a) and (3.13b) where the conversion efficiency of HNLF-OPC is

depicted as a function of signal polarization angle.
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Chapter Four

Simulation Results, Discussion, Conclusions, and

Suggestions for future works

4.1 Introduction

In the previous chapters, the effects of OPC-based mitigation of
dispersion and Kerr effect nonlinearities have been discussed. This
chapter presents the simulation results of the fiber-optic communication
system employing OPC with different high order-modulation formats.
First, the system parameters and simulation setup are given. Section 4.2
introduces the usage of MS-OPC and multiple-OPC compensation
schemes. Sections 4.3 presents the simulation results of fiber-optic
communication systems with NRZ-OOK, and 16-QAM modulation
formats. The main conclusions drawn from this study and some suggestion
for future work are given in sections 4.4 and 4.5, respectively. The results
are obtained using Optisystem v.14.1 software and compared with

experimental data reported in the literature.
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4.2 Mitigation of Fiber Dispersion and Nonlinearity using HNLF-based

OPC

Fiber dispersion and nonlinearity caused by Kerr effect are considered

to be the major obstacles in the development of long-haul and large-capacity

fiber-optic communication systems. OPC is the most promising way

to

address this problem. This section explores the effect of OPC on the

performance of the fiber-optic communication systems employing different
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modulation formats. The results of multiple-OPC compensation scheme are
compared with those of MS-OPC counterpart.

4.2.1 Mid-Span OPC Compensation Scheme

MS-OPC is a technique which can compensate distortion due to fiber
dispersion and nonlinearities. MS-OPC, which is sometimes called mid-span
spectral inversion, can be used for simultaneous multi-channel dispersion
and nonlinearity compensation. In MS-OPC compensation scheme, the
optical link is divided into two equal parts and the OPC device is placed at
the midpoint of the optical link (see Figs. (4.1a) and (4.1b)). Therefore, the
accumulated phase shift due to dispersion and nonlinearities in the first half
of the fiber is inverted by the OPC, and subsequently compensated through
the second half of the fiber path. Nonlinearity compensation based on MS-
OPC is implemented by FWM process in HNLF.

The MS-OPC is investigated in two different fiber-optic
communication systems employing different modulation formats, NRZ-On-
Off Keying, and 16-QAM, for both, single-channel and multi-channel
transmission systems. Figure (4.1a) illustrates a single-channel transmission
system with a MS-OPC compensation scheme. The signal is generated by an
optical transmitter and amplified by an EDFA before launching to the first
part of the optical link. The optical link consists of n spans of SSMF forming
the first half, the OPC device, another n spans of SSMF forming the second
half of the link, and coherent optical receiver. Each span of the SSMF is
backward pumped with a Raman pump to achieve a symmetric power profile

along the fiber spans.

An 8-channel WDM transmission system with MS-OPC is depicted in
Fig. (4.1b). The WDM channels are combined using an optical WDM
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multiplexer and, after amplification with an EDFA, the multiplexed signal is
launched into the optical first part of the optical link. At the receiver end, the

WDM channels are demultiplexed using an optical demultiplexer.

4.2.2 Multiple-OPC Compensation Scheme

In a MS-OPC system, the OPC device must be fixed exactly at the
middle of the link to accomplish complete dispersion and nonlinearity
compensation. However, the mid-link point may change over time.
Furthermore, the similarity of the two parts of the optical link is sometimes

difficult to achieve.

In contrast, multiple-OPC scheme allows phase conjugation of the
transmitted signal after every certain distance of transmission and
conjugating the phase again after another transmission with the same length.
Therefore, the fiber nonlinearity can be compensated along the optical link,
instead of just at the end of the transmission, which helps to maintain the
signal from degradation along the optical link. Another advantage of using
the multiple-OPC scheme is that the signal wavelength can be maintained
unchanged if an even number of OPCs is used which leads to a reduction in

the complexity of the receiver device.

Figure (4.1c) depicts a single-channel transmission system with
multiple-OPC compensation scheme. The multiple-OPC configuration uses
the same transmitter and receiver that are used in the MS-OPC compensation
scheme. However, the optical link now consists of more than two parts

separated by a suitable number of OPC devices.

The first and the last part of the optical link consist of nxL km SSMF,
while the middle part consists of 2nxL km SSMF. Each SSMF span is

backward pumped with a Raman pump to achieve a symmetric power profile
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along the fiber spans. The accumulated phase shift due to dispersion and
nonlinearities in the first part of the fiber is inverted by the first OPC device.
This phase shift is compensated at the midpoint of the second part of the fiber
path. Therefore, full fiber dispersion and nonlinearity compensation can be

achieved at the end of the optical link.

An fiber-optic communication system with 8-channel WDM
transmission system using multiple-OPC compensation scheme is explained
in Fig. (4.1d). The WDM channels are combined using an optical WDM
multiplexer and, after amplification with an EDFA, the WDM signal is
launched into the first part of the optical link. At the receiver end, the WDM

channels are demultiplexed using an optical demultiplexer.

As both MS-OPC and multiple-OPC are promising compensation
techniques, a direct comparison between the two schemes for higher order

modulation format is of high interest.

In next subsections, an investigation of Kerr nonlinearity mitigation
using multiple-OPC compensation scheme is performed with a comparison
of the results with MS-OPC compensation scheme for up to 912 km

transmission in a dispersion-unmanaged DRA link.
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Figure (4.1): (a) Single channel transmission system with MS-OPC configuration, (b)
8-channel WDM transmission system with MS-OPC configuration, (c) Single channel
transmission system with multiple-OPC configuration, and (d) 8-channel WDM

transmission system with multiple-OPC configuration.
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4.3 Dispersion and Nonlinearity Compensation using HNLF-OPC

The performance of dispersion and nonlinearity compensation are
investigated using the multiple-OPC with a single-channel and multi-
channel systems over a transmission link of 912 km length. The results are
compared with that based on using MS-OPC and also with experimental data
reported in the literature. Simulation results are presented for NRZ-OOK and
16-QAM fiber-optic communication systems. Some of the parameters values
used in the simulation are selected to match those used in the published

experimental work [26].

4.3.1 NRZ-OOK Signaling

Initially, the multiple-OPC compensation scheme is investigated in 40 Gb/s
NRZ-OOK single-channel operating at 190.2 THz (center channel in the
WDM system). The transmission length is 912 km and consists of three
spans before OPC; and after OPC,, and 6 spans in the middle part of the link.
The results are compared with that of the MS-OPC compensation scheme.
Figure (4.2) illustrates the construction of the NRZ-OOK transmitter. The
Bit-Sequence Generator (BSG) generates the binary data to be transmitted
while the NRZ pulse generator forms each bit as a NRZ pulse. Then the
sequence of pulses is modulated with optical CW carrier using Mach-
Zehnder Modulator (MZM). Both polarization signal components are
combined together using polarization combiner (PC). Then the signal is
amplified and filtered before it is launched to the fiber span. In WDM system,
eight channels with a frequency starting from 190 to 190.35 THz with 50
GHz frequency spacing are multiplexed together using WDM multiplexer.
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Figure (4.2): Transmitter for a single channel including Binary sequence generator

(BSG), non-return-to-zero pulse generator (NRZ), Mach—Zehnder modulator (MZM),

polarization splitter, polarization combiner, erbium-doped fiber amplifier (EDFA), and
optical attenuator.

Figure (4.3) illustrates the receiver structure of the NRZ-OOK
signaling. It consists of polarization splitter to separate X and Y polarization
components. Each polarization part has a PIN Photodetector to convert the
received signal from optical to electrical domain. Finally, the converted

electrical signal is filtered using low pass filter.
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Figure (4.3): Receiver for a single channel including polarization splitter (PS),
photodetector PIN, optical low-pass filter (LPF), and eye diagram analyzer.
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Figures (4.4a) and (4.4b) show the spectrum of the transmitted optical

signal at frequency of 190.2 THz (A= 1576.2 nm) before and after the OBPF,
respectively.
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Figure (4.4): Spectrum of the transmitted optical signal.

Figure (4.5) shows the spectrum of the pump1 and pump2 at frequency

of 191.3 THz (A= 1567.06 nm) and 188.58 THz (A= 1589.74 nm),
respectively.
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Figure (4.5): Spectrum of the pumpl and pump2.
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Figures (4.6a) and (4.6b) show the waves spectrum at the HNLF input
and output, respectively. In fig. (4.6b), it can be seen the generation of the
conjugated idler at the output of the HNLF due to the FWM process at
frequency 189.68 THz (1580.52 nm) based on the FWM equation (w; =

Wp1 + Wpy — Wg).
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Figure (4.6): Waves spectrum at (a) HNLF input and (b) HNLF output.
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The preceding discussion assumes that only the nondegenerate FWM
process, contributes in the HNLF. In reality, the situation is much more
complicated because the degenerate FWM process associated with each
pump occurs simultaneously. In fact, it turns out that the combination of
degenerate and nondegenerate FWM processes can create many other

unwanted idlers as shown in fig. (4.6b).

Figure (4.7) shows the spectrum of the conjugated idler at the output
of OPC device.
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Figure (4.7): Spectrum of the conjugated idler at the output of the first OPC device.

The conjugated idler then transmitted across a second part of the
optical link. At the second OPC device, the process of OPC will repeated

again.

Figures (4.8a) and (4.8b) show the waves spectrum of the HNLF input
and output at the second OPC device, respectively. In fig. (4.8b), a new
conjugated idler at the output of the HNLF due to the FWM process was
generated at frequency 190.2 THz (1576.2 nm), which is similar to the
original transmitted signal.
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OPC device.
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Figure (4.9) shows the spectrum of the received optical signal.
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Figure (4.9): Spectrum of the received optical signal.

Figure (4.10a) displays the variation of the Q-factor with launched
power. It can be seen from this figure that the maximum Q-factor of X-
polarization component for the case with multiple-OPC compensation
scheme is 17 dB at a launch power of 3 dBm. This indicates an improvement
in performance of 1.2 dB compared to the maximum Q-factor for the MS-

OPC compensation scheme.

For the Y-polarization component (see Fig (4.4b)), the maximum Q-
factor with the multiple-OPC compensation scheme is 17.7 dB at a launch
power of 4 dBm showing 1.8 dB improvement compared to the case of MS-
OPC compensation scheme. The insets in the Figs. (4.10a) and (4.10b)
illustrate the eye diagrams of the received signal (X and Y- Polarization

components) at the corresponding optimum launched powers.
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Figure (4.10): Calculated Q-factor as a function of a signal launched power for (a) (X-

Polarization), and (b) (Y-Polarization), for single channel transmission after 912 km.

The insets represent the eye diagrams of the received signal at the optimum launched
pOwers.

Figures (4.11a) and (4.11b) compare the performance of the multiple-
OPC and MS-OPC confgurations in terms of the total length of the optical
link for the single channel transmission for both polarization components.
The results show that the transmission reach at the HD-FEC limit

(BER=3.85x1073) is enlarged by 24.2% when the multiple-OPC
configuration is used.
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Figure (4.11): Variation Q-factors as a function of a transmission reach for single

channel, (a) X-Polarization and (b) Y-Polarization.

The calculations are performed further to investigate the performance
of the 8-channel WDM system. At the transmitter, eight channels at
frequencies extending from 190 THz to 190.35 THz (50-GHz channel
spacing). Figure (4.12) shows the spectrum of the multiplexed eight

channels.
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Figure (4.12): Spectrum of the multiplexed 8-channels of the WDM signal.

Figures (4.13a) and (4.13b) show the spectrum of the HNLF input and
output at the first OPC device, respectively. An eight conjugated idlers were
generated due to the process of FWM in the HNLF with frequencies
extending from 189.86 THz to 189.51 THz (50 GHz channel spacing).
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Figure (4.13): Waves spectrum at (a) HNLF input and (b) HNLF output at the first
OPC device.
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Figure (4.13): Continued.

After transmitting the output signals of the first OPC device over a
second part of the optical link, an OPC process is performed again at the
second OPC device generating new eight idlers similar in frequency to the
original input signals. Figures (4.14a) and (4.14b) show the spectrum of the
HNLF input and output at the second OPC device, respectively.
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Figure (4.14): Waves spectrum at (a) HNLF input and (b) HNLF output at the second
OPC device.
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Figure (4.15) shows the spectrum of the received signals before the
demultiplexing.
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Figure (4.15): Spectrum of the received WDM signals.

The performance of the middle channel at frequency 190.2 THz of the
WDM signal is deduced after transmission of 912 km for signal launched
powers ranging from -10 dBm to +10 dBm, as shown in Fig. (4.16). The Q-
factor improves by 0.62 dB when a multiple-OPC compensation scheme is
used as compared with the MS-OPC scheme.
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4.3.2 16-QAM Signaling

The system under investigation in this subsection operates with 16-
QAM signaling and 256 Gb/s bit rate. Figures (4.17a) and (4.17b) show the
simulation setup using MS-OPC and multiple-OPC, respectively. The
corresponding transmitter and receiver block diagrams are illustrated in Figs.
(4.17c) and (4.17d), respectively.

The MS-OPC configuration consists of a 8x256 Gb/s WDM PDM 16-
QAM transmitter, six 76 km SSMF spans forming the first half of the link,
the OPC device, another six 76 km SSMF spans forming the second half of
the link, and a coherent receiver. The multiple-OPC configuration uses the

same transmitter and receiver, but the optical link consists of three parts
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separated by two OPC devices each of the first and the last parts consist of
three 76 km SSMF, while the middle part consists of six 76 km SSMF. Each
span in both configurations is backward pumped with a Raman pump to
achieve a symmetric power profile along the fiber spans. The transmitter has
eight CW laser sources (from 190 THz to 190.35 THz with 50 GHz channel
spacing) modulated by the corresponding data to generate the WDM signals
(see Fig. 4.17c). After combining all the eight WDM channels by the WDM
multiplexer, the 8x256 Gb/s WDM PDM 16-QAM signal is amplified with
an EDFA. The ASE noise is suppressed by an optical BPF. An EDFA and
optical attenuator are used to control the signal power launched to the fiber
spans.

At the receiving end, (Fig. 4.17d), the received WDM signal is
demultiplexed and each of the channels is polarization-demultiplexed and
converted into an electrical domain using coherent 16-QAM dual
polarization receiver. The DSP used for each single channel helps in
recovering the incoming transmission signal after coherent detection. The
decision component processes the electrical signal channels received from
the DSP stage, normalizes the electrical amplitudes of both polarization
channels to the respective 16-QAM grid and performs a decision on each
received symbol based on normalized threshold settings. Finally, 16-QAM
decoders are used to decode the two parallel 16-QAM M-ary symbol

sequences into binary output signals.
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First, the BER of a single-channel (at 190.2 THz) is deduced. The
launched signal power to the fiber link is adjusted from -9 dBm to +3 dBm
by tuning the gain of the EDFA and the optical attenuator located at the
transmitter output. Figure (4.18) shows the Q-factor for the single channel
after 912 km transmission versus launched signal power. For the case of MS-
OPC, the optimum launched power is about —2 dBm, while in the multiple-
OPC scenario, it increases by 4 dB to be about 2 dBm with a 1.35 dB
improvement in Q-factor. These results are compared with experimental

ones that is given in [26] showing good agreement.
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Figure (4.18): Calculated Q-factor as a function of a signal launched power for single
channel scenario after 912 km transmission. The insets show the recovered constellation
diagrams for both polarization components corresponding to multiple-OPCs
configuration at the optimum signal launched power.

Figure (4.19) compares the performance of the multiple-OPC and MS-
OPC confgurations in terms of the total length of the optical link for the
single channel transmission. The results show that the transmission reach at
the HD-FEC Ilimit is enlarged by 30.7% when the multiple-OPC

configuration is used.
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Figure (4.19): Calculated Q factor as a function of number of fiber spans for a single
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OPCs and MS-OPC after 1824 km transmission (24 spans).

The calculations are carried further to investigate the performance of
the 8-channel WDM system. The performance of the central channel at
frequency 190.2 THz of the WDM signal is deduced after transmission of
912 km for signal launch powers started from -9 dBm to +3 dBm, as shown
in Fig. (4.20). For the case of MS-OPC, the optimum launch power is around
—2 dBm. For the case of multiple-OPC, the optimum launch power increases
to 0 dBm, and the Q-factor is improved by 0.62 dB, deduced at optimum

signal powers associated with the two cases.

10 8-channel transmission after 912 km X-Polarization
T T T T T N P *

Q - Factor
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—8—-MS-OPC

Lunched power (dBm) |
Figure (4.20): Calculated Q-factor as a function of launched signal power for the mlddle

channel of an 8-channel WDM system after 912 km transmission. The insets show the
recovered constellation diagrams for both polarization components corresponding to
multiple OPCs configuration at the optimum signal launched power.
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Figure (4.21) shows the BER for all the 8 channels after 912 km at the
optimum signal launched power for each configuration. For the multiple-
OPC system, the BERs of all channels except channel 8, are under the HD-
FEC limit. A minimum BER of 1.14x107 is observed in channel 7.
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Figure (4.21): BER as a function of WDM channel number evaluated at the corresponding
optimum signal launched powers.

4.4 Thesis Conclusions

Mitigation of fiber dispersion and nonlinear distortions in advanced
fiber-optic communication systems have been investigated both theoretically
and by simulation. The effect of SOP on the performance of a dual-pump
HNLF-OPC has been analyzed using a set of eight coupled NLSEs. Further,
the transmission performance of two long-haul fiber-optic communication
systems incorporating multiple-OPC compensation scheme has been
simulated and the results are compared with published experimental data.
The two systems use 8-channel WDM technique with each channel adopting
PDM NRZ-OOK and PDM-16QAM modulation with bit rates of 40 Gb/s
and 256 Gb/s, respectively.

The main conclusions drawn from investigation of polarization effect

in a dual-pump OPC are



(i)

(if)
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The maximum conversion efficiency is obtained when the signal and
the two pumps are all copolarized, while the conversion efficiency
becomes almost zero when the signal wave is orthogonal to the two
copolarized pumps.

The analytical investigation shows that the use of a pair of orthogonally
polarized pumps can provide polarization-independent conversion
efficiency, but this conversion efficiency is lower compared with the
case of copolarized waves and this efficiency can be increased by

increasing the pump powers.

The simulation of the two advanced optical systems reveals the

following main findings

(i)

(if)

In PDM-NRZ-OOK signal transmission, the use of multiple-OPC
provides better transmission performance when compared to MS-OPC
in both, single channel and WDM signal transmission. Moreover, the
results show that the transmission reach at the HD-FEC limit can be
enlarged when the multiple-OPC configuration is used.

In PDM-16QAM signal, single channel transmission using multiple-
OPC shows a 1.35 dB improvement in Q-factor over the MS-OPC case.
In the WDM system, using multiple-OPC increases the nonlinear
threshold by ~2 dB compared with the case of MS-OPC, showing 0.62

dB improvement in Q-factor over the MS-OPC compensation scheme.

4.5 Suggestions for Future Work

Possible future extension for the work included in this thesis may

cover the following points

(i)

This thesis provides theoretical analysis and simulation results of fiber
nonlinear effects in the presence of the polarization effects and

discusses the optical compensation techniques. Experimental research



(if)

(iii)

(iv)
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is one of the most important future works to validate the theoretical
models and to measure the performance of different optical
compensation schemes for mitigating fiber nonlinear effects.

The research described in this thesis is focused on the investigation of
single-carrier transmission, where a single optical carrier is modulated
and transmitted in wavelength window, significantly broader than the
symbol rate. To increase spectral efficiency it is possible to pack
channels at a symbol rate spacing, which is denoted OFDM with
presence of the polarization effect. Although, nonlinear compensation
algorithms were already applied in the literature to OFDM, the effect of
the polarization has not been investigated and a comprehensive study
on potential performance improvement is not available in either case.
The system under investigation in this thesis can be expanded to be has
higher-order modulation formats, hence increase the transmitted data
bit rate. Furthermore, the transmission reach can be enlarged to cover a
wide area.

Design of an OPC device using photonic crystal fiber instead of the
HNLF.
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Appendix A

Detailed Analysis of Dual-Pump Polarization-Aligned HNLF-OPC

The aim of this appendix is to present an analytical solution for the pumps,
signal, and conjugated idler waves equations in the absences of the
polarization effect. The analytical solution of the pumps equations starts
from Eqgns. (3.2a) and (3.2b) as follow

dA”l(Z) ¥ [Por + 2P,2) A0 (2) (A1)
dA
ZZZ(Z) ¥[2Py1 + Pp2]Aps (2) (A2)

where P,; = |Am(0)|2 and Py, = |4y, (0)|2 are the incident pump powers

atz = 0.

Integrating both side of Eqns. (A1) and (A2) with respect to z yields

1
J G )dApl(z) f Jj¥[Pp1 + 2Py, ]dz (43)

J dAy,(2) = f Jj¥[2P,1 + Ppy]dz (A4)
Apy(2)
Solutions of Eqns. (A3) and (A4) are given by

in(452(2)) = j¥[2Py1 + Ppa)z + G (46)

Taking exponential for both side in the Eqgns. (A5) and (A6) with C;; =
exp(C;) and C,, = exp(C,) gives

Ap1(2) = €y exp(jy[Py1 + 2Py,]2) (A7)

Ay, (2) = Cyy exp(jy[2Pyy + Pyy]2) (A8)



A2

where C;; = A,1(0) and C;, = A,,(0) are the integration constant and they

are obtained from the initial conditions at z = 0. Therefore, pumps powers

equations can be given by
Ap1(2) = Ap1(0) exp(j¥[Pp1 + 2Pp2]2) (49)
Ay (2) = A,3(0) exp(jy[2Py1 + Pyy]2) (A10)

The analytical solution of the signal and conjugated idler equations starts
from Eqns. (3.4a) and (3.4b)

dA

iz(z) = 2y ([Po1 + Ppa]45(2) + Ai (D) Ap1 (DDA (2) exp(—jdkz))  (A11)
dA;

éz(Z) = =2jy([Py1 + Ppa]4i (D) + A,(2D) 451 (D)4, (2) exp(dkz))  (A12)

Substituting Egns. (A9) and (A10) into Egns. (A11) and (A12) yields

dA .
dZ(Z) = 2jy([Po1 + Pp2]4s(2)
+ A7 (2)A,1(0) exp(jy[Py1 + 2Py3]2) A2 (0) exp(jy[2Pyy
+ sz]z) exp(—jAkz)) (A13)
dA;(z) . .
dZZ = _ZJY([Ppl + PpZ]Ai(Z)

+ As(2)A3,(0) exp(—j)/[Pp1 + 2P1[,2]Z)A;‘,2 (0) exp(—jy[ZPp1
+ sz]z) exp(jAkz)) (414)

For simplification, let 8 = (Ak — 3y(Py1 + P,3)), Eqns. (A13) and (A14)

will be
dA

JZ(Z) = 2jy ((Pp1 + Pp2) As(@) + 4 (@)Ap1(0) Ay (0) exp(—j62))  (415)
dA;

CEZ(Z) = —2jy ((Pp1 + Pp2)4i (2) + As(2) A3, (0) 43,(0) exp(j6z))  (A16)

To solve Egns. (A15) and (A16), let



A3
Bs(2) = Ag(2)exp(—2jy(Ppy + Pyy)z) (A17)
Bi (2) = A; (2)exp(2jy(Py1 + Pp2)z) (A18)

Differentiating Eqns. (A17) and (A18) with respect to z yields

dB, . :
dz(Z) = As(2) (_ZJY(Pm + sz)) exp(=2jy (Pp1 + Pp2)2)
dA; .
* dz(Z) exp(_ZJV(Ppl +Pp2)z) (419
dB;
c;z(Z) = A;(2) (ZJV(Ppl + sz)) exp(2jy (Pp1 + Pp2)2)
dA;
c;z(Z) exp(2jy(Pp1 + Pp2)2) (420)

Substituting Egns. (A15) and (A16) into Egns. (A19) and (A20)

dB, _ .
dZ(Z) = A;(2) (_ZJV(Ppl + PPZ)) exp(_zn/(Ppl + PPZ)Z)
+ 2jy(Pp1 + Pp2)As(2) exp(=2jy(Ppy + Pp2)7)
+ 2jy A (2)Ap1(0) Ay (0) exp(—j6z) exp(—2jy(P,,
n sz)Z) (A21)
dB;
C;Z(Z) = 4;(2) (2y(Py1 + Pp2)) exp(2jy(Pps + Pp2)2)

- 2jy (Pp1 + sz)A’{(z) exp(ij(Ppl + sz)z)
— 2jy As(2)43,(0) A3,(0) exp(j6z) exp(2jy(Py,
+P,)7) (422)

Equations (3.19) and (3.20), after simplification, can be written as follow

st(Z) . . ;

T = 2rAp1(0) Ay(0) exp(=j02) A7 (2) exp(=2jy (Pp1 + Pp2)z)  (A23)
dB;

C;Z(Z) = = 2jy 43:(0) 4;,(0) exp(j602) As(2) exp(2)y (Pps + Pp2)7) (A24)

From Eqns. (Al17) and (A18), A,(z) and A;(z) can be given by

A (z) = Bs(z)exp(ij(Pp1 + sz)z) (A25)



A4
A;(z) = Bi (2)exp(—2jy(Pyy + Ppy)z) (A26)

Substituting Eqns. (A26) and (A25) into Eqgns. (A23) and (A24) respectively,
yields

dB
(;Z(Z) = 2jy Apl(o) Apz (0) exp(—jkz) B{(2) (427)
dBOLZZ(Z) = — 2jy Ap1(0) A2 (0) exp(jkz) By(2) (428)

where k is the effective phase mismatch which is given by
k = Ak +y(Py + Pyy) (A29)

Differentiating Eqgns. (A27) and (A28) a second time with respect to z

yields
d?B, dB;
TEZ) = 2jy A1(0) Ap2(0) exp(—jkz) dz(z)
+ 2]/k Apl(o) Apz (0) exp(_]kZ)Bl* (Z) (A30)
2
d 5 Z(Z) — 2jy 431(0) A3, (0) exp(jkz) S(Z)
+ 2yk A;1(0) A3, (0) exp(jkz) BS(Z) (431)
From Egns. (A27) and (A28)
er s 1 dB,(z)
BlD) = oy An(0) Ay (0) exp(jkn)  dz (432)
1 dB;(2)
B(@) = =2 40, (0) 4y (O exp ) dz (433)
Substituting Eqgns. (A28) and (A32) into Eqgn. (A30) yields
d?By(z)
dz?
= 2jyAp1(0) Ap,(0) exp(—jkz) [ 2jy Ap1(0) A, (0) exp(jkz) Bs(2)]
+ 2ykA,; (0) Ay, (0) exp(—jkz) ! B2 43

2jy Ap1(0) Ay (0) exp(—jkz) dz



A5

Then Substituting Eqns. (A27) and (A33) into Eqgn. (A31) yields

d*B;(z)
dz?
= —2jy Ap1(0) A, (0) exp(jkz) [2jy Ap1(0) Ap,(0) exp(—jkz) B; (2)]
-1 dB; (z)

R A T OF RO eIz

(A35)

Then, from Eqns. (A34) and (A35) the following second-order ordinary

differential equations can be obtained

d?B,(z) Lk dB,(z)

dz2 J dz - 4y2Pp1Pp2 Bs(Z) =0 (A36)

EB@) . dB@)
dz? J dz

— 4y%P,, Py, B (2) =0 (A37)
The general solutions of Egns. (A36) and (A37) can be found as follow
By(2) = [C exp(g2) + C; exp(—g2)] exp(—j32) (438)

B; (2) = [Cs exp(g2) + Cs exp(~g2)] exp(j52) (439)

where the parametric gain coefficient g = \/AL)/ZPmPp2 — (k/2)*. Further, C,,

C,, C3,and ¢, are constants determined from the boundary conditions.

Applying z = 0 in Eqn. (A38), yields
Differentiating Eqn. (A38) with respect to z gives

dB,(z)
dz

= [, exp(g2) + C; exp(—g2)] exp(—j%z) (—j%)
+ exp (—1%2) [gC1 exp(gz) — gCrexp(—g2)] (A41)

Equating Eqgns. (A41) and (A27) with the primary condition z = 0 gives



A6
2jy Ap1(0) A2 (0) exp(—jkz) B{ (0) = [Cy + C;] (—/%) + g[C, — C;]  (A42)
Applying B;(0) = 0, (idler wave at z = 0)

9lC, — ;] = [Cy + C] (%) (443)

Solving Eqns. (A40) and (A43) produces

1 jk 1 jk
C1 = 7(1 + 5) BS(O) and CZ = 7(1 - E) BS(O)

Now, similar method is used to find C;and C,, therefore

C, = —JY A;n(o) A;Z (0) B,(0) and C, = Jy A;n(o) A;)z (0) B;(0)

g g

Substituting C; and C, into Eqgn. (A38) and C; and C, into Egn. (A39) and

simplifying these equations yields

B.(2) = B.(0) Kexp(gz) + exp(—gz))

2
N % (exp(QZ) —zexp(—gZ)>] exp (~%z) (444)
BY(2) = [—f)/ A3, (0) 222(0) B;(0) exp(g2)
A7 400 AEZ(O) 50 p(—g2) ] exp (j%2) (A45)
Using the formulas
cosh(x) = exp(x)+2exp(_x) and  sinh(x) = exp(x)_zexp(_x)
B,(z) = B,(0) [cosh(gz) + % sinh(gz)] exp (—jgz) (A46)

—j2y A’,(0) A3,(0) B,(0) sinh(gz)
)

B} (2) = exp(j52) (A47)



A7

Return back to Eqgns. (A17) and (A18) to find A;(0) and A;(z) from B,(0)

and B/ (z), respectively
Ay(2) = Bs(z)exp(ij(Pp1 + sz)z) (A48)
A;(2) = B} (2)exp(—2jy(Pyy + Pyy)z) (A49)

Substituting Eqgns. (A48) and (A49) into Eqgns. (A46) and (A47) yields

ik
A (z) = A,(0) (cosh(gz) + é_g Sinh(gz))

3y(Py1 + P,y) — Ak
* exp (j ]/( pl > pZ) Z) (A50)

sinh(gz)

—j2y A7, (0) A5, (0
Az‘@ﬁg@)( j2y A%, (0) Ay ))

3y(Py1 + P,y) — Ak
*exp(—j ]/( Pl 2p2) Z> (A51)




