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Abstract

This thesis concerns polarization mode dispersion (PMD) in optical fiber com-
munications. Specifically, we study fiber birefringence, PMD stochastic properties,

PMD mitigation and the interaction of fiber birefringence and fiber nonlinearity.

Fiber birefringence is the physical origin of polarization mode dispersion. Cur-
rent models of birefringence in optical fibers assume that the birefringence vector
varies randomly either in orientation with a fixed magnitude or simultaneously in
both magnitude and direction. These models are applicable only to certain bire-
fringence profiles. For a broader range of birefringence profiles, we propose and
investigate four general models in which the stochastically varying amplitude is re-
stricted to a limited range. In addition, mathematical algorithms are introduced for
the numerical implementation of these models. To investigate polarization mode
dispersion, we first apply these models to single mode fibers. In particular, two
existing models and our four more general models are employed for the evolution of
optical fiber birefringence with longitudinal distance to analyze, both theoretically
and numerically, the behavior of the polarization mode dispersion. We find that
while the probability distribution function of the differential group delay (DGD)
varies along the fiber length as in existing models, the dependence of the mean

DGD on fiber length differs noticeably from earlier predictions.

Fiber spinning reduces polarization mode dispersion effects in optical fibers.
Since relatively few studies have been performed of the dependence of the reduc-
tion factor on the strength of random background birefringence fluctuations, we here
apply a general birefringence model to sinusoidal spun fibers. We find that while,
as expected, the phase matching condition is not affected by random perturbations,
the degree of PMD reduction as well as the probability distribution function of the
DGD are both influenced by the random components of the birefringence. Together
with other researchers, I have also examined a series of experimentally realizable
procedures to compensate for PMD in optical fiber systems. This work demon-
strates that a symmetric ordering of compensator elements combined with Taylor
and Chebyshev approximations to the transfer matrix for the light polarization in

optical fibers can significantly widen the compensation bandwidth.
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In the last part of the thesis, we applied the Manakov-PMD equation and a
general model of fiber birefringence to investigate pulse distortion induced by the
interaction of fiber birefringence and fiber nonlinearity. We find that the effect of

nonlinearity on the pulse distortion differs markedly with the birefringence profile.
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Chapter 1

Introduction

1.1 Background

1.1.1 Fiber-Optic Communication Systems

Lightwave communication systems use electromagnetic waves in the near-infrared
region as carriers to transmit information. Fiber-optic communication systems
are lightwave systems that employ optical fibers as a light guiding medium. In
most existing commercial fiber-optic communication links, information is encoded
with square-wave optical pulses in return-to-zero (RZ) or non-return-to-zero (NRZ)
format, c.f. Fig. 1.1 [2,3].

Before the development of optical communication systems, two major forms of
communication systems were employed. In the first of these, namely, electrical
communication system, information is encoded as electrical pulses and transmitted
through coaxial cable; the other system, i.e., microwave system, uses electromag-
netic waves with frequencies in the range of 1 — 10 GHz to transmit the signal [2].
These two systems are limited either by bandwidth due to high frequency-dependent
loss of coaxial cable of the electrical system, or bit rate due to the low carrier fre-
quencies of the microwave system. Fortunately, these two obstacles could be over-

come by using optical communication system, thanks to the invention of the laser
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Figure 1.1: Digital bit stream 0101110 --- coded by (a) return-to-zero (RZ) and

(b) nonreturn-to-zero (NRZ) formats.

in 1960 and the breakthrough technology of low-loss optical fibers in 1970. Specif-
ically, the high frequencies ( ~ 100 T Hz) of the optical pulses increase enormously
the bit-rate of the system, and the fiber loss has been reduced to below 20 dB/km
in a broad wavelength range around 1 pm. While, for the advantage of low cost,
electrical and microwave transmission technologies are still preferred for short dis-
tances and relatively low bandwidth applications, such as cable TV (Television),
wireless LAN (Local Area Network), CCTV (Closed Circuit Television), and cell
phones, etc, fiber-optic technology is generally used in telecommunications for its
inherently high data-carrying capacity and the exceptionally low loss of the optical
fiber.

The basic building block of all lightwave systems is a point-to-point link which
is simply a connection from point A to point B. The main function of this link is
to transport information at a specified bit rate and bit error rate (BER) over a

specified distance. These links can be classified into two sub-categories: short-haul
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and long-haul. Short-haul links are characterized by the fact that they contain no
repeaters or amplifiers, and are typically of distance up to many tens of kilometers.
Short-haul links are widely used in Metropolitan Area Networks (MANSs) or Local
Area Networks (LANs). Long-haul links do contain repeaters to compensate for
loss and/or dispersion, and may be several 1000 km in length. Long-haul links
are widely used as backbones in large-scale terrestrial networks such as Wide Area

Networks (WANs) and undersea intercontinental networks.

One of the major design considerations with point-to-point links is the repeater
(or regenerator) spacing L. This spacing is usually in the range of 20 — 100 km
since various imperfections in the fiber and other optical components in the system
can deform the pulses, causing errors in the transmitted signal. These imperfec-
tions include fiber loss, chromatic dispersion, polarization mode dispersion, fiber
nonlinearity, etc. As a consequence, after propagating a certain distance in the sys-
tem, optical signals need to be regenerated by going through the conversion process
of light-electricity-light in repeaters to completely recover the original digital data
stream within a given BER. Communication systems are usually characterized by

the product of the bit rate B and the repeater spacing L, i.e., BL.

The development of the fiber-optic communication technology started around
1975. While it is only 30 years old, it has progressed rapidly and has evolved through
several generations. The first generation of lightwave systems operates with wave-
length A = 0.8 ym. Such systems became available commercially in 1980, and the
BL has reached ~ 1 GHz-km. The BL product has been increased considerably in
the second generation of fiber-optic communication system operating in the wave-
length near 1.3 pm, where the fiber has minimum chromatic dispersion. By the use
of single-mode fiber, second generation lightwave system, operating at bit rates of
up to 1.7 GH z with a repeater spacing of about 50 km, were commercially available
by 1987. The second-generation lightwave system was limited by the fiber loss at
the operating wavelength of 1.3 um (typically 0.5dB/km). Losses of silica fibers
become minimum near 1.5 um; for example, a 0.2 dB/km loss was realized in 1979
in this spectral region. However, the introduction of third-generation lightwave
systems operating at 1.5 um was considerably delayed by a large fiber chromatic

dispersion near 1.5 um. By 2005, thanks to the development of dispersion-shifted
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fibers, the 1.5 um systems have achieved BL ~ 100 T H z-km. In the fourth genera-
tion of lightwave systems, optical amplification was used for increasing the repeater
spacing L while wavelength-divison multiplexing (WDM) technology was developed
to increase the bit rate B. The current systems attempt to increase the bit rate
for each wavelength channel. Starting in 2000, many experiments used channels
operating at 40 G H z; migrating toward 160 G H z is also likely in the future.

With the advent of optical amplifiers, fiber losses are no longer a major limiting
factor for optical communication systems. Indeed, modern lightwave systems are
often limited by the dispersion and nonlinear effects rather than fiber losses. In
some sense, optical amplifiers solve the loss problem but, at the same time, worsen
the dispersion problem. As a result, dispersion-induced degradation of the trans-
mitted signal accumulates over multiple amplifiers. The system may then become
dispersion limited, in which case an electronic repeater or dispersion compensation
is necessary. Further, the bit rate has been increased to over 10 GHz for current
communication systems in which dispersion and fiber nonlinearity become impor-

tant issues for long-haul transmission.

1.1.2 Fibers as Light Waveguide

Optical fibers are almost always made from silica which is a dielectric (non-conductive)
material. Due to the phenomenon of total internal reflection, optical fibers are used
as a light-guiding medium to send light energy for communication. Optical fibers
consist of three parts: the core, the cladding, and the coating or buffer. The cylin-
drical core of silica glass is surrounded by a cladding whose refractive index is lower
than the core. Because of an abrupt index change at the core-cladding interface,
such fibers are called step-index (SI) fibers. In a more complex fiber, known as

graded-index fibers, the refractive index decreases gradually inside the core.

Electric Properties of Dielectric material

In order to understand the lightwave propagation in optical fibers, we need some

basic knowledge of electric properties of a dielectric material. When light pulses
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propagate in an optical fiber, an electric field can shift the average position of
electrons in the dielectric fiber, resulting in a polarization of the fiber material.

The effect of polarization P is expressed mathematically by [4]
P =—ent(E) (1.1)

where n, is the density of electrons that participate in the polarization and & rep-
resents the displacement of the electron position in each molecule induced by the
electric field E.

In many dielectric materials, including optical fibers, the dielectric response to

electric field E is not linear, and the index of refraction can be expressed as

n(w, [E[*) = n(w) + na(w)[El (1.2)
where w is the angular frequency and E denotes the electric field in the frequency
domain. While the first term n(w) on the right-hand of Eq. (1.2) is the usual
refractive index, the second term ny(w)|E|? is a nonlinear correction, referred as
the Kerr effect, in which nsy represents the coefficient of the nonlinear response or
Kerr coefficient. However, for an optical fiber material, the value of ny is very
small and typically is about 1072 (m/V)?%. For example, for an optical pulse with
a typical power 1 mIV and an effective mode area A.;; = 55 um?, the electric field
of lightwave in fibers has a value around 10° V/m; the nonlinear correction of the

index of refraction is about 1 part in 10712

For most of applications, it is sufficient to approximate the polarization as a

linear function of the electric field,

P(w) = x(w)E(w), (1.3)

and the electric displacement vector, f)(w), can be expressed as

D(w) = 6oE(w) + P(w). (1.4)
where g = 8.864 x 1072 F//m is the dielectric constant of the vacuum. Eq. (1.3)
and Eq. (1.4) yield a linear relation between D and E,

D(w) = g™ (w)E(w) (1.5)
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Here, * is the relative permittivity constant of the material, and the refractive

index is given by
k
n(w) = = = Ve (1.6)

where k is the wave number.

Single Mode Fiber

When light propagates in an optical fiber, only discrete optical modes are supported
in the fiber core. Depending on the number of supported (or guided) modes, optical
fibers are classified as multimode fiber and single mode fiber. In this thesis, we

mostly consider single mode fibers.

In fact, optical modes are the solutions of the wave equation [5]

~ nzwz ~

V°E + E=0 (1.7)

C

with appropriate boundary conditions; these solutions have the property that their
spatial distributions do not change with propagation. In general, the solutions of
the wave equation have non-zero E, and H,; therefore, fiber modes are denoted by
HE,,, or EH,,,, depending on whether H, or E, dominates. While a multimode
fiber allows for a larger number of modes, a single mode fiber is designed to support
only the fundamental HE;; mode at a certain wavelength of operation. Further,
the number of modes supported by a fiber depends on its refractive index profile

and other fiber parameters.

While both single mode and multimode fibers can have a step-index or graded-
index profile, single mode fiber production is almost exclusively step-index because
the performance advantages for single mode graded-index fibers compared to single
mode step-index fibers are relatively small. For a step-index fiber, the refractive

index profile has the form

: <
n:{”ﬁ p=a (1.8)
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where a is the core radius and p is the radial coordinate. An important parameter

in fiber design is the cutoff condition V' defined as

2m
V= Ta\/n% —ni. (1.9)

A fiber designed such that V' < 2.405 supports only the fundamental H F;; mode,
while a fiber with a larger V' supports many modes. Hence, V' < 2.405 is the single
mode condition. According to Eq. (1.9), a single mode fiber must have smaller core
radius compared to a multimode fiber. Indeed, most single mode fibers are designed
with a = 4 um, while the typical core radius of multimode fibers is a ~ 25 um.
Further, a single mode fiber is also designed such that A = (n; — ny)/n; < 1,
which results in negligible axial components F, and H,; hence, a single mode fiber
actually supports two orthogonally linearly polarized modes which are degenerate

in an ideal circular fiber.

A single mode fiber exhibits no dispersion caused by multiple modes, which
greatly increase the transmission bit rate and distance. Hence, while multimode
fibers are mostly used in short distance applications such as LAN systems and
video surveillance, single mode fiber is best designed for telecommunications and

high capacity applications, such as multichannel television broadcast systems.

While replacing multimode fiber with single mode fiber has made telecommuni-
cation possible, transmission signals still suffer from chromatic dispersion (CD) and
polarization mode dispersion (PMD). Both CD and PMD cause temporal spreading
of optical bits as they propagate along the fiber. For data rates equal to or higher
than 10 Gb/s, these two effects could cause severe deterioration in optical signals

for long-haul transmission systems [6-8].

While the next section gives a full introduction to PMD, we provide some back-
ground material on chromatic dispersion in the following paragraph. Chromatic
dispersion includes both material dispersion and waveguide dispersion. While ma-
terial dispersion is caused by the variation of the refractive index of silica as a
function of wavelength, waveguide dispersion is due to the waveguiding property of
the fiber. The dispersion associated with the waveguide structure can be designed
to have different signs; therefore the material dispersion and waveguide dispersion

can be balanced at the “zero dispersion” wavelength. While, initially, fiber with
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zero dispersion was manufactured near 1310 nm, dispersion-shifted fibers (DSF)
were developed to move the zero-dispersion point to the 1550 nm region in which
fiber attenuation meets its minimum. Chromatic dispersion is basically compen-
sated through two approaches in modern communication systems: while the most
common technique uses dispersion-shifted fibers, a more expensive solution employs
the chirped fiber Bragg grating [9].

1.1.3 Polarization Mode Dispersion

An single mode fiber supports only the fundamental mode HEj;. In general, an
optical wave of arbitrary polarization can be represented as the linear superposi-
tion of two orthogonally polarized HFE;; modes. For an ideal fiber formed as a
cylindrically symmetric waveguide, the two H Ej; modes are degenerate since they
propagate with the same properties, which is the source of the term “single mode”.
However, random birefringence in real optical fibers removes the degeneracy, re-
sulting in two distinct H Ey; polarization modes with distinct phase velocities, vy,
and vy, and group velocities, vy, and vy, [10-12]. In the time domain, polarization
mode dispersion (PMD) leads to pulse broadening, which in the lowest order yields
a time delay AT between the two H EF;; modes that is termed differential group
delay (DGD). PMD can also be viewed in the frequency domain, in which the differ-
ence of phase velocities, Av, = v, — Vpy, results in the rotation of the polarization
along the fiber length [12,13]. Further, Av, is also frequency dependent; therefore,
for a fixed input polarization, the output polarization changes with frequency w.
Due to the random nature of the fiber birefringence, polarization mode dispersion

is stochastic and hence a far more complex phenomenon than chromatic dispersion.

Polarization effects of optical fibers were first studied in 1961 by Snitzer and
Osterberg. However, they have historically played a minor role in the development
of lightwave systems, since commercial optical receivers detect optical power rather
than optical field and thus are insensitive to polarization. In the last decade,
polarization has become an important issue in lightwave systems as a result of
two developments [14]. First, the advent of the optical amplifier has dramatically

increased the transmission distance, resulting in a non-negligible pulse distortion
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due to the accumulation of polarization mode dispersion (PMD) along fiber length.
Further, the development of transmitter and receiver technologies have increased
the bit rates in optical communication systems. To satisfy the ever-increasing
demand for communication capacity, optical systems are migrating from the current
10 Gb/s to 40 Gb/s or higher. In such high bit rate and long haul communication
systems, PMD effects can be a limiting factor [3,8,15-17].

Jones Calculus

To deal with modern polarization effects, we employ Jones Calculus [18]: if we
view an optical system as a black box, the input or output of the box is an optical
field which can be represented as a Jones Vector; assuming a linear response of
the optical system to the input field, the black box can be represented as a Jones
Matrix.

In general, we express the plane-wave components of an optical field as

E:B(Zat) = EOxei(527wt+§Z)
B (z,t) = FEp,e= o) (1.10)

where Fy, and Ly, are complex quantities. When the common phase sz — wt is

suppressed, Eq. (1.10) yields

E.(z,t) = Eye®:
S(2,1) = Ege. (1.11)

A Jones vector is a 2 X 1 column matrix E used to represent the two components
of the optical field according to Eq. (1.11), such that

E, Eope"
E— e - (1.12)
E, Ey,e*
and the total intensity I of the optical field is given by

I=E"-E=E,E,+E/E, = E;, +Ej, (1.13)
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where ET is the complex transpose of the Jones vector E. Note that Eq. (1.12)
is the general expression of the Jones vector for elliptically polarized light, and the

Jones vector can only be used to describe completely polarized light.

In the Jones calculus, optical components, such as polarizers, waveplates, and
optical fibers, can be represented by 2 x 2 matrices. For a linear system, the
components of the output field can be expressed as linear superpositions of the
input components, i.e.,

B’ = TuW(w)E! + Tpy(w)E!

Yy
E) = Ty(w)EL+T,w)E, (1.14)

where E and E; are the components of the emerging beam, and E‘ and E; are the
components of the incident beam. The quantities 7};, 7, j = x,y, are the frequency

dependent transforming factors. Equation (1.14) can be written in the matrix form

E? Tpo Toy E:
T = ; (1.15)
B Tye Ty Ei

E° =T(w)E', (1.16)

as

or

in which the 2 x 2 matrix T'(w) is called the Jones matrix, or transfer matrix.

Usually, an optical fiber is considered as a linear medium, and hence can be de-
scribed by its complex transfer matrix 7'(w). By further assuming no polarization-

dependent loss, T'(w) takes the form
T(w) = ’©U(w) (1.17)

where ((w) is in general complex and U(w) is an unitary matrix,

U(w)z( ) “i(wi) (1.18)

with Jug|? + Jug|? = 1.
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The Principal States of Polarization

The polarization effect of an optical fiber can be fully characterized by its fre-
quency dependent transfer matrix 7'(w) [1,19-23]. For a polarization-maintaining
(PM) fiber with constant birefringence, this transfer matrix has two eigenmodes
which coincide with the two principal axes of birefringence of the fiber. Optical
pulses polarized along these two eigenmodes have a maximum or minimum group
delay. Unlike the PM fiber, the birefringence of real fiber changes randomly along
the fiber length in both magnitude and orientation [14]. However, early in 1986,
Poole and Wagner proved that for narrow-band pulses there exists a set of two
orthogonal input states of polarization for which the corresponding output states
of polarization are independent of frequency to first order [20]. These two input
states are termed the principal states of polarization (PSP). In general, an input
wave initially aligned with a principal state will evolve through varying states of
polarization as it propagates, in contrast to an eigenmode in a PM fiber which prop-
agates unchanged. The statistics of the evolution of the principal states of random
birefringent fibers have been analyzed theoretically [24] and experimentally mea-
sured [24-26]. Later in 1999, Shieh proved that principal states of polarization exist
in random birefringent fibers regardless of the spectral components of the optical
pulses [27]. These PSPs are collective effects of the birefringence over the entire
fiber length, and may not necessarily be correlated with the local fiber birefrin-
gence. In the following, for more insight into PMD phenomena, we briefly review

the derivation of the PSPs for narrow-band optical pulses.

To demonstrate the existence of the PSP, the complex field vectors E#° can be

expressed as
7,0
E.Z‘

Ei,o —
2,0
Ey

= £;,,67%°8; ,, (1.19)

)

where j = /-1, €, and ¢;, are the amplitudes and phases of the input field
(denoted by ¢) and output field (denoted by o), and &;, are complex unit vectors
specifying the states of polarization of the corresponding fields. For a constant

input field E¢, the output field from an optical fiber characterized by a transfer
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matrix 7'(w) can be calculated according to
E’(w) = T(w)E (1.20)

Expressing T'(w) according to Eq. (1.17) and combining the frequency derivatives
of Eq. (1.19) and Eq. (1.20) yields

= (U — jEU)E! (1.21)

where

b= o (- 2). (1.2)

o
For input states of polarization that give zero dispersion in the output state to first

order, we have

dé,
= 1.2
and Eq. (1.21) becomes
(U — jkU)é; = 0. (1.24)

Solving Eq. (1.24) yields two eigenvectors:

' ub—jktusg
Eix = € [ _u’lgji'kiul ] (125)
Dy
where
ke = £/ [u* + [usl, (1.26)
Dy = 2k ks — Im(uin!, + uiub)] (1.27)

and p is an arbitrary phase. The solutions ¢;; and &, form the input PSPs of the
fiber medium. The corresponding two output PSPs, i.e., £,, and £,_ can be easily
obtained from Eq. (1.20).

The existence of the input PSPs of a random birefringent fiber ensures that an
optical pulse that has a narrow spectral width and is aligned with either of the two
principal states at the input will remain polarized to first order after propagating

through the medium. Further, the input PSPs form an orthogonal pair:
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The orthogonality of the input PSPs can be used as basis vectors for a phenomeno-
logical description of polarization dispersion. Therefore, an input wave of arbitrary
polarization can be decomposed into two waves, one having polarization &;, and
the other &;_. These two waves travel with maximum velocity v, and minimum
velocity v, compared to waves in other polarizations; therefore, the principal state
associated with the maximum group velocity is termed fast PSP, while the other
is called slow PSP. The propagation delay difference between these two pulses, one
polarized along the slow PSP, and the other along the fast PSP, ie., 7 =7, — 7_,
is termed the differential group delay (DGD). Typical mean values of DGD are 1
to 50 ps for 500-km long fiber, depending on fiber and cable attributes.

Stokes Vector

Instead of using a Jones vector, polarization state of light can also be completely
described by a Stokes vector

=1 s (1.29)

with s7+s2+4s3 = s3. The parameter s is the total intensity of light, the parameter
s1 describes the amount of linear horizontal or vertical polarization, the parameter
s9 describes the amount of linear +45° or —45° polarization, and the parameter
sz describes the amount of linear horizontal or vertical polarization. The Stokes
parameters can be expressed by the components of the corresponding Jones vector
E=[E,, E,)" as

s1 = E.E:— E,E;
S9 = ErE;‘i‘E;Ey
ss = j(E,E: — E1E,). (1.30)

Usually, these two vectors are normalized for the representation of polarization
states so that E? + ES =1and s} + 3+ 3 =1
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PMD Characterization

While polarization mode dispersion of an optical fiber can be fully characterized
by the Jones matrix T'(w) of the fiber system as a function of light frequency w, a
convenient representation of the PMD evolutions may be made in terms of a PMD
vector 7 = 7p, which is a Stokes vector pointing in the direction of the slow PSP
p with a length equal to the DGD 7 [11,28,29]. The PMD vectors are directly
connected with the transfer matrix 7'(w) by:

ZZ_Z: = %T(w) o, (1.31)

in which o = [0y, 09, 03] represents the Pauli spin vector, with components

01—<1 0), 02—<O 1), Ug—(Q _j>. (1.32)
0 -1 10 7 0

If polarized light is launched into an optical fiber with a PMD vector 7(w), its

output state of polarization is determined by

ds(w)
dw

=T1(w) X §(w). (1.33)

In general, for an optical pulse with a carrier frequency wy and bandwidth Aw,

the frequency dependent PMD vector can be Taylor expanded as [30]
T(w) = T(wp) + Tw(wo) (W — wo) + Tew(wo) (W — w)® + - - (1.34)

where 7, = 07 /0w and T, = *7/0w*. In Eq. (1.34), 7(wo), Tw(wo), and 7, (wo)
represent first order, second order, and third order PMD), respectively. While higher
order PMD may have non-negligible impact on modern communication for wide-
bandwidth pulses [31-34], for optical pulses in current communication systems, it
is sufficient to describe the PMD up to second order, such that 7(w) ~ 7(wp) +
To(wo)(w—wp). The standard physical picture of the first order PMD considers an
input pulse split into two PSPs according to the orientation of the input polarization
state relative to the slow PSP p [28]. On propagation through the fiber the two
pulses are differentially delayed by the DGD 7. Due to the stochastic nature of the
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PMD phenomena, the PMD vector not only changes with optical frequency but also
varies randomly with time as well as along the fiber length. Both theoretical analysis
and experimental measurement provide strong evidence that the three components
of T(wp) = [11, 72, 73]" are asymptotically Gaussian distributed and the DGD 7 is
asymptotically Maxwellian distributed [35-39]. Moreover, for fiber lengths much
longer than its coupling length, the root mean square of the DGD grows as the
square root of fiber length [19,35,37]. The second-order PMD (SOPMD) describes
the lowest order contribution to the wavelength dependence of the DGD and has
two components: depolarization and polarization dependent chromatic dispersion
(PDCD). SOPMD causes the principal polarization modes to broaden as shown in
Fig. 1.2.

" 15t arder PMD
L] i ™A i ”
at z=0 ' P i
2nd order PMD

Figure 1.2: Pulse broadening caused by 1st order PMD and 2nd order PMD.

1.1.4 Fiber Birefringence

Fiber birefringence is the physical origin of polarization mode dispersion and can
be fully described by the local, frequency dependent, birefringence vector defined
as b(w,z) = [B(w,2) — By(w, 2)]/2 [40]. The quantities B4 (w, z) and By(w, 2)
are the propagation constants (in the absence of polarization-dependent-loss) of
monochromatic light polarized along or orthogonal to the principal birefringence
axis, which is the polarization direction with the smallest group velocity that does
not change to first order with light frequency. However, in many applications the
frequency variation of the birefringence is characterized simply by the birefringence

strength and the group delay per unit length at the carrier frequency wg, namely
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b(z) = b(wo, 2) and V' (2) = V/(wp, 2) as well as the orientation, §(z), of the principal
birefringence axis angle with respect to some fixed coordinate direction [30,41,42].
Given the random birefringence vector b(z) of an optical fiber, the evolution of
the PMD vector with distance z is determined according to the dynamical PMD
equation [11,39]

Z_Z:%erXT- (1.35)
In this section, we discuss the birefringence mechanism, existing theoretical models

for generating the random birefringence vector b(z) and experimental studies.

Birefringence Mechanism

Fiber birefringence results from various perturbations that act on a single mode
fiber. These perturbations can be classified as intrinsic and extrinsic perturba-
tions [14,43]. Intrinsic perturbations, such as the noncircular core and nonsym-
metrical stress fields in the glass around the core region, are introduced by the
manufacturing process. A noncircular core gives rise to geometric birefringence,
whereas a nonsymmetrical stress field creates stress birefringence, c.f. Fig. 1.2 (a).
Although these two birefringence sources are permanent, they are longitudinally
varying along the fiber and may vary from fiber to fiber as well. Fiber birefringence
also results from external forces, such as lateral stress of the fiber, fiber bending, and
fiber twisting c.f. Fig. 1.3 (b). All three forces are usually present to some extent
in spooled and field-installed telecommunication fibers. Due to the dynamic nature
of the extrinsic forces, the resulting birefringence changes unpredictably with time.
In other words, both the intrinsic and extrinsic perturbations exist unavoidably in
real optical fibers, and the magnitude and orientation of the birefringence typically

varies with time, distance along the fiber, and among fiber samples.

Fiber Birefringence Modeling

While the birefringence vector b(z,w) describes all PMD sources, the detailed struc-
ture of the fiber birefringence map has not been fully understood. To facilitate the
study of PMD phenomena, a statistical model of fiber birefringence was first ad-

vanced in 1991 by Foschini and Poole [30], which we term the Foschini-Poole model.
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Figure 1.3: (a) Intrinsic and (b) extrinsic mechanisms of fiber birefringence.

In this model, the polarization-dependent properties of a single mode fiber is repre-
sented by a real 3 x 3 rotation matrix which is a product of two matrix components:
a length-independent background component and a small length dependent pertur-
bation. This model predicts that optical fibers have nearly fixed birefringence axes,
varying only slightly but rapidly along the fiber length. Later in 1996, Wai and
Menyuk proposed another two additional birefringent models, namely the fixed and
random modulus models (FMM and RMM) [41]. The FMM assumes a randomly
varying birefringence axis but a fixed birefringence strength, while the RMM as-
sumes that both quantities vary randomly. While earlier PMD studies are based on
the Foschini-Poole model, most recent works have employed the two Wai-Menyuk
birefringent models. The following part of this section will introduce these two
birefringence models, i.e., the FMM and RMM, in greater details.

In the FMM, the birefringence strength b and the specific group delay per unit

length b at carrier frequency wy are assumed constant along the fiber, and are
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determined by the beat length Apeqs, defined by [44]

Tyt (1.36)

b= ,
Abeat Wo

The rate of change of the birefringence orientation 6 is modeled by a white noise

process go(2),
df/dz = go(z), (90(2)) =0, (ga(2)gs(2")) = 070(z — 2') . (1.37)
The variance 7 = 2/ Leop is given by

(b(0)b(2)) = b*(cos[f(z) — 0(0)])
= bleap <—LZ ) (1.38)

corr
where L., is the fiber correlation length.
In the RMM, the birefringence vector obeys the Langevin process,

ili—l; = —ab(z) +g(z) (1.39)

where g(z) is an isotropic Gaussian white noise vector with

(g(2)) =0, (g(2)g(z)) =0d(—2'). (1.40)

Eq. (1.39) has the solution
b(z) = b(0) exp(—az) + / dz'g(?) exp(az’ — az) . (1.41)
0

Here a = 1/Lerr and 02 = b2, /Lo are determined by imposing the conditions

(b(0)b(2)) = b*(0) exp(—2/Leorr) and lim, o (b*(2)) = b2, where bps = T/ Apeat-
If we denote b(n) = b(wy,n) and b'(n) = b'(wy,n) as two random series, we can
calculate

b(n)=—— . (1.42)
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Experimental Studies

Early research on fiber birefringence mostly consisted of experimental studies that
focused on limited issues of fiber birefringence, such as the influence of various
fiber imperfections on polarization states [45-48|, and measurements of birefrin-
gence strength or fiber beat length of polarization-maintaining fibers [43,49]. More
recently, birefringence parameters of standard single mode fibers, such as birefrin-
gence strength, beat length and correlation length, have been successfully measured
by several techniques such as optical frequency domain reflectometer (OFDR )-based
techniques [50-52], and polarization optical time domain reflectometer (POTDR)-
based techniques [53-59]. Based on these two types of techniques, the spatial
distributions of birefringence have also been indirectly measured and reported
[52,53,57,59]. Figure 1.4 is one of the typical experimental results of spatial distri-
bution of birefringence in a standard (a) step-index (SI) fiber and (b) Dispersion-
shifted fiber (DSF), while Fig. 1.5 presents corresponding histograms of the mea-
sured fiber local birefringence [57]. Experiment studies of fiber birefringence have
revealed three important statistical features. In the first of these, fiber birefrin-
gence not only varies randomly in orientation but also in magnitude, c.f. Fig. 1.4.
Second, the probability density function of the birefringence strength is a Rayleigh
distribution or at least close to a Rayleigh distribution, c.f. Fig. 1.5. Further,
the fluctuation amplitude of the random birefringence strength varies from fiber to
fiber, and is the value of the order of the birefringence strength itself, c.f. Fig. 1.4.
These features are consistent with the prediction of the RMM, but not the FMM

or the Foschini-Poole model.

1.2 Motivation of the thesis

As the data rate continually increases for larger transmission capacity, polariza-
tion mode dispersion (PMD) becomes an increasingly important limitation in fiber
communication systems. While PMD has been studied extensively in the field of
fiber-optic communication, the exact behavior of the birefringence fluctuations in

a fiber and their influence on the evolution of the PMD along the fiber length has
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Figure 1.4: Birefringence spatial distribution of (a) an SI optical fiber and (b) DSF.

not been carefully studied, presumably because of the difficulty of measuring small
birefringence variations over long distances. On the other hand, for a complete
description of PMD and PMD related issues, a detailed birefringence profile is in-
dispensable. Although the random-modulus model (RMM) is the only model that
is consistent with the experimental results of fiber birefringence, c.f. section 1.1.4,
these results are measured for only a limited number of optical fibers. However,
according to the birefringence mechanisms, different manufacturing processes and
external environments may result different statistical features of fiber birefringence.
Therefore, while the existing three simple birefringence models may be applicable

to certain birefringence profiles, general models are still missing for the description
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Figure 1.5: (a) Histogram of the SI fiber local birefringence. (b) Histogram of the
DSF fiber local birefringence. The solid curves represent the data fit by a Rayleigh

distribution.

of a broad range of fiber birefringence. The motivation of this thesis is therefore to
develop improved fiber birefringence models and to apply these models to determine

the detailed properties of PMD as a function of fiber length.

1.3 Organization of the thesis

This section outlines the structure of this thesis. Chapter 1 introduces the back-
ground knowledge, the motivation of the thesis together with its organization.
While Chapter 2 describes our general birefringence models and mathematical al-
gorithms for numerical implementing these models, Chapter 3 applies these models
as well as the two existing models to the studies of polarization mode dispersion
(PMD) in standard single mode fibers. In Chapter 4, the author investigates the
PMD reduction of sinusoidally spun fibers and various procedures for PMD com-

pensation. Chapter 5 finally describes pulse distortion caused by the nonlinear
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PMD. Chapter 6 concludes the thesis.
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Chapter 2

Improved Fiber Birefringence
Modeling

To study polarization mode dispersion (PMD) and PMD-related phenomena, two
simple models are generally employed to describe the variation of the birefringence
along a fiber length. These are the FMM and RMM. While the FMM typically
applies to intrinsically stressed or elliptical fibers with large and nearly constant
birefringence strengths in which only the birefringence orientation is susceptible to
small perturbations, the RMM is more relevant to ultra-low PMD fibers for which
both the birefringence strength and orientation vary substantially along the fiber
as a result of random profile fluctuations. However, fiber birefringence results from
both intrinsic profile variations and external perturbations, leading to characteris-
tic birefringence profiles. For example, the amplitude of the birefringence strength
variations may be far larger or far smaller than those of the birefringence orienta-
tion. Further, either the strength or the orientation of the birefringence can vary
independently at different rates as a result of different manufacturing conditions
and external environments. To model as wide a range of birefringence behavior
as possible, we have accordingly considered four models for the longitudinal varia-
tion of the birefringence. Our models A1 and B1 interpolate between the constant
birefringence model and the RMM, while models A2 and B2, which reproduce the

FMM in a certain limit, extend our results to a broader range of birefringence pro-

23
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files. In this chapter, we examine these four models analytically and numerically.
Practical results of the physical application of the models together with a study of
their implications on the statistics of the PMD fluctuations are presented in the

next chapters.

2.1 Langevin Equations

In this section, we propose two procedures, labeled A and B, for simulating birefrin-
gence. Our starting point is the Langevin equation [60], which is employed, as in
the RMM, to generate random fluctuations in the birefringence. Denoting either of
the two orthogonal components of the birefringence vector b(z) by a single variable
x(z), this equation is :

dz

T = —aa() +9(2) (2.1)

in which g(z) represents Gaussian white noise with

(9(2)) =0, (9(2)g(z)) = 0%3(z = ') . (2.2)

The contribution from —az(z) in Eq. (2.1) then counteracts the fluctuations in x
that are induced by the random noise g(z), in such a manner that the mean value of
x is zero, which is the expected result for fibers subject to random perturbations.
Polarization-maintaining fibers or fibers subject to systematic stresses, however,

would have a non-zero mean value of z requiring modifications to the model.

To generalize the above Langevin formalism to the case of optical fibers for
which the birefringence vector possesses a non-zero mean amplitude, an additional

term must be introduced. This is done in two ways below.

2.1.1 Procedure A

In our first procedure, Eq. (2.1) is modified through the inclusion of an additional
term

E(z) + kot (2) + k1z(2) = g(2) (2.3)
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where @ (z) and Z(2) are, respectively, the first and second derivatives of the birefrin-
gence x with respect to the fiber length z . Here —ko @(2) and —k; x(2) effectively
apply damping and restoring forces to the fluctuations generated by ¢(z) with
k1, ks > 0. Adjusting the ratio between ki and ks, therefore changes the magnitude

of the overall fluctuations in z(z).

Eq. (2.3), can be recast in standard fashion as two simultaneous first order

differential equations:

d_a:
dz
@
dz

The parameter v then represents the rate of change of the birefringence. As we

= v(2)

= —k2(2) — ko v(z) + g(2) (2.4)

have verified through numerical simulation, Eq. (2.4) evolves into the same stable
solution independent of the initial condition v(0). Therefore, to simply the analysis,

we have set v(0) = 0.

The analytic solution of Eq. (2.4) is given by
z(z) = exp(—A\12)[c1 + G1(2)] + exp(—Aaz)[ca + G2(2)] (2.5)

with

1
P 5[/{2—(/{3—4/51)1/2]

% kg + (k2 — 4k))Y?] (2.6)

1 ? / !/ /
Gi(z) = Y, /0 g(zexp(\ 2')dz
1

Go(z) = N h /Ozg(z')exp()\g 2Ndz' (2.7)

and
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2.1.2 Procedure B

In our second procedure, Eq. (2.4) is modified according to:

dx

X = wE@)+ )
dv
5 = —kyx(2) — kav(2) (2.9)
This is equivalent to
Z(2) + kot (2) + k1x(2) = ko g(2) + g(2) (2.10)

in which g(z) is the noise source of Eq. (2.2). Although Eq. (2.4) and Eq. (2.9)
only differ in that g(z) is displaced from the first to the second of the first-order
equations, an additional first order fluctuation term, ¢(z) is present in Eq. (2.10).
We will find that the &y g(z) generates relatively slow background fluctuations while

g(z) is instead associated with rapid, small magnitude variations in z(z).

As in procedure A, the analytic solution of Eq. (2.9) is determined by Eq. (2.5)
in which G(z) and G5(z) are redefined as

>\ : / !/ /
Gi(z) = N _2)\1 /0 g(2exp(A 2')dz
At

Ga(z) = N n /Ozg(z')exp()\g 2"z (2.11)

The constants A\; and Ay are again obtained from Eq. (2.6).

As evident from the solution of Procedure B, i.e. Eq. (2.5) and Eq. (2.11), while
the z-derivative ¢(z) appears formally in Eq. (2.10), this has no physical relevance
since the solution for z(z) only involves the term g(z) which is the integral of the
z-derivative ¢(z). However, the presence of the additional z-derivative does lead to

a different physical behavior for x(z) in procedures A and B.

2.1.3 Numerical Realization

To investigate PMD evolution in an optical fiber, we can model the fiber by a
concatenation of N randomly-oriented sections with length Az of polarization-
maintaining (PM) fiber with fixed birefringence z(n). The total fiber length is
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denoted by L = N Az. The quantities x(n) form a random sequence with n =

1,2,3,---, N that we construct according to the prescriptions given in this section.

We first express the analytical solution of Eq. (2.5) of Procedure A as

-\ A nAz
o) = SIS aato) + [ gl erninea |
2 — A1 0
—A A nAz
%2:22) |:/\1 J](O) +/ g(zl)effp(/\gzl)dz'}
0
_ exp(—A\nAz)
= oo 0 +Zm
exp(—AanAz)
Ty *Zw (2.12)
in which
JAz
7)) = / 9(2")exp(\i2')d2’
(j—1)Az
Az
§2<]) = / g(Zl)exp()\gz’)dz’ (213)
(J-1)Az

forj=1,2,3,...,nandn=1,2,3,..., N.

From Eq. (2.2) and Eq. (2.13), we note that the mean square deviation of g;(j)

must satisfy the following condition,

GG - / / SN 1
[

= / 5(2 — 2"+ 4"
(Jj-1)Az l)Az

JAz
= o
(j—-1)Az

2
= 2 e2MU—DAz (2Xidz _ ) (2.14)

'
; /
2207 1

for i = 1,2. The quantity g;(j) in the j:th section is determined from

9i(7) = (1) 2i(j) (2.15)
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where v(j) is a random series with —1 < < 1 and A;(j) is the maximum value
of §;(7) in the j:th section, namely,

Ai(j) = \/—2>\¢<72> eMil—DAz, (2.16)

For Procedure A, we therefore obtain

exp(—A\nAz

dn) = SR 00) + 3 )80

W[A”(O) + 270220 (2.17)

while the corresponding expression for z(n) in Procedure B is given by

") = T eap(-AnAE0) + 32 ()AG)

+ Af_l erp(=danA2)[a(0) + 30 1(7)82() (2.18)

2.2 Modified Birefringence Models

We now describe methods for generating b(z) and 6(z) in the context of our two
procedures A and B above. In each case, two formalisms are examined. In the first
of these, both b(z) and 6(z) are obtained from the birefringence vector evaluated
at the carrier frequency b(z) = b(wy, z), while the second generates b(z) and 6(z)
independently. This leads to four birefringence models which we label Model A1,
Model B1, Model A2 and Model B2. We will also demonstrate that models A1 and
B1 reproduce the RMM in an appropriate limit.

The random sequences b(z) and 6(z) can be generated once a physical model

for the birefringence is specified; and the frequency derivative b/(z) is determined

from b(z) by
W(z) = 2 (2.19)



CHAPTER 2. IMPROVED FIBER BIREFRINGENCE MODELING 29

2.2.1 Model A1

In Model A1, once the two orthogonal components b, and b, of the birefringence
vector b(z) are generated according to Procedure A from the parameters ky, ky and

the variance o2 of g(z), b(z) and 6(z) are determined from

b(z) = 4/b2(2) + b2(2)
b:c

() = cos*( (2.20)

3
The variables k; and ks can be expressed in terms of the fiber parameters Ly

and e, c.f. Section (2.3) and Section (2.5), according to

1 ¢
kk = —
! Lffl—e
1 1
ky = — . 2.21
2 Lfl—G ( )

where Ly and € are defined as

[t VB — Ak
F= 2k,
2
e = Fat vk — 4k (2.22)

k
2ks

Since ky > 0, ko > 0, Eq. (2.21) indicates that 0 < € < 1. Also, Eq. (2.7) and

Eq. (2.8) yield A\; # g, or equivalently y/k5 — 4k; # 0 according to Eq. (2.6), so
that € # 0.5 from Eq. (2.22). We therefore examine the ranges 0 < € < 0.5 and
0.5 < € < 1 separately.

The quantity 0% can be determined by noting that

brms = lim [(02(2))]/2 = ——. (2.23)
F0 Apeat
where the limit lim, ., (b*(z)) of the analytical solution Eq. (2.5) is
lim (b*(2)) = 202 A\pns (2.24)

Z— 00
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with . . . 5
Aems = ————5 | =— + — — 2.2
(o= M2 (2/\1 T T N+ Ag) (2.25)
From Eq. (2.23) and Eq. (2.24) we have
o b7
= _Ims 2.2
7T D (2:20)

2.2.2 Model B1

In Model B1, the birefringence vector b(z) is instead obtained from Procedure B
while b(z) and 6(z) are determined as in Model Al above. The three parameters,
k1, ko and o? still fulfill Eq. (2.21) and Eq. (2.26) after identifying

| 22 20
Ay = (A2 AT 2z ) 9.97
Do — )2 (2/\1 T Mt (2.27)

2.2.3 Model A2

In Model A2, the birefringence vector b(z) and associated birefringence strength
b(z) can again be generated from ki, ky and o7 as in Model A1, while the values
of 0(z) are determined as in the FMM [41]. Specifically, §(z) is obtained from an

independent random process according to

do

R 2.28
dz 90(2) ( )

in which gy(z) is a Gaussian white noise term satisfying
(90(2)) =0, (g0(2)g0(2")) = 056(z — ') . (2.29)

The quantity o3 can be determined according to

fosto(z) —000)) = (oos | [ )] )
= 1- </0 d?’ /O dz’/gg(z')gg(z’/)> 4o
()

= exp (—ie) . (2.30)



CHAPTER 2. IMPROVED FIBER BIREFRINGENCE MODELING 31

where Ly is the #-correlation length. Eq. (2.30) then yields

2
op = i (2.31)

2.2.4 Model B2

In our final model, we assume as in Model A2, that the birefringence strength b(z)
and the principal axis angle 0(z) are independent. Further, we insure that 6 follows
the white noise process as in the FMM, and describe the longitudinal evolution of

the birefringence strength, b(z), with the Procedure B instead of Procedure A.

2.3 Birefringence Correlation Length

We next describe how the birefringence correlation length, which is a measurable
quantity, can be determined from our model parameters. Considering first models
A1 and B1, we observe that since both b(z) and 6(z) are determined directly from
b(z), the birefringence strength and principal axis angle have the same correlation
length L.,,... The autocorrelation of the birefringence vector is calculated according
to Eq. (2.5), which yields

(b(0)b(z)) = b*(0) {)\2);2)\1(%])(—/\12) - )\2>;1)\16Ip(—)\22) (2.32)

where the variables A; and Ay are defined through Eq. (2.6). However, since Eq.

(2.21), which can be reexpressed as

1|1 — 2]
\/ k2 — 4k = — 2.33
2 ! Lf 1—¢ ( )

has a different form for € < 0.5 and € > 0.5, we generate different expressions for
A1 and A in the two ranges. From Eq. (2.6), Eq. (2.21) and Eq. (2.33), these are

1 € 1
A= — Ao=—, for 0<e<0.5 2.34
! Lf1—€7 2 Lf7 or ¢ ( )
and
)\———1 )\———1 ¢ for 0.b<ex<x1 (235)
r 0. . .
! Lf’ 2 Lfl—E’ © ¢
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Since the autocorrelation of the birefringence vector does not decrease exponen-
tially with length according to Eq. (2.32), we define the correlation length Ly,
by

(b(0)b(Leorr)) = 0*(0)eap(—1). (2.36)

Eq. (2.32) and Eq. (2.36) then imply

A2
A2 — A

exp(_)\chorr> -

~ _1)\1 exp(—Aa Leorr) = exp(—1). (2.37)

If we introduce the relative correlation length v = L.y./Ls, we find from Eq.
(2.34), Eq. (2.35) and Eq. (2.37)

(9%

(1—¢) exp(—1 ) —eexp(—v) = exp(—1)(1 — 2¢) (2.38)

for both ranges of €. Since v can be expressed solely in terms of €, the correlation
length, L., = v(€)Ls, depends only upon e and Ly. The results of a numerical
calculation of v for 0 < € < 1, which are displayed with x markers in Fig. 2.1 along
with a polynomial fit (solid line), further indicates that v > 1 in the entire physical

range of €, so that the correlation length L., always exceeds L.

While the general solution of Eq. (2.38) is complex, an analytical expression for
v can be derived if either ¢ << 1 or € & 1. Note that A\; < A9 in these two cases

since

2 2.39
A2 for 0.5 < e < 1. ( )

Al_{ < for0<e<05

according to Eq. (2.34) and Eq. (2.35). Therefore, Eq. (2.32) can be approximated
by

(b(2)b(0)) = b*(0) exp(—\;2). (2.40)
If we further assume (b(z2)b(0)) = b*(0) exp(—2/Leor) to be consistent with the

definition of L., employed in Eq. (2.36), v can be expressed analytically for small
and large € through Eq. (2.34), Eq. (2.35) and Eq. (2.40); namely,

L { 1e for small e, (2.41)

1, for large e.
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Figure 2.1: The relative correlation length v as a function of € for 0 < € < 1. The
numerical results are designated by x while the solid curve represents a polynomial
fit to these values. The o and ¢ markers are calculated from our analytic formulas

for the e = 0 and € ~ 1 regions, respectively.

The results of Eq. (2.41) for 0 < ¢ < 0.1 and 0.8 < ¢ < 1 are presented as the
lines marked o and ¢ in Fig. 2.1. Evidently good agreement is achieved between

the approximate and exact expressions in both regions.

In models A2 and B2 the fiber birefringence is instead defined through the
four parameters Apeqr, Ly, €, and Ly. Accordingly, two different correlation lengths
Leorrn = vLy and Ly 2 = Ly are associated with the birefringence strength b(z)

and the principal axis angle 6(z), respectively.
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2.4 Limiting Behavior

In this section, we demonstrate that models A1l and B1 interpolate between the
constant birefringence model and the RMM, while models A2 and B2 reproduce
the FMM in a certain limit.

Considering first models Al and Bl for e — 0, k&; = 0, ky = 1/L; from Egs.
(2.21), we find that Eqgs. (2.6) and Eq. (2.25) imply A.,s — 00 so that o2 = 0
from Eq. (2.26). Together with our assumption that v(0) = 0, Egs. (2.4) and (2.9)
then yield b(z) = b(0), implying that the effective birefringence is constant while
Eq. (2.41) indicates that L.y, — oo. For € — 1, Eq. (2.41) instead reduces to
Leorr = Ly. Accordingly, Eq. (2.3) and Eq. (2.10) yield

1. . 1 1
1y 1@ +i(2) + —a(2) = -9(2) (2.42)
and ] 1
k—2i}(z) +i(z) + me<z> = g(z) + k—zg(z). (2.43)

Further, since ki, ks >> 1 when € — 1 from Eq. (2.21), the first term 1/ko Z(2)
in both Eq. (2.42) and Eq. (2.43) is far smaller than the remaining terms while
1/ks g(2) of Eq. (2.42) can be neglected in comparison to the first noise term g(z).
Consequently, both Eq. (2.42) and Eq. (2.43) yield the governing equation of the
RMM [41], as will be verified numerically in the following section.

On the other hand, in models A2 and B2, when the parameters are chosen
such that the birefringence strength remains nearly constant, the orientation of the

birefringence vector still varies so that for € — 0, the FMM is recovered.

2.5 Numerical Results

In this section, we investigate the longitudinal evolution and statistical properties

of the random birefringence through numerical simulations.

We first demonstrate that € is closely related to the magnitude of the stochastic

birefringence fluctuations. In Fig. 2.2, we display numerically generated curves of
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b(z) and 0(z) for z < 50m with Apeqr = 20m and Ly = 12m for models Al and
B1l. The random series of vectors g(z) have here been chosen identically for all
calculations. The dashed, dotted, and solid lines correspond to ¢ = 0.01, € = 0.22,
and € = 0.99 respectively. As is evident from Fig. 2.2, the behavior of b(z) and 6(z)
varies markedly with e. In particular, the fluctuations of b(z) and 6(z) increase with
e and are respectively of the order of the birefringence strength or the principal axis
angle in models A1l and Bl in the limit of € — 1. The corresponding RMM results
for b(z) and 0(z) obtained by applying the RMM to the same sequence of noise
vectors g(z) overlap with the solid curves of Model A1 or Model B1 for ¢ = 0.99.
Further, observe that the birefringence magnitude contains additional rapid and
small fluctuations as a function of propagation length in Model B1 compared to
Model A1, except when € &~ 1. This effect is especially pronounced for € ~ 0, as
expected from the additional noise term g in the B models. The birefringence maps
generated by Model A2 or Model B2 are qualitatively similar to those of Model Al
or Model B1, respectively. We have further found that the birefringence magnitude

is Rayleigh distributed in all four models, consistent with experimental results [54].

The above results have established that € is roughly proportional to the mag-
nitude of stochastical fluctuations in the fiber birefringence. While € lies in the
range 0 < € < 0.5, our model more closely describes birefringence fibers with small
birefringence fluctuations; while € in the range 0.5 < ¢ < 1.0, our model applies
to fibers with pronounced random birefringence variations, possibly originating in

fluctuating physical environments.

To characterize the randomness of the birefringence, we calculate the probability
density function (pdf) of the birefringence strength b based on our four general
models by varying both fiber length and e. We find that, for any value of 0 <
e < 1, this pdf of b approaches the Rayleigh distribution with increasing fiber
length. However, the pdf approaches the Rayleigh distribution more rapidly for
larger . Moreover, for a finite fiber length, while the pdf deviates from the Rayleigh
distribution as e decreases, this deviation is not significant for 0.20 < ¢ < 1. To
illustrate this, we plot in Fig. 2.3 the pdf of the birefringence strength b of fiber
length z = 3km for (a) e = 0.99 , (b) e = 0.60 , (¢) e = 0.20 and (d) € =

0.01. The birefringence strengths are generated for a fixed set of random values,
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g(z), based on Model Bl with Ay, = 10m, Ly = 15m. The solid curves are
the corresponding best fitting Rayleigh pdfs. Our numerical simulation indicates
that our general models are consistent with experimental histogram for the fiber

birefringence strength c.f. 1.5.

2.6 Conclusions

We have introduced four birefringence models that simulate the evolution of bire-
fringence along an optical fiber by adding a restoring force to the Langevin equation.
Unlike the standard Langevin equation, the birefringence is described by the mod-
ified equations as a random variable with a non-zero mean value but effectively
arbitrary fluctuation amplitude. Consequently, the method can be fit to a broad
range of observed fiber birefringence behavior that can result from different intrinsic
properties and/or external physical environments. Further, we have demonstrated
that the fixed and random modulus model can be recovered as limiting cases of the
formalism, which however can model fibers with any relationship between the mean
birefringence vector magnitude and the mean amplitude of fluctuations in both the
magnitude and the direction of the birefringence. Since birefringence properties
may differ not only among optical fibers but also may change for a single fiber
depending on the external environment, such models, which allow the birefringence
correlation lengths and the extent of the perturbation fluctuation to be adjusted
separately, could be required for the accurate predictions of certain statistical prop-

erties.
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Figure 2.2: The variation of the birefringence strength b and axis rotation angle 6
with fiber propagation distance z < 50 for a fixed set of random values, g(z) with
Apeat = 20m and Ly = 12m. The dashed, dotted and solid curves are generated
with € = 0.01,0.22,0.99 in model A1 and B1. The RMM method results overlap
with those of model Al and B1 for e = 0.99.
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Figure 2.3: The probability density function (pdf) of the birefringence strength
b of fiber length z = 3km for (a) e = 0.99 , (b) € = 0.60 , (c) € = 0.20 and (d)
e = 0.01. The birefringence strengths are generated for a fixed set of random values,
g(z), based on Model B1 with Apeqe = 10m, Ly = 15m. The solid curves are the
corresponding best fitting Rayleigh pdfs



Chapter 3

Application of Various
Birefringence Models to

Polarization Mode Dispersion

Since polarization mode dispersion (PMD) originates from fiber birefringence fluc-
tuations in both the magnitude and orientation along the length of an optical fiber
or waveguide [43], a complete description of PMD requires knowledge of the detailed
statistical structure of the fiber birefringence map. To examine the statistical prop-
erties of the PMD), three simple models, i.e., the Foschini-Poole model, the FMM
and RMM have been employed in statistical studies of the PMD for standard [61]
and spun [62,63] fibers. While the probability distribution functions (pdf) of the
DGD for all models share the same Maxwell distribution for long fiber lengths, the
statistical features of the PMD of short fibers and of the DGD of periodically spun
fibers differ substantially. Since birefringence profiles not only differ among fibers,
but also change with time within a single fiber as a result of environmental fluc-
tuations, installed fibers have more birefringence fluctuations than spooled fibers.
For the stochastic characterization of a broad range of birefringence profiles, we
have introduced in Chapter 2 four additional physical fiber birefringence models,
designated Model A1, Model B1, Model A2 and Model B2. Of these, models Al
and B1 interpolate between the constant birefringence model and the RMM, while

39
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models A2 and B2 extend the FMM. While most previous studies have focused
upon the long fiber length regions, in this chapter we will examine the stochastic

properties of the PMD of random birefringence fibers at all length scales based on
the FMM and RMM, and our improved models.

3.1 Transfer Matrix

Our evaluation of the DGD employs the transfer matrix formalism [11] in which
the fiber is modeled by N sections of polarization maintaining (PM) fiber. The

transfer matrix of the fiber then takes the form
N
M(w) = [[ Ma(w) . (3.1)
n=0

M, (w) represents the solution of the ordinary differential equation for the two

orthogonal polarization components of the electric field in each PM section n,

namely [40] ,
M, (w) = (ﬂmﬂ; Zi) (3.2)
with
= cos[(b(n) + b'(n)w)Az] +icos(f(n))sin[(b(n) + b'(n)w)Az]

= 4sin(f(n))sin[(b(n) + b'(n)w)Az] .

where b(n), '(n) and 6(n) are calculated according to the corresponding birefrin-

gence models.
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3.2 Polarization Mode Dispersion Based on Wai-
Menyuk Models

Although experimental measurements of statistical properties of the random bire-
fringence appear consistent with the Random Modulus Model (RMM) [54], most
theoretical studies have instead actually employed the Foschini-Poole model and
the FMM [39,61,64] due to their relative simplicity. In this section, we employ
both the RMM and FMM to compute the evolution of DGD for fiber lengths less

than or of the order of the birefringence correlation length.

3.2.1 Numerical Realizations

For the following numerical realizations, a linearly birefringent single mode fiber is
approximated as N sections of a polarization maintained (PM) fiber with section
size Az, i.e. L = N - Az, and birefringence vector b = [bcos6, bsin§]*, which
implies a birefringence strength b(w,n) = b(w,nAz), group delay per unit length
b'(w,n) = b'(w,nAz), and birefringence angle 6(n). In this subsection, we introduce
mathematical algorithms for generating b(n) and 6(n) based on the FMM and
RMM.

Fixed Modulus Model

In the FMM, the birefringence strength is assumed to be a constant, i.e., b(n) = b.
In the following, we introduce the procedure to generate the randomly varying

birefringence angle 6(n).

According the definition of go(2), c.f. Eq. (1.37), the rotation angle between

the birefringence axes of adjacent PM fiber sections can be expressed in the form

Az
Af(j) = /( go(2) dz

j—1)Az

for j=1, 2, 3, - - -, n. The mean square value of the angular displacement is therefore
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given by

JAz JAz
N /( a2 /( 02" {go()ga(=") )

j—1)Az j—1)Az
jAz JAz
= / dz’/ d2" o2 6(2" — 7))
G-Daz  JG-1)Az
2Az
= 7 . (3.3)

In our simulations, we generate the random variable Af(j) for each section j ac-

cording to
A@(]) = /7(]) ’ Aemayc (34)

where 7 is a random number in the range of (—1,1). The maximum rotation

between sections is then

Az 1/2
AQ’rnaa: - (m) ) (35)

and the birefringence axis angle 6(n) for the n:th section relative to the input axis
is

0(n) = > 7)) Abma - (3.6)

Random Modulus Model

In the RMM, we generate the random vector b(n) in the following manner. First,
we rearrange Eq. (1.41) so that it does not contain the continuous vector g(z) as

follows
b(n) = [b(0)+ /0” ) g(Z') exp(az’) d2'] exp(—anAz)

= [b(0) + Z /] ) g(2') exp(az’) dz" | exp(—anAz)

j=1 Y ([-DAz

= [b(0) + Z G(j) ] exp(—anAz) (3.7)
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where

Az
Go) = [ sEemena, (33

fOI‘j:l, 2, 3’ -..7nandn:17 27 37 cee N.
Further, Eq. (1.40) and Eq. (3.8) require that the mean square of G(j) satisfy the

condition,
JAz JAz
@@y = [ [T eel) e + ozt
(j-1)Az J(j—-1)Az
2
= U—a expl2a(j — 1)Az] [exp(2aAz) — 1] . (3.9)

2
Similar to what is done in FMM, we generate G(j) for the j:th section as,

G(j) = 7(J) Limaz(J) - (3.10)

Here 7 is now a random vector with —1 < |¥| < 1, while A,4,(7) is the maximum
value for G(j) in the j:th section. Since the mean square value of G(j), Eq. (3.9),
is different in each PM fiber section j, we employ A..(7) = Acexpla(y — 1)Az],
where A, is a constant. Note that the value of A,,,.(7) is different in each section
in RMM but remains constant in the FMM. Combining Eq. (3.9) and Eq. (3.10),

now yields

o |2 exp(2aAz) —1 1z .
Bonae) = [ PG =2 caplats - 1) (3.11)
so that .
b(n) = [b(0) + > Y(j)Amas (i) ] exp(—anAz) . (3.12)

J=1

3.2.2 Numerical Results

We first calculate the DGD and its probability density function (pdf) for the FMM
and RMM. We then study the relative deviation,

*

Toms — T
5rms = s y 3.13
T:ms ( )
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of the root-mean-squared DGD from its analytical value

7 =20 [22Leorr + 2L, exp(—2/Leopy) — 212, V%, (3.14)

ms

as well as the deviation of the mean DGD from its asymptotic value for large z,

namely
Omean = M (3.15)
<T>asym
where (T)asym = [8/(37)]Y/% Tyms. Our calculations are performed for fiber lengths
ranging from zero to several fiber correlation lengths, with birefringence parameters
Apear = 10m, Loy = 15m, and Dyng = 0.2ps/(km)Y/2. The fiber length 2 is

normalized as L = z/ Lo

In Fig. 3.1 we display the results for the FMM of our Monte Carlo simulations
after 10° fiber realizations for the pdf of DGD for fiber lengths L = 0.01, 1, 5, 10,
20, and 100. In subplots (e) and (f), the Maxwell distribution is also plotted for
comparison. In all our graphs, the Maxwell distributions are given by the mean
DGD determined by the the Monte-Carlo simulations. We observe that for L < 1,
indicating that the fiber length is shorter than the correlation length, the pdf is
highly peaked with a long tail in the low DGD side and zero probability density for
DGD close to zero. For larger fiber lengths, the pdf gradually develops an extended
tail for large DGD, c.f. subplot (d), and increasingly approximates a Maxwell
distribution as in the last subplot. The pdf of DGD for the RMM differs markedly
from that of the FMM, as shown in Fig. 3.2. In this case the pdf is initially
nearly symmetric at very short propagation distances. While the pdf approaches
a Maxwell distribution as L increases from 0.0 to 0.825, it again distorts in the
direction of low DGD as L increases further. The distortion reaches a maximum
at L ~ 2.5. but subsequently approaches the Maxwell distribution asymptotically.
The two distributions nearly coincide for L > 100. For longer fiber lengths, the
evolution of the tail of the pdf at large DGD, which gives rise to the physically
important system outage events is shown in Fig. 3.3. Here the dotted curves are
the base 10 logarithmic plot of the pdf p computed with the Monte-Carlo method
for L=20, 100 and 1000, based on (a) the FMM and (b) the RMM , while the

solid curves are the corresponding Maxwell distributions. While as expected, both
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methods yield the Maxwell distribution asymptotically, this curve is approached

from above for the RMM and below for the FMM.

0.1 -
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Y N
O —/ L
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Figure 3.1: The probability density p as a function of the DGD, 7. The dotted
curves are the results of Monte-Carlo simulations based on the FMM for L equal
to (a) 0.01, (b) 1, (c) 5, (d) 10, (e) 20, (f) 100, while the solid lines in (e) and (f)

are Maxwell distributions.

In Fig. 3.4 (a) and (b) we display the relative deviations d,,,s and Oeqn as
functions of log(L) for the FMM and RMM, respectively, computed for 12 different
fiber lengths from L=0.03 to L=100. The values for d,,,s, which are represented by
the symbol o in the figures, nearly vanish (zero is indicated by the dashed-dotted

line) in both models, which implies that our calculated results for the rms DGD
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Figure 3.2: The probability density p as a function of the DGD, 7. The dotted
curves are the results of Monte-Carlo simulations based on the RMM for L equal
to (a) 0.01, (b) 0.5, (c) 0.825, (d) 2.5, (e) 20, (f) 100, while the solid lines in (c) -
(f) are the Maxwell distributions.
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Figure 3.3: The variation of the pdf p with the DGD 7 in a logarithmic (base 10)
scale, for L=20, 100, and 1000 based on (a) the FMM and (b) the RMM. The
dotted curves are the Monte Carlo simulation results while the solid curves display

the Maxwell distributions.
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Figure 3.4: The relative deviations d,eqn and 0., plotted as functions of log(L)
for (a) the FMM and (b) the RMM. The symbol * corresponds to the d,,eq, while
the symbol o represents the d,,,,. The dashed-dotted lines indicate zero deviation.

The solid curves are polynomial fits to the d,,.., data.
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nearly coincide with the analytic predictions, Eq. (3.14). While for large L, dpean
for both models approaches zero, however, this occurs monotonically in the FMM,
while in the RMM, §,,cqn first decreases from positive to negative values before
subsequently rising to zero. A polynomial fit yields L = 0.825 for the zero point
location. The accuracy of our results was further established by repeating our

calculation for different values of Az.

3.3 Polarization Mode Dispersion Based on Im-

proved Models

In the previous section, we have examined the statistical properties of the PMD
based on the FMM and RMM. In this section, we investigate the stochastic proper-
ties of PMD based on our four improved models. In the following, we first review the
four models, with emphasis on the physical implications of the defining equations
and their applicability to different fiber birefringence maps. We then derive rela-
tionships between the root mean square DGD and the statistical parameters of the
birefringence variations. The corresponding results of numerical PMD simulations

are presented in the final subsection.

3.3.1 Model Descriptions

To motivate our subsequent numerical studies, we first briefly review the models
of fiber birefringence presented in section 2.2. In this context, we derive analytic

formulas for the root mean square DGD for certain of these models.

To calculate the statistical variation of b(z) and #(z) with z requires an appro-
priate birefringence model. In two of our models, labeled A1 and B1, b(z) and 0(z)
are obtained from the orthogonal components b, and b, of b(wy, z) according to
Eq. (2.20).

In the FMM, 60(z) follows a Wiener process, while in the RMM, b,(2) and b,(z)
obey two independent Langevin equations. In both cases, a random birefringent

variable x(z) with zero mean results [41], where x(z) denotes either of the two
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birefringence components b, (z) and b,(z). While this behavior is expected in bire-
fringent fibers subject to random perturbations, the birefringence in polarization
maintaining fibers or fibers subject to systematic stresses fluctuate around a non-
zero mean value. For this case, we introduced the modified Langevin equation, Eq.
(2.3) for Model A1, and Eq. (2.10) for Model B1, respectively. Here ky, ks > 0, and
g(z) represents a Gaussian “white noise”. While only a single term g(z) appears
in Eq. (2.3), an additional first order term, ¢(z), is included in Eq. (2.10). As
discussed in Chapter 2, g(z) in Eq. (2.3), or keg(z) in Eq. (2.10), leads to far
slower and larger-amplitude fluctuations in the birefringence x(z), than does the
extra term g(z) in Eq. (2.10).

Since the asymptotic behavior of x(z) is independent of the initial condition,
we set v(0) = 0 in Eq. (2.3) which yields the analytical solution Eq. (2.5)- Eq.
(2.8). The analytical solution of Eq. (2.10) is also given by Eq. (2.5) with G(z)
and G(z) now defined by Eq. (2.11).

Despite the similar forms of the analytical solutions to models Al and B1, the
latter formalism predicts a relatively slowly varying birefringence as a function of
fiber length while the former yields additional high-frequency but small magnitude
fluctuations, c.f. Fig 2.2. Additional distinguishing features of the two models will

be discussed in section 3.3.2.

To relate the three parameters appearing in Eqgs. (2.3) and (2.10), i.e., ki, ko,
and o2, to physically meaningful quantities, we first observe that o2 is defined as the

variance of Eq. (2.2) and is consequently related to the beat length Ay, through

2
2 ™

= —2 ,
2>\7"m3Abeat

o

(3.16)

where A5 is calculated according to Eq. (2.25) for Model Al and Eq. (2.27)
for Model B1. The quantities A\; and Ay are given in terms of k; and ks by Eq.
(2.6). We can further relate k; and ky to two physical parameters, the random
fluctuation strength parameter € and the correlation length L.,,.,. For mathematical
convenience, we introduce the inverse coupling strength Ly = L., /v where v is
expressed in terms of € by Eq. (2.38). We can relate ky and k; to € and Ly, or
equivalently € and L.y... Solving Eq. (2.38) numerically then demonstrates that
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Loy increases from Ly to 0o, as € decreases from 1 to 0. Note that € (0 < e < 1)
corresponds to the mean fluctuation amplitude of the fiber birefringence, while L;
equals the shortest fiber correlation length L., when ¢ — 1. In terms of these
parameters, k; and ky can be rewritten as in Eq. (2.21). Models Al and Bl
interpolate between a constant-birefringence model when ¢ — 0 and the random
modulus model (RMM) for € — 1. Consequently, depending on the values of € and
Ly, models Al and B1 describe a broad range of fiber birefringence profiles.

Because models Al and B1 generate both b(z) and 6(z) from the same random
process, the fluctuations in both the birefringence strength and orientation are of
the same order. This behavior appears reasonable for fibers with small intrinsic
birefringence, for which both the birefringence strength and orientation should typ-
ically be affected in the same manner by small perturbations. However, for fibers
with relatively large intrinsic birefringence, small perturbations could affect the
birefringence strength less than the birefringence orientation. Therefore, we pro-
posed two additional models, A2 and B2, in which b(z) and 6(z) are influenced by
independent random processes. In these procedures, which again employ the three
parameters €, Ly and Apeqt, b(z) is calculated in the same manner as models Al
and B1, but 6(z) is governed by an independent equation, i.e., Eq. (2.28). In Eq.
(2.28), go(z) is an uncorrelated noise term with variance o3 = 2/Lg where Ly is the
correlation length of #. While the FMM is again recovered in the limit of € — 0,
models A2 and B2 extend the FMM to a broad range of birefringence profiles.
For example, to limit the excursion of b(z) while ensuring that 6(z) exhibits large

amplitude variations, € should be set to a small value, typically 0 < e < 0.5.

Since the random variations of the PMD originate from birefringence fluctua-
tions, we can compute its statistical properties from our models. For long fibers,
the most significant of these is the mean DGD since the probability density distri-
bution of the DGD is known to be Maxwellian in this limit. Therefore, the root
mean square DGD is a key quantity that we will now examine for the representative
case of Model B1. While the same analysis applies to Model A1, models A2 and
B2 of course lead to more complex formulas, as they predict different correlation
lengths for b(z) and 6(z).
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Accordingly, we first consider the defining equation,
or(z,w) W (z,w)

0z 0z
in which 7 = [ry, 79, 73]" denotes the PMD vector, and W = [2b,, 2b,,0]" with b,

and b, the two components of the birefringence vector b. The frame of reference is
rotated by 7 = R(z)T with

+W(z,w) X 7(2,w) (3.17)

cosf(z) sinf(z) 0
R(z) =] —sinf(z) cosf(z) 0
0 0 1

such that the birefringence vector is in the 7 direction. Since the DGD, 7, which

equals the magnitude of the PMD vector, is invariant under rotations, we have
(1) = (A% + 7 + 7% (3.18)
where (712 4+ 7% + 73%) is determined by Eq. (3.17) in the rotated frame together
with Eq. (2.10).
We further assume that b(w,z) = p(w)b(z) in which b(z) = b(wy, 2) is the

birefringence strength at the carrier frequency and p(w) is a deterministic function

of frequency. Following the procedure of [41], we arrive at

o(r? N

f(;> = 4p,(b7)
o(bT byv, + byv, . byv, — b,v,

<(9zl> = 2p(8) + (FR R 4 (O ) (3.19)

Here we have denoted the frequency derivative of p by p,. The root mean square
DGD is defined as 7,5 = 1/ (72).

Since the general solution of Eq. (3.19) is complex, we first consider two special
cases. For ¢ — 0, which corresponds to an optical fiber with a constant birefrin-
gence, Eq. (2.10) yields v,(2) = 0 and v,(z) = 0 for the initial condition v(0) = 0.
Eq. (3.19) then yields the root mean square DGD of a polarization-maintaining

PM
fiber, namely, 7,/ ",

2
L (3.20)

rms
WAbeat
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In € — 1 limit, Model B1 reproduces the RMM. Comparing Eq. (2.10) to the
Langevin equation for the RMM [41] gives

vy = —by/Ly, v, = —b,/Ly. (3.21)

The corresponding expression for the root mean square DGD,

2m
RMM 2 211/2
Trms = A — [22Ly + 2L exp(—2/Ly) — 2L7%] 2, (3.22)

then follows from Eq. (3.19) and Eq. (3.21).

In general, as € increases from 0 to 1, the stochastic fluctuation amplitude in-
creases monotonically, resulting in a stronger coupling between the two polarization

modes and hence a smaller PMD. That is, in general 7'M < = < 7PM Note

rms ™ms

that if L is replaced by Loy, Eq. (3.22) yields the formula,

* —
Trms - 2

22 Lcopy + 2L2, . exp(—2/Leops) — 2L, 112, (3.23)

wOAbeat

for the root mean square DGD of the FMM and RMM. Since L., = v(€)L; where
O<e<1, 7

s 1 Eq. (3.23) depends on the three parameters, €, Ly and Ape, of
Model B1.

While Eq. (3.23) transforms into Eq. (3.20) and Eq. (3.22) in the two limiting
cases discussed above, in general it predicts different mean DGD values than Model
Al and Bl1, as we demonstrate explicitly in the subsequent section. Further, as
mentioned above, none of these equations are applicable to models A2 and B2,

which possess independent correlation lengths for b(z) and 6(z).

3.3.2 Numerical Results

In this subsection, we investigate the statistical properties of the PMD through nu-
merical simulations. In particular, we first examine the root mean square DGD and
then the evolution of the probability density function (pdf) of the DGD with fiber
length, since knowledge of these values enables the estimation of many additional

properties associated with polarized light propagation in fibers.
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For simplicity, our numerical studies of the root mean square DGD, 7,,,s, are
confined to Models Al and B1, which require three parameters €, Apeqer and Ly.
Given these parameters, a series of birefringence values is generated based on the
defining equations of the corresponding models. The DGD is then calculated with
the standard transfer matrix formula from these values. After repeating this calcu-

lation, we evaluate the ensemble average of the root mean square DGD 7,.,,;.

We now investigate the variation of 7,,,,s with respect to €, Apeqr and Ly. Consid-
ering first the dependence of 7,,,; on € for 0 < e <1, Apeqs = 15m and Ly = 10m,
we obtain the x and o markers in Fig. 3.5 for models Al and B1 at z = 200m,
where each value in this and our subsequent curves are averaged over 10° real-
izations. Clearly, while 7,,,, differs in the two models, in both cases it decreases
monotonically with e in the interval [0, 1], as noted in Section 3.3.1. Further, for a
given €, Ty, is always larger for Model Al than for Model B1, which is expected
as a result of the additional fluctuation source term and thus larger polarization
coupling in Model B1, c.f. Section 2.5 and Fig. 2.2. The analytic values for the

root mean square DGD, 7% = given by Eq. (3.23) as a function of €, Apeq and

L; are displayed as the solid curves in Fig. 3.5 and in the two subsequent fig-
ures respectively. The correlation lengths in Eq. (3.23) are calculated according to
Leorr = v(€) Ly and Eq. (2.38), which yields Ly = 10% Ly, 100 Ly, 1.78 Ly,1.01 Ly
for e = 1075, 0.01, 0.60, 0.99. While the simplified analytic expression is valid for
¢ — 0 and € — 1, the results of Model Al or B1 do not agree with Eq. (3.23) away

from these limiting values.

We display next in Fig. 3.6 the base 10 logarithm of 7., as a function of
Apear Tor 0 < Apear < 30m. These results are calculated with Model B1 for € =
0.01, 0.60, 0.99, Ly = 10m and z = 100 m. Since longer beat lengths imply reduced
birefringence, 7,,,, is a decreasing function of Ay, for all three e values. Similarly,
Trms decreases for larger e since greater random fluctuations yield enhanced modal
coupling.

That the variation of 7,,,s with L, is highly dependent on the value of € is
further evident from Fig. 3.7, which displays the results of Model B1 at z = 100m
for e = 107%, 0.01, 0.60, 0.99 and Apeqr = 10m. Evidently, for € ~ 0, corresponding

to a polarization maintaining (PM) fiber, the PMD, namely 7,,,s, is nearly constant
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over the interval 0 < Lr < 30. Further, as expected, this value of € maximizes 7,5
since a PM fiber has a greater PMD than fibers with random birefringence. For
large values of €, however, 7,,,s increases quadratically as a function of L;. For
intermediate values of € such as € = 0.01, 7,5 grows rapidly for small L; and then

slowly approaches a maximum value for large L.

While the polarization mode coupling predicted by any model of random bire-
fringence effects induces full mode mixing in the long-length limit, leading to a
square-root dependence of DGD on length, the approach to this asymptotic behav-
ior differs among birefringence models. Specializing to Model B1, we display in Fig.
3.8 the variation of 7,,,s, again averaged over 10° realizations, with the normalized
fiber length L = z/Ly for L < 50, e = 0.01, 0.10, 0.20, 0.99, Apeor = 15m and
Ly = 10m. As expected, for the nearly constant birefringence case € = 0.01, 7Ty
increases linearly with L, while it grows approximately quadratically for e = 0.99.
In the remaining cases, € = 0.10, 0.20, 7,,,,5 is a linear function of L at small fiber
lengths but becomes quadratic as L. — oo. To demonstrate this explicitly, we plot
Toms as a function of VL for € = 0.20, 0.60, 0.99 in Fig. 3.9 together with linear
least-square fits to these curves, as indicated by solid lines. Clearly, for all three
values of €, T,ms approaches a linear function of v/L at sufficiently long fiber lengths.

Further, the curves are increasingly linear at shorter fiber lengths for larger e.

Finally, we examine the evolution of the pdf of DGD, p , with fiber length
as in Section 3.2. The DGD, 7, is evaluated with our four models, while we
employ 10° realizations and evaluate the pdf for Ay = 20m, € = 0.60 and
L; = 12m. For models A2 and B2, we set the correlation length of 6, Ly =
10m . The pdf curves will be evaluated at normalized fiber lengths given by
L =1.5,2.5, 5, 10, 20, 100, 500, 1000.

In Fig. 3.10, we display the base 10 logarithm of the pdf, p, of the DGD as
a function of 7 for L = 20 and L = 100, where the results for the models Al,
B1l, A2 and B2, are displayed in separate subfigures (a)-(d), respectively. The
corresponding curves for L = 500 and L = 1000 are presented in Fig. 3.11. The
solid lines of these curves are the corresponding Maxwell distributions. The pdf here
approaches the Maxwell distribution from above in models A1 and B1, and below
in models A2 and B2 as the fiber length increases from L = 20 to L = 100 while it
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Figure 3.5: 7,5 as a function of € according to models Al (x) and B1 (o) for a

fiber length L = 200m with beat length Ape,y = 15m and Ly = 10m. The solid
line is the analytic value for the root mean square DGD
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Figure 3.6: 7,5 as a function of Ay according to Model B1 for e = 0.01, 0.60, 0.99

for a fiber length z = 100m with L; = 10m. The solid line is the analytic value
for the root mean square DGD, 7

ms*
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Figure 3.7: 7,5 as a function of L; according to Model Bl for ¢ =
107°, 0.01, 0.60, 0.99 for a fiber length z = 100m with Apees = 10m. The solid

line is the analytic value for the root mean square DGD, 7,
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Figure 3.8: 7.,s as a function of fiber length L according to Model Bl for ¢ =

0.01, 0.10, 0.20, 0.99 With Apq = 15m and L; = 10m.
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Figure 3.9: 7.5 as a function of VL according to Model B1 for e = 0.20, 0.60, 0.99

with Apeqr = 15m and Ly = 10m. The solid lines are linear least-square approxi-
mations to the corresponding curves.
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Figure 3.10: The base 10 logarithm of the pdf p as a function of DGD 7 for L= 20
and 100 according to models (a) A1, (b) B1, (¢) A2, and (d) B2. The dotted curves

are numerical simulations, while the solid curves are the Maxwell distributions.
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overlaps with the Maxwell distribution for all four models at L = 1000. Moreover,
for the same parameter values, models Al and Bl predict a different mean DGD
than models A2 and B2. Therefore, as discussed in Section 2, the mean DGD
depends upon the details of the birefringence, and cannot be accurately predicted

by a simple approximation such as Eq. (3.23).

0 0.2 0.4 0.6 .
T (ps) T(ps)

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
T (ps) T (ps)

Figure 3.11: The base 10 logarithm of the pdf p as a function of DGD 7 for L= 500,
and 1000 according to models (a) A1, (b) B1, (c) A2, and (d) B2. The dotted curves

are numerical simulations, while the solid curves are the Maxwell distributions.

We now examine evolution of the pdf of the DGD with fiber length at all length

scales. To simplify the discussion, we first compute the variance of the deviation of
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our pdf, p(n), from the Maxwell distribution, p,,(n), with the same mean DGD,

5, = Y (om(n) — p(n)) () — 7)

7= > pr(n) (3.24)

in which we typically employ M = 40 histogram bins. Figure 3.12 displays the
variation of 0, with log(L) as L increases from 1.5 to 1000 for Model A1 (o), Model
B1 (x), Model A2 (¢), and Model B2 (). The solid line further designates §, = 0.
Evidently, the Model A1 and Model B1 curves, as well as the Model A2 and Model
B2 curves nearly overlap, indicating that the statistical properties of procedures A
and B are similar, despite the differing birefringence behaviors. Moreover, although
0, — 0 as L — oo for all four models, the approach is monotonic for Model A2 or
B2, while for Model Al and B1, 9, first crosses zero at Ly = 2.16 for Model Al and
Lo = 1.61 for Model B1, after which it asymptotically approaches zero.

As implied from Equation (4.2), §, = 0 is a necessary but not sufficient condition
for the pdf to coincide with a Maxwell distribution. To investigate further the
convergence of the pdf to a Maxwell distribution, we display the pdf as a function
of the DGD for L = 1.5, 2.5, 5, 10, 20, 100, 500, 1000. These graphs confirm that
the evolution of the pdf in models A1 and B1 is similar to that of the RMM, while
the curves for models A2 and B2 resemble those of the FMM, which is explained
by the relatively large value of €, as we will discuss at the end of this section. That
is, for models A2 and B2, the pdf approaches a Maxwell distribution monotonically
with fiber length as predicted by our previous results for §,. However, for models
A2 and B2, while the §, curves indicate the major features of the pdf results,
the pdf evolves rapidly towards the Maxwell distribution for L < L, which leads
to a distorted curve in the vicinity of Ly. The pdf then deviates further from the
Maxwell distribution until L ~ 5. For L > 5, the pdf again approaches the Maxwell
distribution asymptotically.

The pdf at L = Ly is plotted on a linear scale in Fig. 3.13 (a) and (b) for Models
A1l and B1, while the pdf at L = 1000 is given in Fig. 3.13 (c) for Model Al and

(d) for Model B1 for comparison. The solid curves are the Maxwell distributions
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Figure 3.12: §, as a function of log(L) from models Al (o), B1 (x), A2 (¢), and
B2 (x). The solid line designates d, = 0.
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Figure 3.13: The variation of the pdf p with DGD 7 for (a) Model Al at L = 2.16
, (b) Model B1 at L = 1.61, (c) Model Al at L = 1000, and (d) Model B1 at

L = 1000. The solid curves are the corresponding Maxwell distributions.
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with the corresponding mean DGD values. While 6, =0 at L = Ly, 6, >~ 0.1 and
0, ~ 0.2 at L = 1000 for models Al and B1 respectively, for which 4, = 0 is only
approached asymptotically for large L. Clearly, the pdf of the DGD resembles a
distorted Maxwell distribution for models A1 and B1 at L = Ly, unlike the pdf at
L = 1000, which, as expected, agrees nearly perfectly with the Maxwell curve.

That our results for models A1l and B1 approximately reproduce those of the
RMM, while those for models A2 and B2 are close to the FMM is related to the
relatively large values that we have employed for €. For small €, the form of the
pdf of the DGD can be substantially modified. To illustrate, we have calculated
the pdf and ¢, for L = 100 in Model B1 as a function of € with 0 < ¢ < 1. The
dependence of §, on € is displayed in Fig. 3.14. Evidently, J, decreases with e,
indicating that the pdf of the DGD deviates more substantially from the Maxwell
distribution for smaller e. Moreover, for 0 < ¢ < 0.5, §, falls rapidly with e while
0, varies more slowly for 0.5 < ¢ < 1. This at least partially explains the similarity
of our previous curves for models A1 and B1 with € = 0.6 with those of the RMM,
which is obtained from Model Al or B1 when ¢ — 1.

3.3.3 Conclusions

We have examined the predictions of the two existing models of fiber birefringence
for the PMD of short fiber lengths. While our FMM calculations agree as expected
with the analysis of J. Yang etc. [61], the evolution of the pdf of the DGD for the
FMM differs rather unexpectedly from the RMM result for fiber lengths close to or
shorter than the correlation length (although the models of course agree in the limit
of long fiber lengths). Further, for long but finite fiber length, the FMM yields a
smaller outage probability than that predicted from the Maxwell distribution while
the RMM instead predicts a larger outage probability. Our results could potentially
be employed experimentally, possibly with an efficient non-invasive method for
measuring the evolution of the PMD over numerous short lengths of a given fiber

to determine the physical properties of the birefringence.

We have also examined the statistical properties of the PMD based on the four

models proposed in Chapter 2 through both theoretical analysis and numerical
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Figure 3.14: The variation of §, with e for Model B1 with L = 100.
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simulations. The models can be adapted to a broad range of birefringent fibers,
ranging from nearly polarization-maintaining fibers to fibers with very large polar-
ization mode coupling. Further, they generate different fluctuation behavior for the
birefringence along the fiber and therefore lead to different formulas for the root
mean square DGD as a function of longitudinal distance. These statistical prop-
erties could in principle be employed to distinguish between different birefringence
behavior through repeated measurements on short optical fiber segments, possibly
subject to time-dependent environmental fluctuations. In Chapter 4, we will derive

analogous results for spun fibers.



Chapter 4

Polarization Mode Dispersion
Mitigation through Compensation

and Spun Fibers

Polarization mode dispersion (PMD) mitigation can be achieved through two ap-
proaches. The first is to compensate the PMD in already installed systems. Because
PMD fluctuates in time, the compensation must be applied in-site and dynamically,
greatly complicating the development of compensators and adding substantially to
their expense. The second approach is to design low-PMD fibers. One proce-
dure for manufacturing low PMD fibers involves spinning the fiber during the fiber
drawing process [65,66]. Generally, the fiber is rotated with tractors, which in-
duces a similar rotation of the fiber’s birefringence axis along the fiber length. This
spinning can be applied at either a constant or a variable rate. The latter proce-
dure appears to reduce PMD more than the former. Spinning was implemented
in fiber manufacturing about a decade ago to reduce the PMD of transmission
fibers. Experimentally, the PMD coefficient was reduced from 1.0 — 0.1ps/ Vkm
to 0.05—0.01ps/vkm [67-69], which as we see, is in almost exact agreement with
the results of this chapter. Accordingly, in this chapter, we study both approaches.
In section 4.1, we examine PMD reduction of sinusoidally spun fiber, while second

4.2 introduces different procedures for PMD compensation and mitigation.
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4.1 The PMD Reduction of Sinusoidally Spun
Fibers

PMD reduction in spun fibers was initially examined under the assumption that
the birefringence magnitude was constant or slowly-varying [65,66,70-74]. Later,
the effects of random birefringence variations were included with the aid of two
physical birefringence models, i.e., the random-modulus model (RMM) and the
fixed-modulus model (FMM) [62,63,75-77]. The two methods predict different
PMD properties [63], indicating the importance of an accurate statistical model of
the fiber birefringence. In this section, we study sinusoidal spun fibers based on
a modified random modulus model (MRMM) denoted as Model B1 in Chapter 2.
While in the FMM and RMM, the amplitude of the birefringence fluctuations are
either zero or a fixed value, the MRMM enables this amplitude to be set arbitrarily.
Accordingly, in this section we simulate PMD reduction and the DGD statistics of

spun fibers with arbitrary birefringence profiles.

4.1.1 Numerical Results

We now consider fibers subjected to a sinusoidal spin function A(z) = Agsin 27wz/p,
where p and Ay are termed the spin period and amplitude, respectively. We first
investigate the PMD reduction as a function of both the fiber parameters and the
spin amplitude, and then compare the evolution of the probability density function
(pdf) of the DGD along fiber length in spun fibers to that of standard fibers.

The degree of PMD reduction through spinning is often specified through the
spin-induced reduction factor (SIRF), defined by [76]

S

SIRF = rms. (4.1)

TT"ITLS

Here 78 is the root mean square DGD of the spun fiber and 7., is that of

standard fiber. In our numerical studies, we model a linearly birefringent single
mode fiber of length z by N sections of PM fiber with a section size Az = z/N

that is much shorter than both the polarization beat length Ay, and the inverse
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coupling strength L;. Random sequences of the two orthogonal components of the
birefringence vector b(n) are then generated from the MRMM, c.f. Chapter 2.
From these values, we compute the evolution of the birefringence along the fiber
length, i.e., the principal birefringence axis angle (n) and the birefringence modulus
b(n). Assuming that fiber spinning rotates the birefringence axis without affecting
the birefringence strength [75] results in J(n) = 6(n) + A(n) for the principal
birefringence axis angle. The differential group delay (DGD) of both spun and
standard fibers is then evaluated with a transfer matrix method from the computed
birefringence as a function of length c.f. Chapter 3. PMD statistics, such as the
root mean square DGD and the pdf of the DGD, are estimated by repeating our

calculations for 10° realizations.

In the MRMM, the fiber birefringence is characterized by three parameters, e,
Ly and Apeqr, that vary among fibers and further depend on the environmental
properties. We accordingly first calculate the variation of the SIRF with respect
to these three parameters for a spin period p = 4m and amplitude Ay = 2.75rad.
As is evident from Section 2.5 and Fig. 2.2, the value of € determines the main
characteristics of the random birefringence profile. Thus, while for 0 < ¢ < 0.5
the profile varies randomly with small fluctuation amplitude, for larger €, in the
range 0.5 < € < 0.9, the birefringence variations become pronounced. To investi-
gate the influence of the fiber spin on PMD reduction in the presence of random
birefringence, we first display in Fig. 4.1 the SIRF ( x ) as a function of € for
0 <€ <1 with Apegs = 10m and Ly = 5m for a fiber length z = 500m. In this
figure, the corresponding result for a PM fiber is also plotted as a point denoted by
o. Evidently, the SIRF is larger for large ¢ and increases monotonically with e for
e > 0.4, indicating that the PMD reduction is less effective for more pronounced
random birefringence variations. This is expected, since for PM fibers, periodic si-
nusoidal spinning reduces the PMD to zero due to precise phase matching; however
the fluctuations of the birefringence result in a certain average deviation from the
phase matching condition and therefore gives rise to a corresponding increase in

the reduction factor.

Fig. 4.2 displays the SIRF as a function of L; for 0 < Ly < 30m with Apeqr =
10m and z = 500 m. The three curves are computed with ¢ = 0.010, ¢ = 0.20 X
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Figure 4.1: The SIRF (x) as a function of € for 0 < € < 1 with Apeey = 10m,
Ly =5m and z = 500m. The point indicated by o is the PM fiber result.
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Figure 4.2: The SIRF as a function of Ly for 1 < Ly < 30m with z = 500m,
MApeat = 10m, and € = 0.01 o, ¢ = 0.20 x, and € = 0.90 . The dashed line
corresponds to the PM fiber results.
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and € = 0.90 ¢, while the corresponding result for a PM fiber is presented as the
dashed line in the figure. In the MRMM, L, varies inversely with the correlation
(coupling) length such that the mode coupling induced by birefringence fluctuations
is enhanced when Ly — 0. Hence, for Ly < 10m, the SIRF decreases with Ly and
increases with €, while for L; > 10m, the SIRF is small and nearly independent
of Ly, and is further nearly identical for all three cases. Indeed, for values of L;
approaching zero, the large effective random mode coupling removes considerably
the spin-induced PMD reduction, especially for large . Moreover, as € decreases
from 0.90 to 0.01, the SIRF curves vary less with Ly, and therefore approach the
behavior of PM fiber, for which the PMD is independent of Ly, c.f. Fig. 3.7. This
is expected, since in the limit of ¢ — 0, the MRMM reduces to a PM fiber model.
The curves in Figs. 4.1 and 4.2 for the PMD of spun fiber as a function of the
random birefringence fluctuation strength e and the inverse coupling length L are

new results of our model.

Next, in Fig. 4.3, we display the SIRF as a function of beat length for 0 <
Apear < 30m, with Ly = 5m and z = 500m. As in Fig. 4.2, the three SIRF
curves correspond to € = 0.01o, € = 0.20 x and ¢ = 0.90¢, while the dashed
line is the PM fiber result. As expected, the SIRF of the three e values becomes
nearly independent of the beat length for Ay..; > 10m as for PM fiber when Apeq; is
much longer than the spin period. For Ap..; < 10m the SIRF fluctuates noticeably
at small e. This behavior is similar to that of a periodically spun PM fiber, for
which a large maximum appears at Ay = 2.1 m together with two more smaller
maxima at Ay, = 25m and 28.5m. While the first maximum is still noticeable
for e = 0.20, 0.01, the secondary maxima are not visible in these two curves. For
e = 0.9, the large birefringence fluctuations effectively suppress the first maximum
as well. In addition to the novel curves shown above for the variation of the PMD
reduction factor with beat length for different random birefringence profiles, our

results for PM fiber are slightly different from the previously reported results of [66].

We now implement the MRMM to study the variation of the SIRF with spin
amplitude Ay for 0 < Ay < 5rad for different random birefringence profiles with
p=4m, Npewr = 20m and € = 0.01, 0.20,0.90. Since the resulting curves depend
strongly on Ly, we present results for Ly = 1m, Ly = 5m and L; = 25m in Figs.
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Figure 4.3: The SIRF as a function of Apey for 1 < Apeer < 30m with z = 500 m,
Ly = 5m, and e = 0.01 o, ¢ = 0.20 x, and € = 0.90 . The dashed line again
corresponds to a PM fiber.
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4.4, 4.5, and 4.6, respectively, with z < 100 L, which is sufficient to illustrate the
asymptotic behavior. In these three figures, o, x and ¢ indicate the ¢ = 0.01,
e = 0.20 and e = 0.90 values, respectively. For short sinusoidal spin periods, i.e.,
p <K Mpeat, both the PM fiber and the RMM predict that the PMD reduction is
optimal when the spin amplitude satisfies the phase matching condition Jy(24,) =
0, where Jy is the zeroth-order Bessel function of the first kind [65]. Accordingly,
for all Ly and €, our curves have local minima at Ay = 1.20, 2.75, 4.33, .... That is,
the phase matching condition yields an optimum solution for the spin amplitude for
short spin periods, independent of the birefringence profile variations. Moreover,
the SIRF is an oscillating function of the spin amplitude with a monotonically
decreasing average value. Other aspects of the curves depend strongly on e and
L¢. For example, for Ly = 1, the local minima of the SIRF are pronounced for
large €, but vanish for e = 0.01. This again demonstrates that the PMD reduction
factor of spun fiber increases when the random birefringence is large (for small L)
because of the resulting changes in the relative phase of the two fiber modes. As
is evident from our curves for Ly = 5, 25, the three curves nearly overlap, with
minima close to zero (except for the third minimum for L; = 25m). While our
results for € = 0.9 are similar to those of the RMM [76], the variation of the PMD
reduction as a function of the spin amplitude for different birefringence profiles has

not been examined previously.

For short period PM fibers, sinusoidal spinning yields periodic fluctuations in
the DGD as a function of length when the phase matching condition is satisfied [65].
Although the DGD is not periodic in a randomly birefringent fiber, an optimum
PMD reduction can still be achieved. To illustrate, we display in Fig. 4.7 the
SIRF calculated with the MRMM as a function of normalized fiber lengths L with
Ly =15m, Apear =20m and € = 0.01 o, € = 0.20 ¢, and € = 0.90 x. The PM fiber
result is shown as a dashed line with A markers. To satisfy the phase matching
condition, Jy(24y) = 0, we have further set p = 4m and Ay = 2.75. While the
SIRF oscillates periodically with L for all values of €, as € increases, the oscillation
amplitude decreases, leading to larger PMD reduction factors. As expected, the
curve for e = 0.01 nearly overlaps that for a PM fiber, while the SIRF is less periodic
for € = 0.90, as previously observed from the RMM calculations [65].
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Figure 4.4: The SIRF as a function of spin amplitude Ay for 0 < Ay < 5rad with
L; = 1m. Here the spin period p = 4m, while Ape; = 20m and e = 0.01 o,
e =0.20 x, and € = 0.90 o.
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Figure 4.5: As in Fig. 4.4 but for Ly = 5m

78



CHAPTER 4. POLARIZATION MODE DISPERSION MITIGATION

SIRF

Lf =25m
1
o e=0.01
x  €=0.20
¢ €=0.90
0.8 B
0.6 i
0.4 i
2520
Qo % Q2Q
o R 000 ? 0
) o 1% O X 0
o 9 R o © 0
0.2 o O X% .
@) & 0
X Q @) <> X 1)
o % OX 09509
o O O XX X
o Q 9 000
33 o 9
0 | Q | |
2 3 4
A, (rad)
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A central result of this section is that the MRMM predicts that the PMD
reduction for sinusoidal spun fibers varies with the form of the birefringence profiles,
such that as the random fluctuation strength € is varied from 0 to 1, the behavior of

the SIRF as a function of fiber parameters and spin amplitude interpolates between
that of PM fiber and the RMM predictions, c. f. Fig. 4.1 - 4.7

We finally investigate the pdf of the DGD of sinusoidally spun fibers as a function
of fiber length. This study parallels our previous analysis of standard fibers in
Chapter 3. Since the pdf of the DGD approaches the Maxwell distribution for long
fiber lengths, we plot the variance of the deviation of the computed pdf distributions
p(n) from the Maxwell distribution p,,(n) with the same mean DGD, namely,

M

6y = Y (pm(n) = p(n))(73 (n) = 77)

T, = ZPTb(n) (4.2)

in which M = 40 histogram bins are employed. The variation of §, as a function of
log(L) for sinusoidal spun fiber with spin period p = 4 m and amplitude Aq = 2.75
is calculated in the presence of random birefringence described by Ape.s = 20m,
Ly = 15m, and € = 0.9 and € = 0.2. The results are compared with those of
corresponding unspun fibers in Fig. 4.8 for ¢ = 0.9 and Fig. 4.9 for ¢ = 0.2
respectively. Since the pdf:s approach the Maxwellian distribution at different rates,
we have employed 0.5 < L < 3000 in Fig. 4.8 with e = 0.9, and 0.5 < L < 10000
in Fig. 4.9 with ¢ = 0.2. For comparison, Figs. 4.8 and 4.9 display the different
curves plotted instead with the same length scale. In all cases, the lines marked
+ and o correspond to the unspun and spun fiber results, while the dotted and
dashed curves are polynomial least-square fits. While the four curves for 9, possess
zero crossings at small L, this does not imply that the pdf is an exact Maxwell
distribution since higher moments of the pdf:s may deviate from the Maxwellian
values. In fact, graphs of the actual pdf:s display noticeable deviations from the
Maxwell distribution for short fiber lengths, but approach the Maxwell distribution
asymptotically as L. — oo as indicated by the solid line in Figs. 4.8 and 4.9.
Further, 6, oscillates with fiber length for spun fiber but not for unspun fiber.
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Figure 4.8: The variation of §, with log(L) for e = 0.90 and L. = 0.5, 1, 2.5, 10, 50,
100, 200, 400, 800, 1500, 3000. The spun fiber results with spin period p = 4m and
amplitude Ay = 2.75rad are compared with those of unspun fiber with L; = 15m
and Apeer = 20m. + and o are the unspun and spun fiber results, and the dotted
and dashed curves are polynomial least-square fits to these curves. The solid line

is computed with ¢, = 0.
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The distance at which the pdf becomes approximately Maxwellian increases in
Figs. 4.8 and 4.9 as e decreases towards zero. If we define L,, as the length at
which ¢, decreases to |d,] = 1, we observe from our figures that for both e values
considered, L,, is proportional to the correlation length L., for both spun and
unspun fibers. Thus L,, increases by a factor of five when € is decreased from
0.90 to 0.20 since Lo, = v(€)Ly, and the ratio of v for € = 0.20 and € = 0.90
is 192/vp9 = 5.13. Finally, the rate at which the pdf becomes Maxwellian is also
far smaller for spun fibers compared to unspun fibers. That the pdf possesses
significantly different features as a function of fiber length for spun and unspun

fibers is a second central result of this section.

4.2 Polarization Mode Dispersion Compensation

For existing long haul 10 and 40 GHz optical transmission systems, considerable
effort has been expended on the theoretical and experimental analysis of electrical
and optical PMD compensation in the last decade [78-82]. In this section, we
examine PMD compensation formalisms that replace the 2 x 2 transfer matrix
relating the input and output polarization vectors of an arbitrary optical element
with products of exponentials of individual matrices. In our first Taylor-series
methods, which extend the procedures of Refs. [83] and [1], suitably symmetrized
exponential products are employed to enhance computational accuracy at a given
order. Up to second order, the physical process corresponding to each individual
exponential operator has been experimentally realized [84], and the third-order
operator could be implemented in a manner similar to that of Ref. [85] (note,
however, that if the bandwidth of the incoming pulse is small, any fiber behaves
as a first-order element, for which simplified optical and electrical techniques are
available [81] ).

Since the Taylor procedure does not successfully compensate the PMD of large-
bandwidth signals, other authors have expanded the transfer matrix in a Fourier se-
ries [86] or applied an iterative least-squares fit to minimize the calculated deviation
of the PMD over a given frequency interval from experimental measurements [87].

In this section, we instead describe the PMD behavior of each fiber realization in
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terms of modified exponential products derived from a Chebyshev polynomial ap-
proximation to the observed PMD [88]. Similar to the Taylor expansion procedure,
we also employ a proper symmetrization of the noncommuting matrix operators to

ensure a large Chebyshev compensation bandwidth.

This work was performed in collaboration with other students and my thesis
advisor. My contribution consisted of co-developing the theory and independently

programming numerical implementations.

4.2.1 Taylor Series Approximation

In this subsection, we introduce procedures that lead to improved accuracy or
bandwidth compared to the results of Ref. [1] through the inclusion of additional

compensator stages.

Polarization evolution in a linear optical fiber medium in the Jones represen-
tation is described by a complex 2 x 2 frequency-dependent transfer matrix 7'(w)
according to E,; = T'(w)E;,, where E;, and E,,; denote the incoming and outgo-
ing optical field polarizations, respectively. PMD is then characterized through a
three-dimensional Stokes space PMD vector 7 which can be obtained from

dT
T 0=—T"1w), 4.3
T W) (13)
in which o represents the Pauli spin vector. Once the analytical expansion of T'(w)

has been found, PMD compensation (PMDC) can be accomplished by implementing
the inverse of the approximate T'(w) after the fiber system [1,84,89].

In Ref. [1], T(w) is expanded in the vicinity of a reference frequency wy as a
product of exponentials of increasing powers of the frequency deviation according
to

T(wo + Aw) = T(wo)eA“’Nle%(A”VNQe%(A“)SN%%(A“’)ALN“ s (4.4)
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From Eq. (4.4), the matrices NV; can be expressed as

N, = %LJOTO—1 (4.5)
2
Ny = %LuoTo_l - ]Vl2 (4'6)
Ny = ds—T| Tyt — 3N Ny + N} (4.7)
dw? wo 0 14V2 1 .
Ny = %L,OTO—1 — 4N, N3 — 6N? Ny — 3NZ — Ny (4.8)

The exponential expansion according to Eq. (4.4) has the advantage that differ-
ent orders of PMD can be treated as separate subsystems and subsequently con-
catenated. However, this expansion is not necessarily optimal, as it ignores the

non-commutativity of the matrix product.

Alternative procedures can be obtained through other forms of the solution of
the underlying differential equation

% = D(w)T(w). (4.9)

For example, to express the solution of this equation as a single exponential of a

Taylor series, we can expand

[e.9]

D(w)=>_ D”j LAW" (4.10)

n.

n=0

in which D,,;; denotes the nth derivative of D(w) with respect to frequency.

To express the solution of Eq. (4.9) in the form

T(w) = T(wo)eslA“’Jr%A“’QJ“%AWBJF"’7 (4.11)

2T 3T

we equate the expressions for 4|, 4L| ~4L| ... evaluated by using Eq. (4.9),

with the corresponding expressions obtained from Eq. (4.11). We find that
dr

%LJJO = Dl - Sl

d*T

mhdo - D2 + D1D1 - SQ + SlSl

3T

ﬁbo Ds+2DsDy + D1 Dy + DDy Dy

= Sg -+ 155251 -+ 155152 + 8151517 (412)
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so that
S, = D (4.13)
Sy, = D, (4.14)
1
53 == D3+§[D2,D1], (415)
or
Sy = N, (4.17)
3
Sg = N3+§[N17N2] (418)
Sy = Ny+[Ns, N, (4.19)

where [A, B] denotes the commutator of A and B.

We observe that while the first two characteristic matrices S; and S, equal the
corresponding matrices of Eyal’s method, matrices of higher orders such as S3 and
S, differ from those of Eyal’s method due to non-commutativity of these matrices,
which was neglected by Eyal etc.

To further break Eq. (4.11) into products of individual exponential operators,
we employ the standard formula [90,91],
e"(A+B) — 027 oBT 027 | O(g3), (4.20)
which yields
s s 5 8
T(w) = T(wp)e 227222 L O(Aw?), (4.21)

with obvious higher-order extensions according to Ref. [90]. Hence, unlike, e.g.,
the compensator proposed in Ref. [84], which does not incorporate the commutator
appearing in Ss3, residual PMD effects up to second order can be fully eliminated

by implementing the expression:

Too(w) = e~ 3 A0 FA2 = FA0p=1(y VP (), (4.22)
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4.2.2 Chebyshev Polynomial Approximation

An alternative technique evaluates the transfer matrix 7'(w) using type I Chebyshev
polynomials [88] scaled to the interval |w — wp| < Aw,, where Aw, represents the
desired bandwidth on the interval of interest. In particular, we express the transfer

matrix in the form

T(w) = ef®
€F0+F1Aw+F2Aw2+F3Aw3+~“

, (4.23)

in which the matrix F(w) = In[T(w)] is approximated with (M-1)th-order Cheby-
shev polynomials (an expansion into the first M Chebyshev polynomials) [92].
Specifically, we first approximate the components of F(w), fi(w) for i = 1,2,3, 4,

according to the standard polynomial approximation formula,

fl@) =) - Pulx) — Leo, (4.24)

with x € [-1,1]. In Eq. (4.24), Py(x) is the Chebyshev polynomial of order k, and

¢y is the corresponding coefficient,

k= % : éf(a:j) - COoS {W] : (4.25)
with '
Tj = COS {W] . (4.26)
Scaling f(x) according to x = 2Aw/Aw, yields
fiw) = fo+ idw + 18007 + f3A0° + -+, (4.27)
and hence Lo

withn =0,1,2,3,- .
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As in the Taylor approximation procedure, Eq. (4.23) can be further approxi-
mated as the product of exponents of individual operators through operator sym-
metrization formulas according to Eq. (4.20). Applying the simplest three-operator

expansion yields

Toy(w) = e~ 389 8% =3 8011,V T(w). (4.29)

The Chebyshev polynomial approximation of the transfer matrix described
above follows a different procedure from the co-authored paper [93]. Nevertheless,

the numerical simulation yields similar results, c.f. section 4.2.3 and Ref. [93].

4.2.3 Numerical Results

We now examine numerically the compensation error associated with the opera-
tor expansions above and effect a comparison with the approach of Ref. [1]. To
quantify the error, we observe that, since in the absence of loss the transfer matrix
after compensation, T,.s(w), is a 2 X 2 unitary matrix, its eigenvalues form complex
conjugate pairs. The magnitude of their difference therefore describes the devi-
ation of the matrix from an identity matrix representing a perfect compensator.
Further, since diagonalization is equivalent to reorienting the measuring appara-
tus to the principal states of polarization, the eigenvalue difference coincides with
28in(AwTyes/2), where T,¢ is the residual DGD. Hence, we define residual as the
absolute difference between the two eigenvalues of the residual matrix 7T,..s(w). The
residuals after a standard compensator based on the three procedures have been
calculated as a function of a normalized frequency Av = Aw 7/(27). In these cal-
culations, we employ 7 = 30ps, and Aw € [-27/7, —271/7] or Av € [—1,1]. The

results are averaged by 10* realizations.

To calculate the Jones matrix 7'(w) of an optical fiber, we consider the fiber as

N linearly birefringent sections with random orientations. Thus,

T(w) =[] T0(w) (4.30)
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where T,,(w) is the transfer matrix of the n-th fiber section and is calculated ac-

cording to
T, (w) = P(w) Sp (4.31)
with v
_WTs 0
P(w) = [6 2 w] (4.32)
0 e 2
and

3

Sn = .. 52 i Pn—odn 13 2 s onton
isin(g) e 2 cos(3p)e "z

In Eq. (4.32), 7, = \/37/87 is section DGD and 7 is the mean DGD of the fiber.
The angles &,, ¢, and ¢, in Eq. (4.33) are independent random variables. The

(4.33)

cos(&) e T jsin(&) el ]

probability density function (pdf) of &,, ¢, are uniformly distributed between 0
and 27, while the pdf of cos(&,) is uniformly distributed between —1 and 1.

We first display Fig. 4.10 (a) and (b) histograms of the residuals for (a) asym-
metric compensation of Ref. [1] according to Eq. (4.4) and (b) Taylor expansion
with symmetrized exponential product approximations according to Eq. (4.21),
respectively. In these graphs, the results of first- to third-order compensations are
superimposed as indicated by the legend. Evidently, symmetrizing the exponen-
tial product yields an improvement in the bandwidth at the cost of introducing an

additional operator (compensator element).

Next, in Fig. 4.10 (¢) we display histograms of the residuals for the symmetrized
operator products associated with the first- to third-order Chebyshev procedures
of Eq. (4.24). In this calculation, a Chebyshev polynomial approximation is per-
formed over the frequency interval |w — wyg| < MAw; given by 271Aw; = Av,./T
with Ay, = 0.07 [93]. Note that only odd-order Chebyshev polynomial expansions
possess zero residuals at the center frequency, since the Chebyshev approximation
then exactly coincides with the transfer matrix at the zero of the subsequent even-

ordered Chebyshev polynomials, one of which lies in the origin.

Although the residuals in Fig. 4.10 (c) are far larger than those of Tayler-series
methods near the origin, c.f. Fig. 4.10 (a) and (b), the residual is suppressed over a

broader frequency domain for the Chebyshev compensator. In fact, the bandwidth
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measure, 2rAw; = Av,. /7, employed in Fig. 4.10 (¢) and Fig. 4.11 (b) is valid
only if the DGD of the fiber realization is, on average, less than or equal to the
average DGD [81]. Although most statistical realizations of the fiber obey this
rule, a significant fraction does not, leading to rapidly oscillating transfer matrices
T(w). The accuracy of the Chebyshev fit is therefore degraded, increasing the
corresponding residual values. This yields the local maxima near the center of the

graph of Fig. 4.10 (c), which reflect the contributions from all fiber samples.

To further demonstrate the advantage of Chebyshev approximation over Taylor
approximation, we display in Fig. 4.11 the histograms of the residuals when Eq.
(4.11) and Eq. (4.23) are employed directly without further breaking into products
of individual exponential operators for (a) Taylor approximation and (b) Chebyshev
approximation, respectively. While, the bandwidth of Taylor compensator increases
noticably with the order only up to the third order, the compensation bandwidth
associated with Chebyshev approximation increases more significantly with the

order and nearly linearly up to the fourth order, c.f. Fig. 4.11.

4.3 Conclusions

In this chapter, we first examined the statistics of the DGD in sinusoidally spun
fibers with a general model of fiber birefringence. We find that the PMD reduc-
tion effect induced by sinusoidal spinning can be suppressed by a factor of over
10, which agrees very well with the experimental measurements [68,69]. Further,
the simulation results show that the PMD reduction effect is more significant in
fibers with large random birefringence. Moreover, our results of the PMD reduc-
tion factor interpolate between the predictions of the PM fiber and those of the
RMM and therefore display somewhat different features than those of previous
authors. The pdf of sinusoidally spun fibers also differs markedly from that of stan-
dard fibers at shorter fiber lengths, although it still asymptotically approaches the
Maxwell distribution at very long fiber lengths. Such a qualitative understanding
of birefringence effects could enable the partial determination of the fiber birefrin-
gence from repeated experimental measurements as well as provide insight into the

range of parameters required to achieve near-optimal DGD compensation in smaller
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Figure 4.10: Variation of the residual with the normalized parameter Av after the
first- to third-order (a) asymmetric compensation of Ref. [1], (b) Taylor approxima-
tion with appropriate symmetrization of the operator products, and (c) Chebyshev
approximation with appropriate symmetrization of the operator products. The

results are averaged with 10? realizations with 7 = 30 ps.
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fiber lengths. We then presented two general procedures for enhancing the effec-
tive bandwidth of PMD compensators. While the residual PMD of a compensator
resulting from a Taylor expansion can be significantly reduced by appropriate sym-
metrization of the operator products, the Chebyshev approximation can, at least

in principle, significantly widen the compensator bandwidth.



Chapter 5

Nonlinear Polarization Mode

Dispersion

5.1 Introduction

Although glass fiber is a highly linear material, it has a non-zero nonlinear refractive
index due to the Kerr effect [94-96]. With the advent of the erbium-doped optical
amplifier, light signals can be transmitted through fibers over transoceanic distance
without regeneration. However, both polarization mode dispersion (PMD) and
nonlinearities accumulate over the entire distance, resulting in a non-negligible pulse
distortion for high bit rate communication systems [97]. Moreover, the interaction
between fiber birefringence and nonlinearity may lead to further complications [98—
100].

While PMD has been extensively studied in the linear region based on various
birefringence models, the properties of PMD in the presence of fiber nonlinearity
requires more investigation. In previous work, Menyuk showed that the coupled
nonlinear Schraodinger equation (CNLS) applies to birefringent optical fiber [44,101,
102]. Later on, Marcuse derived the Manakov-PMD equation [40]. This equation
not only leads to a rapid numerical scheme for determining the signal evolution,

but also isolates different physical effects in separate terms of the equation that

95
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have transparent physical meanings. Using this equation as a starting point, signal
propagation in nonlinear birefringent optical fibers was investigated in [40].

For numerical simulations of pulse propagation in the presence of both fiber
birefringence and nonlinearity, appropriate fiber birefringence models are essential.
While different birefringence models predict distinct stochastic properties of linear
PMD, c.f. Chapter 3, early studies of PMD and nonlinearity either assumed con-
stant birefringence [101,103,104] or employed a simple birefringence model, i.e., the
fixed modulus model (FMM) [105-107]. In this chapter, we study nonlinear pulse
propagation properties based on a modified random modulus model (MRMM), i.e.
Model B1 in Chapter 2. Since the Manakov-PMD equation is the basic governing
equation for pulse propagation in nonlinear birefringent fibers, section 5.2 briefly re-
views the derivation of this equation for completeness. We then discuss in the next
section the numerical simulations of pulse distortion due to linear and nonlinear

PMD. The last section contains the conclusion.

5.2 Derivation of The Manakov-PMD Equation

In this section, we review the derivation of the Manakov-PMD equation according
to [40].

Optical signals in fibers can be distorted by several effects. Firstly, the signals
suffer the usual polarization mode dispersion for a non-zero b’. Secondly, the signals
undergo chromatic dispersion if 3" # 0 (we assume that ) ~ 85 = $”). Finally,
the weak nonlinearity of optical fibers yields a dependence of the refractive index
on the light intensity. Taking all these effects into account, the propagation of
the light pulses along a random birefringent fiber can be described by the coupled

nonlinear Schrodinger equation,

OA OA 1 _,0°A
— +bNA N — — —
Yo ToRATIEGT T3 e
1
+ ngko |A|2A—§(AT02A)02A =0. (5.1)

Here, A = (A, A)" is a column vector with elements A; and A, which are the

complex envelopes of the two polarization components. The z-coordinate measures
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distance along the fiber axis, while the t-coordinate represents retarded time -
the time relative to the moving center of the signal. The last term of Eq. (5.1)
corresponds to nonlinear effects caused by the Kerr coefficient ny, c.f. Eq. (1.2) in
Chapter 1. The matrix

Y = o3cos(2a) + o7 sin(2a) (5.2)

is defined in terms of the Pauli matrices

(1 0 0 1
I = , 01 =
01] [1 0]

[0 — 1 0
- y = . 53
7 i 0 ] 7 [o —1] (53)

While b is the birefringence strength which varies randomly along the fiber length
according to the birefringence model MRMM, the orientation of the principal bire-
fringence axis relative to the laboratory frame, «, is assumed to be only a weak
function of frequency. The birefringence orientation was denoted as § = 2« in

previous chapters.

To obtain the Manakov-PMD equation, two separate steps are required. Firstly,
the field A is transformed from the fixed coordinate system to a coordinate system
that rotates with the principal axes of the fiber. The new field is designated by the
vector W = [U, V]' that is related to A as follows:

¥ = R'A
B cos(aw)  sin(a) Ay
| —sin(a) cos(a) Ay (5:4)

Secondly, for fast numerical computation, the vector W is further transformed to a

new field vector W(z,t) = [U, V]’ via a unitary matrix T(z), i.e.,
U (z,t) = T(2)®(2,t). (5.5)

T is the solution to the ordinary differential equation

oT -
— + 2T = .
Z@z + 0 (5.6)
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with the initial condition

> in Eq. (5.6) can be expressed as

N =

.b —ia, ] (5.8)

i, —b

where a, = da/dz, and the matrix T is a special unitary matrix so that it has the

form

U9 U*

T(z) = [“1 e ] , (5.9)

with the additional constraint |u|* + |ug|? = 1.

According to Eq. (5.4) and Eq. (5.5), the vectors A and ¥ are related to
one and another by a simple unitary transformation. Since the electrical output
current from a realistic detection system is given by |A|?> = |¥|?, either vector can
be employed to describe the electric field. In fact, after these transformations, the
coupled nonlinear Schrodinger equation, Eq. (5.1), yields 0®¥(z,t)/0z = 0 in the
linear continuous wave (CW) limit. In other words, W is frozen on the Poincaré
sphere in this limit, and for present communication systems with nonlinear optical
pulses, its evolution is still quite slowly varying on the length scale of hundreds of
kilometers that is associated with the scale lengths of PMD, chromatic dispersion,
and nonlinearity. The slow variation of W enables integration of the resulting

equation with a larger step size, greatly increasing the computation speed.

Substituting theses transformations into Eq. (5.1) yields the Manakov-PMD
equation

ov 1 _,0°% 8 -

—_— = —noko|P|*W

5z 2" e Tgnel?
or 1 - -

The second term on the left-hand side of Eq. (5.10) includes the effect of chromatic
dispersion, and the third term on the left-hand side of Eq. (5.10) incorporates the

effect of Kerr nonlinearity averaged over the Poincaré sphere with the 8/9 factor.
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It has been shown that the first term on the right-hand side of Eq. (5.10) gives rise
to linear PMD effects. Finally, the second term on the right-hand side of Eq. (5.10)
yields nonlinear PMD. Physically, it is due to incomplete mixing on the Poincaré
sphere, and was found to be negligible in the parameter regime in which current
communication fibers normally operate. When the right-hand side vanishes, Eq.

(5.10) reduces to the Manakov equation.
While & = TTo3T, one can show that N = [Ny, Ny]* and (N) = [(N;), (N)]",
where
N = AQVP —|UP)U — z21(2 —iz) 2IUP — V)V
— 21(22 + 123)02‘_/* - (22 - iZg)QVQU*
N, = ZQRIUP — VAV — z1(z +1i23)(2|V|* — |UP)U
- 21<22 — iZg)VQI_]* - (22 + i23)202‘7*, (511)
and
o 1 _ _ _
(W) = SEIVE- P,
. 1 L
(N2) = 5(2!U|2 — V)V, (5.12)
with 21, 29 and 23 the Stokes parameters of the CW wave, defined as

21 = i(uguy — ujus)

2y +izg = i(ul +u3). (5.13)

5.3 Numerical Results

In this section, we employ a more general model, namely the MRMM or Model
B1 in Chapter 2, to examine the distortion of a pulse that propagates through a
nonlinear birefringent fiber. Specifically, we first generate a longitudinally-varying
birefringence vector according to the MRMM. Then the Manakov-PMD equation is

numerically integrated along this birefringent fiber, following the approach in [40].

In our calculation, we employ the following parameters: the wavelength A\ =

1.55 um, the effective mode area A,y = 55 um?, the Kerr coefficient ny = 2.6 x
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10720 m? /W and a total fiber length z = 2000 km. Fiber loss and chromatic disper-
sion are not considered here for simplicity, since it can be canceled with a dispersion
map [108]. As the input pulse pattern we use a 10 bit pseudorandom pulses in NRZ
(nonreturn to zero) format with pulse width 25 ps corresponding to a signal rate
of 40Gb/s. As in [40], we also use the low-pass Bessel filter to slightly round the
pulse edges in order to avoid the high harmonics of its fourier transform. These

pulses are shown in Fig. 5.1 in units of mW with a peak power of 10 mw.

15 . . . .

10

Input Pulse Power (mW)

0 50 100 150 200 250
t (ps)

Figure 5.1: Power of the input optical pulses consisting of 10 pseudorandom bits.

According to the MRMM, the linear PMD is determined by fiber birefringence as
characterized by the fiber beat length Ayeqt, the inverse coupling strength L and the
amplitude of random birefringence fluctuation ¢, c.f. Chapter 2 & 3. To illustrate

the dependence of birefringence parameters on the nonlinear PMD we simulate the
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output waveform after the input pulse train of Fig. 5.1 has propagated through a
birefringent fiber with different combinations of these parameters. In Fig. 5.2, we
first display the output pulses for a low PMD fiber with birefringence characterized
by Apeat = 25m, Ly = 12m and € = 0.9. The solid curve (a) is calculated with
only the linear PMD term or with both the linear PMD term and the Manakov
term in Eq. (5.10), while the dotted curve (b) includes also the nonlinear PMD
term. Although adding the Manakov term in our example leaves the distortion
nearly unaffected, the pulses are slightly reshaped due to the nonlinear PMD. We
can increase the linear PMD in our model in two ways. In the first of these,
while keeping € = 0.9, we decrease the beat length for a larger mean birefringence
strength and increase the inverse coupling strength to reduce the coupling effect.
For the second approach, we find that the effect of linear PMD can be increased
by decreasing the value of e. While Figure 5.3 displays output pulse distortion
for Apeqt = 10m, Ly = 20m and € = 0.9, Fig. 5.4 shows corresponding results for
Apear = 25m, Ly = 12m and € = 0.1. While these two approaches indeed effectively
increase the linear PMD as indicated in Chapter 3, the distortion induced by the
nonlinear PMD also become evident, c.f. Fig. 5.3 and Fig. 5.4. As a common
feature for three combinations of Apeq, Ly and €, the Manakov term does not
noticeably contribute to the pulse distortion, c.f. Fig. 5.2, Fig. 5.3 and Fig. 5.4.
Further calculation indicates that the Manakov term will only cause distortion when

a much higher pulse power is used.

5.4 Conclusions

We have applied a general model of fiber birefringence to examine the distortion of
a pulse resulting from both birefringence and nonlinearity. In contrast to the results
reported in [40], we have found that the nonlinear PMD can be suppressed by a
large degree of random birefringence. Further, our numerical simulation indicates
that some choices of birefringence parameters not only increase the linear PMD,

but also enhance the importance of the nonlinear PMD.
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Figure 5.2: Power of the output optical pulses for fiber length z = 2000 km with
a fiber birefringence characterized by Apeqe = 25m, Ly = 12m and € = 0.9. The
solid curve (a) is calculated with only linear PMD term or both linear PMD term
and the Manakov term in Eq. (5.10), while the dotted curve (b) includes also the

nonlinear PMD term.



CHAPTER 5. NONLINEAR POLARIZATION MODE DISPERSION 103

15

=
o
T

Output Pulse Power (mW)

(&)
T

150 200 250

0 50 100
t (ps)

Figure 5.3: As in Fig. 5.2 but for Apeqr = 10m and Ly = 20 m.
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Figure 5.4: As in Fig. 5.2 but for ¢ = 0.1.



Chapter 6

Conclusions

In conclusion, we have proposed four new statistical models for the description of the
evolution of optical fiber birefringence with fiber length. While current models are
actually the limiting cases of our formalism, our models can be adapted to a broad
range of birefringent fibers. In addition, we have also introduced mathematical
algorithms that simplify the numerical implementation of these models. We have
then employed the birefringence models to examine PMD stochastic properties in
all fiber length regions through both theoretical analysis and numerical simulations.
The PMD statistics are found to vary with the birefringence model used, and these
differences are compared and analyzed. Similar studies were also conducted for spun
fiber, which revealed several differences compared to standard fibers. While fiber
spinning has proved to be an effective technology for manufacturing low-PMD fiber
and for compensating the PMD of already installed fiber systems, several general
procedures have been developed for the design of broad-band PMD compensators.
In last part of this thesis, we applied one of our general models to the studies of
the interaction between the PMD and nonlinearity. We have found a non-negligible
pulse distortion due to the nonlinear PMD that has not previously been reported.
Overall, our four general fiber birefringence models extend PMD and PMD related
studies in optical communications field. For example, the applications of our models
on both standard single mode fiber and spun fibers have uncovered many new

features of the PMD statistics. Therefore, our models may benefit the design of
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low PMD fiber for both standard and spun fibers.

As well, we have demonstrated that our models of fiber birefringence are con-
sistent with all the experimental studies of which we are aware. As expected, the
flexibility of our models may lead to predictions that can be experimentally verified
once improved measurement techniques for birefringence variations are developed.
For example, as the resolution of the measurement of spatial distribution of bire-
fringence strength improves, experimental results for short fibers can be compared
to our numerical results. Further, while the PMD distributions obtained from dif-
ferent birefringence models display the same qualitative characteristics in the long
fiber length region, these models differ in their predictions for the statistical behav-
ior of the PMD at short fiber lengths. Although experimental techniques allow a
determination of PMD in fibers of arbitrary length [109-112], experimental studies
of the PMD statistics are currently focused in the long length region, as the PMD
only significantly affects the pulse response after propagation through long fiber
lengths. We believe that in future, more careful studies of local birefringence prop-
erties will become available from which the predictions of different birefringence

models can be tested.

For future work, our general birefringence models and their applications could
be extended in the following directions. First, while this thesis studies only first or-
der PMD, an examination of higher-order PMD and joint PMD probability density
distributions [113], which are conceivably more sensitive to the birefringence prop-
erties, would also be of interest. Second, our general birefringence models assume
linear birefringence, which is applicable to most modern optical communication
fibers. However, several experimental measurements of non-negligible circular bire-
fringence in some fibers have been recently reported [52,58,59]. For more general
applications, our birefringence models can be extended to include circular bire-
fringence. Further, theoretical and experimental studies have demonstrated that
solitons are not only stable to the perturbation of dispersion and energy variation
but also robust to PMD [104,114-119]. These could be extended by our models,
although the results are of course very unlikely to change appreciably. Moreover,
the mathematical algorithms employed in our birefringence models may also be

modified for modeling mode coupling induced by nonlinear processes such as stim-
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ulated Raman scattering (SRS) and four-wave mixing (FWM) [120]. Because of the
higher sensitivity of these processes to small deviations from the phase-matching

condition, our models could be of importance in this context.



Appendix A
Acronyms Used in Thesis

BER Bit Error Rate

CD Chromatic Dispersion

CW Continuous Wave

CCTYV C(losed Circuit Television

CNLS Coupled Nonlinear Schrodinger Equation
DGD Differential Group Delay

DSF Dispersion-Shifted Fiber

FWM Four-Wave Mixing

FMM Fixed Modulus Model

LAN Local Area Network

MAN Metropolitan Area Network
MRMM Modified Random Modulus Model

NRZ Non-Return-to-Zero
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APPENDIX A. ACRONYMS USED IN THESIS

OFDR Optical Frequency Domain Reflectometer
PM Polarization-Maintaining

PMD Polarization Mode Dispersion

PSP Principle State of Polarization

PDCD Polarization Dependent Chromatic Dispersion
POTDR Polarization Optical Time Domain Reflectometer
PDF Probability Distribution Function

RZ Return-to-Zero

RMM Random Modulus MOdel

SI Step-Index

SOPMD Second-Order PMD

SIRF Spin-Induced Reduction Factor

SRS Stimulated Raman Scattering

TV Television

WAN Wide Area Network

WDM Wavelength-Division Multiplexing
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