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Abstract

This thesis is devoted to a thorough investigation of various nonlinear phenomena in optical fibers
over a variety of length, time, and power scales. It presents a unified theoretical description of fiber
nonlinearities, their applications, existing problems, and possible solutions, particularly focusing on the
polarization dependence of nonlinearities. The thesis begins with an investigation of quantum-correlated
photon pair generation in the extremely low-power regime, and fundamental quantum noise properties
of dual-pump parametric amplfiers in the very high gain regime. It then focuses on two experimental
demonstrations of applications based on four-wave mixing: an ultrafast all-optical switching scheme
with the capability of multi-band wavelength casting, and a subpicosecond parametric oscillator with
broadband tunability. The thesis next deals with the theoretical and experimental investigation of a novel
phenomenon of vector soliton fission during supercontinuum generation in a tapered fiber in the fem-
tosecond regime. The vectorial nature of Raman scattering is discussed next. In particular, I propose a
vector form of the Raman response function to descibe accurately the Raman-related phenomena during
ultrashort pulse propagation inside optical fibers. The thesis also presents a unified theory to describe
nonlinearities in long fibers with random birefringence and polarization-mode dispersion. It focuses on
the statistical nature of the interactions between random polarizaiton-mode disperion and various nonlin-
ear effects like stimulated Raman scattering, cross-phase modulation, four-wave mixing, and self-phase
modulation. In particular, I quantify their impacts on various nonlinear photonic functionalities such
as Raman amplification, nonlinear optical switching, parametric amplfication, wavelength conversion,

soliton stability, etc.
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1 Introduction

1.1 Important Nonlinear Effects in Optical Fibers

Optical fibers are circular dielectric waveguides designed to confine optical waves inside a narrow core.
They are ideal for the delivery of an optical wave over considerable distances and have found applications
ranging from quantum optics [1]-[4], atomic and molecular physics [5]-[7], medical optics [8]-[10], to
optical telecommunications [11]. Because of a high degree of mode confinement, optical intensity can
become quite high inside fibers even for a moderate input power. Such intense optical fields can cause
anharmonic motion of bound electrons of silica and thus induce polarization that depends on the magni-
tude of the optical intensity. As the secondary waves emitted by the driven bound electrons are directly
proportional to the induced polarization, the total optical field experiences an extra phase retardation
manifested as an intensity-dependent change in the refractive index. This phenomenon is referred to as
the optical Kerr effect and is the dominant nonlinear effect inside optical fibers [12]. As the electron mass
is tiny, bound electrons can follow oscillations of the optical field nearly instantly, and the response time
of Kerr nonlinearity is within an optical cycle (~ 1 fs) [13]. Such nearly instantaneous nature of the Kerr
nonlinearity underlies many phenomena in optical fibers and enables numerous applications requiring

ultrafast response, as discussed in detail in this thesis.

When an intense wave propagates inside a fiber, it introduces changes in the refractive index through
the Kerr nonlinearity, which imposes a nonlinear phase shift on the wave itself. This phenomenon is
referred to as self-phase modulation (SPM) [12, 14]. SPM together with the group-velocity disper-
sion (GVD) underlies the formation of optical solitons [12, 15, 16]. Similarly, Such induced nonlinear
refractive-index changes can also be experienced by other waves co-existing inside the fiber, a phe-
nomenon referred to as cross-phase modulation (XPM) [12, 17]. If three or four waves co-propagate

along a fiber, the Kerr nonlinearity can be induced by their beatings. When the wave fronts of two



waves catch those of the other two (the so-called phase matching condition), in-phase anharmonic mo-
tion of electrons can transfer energy from two photons to the other two. This phenomenon is referred
to as four-wave mixing (more accurately, four-photon scattering) [12],[18]-[21]. If optical frequencies
of interacting waves are far below the resonant frequencies of bound electrons (in the ultra-violet region
for silica fibers), electrons return to their original equilibrium states after interactions and do not take
away energy, resulting in an elastic scattering process in which total energy is conserved among the four

interacting photons [13].

Apart from the off-resonant interaction with bound electrons, optical waves can also interact with
molecules inside silica fibers. In particular, when the beating between two optical waves resonates
with a vibration mode of molecules, a high-frequency photon can be scattered into a low-frequency
photon and an optical phonon. This phenomenon is referred to as stimulated Raman scattering (SRS)
[12, 22] whose response time is related to the phonon lifetime. As fused silica is a glass, it exhibits a
rich variety of vibration modes, dominated by the symmetric stretching motion of the bridging oxygen
atom in the Si-O-Si bond [23]. Unlike a crystal, random Si-O-Si bond networks inside silica glass
inhomogeneously broaden vibration modes, resulting in an effective phonon lifetime of ~ 30 fs [24,
25]. As a result, SRS inside silica fibers exhibits a spectrum peaked at 13.2 THz with a FWHM of
about 5 THz [22]-[26]. Moreover, the complex Raman spectrum extends from O to more than 40 THz
[26]. Such broadband SRS can transfer energy of high-frequency components of an ultrashort pulse to
its low-frequency components, leading to a red shift of pulse carrier frequency, the so-called Raman-
induced frequency shift (RIFS) [27, 28] that is one of the dominant nonlinear effect during short-pulse
propagation inside optical fibers. Similarly, optical waves can also resonantly interact with acoustic
phonons and lead to stimulated Brillioun scattering (SBS) [12, 29]. As acoustic phonons have a low
energy and a long lifetime, SBS has a narrow bandwidth (~ 13 MHz) and a ~ 10-11 GHz frequency
shift at wavelength near 1.55 yum.

All these nonlinear phenomena, SPM, XPM, FWM, SRS, and SBS, form a family of the third-order

nonlinear effects in optical fibers.!

They have been studied extensively and applied to realize many
practical applications [12, 30], since the invention of low-loss optical fibers in 1970s [31]-[33]. Their
potential for realizing high-speed, all-optical, classical and quantum information processing devices have
been pursued during the past two decades. In particular, the advent of high-power fiber amplifiers [34]-
[38], femtosecond short pulse sources [39]-[41], and new kinds of fibers (i.e., high-nonlinearity fibers
[42] and microstructured fibers [43, 44]) in recent years provides the opportunity to investigate new

physics and new applications of fiber nonlinearities. These advances have moved current studies into

I Third-order nonlinearity also includes processes like third-harmonic generation. However, this process has very low efficiency

in general because of the difficulty in satisfying the phase-matching condition, unless higher-order fiber modes are used [45].



new regimes such as photon-pair generation at extremely low power level, broadband optical signal
processing in the very high gain regime, octave-spanned supercontinuum generation in femtosecond
time scale, and so on. Exploration of nonlinear optical phenomena in these new regimes requires a
new theoretical insight. One of the goals of this thesis is to develop a unified theoretical framework
for investigating various nonlinear processes. The second goal of this thesis is to take advantage of
fiber nonlinearities in these new regimes to develop experimental techniques and explore new practical

applications.

An important issue related to fiber nonlinearities is their polarization dependence originating from
the vectorial nature of optical waves. Photons have intrinsic spins manifested through their states of
polarization (SOP) that can vary from linear to circular to elliptical. In isotropic media like silica glass,
spin conservation is required among the interacting photons and phonons, a feature that makes nonlinear
processes to depend strongly on polarization. On the one hand, such polarization dependence leads
to new phenomena such as vectorial modulation instability [46]-[55], formation of vectorial solitary
waves [56]-[60], polarization instability [61]-[66], etc. On the other hand, it also introduces strong
polarization dependence on the performance of nonlinear photonic devices based on fiber nonlinearities,

which becomes an obstacle to practical implementations.

Note that fiber nonlinearities are relatively weak compared with other materials. As a result, most
fiber-based nonlinear photonic devices often require long fiber length and high power levels. In practice,
fiber birefringence generally varies both in magnitude and orientation randomly along the length on a
length scale of ~10 meters (birefringence correlation length /.) [67] because of imperfections in both the
manufacturing process and handling conditions. Moreover, it also changes randomly with time on a time
scale associated with external environmental perturbations (such as temperature and stress variations).
Owing to its frequency-dependent nature, fiber birefringence not only introduces random differential
group delay (DGD) between the two polarization modes of one pulse, but also depolarizes relative SOPs
among optical waves of different frequencies. This phenomenon is known as polarization-mode disper-
sion (PMD) and has been extensively studied in recent years in the context of optical communications

[68, 69] and turns out to be an ultimate limiting factor for high-bit rate communication systems.

Clearly, such random PMD-induced depolarization of interacting waves would significantly affect
polarization-dependent nonlinear interactions, resulting in quite different behavior of nonlinear effects
in long fibers. On the one hand, it would exhibit new features that are absent in short fibers. On the other
hand, it would affect significantly the performance of nonlinear photonic devices. It is thus important to
investigate the interactions between PMD and various fiber nonlinearities. This is the third goal of this
thesis. The aim is to develop a unified theoretical framework to quantitatively analyze such interactions

and to provide practical guidance for improving performance of nonlinear photonic devices.



1.2 Thesis Objective

This thesis is intended to provide a comprehensive study of fiber nonlinearities, their polarization de-
pendence, and their applications on both short- and long-length scales, and in both continuous-wave and
ultrashort-time regimes. More specifically, we study four-wave mixing in both the low-level pumping
regime for creating quantum-correlated photon pairs, and in the high-level pumping regime for paramet-
ric amplification and wavelength conversion. We use four-wave mixing inside optical fibers to develop
techniques for ultrafast all-optical switching with capability of multi-band wavelength casting. Its ca-
pability for simultaneous pulse reamplification, reshaping, retiming, provides great potential for future
all-optical signal processing. We also use four-wave mixing to experimentally demonstrate a subpicosec-
ond parametric oscillator with broadband tunability. We study the nonlinear effects and their polarization
dependence on a femtosecond time scale in the case of vector soliton propagation. We study the phys-
ical origin of polarization dependence of Raman response in silica fibers. We provide a comprehensive
investigation on the interaction of PMD with various nonlinear effects, such as self-phase modulation,
cross-phase modulation, stimulated Raman scattering, and four-wave mixing, in fibers with length much
longer than birefringence correlation length. We also investigate their impacts on various nonlinear
photonic devices like Raman amplifiers, nonlinear optical switches, parametric amplifiers, and telecom-

munication systems.

1.3 Thesis Outline

The thesis is organized as follows. Chapters 2—6 deal with the nonlinear effects on a short length scale
when the intrinsic polarization dependence dominates. In particular, Chapter 2 provides a derivation of
the general formalism used throughout this thesis: both the classical and quantum version of generalized
nonlinear Schrédinger equation. Chapter 3 considers the generation of quantum-correlated photon pairs
inside optical fibers, with focus on the role of spontaneous Raman scattering and pump polarization.
Chapter 4 discusses fundamental quantum noise and its polarization dependence in dual-pump fiber-
optic parametric amplifiers. Chapter 5 presents the experimental results related to applications based on
four-wave mixing. We demonstrate all-optical ultrafast switching and multi-band wavelength translation
at a rate of 40 Gb/s. Such a scheme can be used for packet switching as well as bit-level switching
with high conversion efficiency, high extinction ratio, and with the capability of subrate pump control.
We also demonstrate a subpicosecond fiber-optic parametric oscillator with 200-nm tunability around 1
um, by use of modulation instability pumped in the normal-dispersion regime. Chapter 6 investigates

the phenomena of vector soliton fission and supercontinuum generation inside tapered fibers. Chapter



7 presents a vector form of the Raman response function of silica fibers which can provide a correct

quantitative description of Raman-related optical phenomena.

Chapter 8—12 focus on the nonlinear effects on a long length scale where random birefringence
and PMD become significant. In particular, Chapter 8 provides a derivation of the general formalism
of generalized nonlinear Schrodinger equation in the presence of random birefringence. This equation
is used in Chapter 9—12 for discussing various nonlinear effects. Chapter 8 deals with the interplay
between stimulated Raman scattering and PMD inside Raman amplifiers. Chapter 10 focuses on the
interaction between cross-phase modulation and PMD, which leads to a novel phenomenon that has its
significance in nonlinear optical switching. Chapter 11 discusses the interplay between PMD and four-
wave mixing and its impact on fiber-based optical parametric amplification and wavelength conversion.

Chapter 12 discusses the soliton propagation under the random perturbation of PMD.
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2 Nonlinear Wave Interactions in Optical

Fibers: General Formalism

Before we start to discuss various nonlinear effects in fibers, it is important to have a theoretical platform
on which we can conveniently perform investigations. In this chapter, I will provide such a general

formalism to obtain the dynamic equation which underlies all the topics covered in this thesis.

2.1 Third-Order Nonlinear Polarization

In the field of nonlinear optics, the polarization induced in a dielectric medium is expanded in powers of

the optical field E,(r,t) as
P(r.t)= PV (r.)+ PP () + PO (ro) 4 @1

where the subscript r denotes a real field, P,m('r', t) represents the linear contribution and the other terms
account for the second, third, and higher order nonlinear effects. As fused silica exhibits an inversion

2n)

symmetry, all the even-order nonlinear effects vanish (Pr( = 0), and the lowest-order nonlinear effect

is of third order. The third-order nonlinear polarization in a medium such as silica glass can be written

in its most general form as [1, 2]
P (r,1) = D0 [, (1) By (r,0) By (ro1) + @B, (1) | a(e) B, (r1 =) By (ryt = ) de
JO
+ &, (r,1) -/wb(r)Er (ri—1) B, (r,i —7)dx, 2.2)
0

where a(7) and b(7) govern the delayed Raman response (related to nuclear motion) while ¢ accounts

for the instantaneous electronic response of the nonlinear medium.

In general, it is convenient to represent a real electromagnetic field in the form of a complex analytic

signal whose spectrum consists of only positive frequency components [3]. Optical waves in the visible
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and infrared spectral regions generally have a spectral width much narrower than their carrier frequency

. Thus, without loss of generality, we can decompose the field and the induced polarization as

—_—

E.(r,t) = =[E(r,1)e ™ 4 c.c], P.(r,1)= %[P(mt)e*"wo’ +c.cl, (2.3)

2

where E and P denotes slowly varying amplitudes and c.c. stands for complex conjugate. Substituting

Eq. (2.3) into Eq. (2.2), the third-order nonlinear polarization becomes

. &0

-8
& e "

+ EE(r,t)/ a(v) [E*(r,t — 1) - E(r,t — 7))t

—oo0

P (r,1) {2[E"(r,0)- E(r,0)] E(r,1) + [E(r,1) - E(r,0)| E*(r,1)}

+ %E(r,t) . jwb(f) [E(r,t—1)E*(r,t— 1)+ E*(r,t —t)E(r,t —1)]dt

oo

+ %E*(r,t)[ a(2)¥ N [E(r.i — 1) E(r,i —1)|dt

=

o0 .
+ %E*(r,t)- / b(2)X N B(r, — 1) E(r,i — 7). 2.4)

As a(t) and b(7) are both slow Raman responses that cannot respond on a time scale of an optical cycle
or less [2, 4, 5], the last two terms in Eq. (2.4) are negligible, and Eq. (2.4) can be written in a compact
form of
oo
P (r 1) = eogoj(r.t) | R (1= DE{(r,7)Ey(r, 7)dx, 2.5)
where i, j,k,l = x,y,z, Xo is the magnitude of third-order susceptibility, and the third-order nonlinear

response is given by
R (2) = LE5(2) (8,80 + 8481 + 45 880 + 2% 8181+ 816 2.6
ijk[(T)_? () (86 + 8bj1 + 8ubj) + frRa(7)8ij kl+ERb(T)( G+ 8ubj),  (2.6)

where R,(7) and R,(7) are normalized isotropic and anisotropic Raman response, and fz represents their
fractional contribution to the nonlinear refractive index (whose magnitude is related to xo). fe = 1— fr

represents the fraction of electronic contribution. All these parameters and functions are given by

Yo= %" + % . /j la(t) +b()]dx, = 21% | /:’ la(z) +b(1)ldx, @7
_ a(7) _ b(7)
Ral7) = 2fr X0’ o(7) = 2fr%0 @9

with [2°[R,(7) + Ry(7)]dT = 1. Note that a(t) = 0 and b(7) = 0 when 7 < 0 because of causality.

In the frequency domain, the third-order nonlinear polarization given in Eq. (2.5) becomes

~ & Foo ~. ~ ~
11(3)(7“7“’): 075)02//7 Rfjlzl(a)z—ml)Ek(r,wl)E,(r,a)z)Ej(r,a)+w1—a)z)da)ldwz. 2.9)

(2n
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2.2 General Wave Equation

The propagation of optical waves inside silica fibers is described by a dynamic equation called general-
ized nonlinear Schrodinger equation (GNLSE). Different versions of the derivation of such equation can

be found in Refs. [6]-[8]. Here I provide a slightly different but more complete approach.

The propagation of an optical wave in a dielectric medium is governed by the wave equation
10°E,  9°P,
2o Han

Using the analytical representation in Eq. (2.3) and transferring Eq. (2.10) into the frequency domain,

V’E, (2.10)

We obtain the nonlinear Helmholtz equation as
2

—

V2E(r,0— ay) + %e(w)~ﬁ(r,w— ) = -’ PO (r. 0 — ay), (2.11)

where € accounts for the linear dispersive and material birefringent properties of the medium, and a tilde

denotes a Fourier transform defined as A(r, @) = [72° A(r,t)exp(iot)dt (A = E or P).

In optical fibers, the longitudinal component of the optical field is generally much smaller than the
transverse one and the latter dominates the nonlinear effects. Thus, the electric field can be approxi-
mated as E = [Ex;gy], where we have assumed the propagation direction is the z axis along the fiber
length. Moreover, the eigenmodes of optical fibers can be decomposed as the product of transversely

and longitudinally distributed components, i.e.,

Ei(’l",w—(l)()) :F}(xvyam)Ai(va_a)O)v (212)

where i = x,y. Equation (2.12) together with the neglect of the longitudinal component E. amounts to
assuming negligible self-focusing inside fiber. This approximation is reasonable in most cases of wave
propagation and interaction in silica fibers. Substituting Eq. (2.12) into Eq. (2.11), multiplying by F*,

and integrating over the transverse plane, we obtain the wave equation in the form

24, [w*. o ~ zﬂF»*ﬁG)dxdy
—€(0)—kij(0)|Aj=—po-———L—— 2.13
3z2 + C2 6lj( ) l]( ) J nu ﬂ|Fl\2dxdy 9 ( )
where E((J)) is a diagonal matrix with the elements E,-,-(a)) = k2(w) defined as
[ E*V2.Fdxdy
K@) = — gy (2.14)
]

and the subscript T denotes derivation operation over the transverse coordinates x and y. Equation (2.14)
can be solved for a specific fiber geometry and boundary conditions to obtain the tensor k associated
with a specific eigenmode!, in particular, the fundamental mode. Different boundary conditions experi-

enced by the x and y polarization components introduce geometric birefringence manifested as different

I'This amounts to assuming that the coordinate x and y are along the symmetric axes of the fiber geometric configuration
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magnitudes of the two diagonal elements of k. In general, the birefringence of optical fibers is very small
(the modal index difference between the two polarization modes are at least three orders of magnitude
smaller than the modal indices themselves [6]), and we can write

o’

C—ze(w)—k(a)):[32(@)7—[3(a))a)B, (2.15)
where B represents the birefringence properties of a fiber with the magnitude ’det|§|‘ < [B(w)/w]?.

Because of its small magnitude, we have neglected the frequency dependence of birefringence tensor.

In general, the third-order nonlinear effects are small and act as only perturbations to the linear wave
propagation with a phase factor e*#(®)2 varying on a length scale of optical wavelength [see Eqs. (2.13)
and (2.15)] (the sign depends on propagation direction: + for forward propagation). This indicates that
A’ = A(z,0 — ax)e™P(@)z should be a slowly varying amplitude compared with the rapidly varying

phase factor:

2A' IA'
— 2 . 2.16
97 | <2 |Blo)—5- (2.16)
As a result, we can make the so-called slowly varying envelope approximation (SVEA) as follows?:
92A - [a22A 2A"| . JA ~
4B 0)A = | =5 +2iB(0) = | PO % 2iB(0) | = —if(w)A] . (2.17)
072 d7? 9z Jz

This approximation corresponds to assuming a forward-propagating wave (for backward propagation,
change dA/dz to —9dA/dz). Under the SVEA, the wave equation (2.13) is simplified and takes the
form

0A; . ~ i®e ~  iuw? ﬂﬂ*é<3)dxdy
5e ~ PO BuAIt 50y TIRPdxdy

(2.18)

Although different boundary conditions for the two polarization components introduce birefringence,
F;(x,y,®) in general exhibits only a slight dependence on both the frequency and polarization for the
two fundamental polarization modes (as indicated by a relatively small magnitude of birefringence com-
pared with the model indices themselves). We can thus assume that, over a relatively broad bandwidth,

F(x,y,01) = Fy(x,y, @) = F(x,y,®). As aresult, the nonlinear polarization in Eq. (2.9) becomes
PO (r,0) ~ gx0|F (x,y,0) ’F (x,y,0) P"! (2, ), (2.19)

where the normalized nonlinear polarization is given by

1
(2m)?

~ Foo ~ ~ ~
Pz, 0) = /[ Rgflzl(a)z — o1)A;(z,01)A;(z,»)Aj(z, 0+ 0 — @ )doidw,.  (2.20)

2The SVEA can be seen even more clearly by noticing that g—i +B%= (3% +iﬁ> (3% - iB). SVEA means that ‘BTA:‘ <
2|B(w) A’
and <3% - iﬁ) A =~ —2if A for a backward-propagating one. As a result, (;—722 +[32) A= +2if (%—‘? F iﬁA).

, which is the same as Eq. (2.16). As ‘79—‘? = eiiﬁz% +iBA, (a% + iﬁ) A =~ 2if A for a forward-propagating wave
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Substituting Eq. (2.19) into Eq. (2.18) and normalizing the field amplitude such that | A(z,#)|* represents

optical power, we find that the field amplitude vector Av(z, o — ay) satisfies

Br A B A @ @)am(@) 22D

where we have used B(®w) = wn(w)/c, and n(w) is the modal index. aef is the effective mode area

defined as s
LT |F (x,y, @) Pdxdy]
I |F (x,y, 0)|*dxdy

Note that the optical field amplitude in Eq. (2.20) is now also normalized to the square root of optical

deir(@) = (2.22)

power.

In the last term of Eq. (2.21), both the modal index and effective mode area depends on frequency
and we can taylor-expand them to the first order of @ — wy. Equation (2.21) then reduces to a simple
form of GNLSE in the frequency domain as

24 T .
o =ip0)A- %B - A+iy[l+ (0 — op)n] P, (2.23)
Z

where 7 is the nonlinear parameter defined as

)= X0 o

= . 2.24
Eocznz(a)o)aeff(wo) ( )

Y(ax

Conventionally, the nonlinear parameter y(ay) is defined through a nonlinear-index coefficient ny as
¥ = nyay/(caes) [6]. Compare it with Eq. (2.24), we find that n; (@) = xo/[€0cn?(@p)] in our notation.
In Eq. (2.23), ) is related to the dispersion in the magnitude of fiber nonlinearity and is given by

1 1 dn2 1 dacff
—t——— —| ——F .
W nm(wp) do |, aeg(wn) do |,

n= (2.25)

As the group index only slightly differs from the modal index in fibers, n(‘zo)o) j—g’) ~ 0.02, the first term

of Eq. (2.25) is much larger than the second term in general. The effective mode area also depends on
frequency only slightly, unless the mode field diameter becomes much less than the optical wavelength

[9, 10]. Therefore, Eq. (2.25) is dominated by the first term in most cases.

The first term on the right side of Eq. (2.23) governs the dispersive effect, one of the dominant effect
in optical fibers. It can also include fiber losses and their dispersion if B(®) is treated as complex,
say, B(w) — B(w) +ia(w)/2. By Taylor-expanding the propagation constant (@) around the carrier
frequency wp and transferring Eq. (2.23) into time domain, we obtain the GNLSE for the field amplitude

A(z,t) in the time domain as

dA T imB,0mA i (

dz o2

wo-Ha) A—s—iy[l—&-ing} PN (2.26)
m!  om 2

= at dt



14

where f3,, is the m""-order fiber dispersion given by B,, = (d"8/d®™)|w,» and the nonlinear polarization
in time domain PV%(z,¢) can be obtained from Eq. (2.20) as:

o0
P (1) = Aj() | R (1 = DAL (2. DA (2. T)d . (2.27)

In Eq. (2.26), the first term describes the linear dispersive and loss effects; the second term represents
birefringent effects and associated polarization-mode dispersion (PMD); the third term governs the Kerr
nonlinearity and its dispersion. Equations (2.23) and (2.26) provide the theoretical basis for nonlinear

effects in optical fibers and will be widely used in other chapters to discuss different nonlinear effects.

2.3 Wave Propagation: Quantum Case

In the last section, we have assumed an intense optical wave so that it can be treated as a classical field. In
some cases, we need to investigate the fundamental noise properties associated with low-power electro-
magnetic fields in optical fibers. In these cases, the optical field needs to be quantized to account for the
particle nature of photons. A general quantum theory of nonlinear optical phenomenon in optical fibers
has been developed before in the context of soliton squeezing [11]-[13], starting from a Hamiltonian that
includes the third-order nonlinear polarization and the background photon/phonon reservoirs. Here we
only provide the final equations that will be used in this thesis. These equations can be obtained from
the classical equations in the last section by simple physical arguments, although such a derivation may

not be rigorous in the mathematical sense.

To deal with the photon interaction and photon statistics, it is generally convenient to work in the
Heisenberg picture and normalize the optical field such that A; (z,7)A(z,7) represents the operator for

th

the photon flux for the ;' polarization component, leading to the following communication relations for

the field operator

~

[Aj(z,7),A(z,7)] = 88 (T — '), (2.28)

A

[A(z,0.),AL(z, )] = 21816 (0, — @), (2.29)

in the time and spectral domain, respectively (j,k = x,y).

It turns out that the quantum version of wave equation exhibits a form quite similar to that presented
in the last section, except for some minor changes related to a correct description of the quantum effects.
First, the field operators in all the interaction terms need to be placed in a normal order to correctly count
the quantum effects. Second, the Raman response of optical fibers results from the resonant interaction

between photons and optical phonons. The participation of broadband thermal phonons in the interaction
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introduces noise. It is small and negligible when optical waves themselves are intense (as in the last
section), but becomes important when we consider wave interactions at a level of only a few photons.
Therefore, we need to introduce a noise operator into the GNLSE to correctly describe such Raman-
induced noise. With these considerations and with the field normalization in Eq. (2.29), we obtain the

quantum version of GNLSE in the spectral domain as [13]

A, ~ 2 /7 "
P = iZRE})((D)Aj(Z, o)+ : 27:)0 Z/da)ln%,-j(z,wf 01)A;(z,01)
J J

ihaoy 73 i A A
ey [[ dodoRS (@ - 0)il o)A @A o+ o - @), 230

where Rl( ;) (w)=p(w)— wB; /2 accounts for both the dispersive and birefringence effects and 77; ;(z, )
represents noise operator at phonon frequency €, resulting from the presence of a phonon reservoir.
Conservation of the commutation relation for the optical field in Eq. (2.29) at any point z inside the

optical fiber requires that 77;;(Q) satisfy the following commutation relation:
[ (2, Q) it (2, 20)] = 2708 (2 — 2) 8 (Qu — ) {8a(Ru) 88 + 385 (Qu) (84 8j + 8udy)}, (2.31)

where g, and g; are Raman gain/loss coefficients corresponding to the isotropic and anisotropic Raman
response functions R, and Ry, respectively, defined as g,(Q) = 27/xIm[R,(Q)] and g,(Q) = 2yfzIm[R,(X)].
They are related to the Raman gain measured for linearly copolarized and orthogonally polarized pumps
as [2] g = go+gp and g1 = g5/2.

Accordingly, by taking the Fourier transform of Eq. (2.30), we can obtain the quantum version of the

GNLSE in the time domain as
a—Ai—iZ " AR (r— VA () + i/ Y iz, 7)A (2, 7)
az— .| ij j\Z, wO' ij\Z, j\Z,
J J
T A ~ A~
+ ihayyY. / dvRY) (1~ )AL (2, 7)1 (2, )A; (2, 7). (2.32)
il )=

where RE}) is the Fourier transform of ﬁl(;) (@) and the time-dependent noise operator r;;(T) now satisfies

the commutation relation

N ~ . 3 3
liij (2,7) i (2, 7)] = 178 (2 — )R, (7 — ) — RO (1~ 7). (2.33)
Equations (2.30)-(2.33) represent the main results of this section. In the following chapters, we use
them to investigate photon statistics of quantum-correlated photon pair generation in optical fibers, and

to study the quantum noise properties of fiber-based parametric amplifiers.



16

References

[1] R. Hellwarth, J. Cherlow, and T. Yang, Phys. Rev. B 11, 964 (1975).
[2] R. W. Hellwarth, Prog. Quantum Electron. 5, 1-68 (1977).

[3]1 L. Mandel and E. Wolf, Optical coherence and quantum optics (Cambridge, New York, 1995),
Chap. 3.

[4] R. H. Stolen, J. P. Gordon, W. J. Tomlinson, and H. A. Haus, J. Osa. Soc. Am. B 6, 1159 (1989).

[5] R.H. Stolen, in Raman Amplifiers for Telecommunications I, M. N. Islam Ed. (Springer, New York
2003).

[6] G.P. Agrawal, Nonlinear Fiber Optics, 3" d e, (Academic, San Diego, CA, 2001).

[71 K.J.Blow and D. Wood, IEEE J. Quantum Electron. 25, 2665 (1989).

[8] P. V. Mamyshev and S. V. Chernikov, Opt. Lett. 15, 1076 (1990).

[91 N. A. Mortensen, Opt. Exp. 10, 341 (2002).

[10] M. A. Foster, K. D. Moll, and A. L. Gaeta, Opt. Exp. 12, 2880 (2004).

[11] L. Boivin, F. X. Kartner, and H. A. Haus, Phys. Rev. Lett. 73, 240 (1994).

[12] F. X. Kartner, D. J. Dougherty, H. A. Haus, and E. P. Ippen, J. Opt. Soc. Am. B 11, 1267 (1994).

[13] P. D. Drummond, in Coherence and Quantum Optics VII, J. H. Eberly, L. Mandel, and E. Wolf
(Eds.) (Plenum Press, New York), 323 (1996).



17

3 Photon-Pair Generation In Optical Fibers

In this chapter, we present a general quantum theory [1, 2] capable of describing photon statistics un-
der the combined effects of four-wave mixing (FWM) and Raman scattering inside optical fibers. As
our theory is vectorial in nature and includes all polarization effects, it can be used for a wide variety
of pumping configurations. The analysis shows that spontaneous Raman scattering degrades the pair
correlation in all cases but the extent of degradation depends on the pumping configuration employed.
We also present a theory to quantify the impact of such pair correlation on the degree of energy-time

and polarization entanglement. This work is done in collaboration with Fatih Yaman in Prof. Agrawal’s

group.

3.1 Introduction

Entangled photon pairs are essential for quantum technologies requiring delivery of quantum information
over significant distances [3]. Conventionally, such photon pairs are generated by spontaneous paramet-
ric downconversion in the visible region [4, 5]. However, practical implementation of quantum commu-
nication relies on its compatibility with fiber-optic networks operating around 1.55 um [6]. Availability
of correlated photon pairs in this wavelength regime thus becomes a key step towards practical applica-
tions of quantum technologies. Several techniques based on periodically poled lithium niobate crystals
or waveguides [7, 8] have been used to realize such photon-pair sources. However, sources based on bulk
media or rectangular waveguides often suffer from relatively large losses that occur from coupling their

light into optical fibers [9].

The phenomenon of four-wave mixing (FWM) occurring inside optical fibers provides a natural way
to generate correlated photon pairs in a single spatial mode directly inside fibers [10]-[20]. Indeed,

FWM has been used to realize polarization entanglement [21, 22] as well as time-bin [23] entanglement.
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Although FWM in principle should generate correlated photon pairs with an efficiency higher than other
techniques [24]-[26], in practice, the performance of fiber-based photon-pair sources is severely deteri-
orated by the phenomenon of spontaneous Raman scattering (SpRS) that accompanies FWM inevitably
[27]. SpRS originates from the retarded molecular response to the underlying third-order nonlinearity
[28, 29], and it leads to a serious limitation on the available range of photon-pair frequencies and the

degree of quantum correlation [10]-[20].

Existing theories cannot describe the impact of SpRS on photon-pair correlation because of a com-
plete neglect of the Raman contribution [24]-[26]. For this reason, empirical fitting is widely used for the
experimental data [10]-[20]. As FWM becomes a promising way towards creating fiber-based correlated
photon sources, it is important to develop a general theory that can explain the experimental data and
provide guidance for improving the performance of such sources. In this chapter, we develop a general
quantum theory capable of describing photon statistics under the combined effects of FWM and Raman
scattering inside optical fibers, including both the spontaneous and stimulated contributions. Moreover,
our theory is vectorial in nature and includes all polarization effects. It can be used for a wide variety of

pumping configurations.

In the following sections, we use the general equations (2.30) and (2.31) to investigate photon statis-
tics under different pumping configurations. Same equations, or their simpler scalar form, has been
successfully used to describe quantum squeezing in optical fibers [31, 35, 36], timing jitter in commu-
nication systems [37], and Raman noise in fiber-optic parametric amplifiers [27]. Here we use it to
investigate the impact of SpRS on photon-pair generation through FWM inside optical fibers. The analy-
sis can be simplified considerably if we notice that there are usually only three or four waves interacting
with each other, depending on the pumping configuration. In the case of a photon-pair source, the pumps
are always much more intense than the signal and the idler fields. Hence, they can be treated classically
and assumed to remain undepleted. Moreover, in most experimental situations, the pump pulses are wide
enough and fibers are short enough that the dispersion-induced pulse broadening is negligible. As a re-
sult, the pumps can be assumed to be quasi-continuous such that A;(z,®) = A,;(z)276(® — w,), where
o, is the pump frequency. For convenience, we renormalize the pump field amplitude such that |A, j|2
provides the pump power of the j* polarization component at ®,. As short fibers are generally used for

photon generation, we neglect fiber losses in the following analysis.

3.2 Single-Pump Configuration

In this section, we focus on the case in which FWM is induced by a single pump wave launched at

@,. Energy conservation requires 2@, = @, + @;, where @, and ®; are frequencies of signal and idler
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Figure 3.1: Illustration of the frequency and polarization relationship among the pump, signal and idler,

in the single-pump configuration.

photons, respectively. We assume that the pump is linearly polarized along a principal axis of the fiber,
say, the x axis. It is easy to show [34] that the Kerr nonlinearity only imposes a phase modulation on the
pump wave such that A (z) = A,®(z), where ®(z) = exp{ilkc(@p) + YP]z}, A, is the input pump field

amplitude, Py = |A,|? is the pump power, and k,(®),) = RW (@) is the propagation constant.

3.2.1 Signal and Idler Evolution

It turns out that the FWM process can be decoupled into two independent “eigen” processes shown in
Fig. 3.1 such that the created photon pairs are polarized either (a) parallel or (b) orthogonal to the pump.
Of course, the phase-matching condition for these two processes is not the same. The process (a) is phase-
matched in practice by use of fiber dispersion through appropriately locating the pump wavelength. In
contrast, the process (b) is affected considerably by fiber birefringence [34]. In the following analysis,

we compare the two cases assuming that the phase-matched condition is individually satisfied for them.

If we use @ = wy in Eq. (2.30) and retain only the first order terms at this frequency and at its conju-
gate frequency @; = 2@, — @y, we obtain the Heisenberg equations for the two polarization components
of the signal in the form

8A,~(z, O)S)

0z = i[kj(wx) + ’}/éj(g.s'p)PO]Aj(Zv ws) + i}/nj(gsp)A?;xA; (Z7 wi) + iApx"hjx(Za -pr)a 3.1

where j = x,y, kj(wy) = I?Ei) (@y) is the propagation constant at frequency @y, and Q,, = @, — @), is the
signal-pump frequency separation. The idler equation can be obtained by exchanging the subscripts s

and i.

The complex quantities &, and &, take into account the nonlinear phase shift produced by the pump

through cross-phase modulation as well as the effects of Raman scattering. They are given by

gx(gsp) =2—fr +fR§a(Qsp)+fR§h(Qsp)v (3.2)

Ey(Qsp) = 2(1 = fr)/3+ frRa(0) + frRp(Qsp) /2. (3.3)
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The Raman effects enter through R, and R, as discussed in the previous chapter. In the absence of
Raman contribution (fgz = 0), & =2 and §, = 2/3, as expected from the standard theory of cross-
phase modulation [34]. Also note that £,(0) = 2 even when Raman contribution is included because

R.(0) +Ry(0) = 1.

The FWM efficiency is related to 7; and is different for the two eigen processes. More specifically,

Ne(Qsp) = (1= fr) + frRa(Qsp) + frRp(Qsp), (34)

ny(Q‘fp) = (1 _fR)/3+fREb(QSp)/2- (3.5)

In practice, the first term dominates, indicating that copolarized FWM is roughly three times more effi-
cient than the orthogonally polarized one. For this reason, most recent experiments have focused on the
copolarized configuration [21]-[19]. However, this approach has a serious drawback because SpRS is
also maximized when the signal and idler are copolarized with the pump. Moreover, the Raman process
also changes the refractive index through the Kramers—Kronig relation and thus affects the FWM effi-
ciency [29]. The magnitude of 1, decreases by about 20% when the signal is detuned far beyond Raman
gain peak.

Equation (3.1) in combination with the corresponsing idler equation can be solved analytically be-
cause of their linear nature. The resulting solution for the signal amplitude at the end of a fiber of length

L is given by:
Aj(L, @) = [0(L, @)A;(0,0,) + B; (L, @) A0, @) + N (L, ;)] (L), (3.6)

where the first two terms are due to FWM but the last one describes the impact of Raman scattering. The

coefficients appearing in this equation are given by [34]

oj(L, @) = [cosh(g;L) + (ikj/2g;) sinh(gjL)]einL, (3.7

Bj(L, ;) = (iyn;/g;)A; sinh(g;L)e™ ", (3.8)
L

N/(Lv wﬂ) = l/O mjx(L QSF) [APaI(L - Z7 ws) 7A;K)B‘}(L - Z, a’s)]dZ; (39)

where the parametric gain coefficient g is given by g5 = (yn;Py)* — (k;/2)* and K; = [k;(,) —k;j( ;)] /2.

Further, the extent of phase mismatch is governed by
K'j:kj(@;)+kj(0)i)72kx((0p)+2’}/Pg(§j71). (3.10)

In practice, the signal and idler fields are filtered spectrally to limit their bandwidth using an optical

filter. The filtered field can be written as

A 1 /= A
Ayj(z,7) = E/, H,(0—®,)Aj(z,0)exp(—ioT)do, (3.11)
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where H, (@ — @,) is the filter transmission function centered at @, (u = s,7) and assumed to be polariza-
tion independent. In the following discussion, we denote the signal as the anti-Stokes wave and assume

@; > op. The idler field then lies, by definition, on the Stokes side of the pump.

3.2.2 Photon-Pair Generation rate

As the two FWM processes in Fig. 3.1 have the same form of solution, we simplify the following analysis
by dropping the polarization subscript j in Egs. (3.6)—(3.11). The two cases shown in Fig. 3.1 can be
compared by choosing the appropriate form of §;, 1}, k;, and g; with j = x or y. The generation rate of
photon pairs is related to the photon flux ,, defined as I, = (Al (L, 7)A,(L,7)), where u = s for signal
photons, u = i for idler photons, and the angle brackets denote average with respect to the vacuum input
state and a thermally populated phonon reservoir. Such an average can be performed analytically and

results in the following expression:

1

I:
“Torm

Lw |Hu‘2 { |l3u‘2 + A (Qup)sgn(Qup)[1 + |Bu|2 - |O‘u|2]}dwu> (3.12)

where H, = H (0w, — @,), o, = a(L, @,), B, = B(L, ®,), sgn(Q,,) = =1 depending on the sign of Q,,,

and

n(Quy) when Q,, >0,
N (Quy) = (3.13)

n(Qu)+1  when Q,, <O0.
Here n(Q,,) = [exp(71|Qyy|/kgT) — 1]~ is the phonon population at frequency ©,, = @, — ®, and at
temperature T. As the magnitude of 8 in Eq. (3.8) is determined by the phase-matching condition,

photon flux peaks at the location where this condition is satisfied.

Equation (3.12) is quite general as it includes both the spontaneous and stimulated processes. For cor-
related photon-pair generation, the pump power is kept low enough that yPyL < 1 to prevent stimulated
scattering. Moreover, the filters have a bandwidth much narrower than the phase-matching bandwidth
and are positioned at the center of phase-matching window where Re(k) = 0. In this case, Eq. (3.12)
reduces to

L = Avy(|yPonuL|* + RoL|gr| Nip) (3.14)

where 1, gr, and .4, are calculated at the frequency Qup = @, — @y (u = s,i) and the filter bandwidth

Av, is defined as Av, = [ |H, (0 — @,)|?dw/2%. g = g| and g, for the processes shown in Fig. 3.1(a)
and (b), respectively.

When pump pulses of duration of 7, at a repetition rate of B are used (for a continuous pump,

7,B = 1), the photon counting rate is related to I, as %, = ({,7,B)1l, [24], where {, is the detection
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Figure 3.2: Normalized photon flux as a function of pump-signal detuning. The solid and dashed curves
show photon flux for idler (Stokes) and signal (anti-Stokes), respectively. The thin dotted curve show for

comparison that created by FWM only [the first term of Eq. (3.14)].

efficiency. As expected, the photon counting rate consists of two terms: one originates from FWM and
grows quadratically with both pump power Py and fiber length L; the other is due to SpRS and grows

only linearly with the product FPyL.

Figure 3.2 shows the normalized photon flux defined as 7, /Av, at a typical pumping level of yP)L =
0.1, which corresponds to a 1.25-GHz photon flux created by FWM with a 1-nm filter at 1550 nm
and with a continuous-wave pump. The fiber parameters used in the 1550-nm regime are ny = 2.6 x
1072m? /W, a peak Raman gain of 0.62 x 10~">m/W [34, 39, 40], and a temperature of 7 = 300 K.
The Raman spectra are taken from Ref. [28]. The photon pair is assumed to be created copolarized with
the pump. When |Q,,|/27 < 2 THz, the phonon population n(Q,,) > 1 and SpRS generates similar
amount of signal and idler photons. When |Q,,|/27 > 2 THz, n(Q,,,) < 1 and SpRS creates much more
noise photons on the idler (Stokes) than the signal (anti-Stokes). Moreover, below 15-THz frequency
detuning, SpRS noise photon flux is significantly larger than that created by FWM in both signal and
idler, especially in the low-frequency regime. It is negligible for the signal beyond 15 THz, but still
contributes considerable amount to the idler at the Stokes side. Although such dominance of SpRS can
be reduced by increasing pump power, it also significantly reduces the photon-pair quality because of an
increased stimulated scattering (see next section). As a result, SpRS remains as a dominant degradation

source for the correlated photon-pair generation.



23

3.2.3 Self- and Cross-Correlation Coefficients

An important way to characterize the quality of a photon-pair source is the degree of quantum correlation,
given by the ratio between the true coincidence counting and the accidental one. Consider first the self-

correlation coefficient of the signal (or idler) photons defined as [41]
Pu(T) = (AL (L DAL (Lt + 1) ALyt + T)ALL,1) /17 — 1, (3.15)

where u = s and i for the signal and idler photons, respectively. As before, the average can be calculated

analytically using Eqgs. (3.6)—(3.11) to yield
pul(T) = (2nl,) ‘ / H, (1B + (2 up)sgn(Qup) (14 |Bul® = oul?)e ﬂwﬂdw . (3.16)

For optical filters with a bandwidth much narrower than the phase-matching bandwidth, ¢, and j3,
can be treated as constant. In this case, the self-correlation coefficient reduces to a remarkably simple
expression p,(7) = |9, (7)|?, where @,(7) is the autocorrelation function of the filter response defined as

1
2nAvV,

ou(7) = /w |H, (@, — d)u)|2e*"‘°”’dwu. (3.17)

It is easy to show that p,(7) < p,(0) = 1. Thus, the signal as well as the idler photons exhibit bunching
effect, irrespective of whether they are created through FWM or SpRS. This is expected as the state
of spontaneously generated photons is a thermal state [62]. Indeed, such thermal nature is directly
reflected in the general expression Eq. (3.16), as it can be written in a simple form of p,(t) = |(Al (L, +
T)Au(L,0))]P /15

Because of the thermal nature of spontaneous scattering (both FMW and SpRS), a Hanbury-Brown—
Twiss type experiment measuring photon self-correlation cannot be used to test the dominance of single
photons or to show the existence of SpRS. Note that the self-correlation is also independent of pump
power when narrowband filters are used. The decrease in the experimentally recorded values at low
pump powers observed in Ref. [19] is likely due to dark counting.

Although photons generated by FWM as well as SpRS follow a thermal distribution, FWM-generated
signal photons are strongly correlated with the idler photons but SpRS-generated ones are not. This
quantum correlation between the signal and idler photons is quantified by the cross-correlation coefficient
defined as [41]

Pe(t) = (AT (L, )AL (L,t 4+ T)As (Lt + T)A; (L)) ) (Ih) — 1, (3.18)
where (Aj(L,t)AI (L,t +t)A4(L,t +7)A;(L,1)) is the biphoton probability of signal-idler pair. By using

Egs. (3.6)—(3.9), the pair correlation in its most general form is given by

| @)+ ¥ (@psen( @) eib— aple @ dal’, @19

Pe®) = oy
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where J(aw,) = H(w, — @5)H;(0; — @;) with 0; = 2@, — @;. As the magnitudes of o and 8 are
maximized when the FWM efficiency is maximum, p. peaks when the center frequencies of the two
filters are tuned to the centers of phase-matched spectral window with @, + @; = 2@,. The mag-
nitude of p. decreases when either filter is detuned away from this condition, as also observed ex-
perimentally in Refs. [18] and [19]. It turns out that Eq. (3.19) can be written in a simple form of
pe(t) = |[(As(L,t +T)A;(L,1))|?/(II;). This is a direct result of the thermal nature of spontaneous scat-
tering.

The general expression in Eq. (3.19) can be used to find the quantum correlation under low-power
conditions such that yPpL < 1. Far from the phase-matching condition (|AkL| > 1), FWM becomes
negligible, and SpRS dominates. In this case, Eq. (3.19) reduces to

sin 2 e(n; 24 (n 2
pe(7) = |@u(7)P { 225%2)} 7*|Re(n )ilé(’z|+v;)( +1/2)

, (3.20)

where Ak = k(@) + k(w;) —2k(@,) is the linear phase mismatch and ¢.(7) is the cross-correlation of

the two filter responses defined as

(1) = Wﬁ [ O:OHX(w — @) Hy(@, — )¢ " do. (3.21)

Clearly, p. — 0 for |AkL| > 1, indicating independent creation of the signal and idler photons. This is

expected in view that they are generated from thermal phonon states.

To generate correlated photon pairs, the signal and idler are tuned to the phase-matching peak. Equa-

tion (3.19) in this case reduces to

|@c(7)P{[yRe(ny)] + [gr(n+1/2)]*}
s PRoL+ |grl(n+ D]l yns*PoL + |gr|n]

The pair correlation decreases with increased pump power because of an increased probability of mul-

pelt) = ¢ (3.22)

tiphoton generation, as observed experimentally [13, 18, 19]. SpRS introduces considerable accidental
coincidence counting and thus reduces the correlation magnitude. For a pure FWM process without

SPRS, 7, is real and the pair correlation reduces to p.(7) = |@.(7)|?/|ynsPoL[*.

3.2.4 Two Polarization Configurations

Figure 3.3 shows p.(0) as a function of pump-signal detuning for the two polarization configurations of
Fig. 1 at a typical pumping level of YPyL = 0.1, assuming an identical shape for the two optical filters
so that |@.(0)|> = 1. As mentioned earlier in previous section, the FWM efficiency is reduced roughly
by a factor of 3 in the case of orthogonal configuration. For a fair comparison of the two configurations,
we increase the input pump power Py by a factor of 3 in the orthogonal case to ensure that FWM creates

nearly the same number of photons in the two cases.
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Figure 3.3: Pair correlation p.(0) versus pump-signal detuning, assuming perfect phase matching in a
fiber same as Fig. 3.2. The dashed and solid curves show the copolarized and orthogonally polarized
cases, respectively. The thin dotted and dash-dotted curves show for comparison the pair correlation of
FWM-created photons only, in the configuration of Fig. 3.1(a) and (b), respectively. A slight difference

between them is due to different Raman-induced nonlinearity dispersion.

Several conclusions can be drawn from Fig. 3.3. In general, SpRS degrades photon pair correlation
over very broad spectrum extending from 0 to 40 THz, if the photon-pair is created copolarized to the
pump. When the signal is close to the pump (frequency detuning <1 THz), pair correlation is reduced by
more than 50%, compared with a pure FWM process (thin dashed curve). For example, Eq. (3.22) shows
that pair correlation is about 12 at a frequency detuning of 0.5 THz for a typical value of yPyL = 0.15,
but it reduces to 3.5 when yRyL increases to 0.4, indicating that the recent experiments operating in this
regime are close to the fundamental limit set by SpRS [12, 13, 18]. For frequency detunings >2 THz, the
magnitude of copolarized Raman gain grows rapidly and leads to more SpRS-created idler photons, even
though SpRS creates less signal photons because of a reduction in the phonon population (see Fig. 3.2).
As a result, the accidental counting rate becomes large in the copolarized case (dashed curves), and the
correlation drops to a rather low value over a broad spectral range extending from 2 to 15 THz. This

degradation is a direct consequence of enhanced SpRS in the copolarized configuration of Fig. 3.1.

As seen in Fig. 3.3, p.(0) increases to high values when the signal is detuned far beyond the Raman-
gain peak (but with a ~40% reduction in the FWM-generated photons because of a Raman-induced
decrease in the FWM efficiency, see Fig. 3.2). SpRS only has a minor effect at this spectral region. For
example, near 30 THz, p.(0) varies from 39 to 138 for yPyL in the range of 0.1-0.2; it can be increases to
450 when YPRyL is decreased to 0.05. For this reason, several experiments have been designed to operate

in this regime [14, 19, 15]. As an example, consider the data of Ref. [19]. With a pump-signal detuning
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of 28 THz near 735 nm, Eq. (3.22) shows that p(0) = 2105, 42 and 17 for yPL = 0.0155, 0.19 and 0.31,
respectively (corresponding to average power levels of 0.05, 0.6 and 1 mW in Ref. [19], respectively).
These values are higher than the experimentally measured correlation of 300, 23 and 10 at these power

levels, implying the possibility of further experimental improvement in this spectral regime.

A relatively large difference between the theoretical and experimental values of p.(0) at the lowest
power level can be attributed to dark counting that tends to dominate at low photon-detection rates [23].
In practice, the photon counting rate is given by %Z., = %, + Zay (u = s,i), where %, is the dark
count rate. The presence of dark counts increases the accidental coincidence counting rate given by
Rac(Ty) = frf) 0% ! #!dt, where T, is the coincidence time window. However, it does not affect the true
coincidence counting rate provided by % (t) = {(i7,B f%’”” LIp.(t)dt. The experimental recorded
value p/(7) is the ratio %;./%y.. 1f the real photon detection rate dominates (%, > %Zqu), P.. would
be close to p. given in Eqgs. (3.19) and (3.22). However, if %, < %4, at low pump levels, p. would be

significantly lower than p,.

Figure 3.3 shows that high-quality photon pairs can be generated with copolarized FWM only when
signal is far from the pump (detuning >20 THz). However, the quality of photon pairs can be maintained
at a high level over a broad spectral region below 20 THz when they are generated with polarization
orthogonal to the pump (solid curves). This improvement is due to the fact that the Raman gain is almost
negligible in the orthogonal configuration [28], a feature that improves p.(0) considerably. The most
improvement occurs in the detuning range of 5 to 15 THz, the same range where the copolarized con-
figuration is the worst. Near the copolarized Raman-gain peak close to 13 THz, the quantum correlation

can be increased from a value of 7 to more than 60 for YPyL = 0.1.

In practice, phase matching in the orthogonal configuration of FWM can be realized using low-
birefringence fibers [42, 43]. Detailed analysis of Eq. (3.10) shows that the phase mismatch is determined

by both the birefringence and even-order dispersion at the pump frequency given as

Ky = ky(@y) +ky(@r) — 2ke(@p) +2YPo (& — 1)

_ 2%y N Py
=2yPy(§—1)+2 - dn+2) )

m=1

(3.23)

where 8n = ny(®,) — ny(®,) is the birefringence and Ba,, is the (2m)""-order dispersion at @), for the
y principal axis. In the low power regime for photon-pair generation, nonlinear phase shift has negli-
gible effect on the phase matching condition which is dominated by fiber birefringence and dispersion.
Figure 3.4 shows examples of phase-matched pump-signal detuning as a function of pump wavelength
inside a fiber with different magnitude of birefringence using B3 = 0.06541 ps?/km, By = —1.0383 x
10~% ps*/km, Bs = 3.3756 x 10~ ps® /km, Bs = —1.1407 x 10710 ps® /km, and y = 23 W~! /km at the
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Figure 3.4: Phase matching curves as a function of pump wavelength. The pump is launched at the
slow-axis (6n < 0) for solid curves and at the fast-axis (6n > 0) for dashed curves. Fiber dispersion is

assumed to be same for both axes.

zero-dispersion wavelength of 1038 nm [44]. Clearly, phase-matching condition can be satisfied at a
variety of pump-signal detunings by tuning the pump wavelength and polarization. Note that conven-
tional standard or dispersion-shifted fibers with random birefringence cannot be used for realizing the
orthogonal configuration studied here because the relative polarization orientation of the pump, signal,
and idler changes in a random manner when a long fiber is employed [45, 46]. In practice, a fiber with

random birefringence can be used only if its length is shorter than the birefringence correlation length.

In this case of orthogonal polarized FWM, SpRS still creates noise photons that are copolarized with
the pump, but this noise background can be removed by simply placing polarizers oriented orthogonal
to the pump before the signal and idler photons reach the two detectors. It is important to stress that,
although the signal and idler fields are polarized orthogonal to the pump polarization, their spectra remain
symmetric, as dictated by the fiber dispersion [34] [see Eq. (3.23)]. Thus, the proposed scheme does not
suffer from the distinguishability induced by spectral asymmetry in the type-II phase matching used for
X (2)_based devices [47, 48]. One issue that needs to be addressed is the amount of walk off between the

pump and signal/idler; it can be controlled in practice by using longer pump pulses.

3.2.5 Effect of Fiber Temperature

Equation (3.14) and (3.22) show that SpRS-created noise photon and its impact on pair correlation are
both related to the phonon population, which strongly depends on fiber temperature. Hence, SpRS can be

significantly reduced by cooling the fiber, as recently demonstrated in experiments [16, 17]. Figure 3.5
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Figure 3.5: Pari correlation p.(0) versus pump-signal detuning, assuming perfect phase matching in a
fiber same as Fig. 3.2. The dashed and solid curves show the copolarized and orthogonally polarized
cases, respectively. The thin dotted curve shows for comparison of pair correlation of FWM-created

photons only, in the copolarized configuration.

shows pair correlation at three temperatures. As phonon population inversely exponentially depends on
pump-signal frequency detuning, it has most effect at low frequency detuning, leading to strong temper-
ature dependence below 5 THz. By reducing the fiber temperature to that of liquid nitrogen at 77K, pair
correlation can be enhanced by up to 5 times around this regime. However, it has negligible effect when
frequency detuning is large. Moreover, SpRS can not be completely eliminated by reducing the temper-
ature. This can be seen by the curves at zero temperature, where SpRS still remains a significant effect
over a broad spectral region. This is because SpRS for the idler at the Stokes side is dominantly coupled
to the ground state of phonon, which always introduces noise photons irrespective of fiber temperature,

although SpRS can be nearly eliminated for the signal at the anti-Stokes side.

3.3 Dual-Pump Configuration

One advantage of the FWM in optical fibers compared with a y(2)-based process is that it allows for the
use of two pumps with different frequencies and polarization states. In fact, a dual-pump configuration is
used routinely for classical, fiber-based parametric amplification and wavelength conversion [49]-[52].
Even when the pumps are copolarized, the dual-pump configurations shown schematically in Fig. 3.6
may offer some advantages. For example, unlike the single-pump configuration in which the signal and
idler photons are always created on opposite sides of pump frequency, and are thus distinguishable on

the basis of their frequencies, two photons at the same frequency can be obtained by placing a filter
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Figure 3.6: Illustration of the frequency relationship in the two copolarized pumping configuration.
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Figure 3.7: (a) and (b) Illustration of the frequency and polarization relationship among the pumps,

signal and idler, in the orthogonal pumping configuration.

at the center frequency of the two pumps [18], as shown schematically in Fig. 3.6(b). On the other
hand, when two separate pump beams are used, it becomes possible to align the polarizations of two
pumps orthogonal to each other (see Fig. 3.7). This scheme is often used for polarization-independent
operation of a classical parametric amplifier [49, 51]. Because of a spin-conservation requirement for
the four interacting photons, the signal and idler photons must also be orthogonally polarized, although
their individual state of polarizations (SOPs) can be arbitrary [53]. This feature provides a simple way to
realize polarization entanglement automatically. In this section, we investigate the general case in which

two pumps are launched into an optical fiber for creating correlated photon pairs.

3.3.1 Signal and Idler Equations

We assume that the two pumps at frequencies @; and @y, are launched either along a principal axis of a
birefringent fiber (say, the x axis) for copolarized pumping or along two principal axes for orthogonal
pumping. In the latter case, we assume the low-frequency pump is polarized along the x axis, as shown
in Fig. 3.7. In both cases, the two pumps maintain their SOPs along the fiber. Unlike the case of a
single pump discussed in the last section, the two pumps can interact with each other through the fiber
nonlinearity. From Eq. (2.30), the pump fields, A, (z) and Aj(z) [or Ayy(z), depending on pumping
configuration] are found to satisfy

A _

5ol =ik (0u) + VP e (Qu) P A, (3.24)

where u # v and Q,,, = @, — ®,. j = g = x for copolarized pumping, but for orthogonal pumping, g =y,

while j = x when u = [ but j =y when u = h. Eq. (3.24) can be easily solved to obtain the solution for
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the pump power in the form

POPM(O)
P,(0) +P,(0) explge (Qun ) Poz]’

where Py = P,(z) + Py(z) is the total input pump power that remains constant along the fiber, and €

Pu(z) =

(3.25)

denotes || and L for copolarized and orthogonal pumping, respectively.

As seen from Eq. (3.25), the two pumps transfer powers between them through stimulated Raman
scattering (SRS). However, in a realistic experiment on photon-pair generation, the pump powers are
maintained at a low level to prevent stimulated contribution. Under such conditions, |g¢ () PL| < 1,
and the extent of SRS-induced pump power transfer is small. For an example of copolarized pumping,
SRS only transfers 12% of the high-frequency pump power to the other one even when yFyL has a
relatively large value of 0.5 and the second pump is located at the Raman gain peak (|Qy;|/27 = 13.2
THz). In most cases, YPyL is smaller and pump frequency spacing is far from being 13.2 THz, resulting
in negligible SRS-induced power transfer between the two pumps. For the case of orthogonal pumping,
such Raman-induced power transfer is even much smaller [28]. Under such conditions, &,(Qu) ~ &,(0),

and P,(z) =~ P,(0). The pump fields then evolve along the fiber as
Auj(z) = Ayexplizlkj(o.) + VP + 154 (0)R ]}, (3.26)

where A, is the input pump amplitude at @,.

Energy conservation during non-degenerate FWM requires @ + @; = @; + ®y,. From Eq. (2.30), the

two polarization components of the signal wave are found to satisfy the following Heisenberg equation:

9A;(z, )

FE ifk; (@) + Y& (Rt )P + ¥Eq (Qun) PalA (2, @) + iynj (05) A Al (z, ;)

+ 1A j (2, ) + 1A R (2, Q) s (3.27)

where j,q = x,y, ¢ = j for copolarized pumping and ¢ # j for orthogonal pumping. o denotes the
SOP of the high-frequency pump: ¢ = x and y for copolarized and orthogonal pumping, respectively.
As before, the idler equation is obtained from Equation (3.27) by interchanging subscripts s and i. In
Eq. 3.27), nj(ws) = nj(g) + n;j(L,) for copolarized pumping, where both 1;(€) and 1;(Qy;) are
given by either Eq. (3.4) or (3.5), depending on signal polarization. However, in the orthogonal pumping

configuration, 1;( @) becomes

nx(ws) = 2(1 _fR)/3 +fRiéa(-Qsl) +fRiéb(Qsh)/27 (328)

(@) = 2(1 — fr)/3+ frRa(Qun) + frRp(Qg) /2. (3.29)

In the case of orthogonal pumping, it turns out that the FWM process can be decomposed into two

indistinguishable “eigen” processes shown in Fig. 3.7. Equation (3.27) shows that x-polarized signal only
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couples to y-polarized idler and vice versa. Clearly, the two processes shown in Fig. 3.7 are independent
of each other. In both cases of pumping configurations, the linear Equation (3.27) provides an analytic

solution similar to Eq. (3.6). It has the form
Aj(L7 a)s) = [(Xj(L, (DS)AJ'(O, (})S) + ﬁj(L7 O)S)AZ;(O, CO,‘) -l—N[j(L, (DS) —‘rNhj(L, (l)s)} (D(L), (3.30)

where g = j for copolarized pumping but ¢ # j for orthogonal one. The detailed expressions of the coef-
ficients ¢t; and ;, @, and the accumulated noise operators N, ; and N ; are all given in Appendix A and
B for copolarized and orthogonal pumping, respectively. A new feature of the dual-pump configuration
is that the two pumps introduce SpRS independently, as represented by the two noise operators in Eq.
(3.30). In the following subsections, we use Eq. (3.30) to investigate the photon statistics in both copo-
larized and orthogonal pumping configurations. Detailed expressions of photon flux and pair correlation,
including both contributions of spontaneous and stimulated scattering, are given in Appendix A and B.
In the following subsections, we focus on the case when pump powers are low so that spontaneous effect
dominates. To simplify the analysis, we also assume that narrowband signal and idler filters are located

within the phase-matched spectral window such that @ + @; = @; + @y,

3.3.2 Photon Flux and Pair Correlation: Copolarized Pumping

One advantage of copolarized pumping is that the phase-matching condition can be satisfied over a broad
spectral range when the two pumps are located on opposite sides of the zero-dispersion wavelength of
the fiber and are separated far apart [50, 53]. This configuration results in a broad frequency range of
available signal/idler photons with a nearly uniform photon-generation efficiency. In the general case
shown in Fig. 3.6, the signal and idler frequencies are sandwiched between the two pumps because the
phase-matching condition is easy to satisfy there. Thus, the signal and idler act simultaneously as the
Stokes for the @y, pump and the anti-Stokes for the w; pump. This situation leads to a significant effect

on the photon-pair correlation, as discussed next.

Note that in copolarized pumping, the photon pairs can also be created with polarization orthogonal
to the pumps, similar to the single-pump case discussed in the previous section. Comparing Eq. (3.30)
with Eq. (3.6), we note that the two polarization cases are quite similar. As a result, the discussion of
Section 3.2 related to the polarization issues applies to the copolarized dual-pump configuration as well.
In the following, we focus on the photon pairs that are created copolarized with the pumps, and drop the

polarization indices x and y for simplicity of notation.

Consider first the photon flux. In the low-power regime where YPyL < 1, it is given by

L = AV [|ynuL)*PiBy + PLL|gR(Qut) | Ao + PuLIgr (Sun) | i (3.31)
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Figure 3.8: Illustration the unbalanced Mach-Zhendre interferometer used for coincidence counting and
for constructing time-bin entanglement. BS: 50-50 beam splitter. M: mirror. P: polarizer. F; and F;:

signal and idler filters centering at @; and @, respectively. Det: photon counting detector.

where 0, = 1(Qu) + 1 (Qun), Ny = AN (Quy), and Q,, = @, — ®, with v = [ and h for the two pumps.

Different from the single-pump case, the FWM-created photon flux now depends on the product P, P,
of two pump powers, a quantity that is maximized when the two pumps have equal powers (for a constant
total power). Moreover, both pumps introduce SpRS photons independently. In general, as the signal
and idler have similar frequency relationship with each pump, SpRS generates comparable number of
noise photons for both waves. When the pump-signal frequency detuning is small (below 2 THz), the
two pumps would create similar amounts of SpRS photons for the signal as well as idler. When the
frequency detuning increases, phonon population decreases and the contribution of the high-frequency
pump dominates for both of them. This would increase the accidental coincidence counting and thus

degrade the pair correlation.

The degree of quantum correlation between the signal and idler photons can be obtained in a way
similar to the case of single-pump configuration. Detailed expressions including both spontaneous and
stimulated scattering are given in Appendix A. When the signal and idler are distinguishable with each

other [@; # ®;, Fig. 3.6(a)], the pair correlation at a low pump level is given by

Pe(7) = 9.(7) PPP(V1 /Ya), (3.32)

where Y] and Y, are defined as

Y1 = [YRe(n,)]* + [|gril (m + 3) + [8ral (0 + 3)17 (3.33)

Y> = [|yns|*PiPhL+ Pi|gri|ni + Palgral (nn + D[ Y15 *PiPAL + Pl graln + Palgri| (4 1)], (3.34)

where gr, = gr(Qy,) and n, = n(Qy,) with u = [, h. In the absence of SpRS, Eq. (3.32) reduces to a
simple expression, p.(7) = |¢.(7)|*/(|ynsL|>*P,F,). When the two pumps have equal powers, p. has the
same value as the single-pump configuration for a given total pump power, because 1)y = 2 in the absence

of SpRS.
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Figure 3.9: Photon correlation p.(0) for the degenerate case of Fig. 5 (b) compared with the single-
pump configuration. In all the curves, the pump power is set as PP, equal to the pump power PO2 /4 in

single-pump configuration to maintain a same FWM-generated photon rates.

When the signal and idler photons are indistinguishable with each other [®; = @;, Fig. 3.6(b)], coin-
cidence counting can be realized through the experimental setup in Fig. 3.8 by removing the beam splitter
2 and using identical filters for the two detectors [18]. As the two arms are identical, the pair correlation
has a same form of Eq. (3.15). In the case of low pump powers with YPyL < 1, pair correlation is found

to be

B ‘szPh{[YRe(m)}”[IgR|(2n+1) 21
[|7ns|2P1PhL+ |gR|(nP0 -‘rPh)]z ’

where gg = gr(Qq), n = n(Qy), and we used Qg = Q,. Comparing Eq. (3.35) with Eq. (3.32), we

pc(r) = |(ps(f) + |(pc(f) (3.35)

find that the second term in Eq. (3.35) provides the cross-correlation between the signal-idler pair. The
first term reflects the self-correlation of signal photons as the thermal nature of spontaneous scattering
enables creating multiple pairs (although the probability is very small) which can go through either arm

and can be detected by either of the two detectors (see Fig. 3.8).

Note that the FWM process in this degenerate configuration [Fig. 3.6(b)] is the reverse process of
one shown in Fig. 3.1(a) [18]. Figure 3.9 compares the pair correlation in these two cases under the
same FWM-generated photon rates by setting PP, in Eq. (3.35) equal to Pg /4 at a total pump level
of YPoL = 0.1. In general, the two configurations exhibit a qualitatively similar behavior, especially at
small frequency detunings (<4 THz) for which two pumps contribute almost equally to SpRS photons,
and at very large frequency detunings (>27 THz) for which SpRS becomes negligible. However, the
situation changes in the intermediate spectral range in which noise photons are dominantly introduced

by the high-frequency pump. When the two pumps have equal powers (thick solid curves), p.(0) can be
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lower than the single-pump case (thick dotted curve) by 10 to 40% over a frequency range of 5-27 THz.
Even though these two FWM processes are exactly the reverse of each other, they do not exhibit the same
degree of correlation because of different SpRS processes involved. This difference is enhanced at low

pump powers but decreases at high pump power levels for which FWM dominates.

As SpRS is dominated by the high-frequency pump over a quite broad spectral range, photon-pair
correlation would strongly depend on the power imbalance between the two pumps. This is shown
clearly in Fig. 3.9 where FWM-generated photon rate is maintained constant. If P, is four time larger
than P, (thin dashed curve), corresponding to a 1.25-times increase in total pump power, correlation
magnitude drops significantly (by 25 to 60%) over most of the detuning range, except in a small region
below 1 THz. In contrast, the correlation can be enhanced by 20 to 100% if the pump powers are flipped
such that P, = 4P, (thin solid curve). If we unbalance the pump powers further such that P, = 16P, (thin
dotted curves), the correlation can be improved even more (by up to 140% compared with the equal-
pump-power case) for detunings larger than 10 THz. However, it is degraded by a similar factor in the
low-detuning region because of SpRS enhancement induced by an increase in the total pump power.
These results show that the power imbalance between the two pumps may be used to advantage when a

dual-pump configuration is adopted.

3.3.3 Photon Flux and Pair Correlation: Orthogonal Pumping

In this subsection, we look into the case of orthogonal pumping, by which, in principle, it is possible to
automatically generate a polarization-entangled state. However, fiber birefringence usually introduces
different phase-matching conditions for the two eigen processes shown in Fig. 3.7, leading to partial
distinguishability between them and degrading the degree of polarization entanglement. This situation is
quite similar to the birefringence-induced distinguishability in a Type-II x(¥-based process [47]. Thus,
similar techniques can be used to engineer the indistinguishability [54]. Moreover, unlike nonlinear
crystals, which generally exhibit a high intrinsic birefringence, silica glass is isotropic, and fiber bire-
fringence mainly results from geometrical asymmetry or internal stress. Both of these, in principle, can
be reduced to realize a low-birefringence fiber with a beat length longer than 10 m. As a result, bire-
fringence effects can be mitigated to a negligible level if a high-nonlinearity fiber of length ~1 m is
employed for photon-pair generation [18, 19]. In the following discussion, we assume that the fiber is

isotropic (no birefringence) and focus on the polarization effects of FWM and SpRS.

Although the two eigen processes have similar FWM efficiencies, they exhibit quite different polarization-
dependent Raman scattering. In the process of Fig. 3.7(a), the signal and idler are copolarized with the

low-frequency and high-frequency pumps, respectively. As a result, the signal is mainly coupled with the
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low-frequency pump, while the idler is mainly coupled with the high-frequency pump. The situation is
reverse in Fig. 3.7(b). Such different Raman couplings are reflected through the polarization-dependent

noise operators in Eq. (3.27) (see Appendix B for the detailed expression).

In general, a polarizer is placed in front of the detector to a select a specific polarization state of the
incoming signal or idler photons. Assuming that the polarizer is aligned at an angle of 6, (u = s,i) with

respect to the x-axis of fiber, the optical field falling on the detector is given by
Au(t,6,) = cos 0,A,,(L,t) +sin 0,A,y(L,1), (3.36)

where A, (L,t) and A,y(L,t) are x- and y-polarized signal/idler fields, respectively. As the two eigen

processes shown in Fig. 3.7 are independent of each other, the photon flux is given by
1(84) = Ly c0s* 8, + Ly sin 6, (3.37)

where I,; = (A] i (L,t)A,;(L,t)) is the photon flux for the jth polarization component (j = x,y). Their
general expressions are given in Appendix B. When the pump powers are low enough that YP)L < 1,

they have simple forms as

L = Avu[|ynuxL|2})lPh +PIL|gH (Qul”%l +PhL|gL(Quh)|</1{4h]v (3.38)

Liy = AV [|YNuyLI* PPy + PiL|g L (Qur)| Ao + PuL|g)| (Qun) | Aiun) (3.39)

where 1,; =1;(®,) (u=s,iand j =x,y) is given by Eqs. (3.28) and (3.29). If we compare the preceding
equations with Eq. (3.31), we find that, for the same pump power, the number of FWM-generated photons
is about 1/9 of that in the copolarized-pump case, since 7, and 1,, here are roughly 1/3 of 1, in
Eq. (3.31). Moreover, these two equations show that, because of polarization dependence of Raman
scattering, the two pumps provide different SpRS contributions to the two polarization components of the
signal or idler. In general, SpRS photons are dominated by the copolarized pump, which is roughly half
of the total pump power. Compared with the single-pump copolarized configuration, SpRS is reduced by
a factor of 1/2, but FWM is reduced by 1/9. Clearly, at the same pump level, SpRS has a higher impact
for this scheme than the single-pump one. As a result, pair correlation is expected to be degraded for the

orthogonal-pump configuration.

For arbitrary polarization angles of the signal and idler waves, the pair correlation is found to have

the form
Pc(T, 65, 6;) = | Pry(T) cos 6;sin 6; + Py (7) sin O cos 9,-\2 J1(6,)I;(6)), (3.40)

where the quantities P,,(7) = (Ag (L,t + T)Ay(L,1)) and Py (1) = (Agy(L,t + 7)As(L,1)) are related

to pair correlations in the two configurations shown in Figs. 3.7(a) and 5(b), respectively; they are given
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by (see Appendix B for general expressions)

= VAV,AV; @ (T)AALL[iYRe(Msr) — [8at| (1 + 3) — |gLnl (70 + 3], (3.41)
= VAV,AV; 0. (T)AALL l'yRe(nSy) |gan| (nn + %) —|gLil(n + %)]7 (3.42)

where g, = 24,(Qy) and g, = g, (Qy,) (v =1, h). If we substitute Eqgs. (3.41) and (3.42) into Eq. (3.40)
and use Eqgs. (3.38) and (3.39), we can obtain the pair correlation for arbitrary combinations of signal

and idler polarization angles.

In the absence of SpRS, 1 = Ny, = 2/3 and the preceding equations reduce to
P (T) = Pyu() = 2i(AV,AV) 2 . (T) YA ALL/3. (3.43)

The two processes in Fig. 3.7 become completely indistinguishable with each other. The pair correlation
in this specific case is given by

9|(PC(T) |2 Sinz(es + 91')
4y*L2PP, '

pe(7,6y,6;) = (3.44)

It has the maximal value for the two eigen-processes of Fig. 3.7, p.(7,0,7/2) = 9|¢@.(7)|>/ (4Y’L*PB,).
As the biphoton probability of the signal-idler pair is given by I;(65)1;(6;)[1 + p.(7, 65, 6;)], it varies with
signal and idler polarization angles periodically. The resulting “fringe pattern” has a visibility of

pe(7,0,7/2)

24 pc(7,0,7/2) .

Vi(t) =

Note that V(0) is close to 1 when yP)L < 1, indicating that orthogonal-pumped FWM can provide

automatic polarization entanglement.

If the pump frequencies are close to each other, the two eigen-processes in Fig. 3.7 would have almost
the same values of pair correlation since the signal and idler have similar frequency detunings from the
two pumps. The visibility of biphoton probability is still given by Eq. (3.45) except that p.(7,0,7/2) is
now provided by the general form of Eq. (3.40). Figure 3.10 compares the pair correlation for Fig. 3.7(a)
(solid curve) with the single-pump configuration of Fig. 3.1(a) (dotted curve). The two pumps are as-
sumed to have equal powers and their total power is three times larger than the single-pump case to
maintain the same FWM efficiency. Clearly, the pair correlation is significantly lower over the whole
spectrum for the orthogonal-pumping configuration than that in the single-pump one because the FWM

efficiency is reduced more compared with SpRS.

The situation is different when the two pumps are separated far apart with the signal and idler sand-
wiched in between. The signal (idler) is anti-Stokes (Stokes) of the low-frequency (high-frequency)
pump with a frequency separation of |Qg| in Fig. 3.11(a) but it is the Stokes (anti-Stokes) of the high-

frequency (low-frequency) pump with a different frequency separation of |Qg,| in Fig. 3.11(b). As a
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Figure 3.10: Comparison of pair correlation p.(0) in different pumping configurations. The dotted,
solid, and dashed curves show the cases of Fig. 3.1(a), Fig. 3.7(a), and Fig. 3.11(c), respectively. In the
case of Fig. 3.11(c), frequency detuning means the pump frequency spacing. The inset shows the pair
correlation for the two eigen-processes of Fig. 3.11(a) and (b) with a fixed pump spacing of 1 THz at the

same pump level.

result, the x-polarized signal/idler has fewer SpRS photons than the y-polarized one, leading to quite
different pair correlations in the two processes of Fig. 3.11(a) and (b). The inset of Fig. 3.10 shows
an example with a pump spacing of 1 THz. Clearly, photon pair correlation is strongly polarization

dependent. This polarization dependence increases with increased pump spacing.

Such polarization dependence vanishes when the signal and idler frequencies are identically located
at the pump center (®; = @;) [Fig. 9 (c¢)]. In this case, photon self-correlation would generally contribute
to coincidence counting, similar to the copolarized dual-pump case discussed in the last subsection.

Equation (3.40) then changes to be

/ Vo L e )
pL(t,65,6;) = p.(t,65 6;)+ )!ISXCOSGSCOSO,+Isysm95s1n9, , (3.46)

1;(6,)15(6;

where p, is given by Eq. (3.40). In general, the magnitude of the self-correlation term is less than 1. It is
interesting to note that self-correlation vanishes for the two eigen-processes with 6; = 0 and 6; = /2, or
0, = /2 and 6; = 0, since the two polarizers are orthogonal to each other. The dashed curve of Fig. 3.10
shows this case, which is close to the case of Fig. 3.7. A slight lower value of correlation is because of

SpRS enhanced by the high-frequency pump, similar to the case of copolarized pumping.
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Figure 3.11: Illustration of the frequency and polarization relationship among the four waves in the

orthogonal pumping configuration when the two pumps are separated far apart.

3.4 Impact on Quantum Entanglement

The degradation of photon correlation induced by SpRS would directly impact specific quantum entan-
glement constructed from the created photon pairs. Here we consider two typical examples and study

how SpRS affects the energy-time and polarization entanglement.

3.4.1 Energy-Time Entanglement

The energy-time entanglement [3] can be realized with an unbalanced Mach-Zehnder interferometer
[55]-[57] shown in Fig. 5 with an inserted beam splitter 2, when the relative time delay in the two arms
is made much larger than the coherence time of signal and idler photons but much shorter than the pump
coherence time (to prevent first-order interference) [58]. The equal-time biphoton probability between

the two outputs, pjy = <A4{(t)A;(t)A2(t)A1 (1)), is found to be

P12 = % {1 + %pC(O)[l —cos(2m,T) +2¢0)]} , (3.47)

where 79 and ¢ are time and phase delay between the two arms, and the subscripts 1 and 2 denote
the two output ports of the Mach-Zehnder interferometer. The fringe visibility of two-photon quantum
interference is given by Vy = p.(0)/[2 4 p.(0)]. Quantum entanglement requires p.(0) > 2 so that it can
be clearly distinguished from the classical visibility of 50% [59, 60]. A higher value of pair correlation
translates into a higher degree of entanglement. Any reduction in correlation induced by SpRS would
directly deteriorate the degree of entanglement. For example, the typical correlation value obtained

experimentally of 10 would result in a fringe visibility of only 83%.
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3.4.2 Polarization Entanglement

A polarization-entangled state can be constructed either by degenerate FWM with specific techniques,
or automatically generated by non-degenerate FWM with orthogonal pumping. The degree of quantum
entanglement can be tested by the extent of its violation to the Clauser-Horne-Shimony-Holt (CHSH)
inequality |S(7)| < 2, where the CHSH parameter S(7) is given by [61, 62]

S(t) = E(,6;,6) —E(t,6,,6]) + E(1,6(,6,) + E(t,0(,0/), (3.48)

and E(7,06;,6;) is a correlation function defined as E(7,06;,6;) = &_(1)/&4 (), where &4(7) = (T :
L (t + 7). (¢) ), :: denotes normal ordering, and .7 denotes time ordering. I, () is the sum and
differential photon-flux operator for two orthogonal polarization angles of 6, (u = s,i) and 6,; = 6, +

m/2. It is defined as

~

Ls(t) = Al(1,0,)A,(1,6,) £A!(1,6,1)A,(1,6,)), (3.49)

where A, (t,6,) and A,(z, 6, ) are given by Eq. (3.36) with polarization angle 6, and 6, |, respectively.
It is easy to show that [, (¢) is invariant with the polarization angle because it represents the total photon

flux.

In practice, the CHSH parameter requires sixteen measurement of coincidence counting between sig-
nal and idler at polarization angles of 6y, 6., 6;, Gi' , and their orthogonal angles [5]. Although Eq. (3.48)
looks complicated, it turns out that the CHSH parameter can be written in a compact form in a circular-
polarization basis as

1

0=z

[Fl(f)@l —|—F2(T)®2 +C.C.], (3.50)
where c.c. denotes complex conjugate, and I'j (7) and I';(7) are given by

Ti(7) = (A} (DAL (t+ DA (1 + DAy (1)), (3.51)

La(%) = (] (AL (t+ 24, 0+ DAy (1)) (352)

AuT and A, | (u = s,7) denotes the field operators for left- (spin-up) and right-circular (spin-down) polar-

izations, respectively, related to linear polarization as AMT = A+ iAuy) /v2andA, = (A — iAMy) JV2.
In Eq. (3.50), the two scalar factors ®; and @, are related to the relative polarization angles as

@ = Ot _ 2i(0:+8]) | 2i(6+6) | ,2i(6(+6]) (3.53)

@, = 2i(0:=0) _ 2i(6:-06)) | ,2i(6;-6) | ,2i(6;-86]) (3.54)

In the following, we use Egs. (3.50)-(3.54) to find S(7) for the polarization-entangled states con-

structed from different FWM processes, and use it to discuss the impact of SpRS.
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Degenerate FWM

Although each photon pair created by degenerate FWM is copolarized, a polarization-entangled state can
be constructed by employing a time-multiplexing technique [22] or a polarization-diversity loop [21].
The pump is split into two parts of equal powers with orthogonal polarizations, each part generating
independent photon pairs with half probability. After combining them together and erasing the time or

path information between them, a polarization-entangled state is constructed.

For such polarization-entangled states constructed from degenerate FWM, we are able to find (see

Appendix C) that the CHSH parameter with the maximal magnitude, S, (7), takes a simple form of

Su(z) = 2Y2P0) (3.55)

C24pc(7)
This equation shows that violation of the CHSH inequality requires the pair correlation to be p.(7) >
2/(v/2— 1) & 4.8. If the photon pair generation is dominated by FWM with p.(0) > 5, S,,(0) — 2v/2
shows a clear violation of CHSH inequality. A typical experimental value of p.(0) = 10 corresponds to
Sm(0) = 2.36. Same conclusions apply to the case of copolarized dual pumping, as the two cases are
quite similar. In the case of Fig. 3.6(b), photon self-correlation would contribute to coincidence counting

and p.(7) in Eq. (3.55) should be given by Eq. (3.35).

In general, the pump not only creates correlated copolarized signal-idler pairs, but also generates
extra orthogonally polarized noise background through anisotropic Raman scattering. If such orthog-
onally polarized noise is not filtered out, it would contribute to photon fluxes of signal and idler and
introduce extra accidental coincidence counting. In this case, (3.55) is still valid if p.(7) is given as the
realistic ratio between the true coincidence counting and accidental one. It is interesting to note that the

polarization diversity loop can automatically remove such orthogonally polarized noise background.

Non-Degenerate FWM with Orthogonal Pumping

In the case of orthogonal pumping, when the signal and idler are distinguishable (@, # @;), the maximum
CHSH parameter is found to be (see Appendix C)

\/E [|<@xy(7) + gyx('r”z - (st 7lsy)(lix - Iiy)]

Sm -
) = T 1) Un F 1) + 1P (O + | PO

(3.56)

As the magnitudes of Zy,(7) and Z,,(7) are directly related to the magnitude of pair correlation, a
higher correlation value implies a larger value of |S,,(7)|. In the absence of SpRS, Eq. (3.56) reduces
to Eq. (3.55) where p.(7) = p.(7,0,7/2) = 9]¢.(7)|>/(4Y*L*P,P,). Clearly, |S,,(t)| — 2v/2 when
YL\/P,P, < 1. In the orthogonal pumping configuration, pure FWM-generated photon pairs at low

power level exhibit a high degree of polarization entanglement.
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SpRS reduces the magnitude of &, and &, and increases the accidental counting rate indicated by
the first term in the denominator of Eq. (3.56), and thus reduces the magnitude of |S,,(7)|. In particular,
when the two pump frequencies are close to each other, the two processes of Fig. 3.7 experience similar
SpRS and Eq. (3.56) also reduces to Eq. (3.55) except that p.(t) = p.(7,0,7/2) is now provided by the
general form of Eq. (3.40).

When the signal and idler are identical with each other [@; = @;, Fig. 3.11(c)], photon self-correlation

starts to involve because the polarization-angle settings for coincidence counting are generally not or-

thogonal to each other. In this case, the CHSH parameter is found to be (see Appendix C)

Ny (’L’) . \ﬁ [4stlsypc(r) - (st _Isy)z(l + |(PS(T)|2)}
T (et Iy ) s (T PR A+ ) + 2l pe(T)

(3.57)

where p.(7) = p.(7,0,7/2) is given by Eq. (3.40). For a pure FWM process without SpRS, indistin-
guishability between the two eigen-processes reduces Eq. (3.57) to a simple form of

2V2p.(1)

Sm(T) =5 |9 (D) P +pe(7)’

(3.58)

where p.(7) = 9|¢.(7)|?/(4y*L*P,P,). The involvement of photon self-correlation is the result of collinear
nature of FWM in optical fibers. Equations (3.57) and (3.58) show that, unlike the reverse degenerate
FWM discussed previously, photon self-correlation would increases the requirement of pair-correlation
for violation of CHSH inequality. For example, Eq. (3.58) shows that |S,,(0)| > 2 requires p.(0) > 7.2.
Moreover, Eq. (3.57) shows that polarization-dependent SpRS introduces difference noise photons to the
x- and y-polarized signal and thus degrade the magnitude of S, (7) even more. However, if the generated
photon pairs have high quality with large pair correlation, photon self-correlation would have negligible

effect in testing CHSH inequality.

Figure 3.12 compares S,,(0) in different pumping configurations, at a same level of FWM-generated
photon flux. In general, the single-pump configuration has a larger S,,(0) value, indicating a better
polarization entanglement. In particular, orthogonally polarized FWM in the single-pump configuration
exhibits a S, (0) values close to the maximum value of 2v/2 over most region of frequency detuning. In
the copolarized FWM, SpRS significantly degrades the value of S,,(0) over a broad spectrum from 2—15
THz. In the dual-pump configuration, polarization entanglement can only be realized with a frequency
detuning either very small (< 1 THz) or very large (> 16 THz). SpRS has most severe effect in the

orthogonal pumping configuration with the two pumps separated apart.
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Figure 3.12: Comparison of CHSH parameter in different pumping configurations at a pump level of
YPyL = 0.1. The two pumps have an equal power in the dual pump cases. The total pump power is
increased by three times in the orthogonal pumping configurations to maintain nearly same amount of
FWM-generated photon flux. (a) Fig. 3.1(b); (b) Fig. 3.1(a); (c) Fig. 3.6(b); (d) Fig. 3.10 (a) and (b); (e)
Fig. 3.11(c). In the cases of (a), (b), (c), the orthogonally polarized noise background is assumed to be

removed, say, by use of a polarization diversity loop.

3.5 Summary

FWM occurring inside optical fibers provides a natural way to generate correlated photon pairs in a
single spatial mode. However, in practice, the performance of fiber-based photon-pair sources is severely
deteriorated by SpRS that accompanies FWM inevitably. In this chapter, we have developed a general
quantum theory capable of describing photon statistics under the combined effects of FWM and Raman
scattering inside optical fibers. Since our theory is vectorial in nature and includes all polarization effects,

it can be used for a wide variety of pumping configurations.

We have applied our general formalism to several different pumping configurations. When a single
pump beam is launched into a birefringent fiber, it is possible to satisfy the FWM phase-matching con-
dition such that the the signal and idler photons are polarized either parallel or orthogonal to the pump.
Our results show that, under conditions in which frequency of the signal or idler photons lies close to
the Raman gain peak, the orthogonal configuration can improve the magnitude of pair correlation. The
reason for then improvement is related to the fact that Raman gain almost vanishes for an orthogonally
polarized pump. Although the FWM efficiency is also reduced by a factor of three in this configuration,

one can maintain nearly the same photon flux by increasing the pump power by a factor of three.
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In the case of a dual-pump configuration, the two pumps may be polarized parallel or orthogonal to
each other. When two pumps are copolarized, it is possible to create photon pairs that are indistinguish-
able on the basis of their frequencies. This is desirable for some applications. Our results show that the
quality of correlated photon pairs can be improved by using two pumps with different powers such that
the lower-frequency pump has a larger power. The case of two orthogonally polarized pumps leads to
a situation in which the signal and idler photons generated through FWM are also orthogonally polar-
ized. However, each photon pair can be generated through two eigen processes in which signal photons
are copolarized either with the low-frequency pump or with the high-frequency pump. Because the two
processes can occur simultaneously, this configurations makes it possible to create photon pairs that are
polarization entangled. The extent of quantum correlation is however reduced in this configuration when

compared with the case of a single pump.

Our analysis shows that SpRS remains a serious degradation source for correlated photon-pair gener-
ation inside optical fibers over a broad spectral range. Although some techniques, such as using specific
polarization configuration or cooling the fiber, can mitigate the impact of SpRS, it cannot be elimi-
nated completely. Another approach for creating high-quality photon pairs would be to search for new
materials which have a high nonlinearity, are free from Raman scattering, and are easy for waveguide
fabrication. It turns out that silicon is such a kind of material. Detailed discussion is beyond the scope of

this thesis and can be found elsewhere [63].

Appendix A

In the field solution of copolarized dual-pump configuration in Eq. (3.30), the coefficient &; and f3;
(j = x,y) are given by Eqgs. (3.7) and (3.8) except that Alz, and 1; in Eq. (3.8) are replaced with A;A;, and
nj(ws) = nj(R) + n;j(m), respectively. The other quantities are defined as

g5 = (yn)* PPy — (K;/2)%, (A3.1)
Kj = kj(oy) +kj(o) —ke(ay) —ke(@n) +YPo[E; (1) + E;(Qa) — 3], (A3.2)
Kj = {kj(@y) —kj(@;) +y(P — P0)[5;(Qa) — &;(Qan)]}/2, (A33)
(L) = exp{ilke(oy) + ki) +3YR)L/2}. (A3.4)

The two noise operators in Eq. (3.30) are given by

L .
Nuj (L; (DS) - l/ ”h/x (Za qu)fuj(za COS)EIA“VZdZ, (A35)
0



44

where A, = [ky(0y) — ke(@y) + Y(P, — P,)]/2 with u,v = I, h (v # u), and

fuj(Z7 ws) :Auaj(L_Zaws)_A:Bj(L_vas)- (A3.6)
Equations (3.30), (A3.1)-(A3.5) can be used to find the following general expression of photon flux:

1 [t
I, = E/_oo ‘Hu|2[|ﬁu‘2+C/V(Qul)|gR(Qul)‘Fl(wu)"’W(Quh”gR(Quh)|Fh(wu)]dwu7 (A3.7)

where u = s or i for signal and idler photons. The quantity F,(w) = ij |fo(z,®)|*dz (v = 1, ) describes
the magnitude of amplified SpRS; its analytical expression can be obtained from Eq. (A3.6).

The degree of quantum correlation between the signal and idler photons is obtained from Egs. (3.30)
and (A3.1)-(A3.5) using the definition given in Eq. (3.18). When the signal and idler are distinguishable

with each other [@; # @;, Fig. 3.6(a)], the correlation is given by:

pe(®) = G| [ (@l =¥ (@) lar( @)1 Fi()
Q)8R ( Q)| T (@) O d | (A38)

where Z#,(w;) = fOL Julz, @) fo(z,0;)dz with u, v =1 or h (u # v) and @; = @; + @), — @;; its analytical
form can be obtained from Eq. (A3.6).

When the signal and idler photons are indistinguishable on the basis of their frequencies [@®; = @,
Fig. 3.6(b)], the pair correlation for the experimental configuration in Fig. 3.8 can be obtained by use of

the definition in Eq. (3.15). Its general form is given by
172 o0
(%) = g [ (0)laibe— ¥ (@u)law(@)| Fi(@)

. 2
— N (Qun) |gr(Qun) | Fn(5)]e ™"  d s

172
(2m)?

)

+ ‘/::‘HS|2Hﬁs|2—l—«/V(.QSl)lgR(QSl”FI((DS)

. 2
+ ,/V(Qsh)\gR(Qxh)|Fh(a)s)]e”“”da)s , (A3.9)

where the first term in Eq. (A3.9) is close to Eq. (A3.8) and provides the cross-correlation between the
signal-idler pair. The second term is very similar to Eq. (3.16), and it reflects the self-correlation of signal

photons.

Appendix B

In the case of orthogonal pumping, the coefficients «; and ; (j = x,y) in Eq. (3.30) are still given by
Egs. (3.7) and (3.8) except that Af, is replaced by A;Aj, and 7; is used from Eqs. (3.28) and (3.29). The
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parametric gain coefficient is found to have the form of Eq. (A3.1) but the other parameters are given by

K = kj(oy) +kq(@y) — k() —ky(@p) + 1Po[E;(Qq) + &4 (Qan) — &,(0) — 1].

Kj = 5{k;(@) —kq(0;) + Y(P = Py)[&;(Q1) — &g (Qun)]}-

D(L) = exp{5L{ke(@r) +ky(on) + yPo[1 + & (0)]}}.

The accumulated noise operators in Eq. (3.30) are found to be

L .
Nlj(L, a)s) = i/() {A[(Xj(L*Z, a)s)n%jx(z,ﬂsl) 7AZﬁj(L*Z, wy)n%qy(z,Qsl)}e’Azdz,

(B3.10)
(B3.11)

(B3.12)

(B3.13)

L .
Nhj(L7 a)s) = l/(; {AhOCj(L—Z, O)S)f?ljy(z,gsh) —A;F[))]'(L—Z7 a)s)qu(;Qsh)}e*’AZda (B3.14)

where A is given by

A= g {ke(r) = ky(ey) +¥(P = By)[1 = &,(0)]}.

(B3.15)

By use of Egs. (3.30), (B3.13), and (B3.14), the photon flux I,; for the jth polarization component is

found to have the following general expressions:

o= 5 [ dOH1Bul + ¥ (@)l () Fis(2)
+ A (Qu)[18a(Qur) | Fix (@) + |8 () | (@)1}
Ly = %/_md(’)ﬂHu‘z{wuﬂz+f/V(Qul)|gL(Qul)|Fly(wu)

+ A (Qun)[|8a(Run) [Finy (@) + 85 (Quin) | Fry (@)1},

where F, j(0) = [|f.;(z, )|2dz, fu; is given by Eq. (A3.6), and F/ is defined as

uj

L
Flj(0) = [ [Py @) + Rz 0)ldz,
with j=x,yand u,v =1[,hbut v # u.

Similarly, Z,, and Z,,(7) in Eq. (3.40) are given by

P (t) = % / @) B — A ()81 Q)] (@)

- JV(QSI)“gu(Qsl”%x(ws) + |gb(Qs1)|<%x(wv)]}e_iwsrdwva

@yx(f) = %/_Z%(ws){aixﬁsy_JV(QSINgL(Qsl)‘ﬁly(wS)

— N () [18a(Q5t) | Ty (05) + 85 (i) |- Ty ()]} > d vy,
where .7, (@) = fOquj(z, ) frg(z, @;)dz with @; = @y + 0, — @y, and .%, (o) is defined as

Fuj(wy) = */OLdZ[Puaj(z? @) By (z, @) + P.Bj(z, o) 0ty (z, )],

where u,v =[,h with v # u and j,qg = x,y with g # j.

(B3.16)

(B3.17)

(B3.18)

(B3.19)

(B3.20)

(B3.21)



46

Appendix C

In this appendix, we provide the derivation of the CHSH parameter [61, 62] for polarization-entangled

states constructed using some typical FWM processes inside fibers.

Degenerate FWM: single pump configuration

In the degenerate FWM discussed in Section 3, a time-multiplexing technique [22] or a polarization
diversity loop [21] can be used to construct a polarization-entangled state. In this approach, the signal
photon is coupled to the copolarized idler but the two processes at different polarizations are independent

of each other.

By using Egs. (3.6)-(3.9), we find that I'j, I';, and &} (7) become

1
Ii(t) =4 [(Iix — Iy) (Is — Iiy) + | P2 (T) — Py ()], (C3.22)
1
Da(7) = § [(Iix — Iy) (Is — Iiy) + | P21 (T) + Py (7) ], (C3.23)
Ep(T) = (I +Iy) I + Ly) + | P ()2 + | Py (7)), (C3.24)

where 2,,(7) = (Ay(t + 1)Ai4(t)) (g = x,y) is related to the signal-idler pair correlation, as discussed

in Section 3.

In general, birefringent components are used to constructed four EPR-Bell states [5, 22]. Here we
consider one of them, assuming that the two FWM paths have an identical phase. As the two FWM paths
are nearly identical to each other, I'; (7) ~ 0. It is easy to show that the magnitude of S(7) is maximized
by setting, for example, 6, = ©/8, 6; = —x/8, 6; = 0, 6] = —m /4, resulting in

S(7) = 4V (1) V2[(lx — Ly) Iix — Liy) +| Poa(7) + Py (7))
" B ng(T) B (st+1sy)(1ix +Iiy) + |f@xx(f)|2 + "@vy(fﬂz .

(C3.25)
In the optimal case, the pump power is split equally to create equal probability of signal-idler pairs. In
this case, Ly = Ly, P (T) = Pyy(7), and Eq. (C3.25) reduces to the simple form of Eq. (3.55).

Egs. (C3.25) and (3.55) are still valid even when orthogonally polarized noise background is present.
In this case, the photon fluxes I, in Eq. (C3.25) should include such contribution. Hence, p.(7) in Eq.

(3.55) should be given as the realistic ratio between the true coincidence counting and accidental one.

Non-degenerate FWM: copolarized pumping

The situation is quite similar in the case of copolarized pumping shown in Fig. 3.6. If the signal and idler

are identical to each other [@; = ®;, Fig. 3.6(b)], photon self-correlation would contribute to coincidence
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counting measurement. However, it turns out that the CHSH parameter with the maximum magnitude is

still given by S,,(7) = 4v/2I'2(1) /& (1), except that I, and &, () now become

1
(%) = 7 [(se = 15)* +|Pucl0) + Py (D) +120(1) + 25,0 (C3.26)
8.(1) = (lu +1y)? + | Pu(1) P+ | Py (O + | Zin(1) P+ | 20 (0) P, (C3.27)

where #;, (1) = (Azq (L,t+7)As(L,1)) (g = x,y) is related to the self-correlation of the x-polarized and
y-polarized signal photons, respectively. In the optimal case when the pump power is equally split in
two polarizations, S,,(7) is still given by the simple form of Eq. (3.55) but where p.(7) is now given by

Eq. (3.35).

Non-degenerate FWM: orthogonal pumping

In the case of orthogonal pumping shown in Figs. 3.7 and 3.11, the x-polarized signal is coupled to the

y-polarized idler, and vice versa. The two eigen processes are independent of each other.

When the signal and idler are distinguishable from each other (@; # @;), by use of Egs. (3.30),
(B3.13), and (B3.14), we can find that I'; (), I’2(7), and & (1) are given by

D) = 7 [ = I) (I — 1y) ~ |72 (0) + P (D], (©328)
D2() = 5 [ — )i — 1) = | 25(2) - 2 ()], (€329)
éaJr(T) = (st +Isy)(1ix +Iiy) + |f@xy(r)|2 + ‘@yx(fﬂz- (C3.30)

Note that 2y, (7) and Zy,(T) are now given by Egs. (B3.19) and (B3.20) [or by Eqs. (3.41) and (3.42)
at low pump power levels], respectively. As the two eigen-processes are nearly identical to each other,
I';(7) =~ 0. It is easy to show that the magnitude of the CHSH parameter is maximized by setting, for

example, 0, = /8, 0, = —m/8, 6; = 1t/2, 6! = 31w /4, resulting in

S(T) = W. (C3.31)

By use of Egs. (C3.30) and (C3.28), we find Eq. (C3.31) becomes Eq. (3.56).

If the signal and idler are identical (®; = @;) [Fig. 3.11(c)], self-correlation would contribute to
coincidence counting. Sy, (7) is still given by Eq. (C3.31) under the same angle setting, but T'j(7) and

&4 (1) are now modified to be

1
Ii(7) = 1 [Us —1y)* = | P (7) + Pou(0)P + [ P (1) — 'gz;y(f)m ) (C3.32)
G (1) = (I +1y)* +| Py (0 +] Py (D) +| 20 (1) +| 25, (7). (C3.33)
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If narrowband filters are used for the signal, Eqs. (C3.32) and (C3.33) reduce to

1
T1(7) = 7 [Use = 15)* (1 +05(0)*) = | (1) + P (D)), (C3.34)
E (1) = (L +1s) + 0 (0) P+ 1) + | P (9] + 1 P(0), (€3.35)

where @(7) is given by Eq. (3.17). Because of the symmetry of the two eigen processes, their pair

correlations are same and Eq. (C3.31) reduces to Eq. (3.57).
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4 Four-Wave Mixing in Dual-Pump
Configuration: Quantum Noise and

Polarization Dependence

In this chapter, we use the general theory presented in Chapter 2 to investigate the quantum noise prop-
erties and intrinsic polarization-dependent gain in dual-pump fiber-optic parametric amplifiers (FOPAs).
In this case, the situation becomes much more complicated compared with last chapter, because high
pump powers, required for a large gain and high conversion efficiency, simultaneously excite multiple
FWM processes, including degenerate and non-degenerate ones, which couple with each other. Here we
develop a complete vector theory which fully incorporates the contributions of both the spontaneous and
stimulated Raman scattering. We show that Raman scattering adds considerably to the noise figure of

dual-pump parametric amplifiers [1].

We provide a simple physical picture to explain the polarization properties of complicated FWM pro-
cess [2]. We also show that, contrary to a common belief, the orthogonal-pumping configuration exhibits
polarization-dependent gain (PDG) because of the contribution of Raman scattering to the underlying
four-wave mixing (FWM) process [3]. We also extend the theory to describe the quantum noise in such
orthogonal pumping configuration and show that the amplified spontaneous emission (ASE) becomes

polarization dependent.

This work is done in collaboration with Fatih Yaman in Prof. Agrawal’s group.

4.1 Introduction

Modern fiber-optic parametric amplifiers (FOPAs) employ four-wave mixing (FWM) inside highly non-
linear fibers (HNLF) or microstructured fibers and are useful for applications such as signal amplification,

wavelength conversion, and ultrafast signal processing [4]. Dual-pump FOPAs are often preferred as they
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provide more flexibility through individual control of pumps [5, 6]. It is believed that phase-insensitive
FOPAs can operate close to the 3-dB quantum-noise limit [7]. However, dual-pump FOPAs involve
multiple FWM processes [8], whose presence can degrade the FOPA performance. Moreover, the third-
order fiber nonlinearity contains Raman contribution with a retarded molecular response, which involves
thermal phonons and is likely to introduce additional noise [9, 10]. Because of the inherent complexity
of the problem, the fundamental quantum-noise limit of dual-pump FOPAs still remains unknown. In
Section 3 of this chapter, we develop a complete theory to investigate this aspect and show that the noise
figure of dual-pump FOPAs not only oscillates with signal wavelength, but it also exhibits a noise floor

far above the 3-dB quantum limit. Such a noise floor exists for any separation of pump wavelengths.

The polarization-independent operation is essential for practical FOPAs to ensure that the same per-
formance is realized for signals with any input state of polarization (SOP). It is commonly accepted that
the non-degenerate FWM process implemented with two orthogonal linearly polarized pumps is intrin-
sically polarization independent and it can provide a relatively uniform gain over a broad bandwidth
[2],[11]-[14]. Polarization-dependent gain (PDG) observed experimentally [14, 15] in such a configu-
ration is attributed to the impact of fiber birefringence [16, 17]. The absence of PDG for orthogonally
polarized pumps holds when the underlying FWM results from the instantaneous electronic response.
However, the third-order nonlinear response of optical fibers also depends on the retarded molecular re-
sponse. Because of the latter, the FWM process is inevitably accompanied with Raman scattering [18]
that is known to exhibit a strong polarization dependence [19]. In Section 4 of this chapter, we develop
a vector theory of FWM that includes the Raman contribution and show that the orthogonally polarized

pumping configuration exhibits considerable PDG because of retarded Raman response.

Although orthogonal pumping configuration is widely used, little is known about the noise properties
of such a pumping configuration. In Section 5 of this chapter, we extend the theory to find the ASE
and associated noise figure (NF) for this configuration, and show that the NF is strongly polarization

dependent because of polarization-dependent SRS.

4.2 General Theory

Dual-pump FOPAs operate such that multiple FWM interactions among the four sidebands shown in
Fig. 4.1 occur simultaneously [5]. More specifically, if w; and ), are frequencies of the two pumps and
w is the signal frequency, three idlers are generated through the frequency combinations @; + @, —
O+, 20 — O + 3, 20, — ) + 04, O + W) — @ + @3, and ®, + O] — @; + @4. In our analysis,
we include all six fields but assume that they are in the form of CW waves. Substituting the total field,

A= Y A jexp[—i(@; — ay)7], into Eq. (2.32), decomposing it into different frequency components, we
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Figure 4.1: Illustration of the frequency relationship among the two pumps and the four sidebands. @y,

and @y are the pump frequencies and w; to @y are those of four sidebands.

can obtain evolution equations for each wave. In general, the two pumps are much more intense than the
four sidebands. As a result, they can be treated classically and assumed to be non-depleted. The pump

equation is given by:

dA,
TZI = ikl'AlJrl%/(erfR)POAlJriynlh(z)(A;;'Al)Ah
HYE LA (4 A 2454 A) @

where 1x(n) = nfg /3 + frRa(®; — ay) and Py = | A;|> +| A|? is the total pump power. The tensor K,

is the propagation vector related to a Fourier component of xl-<j1>, which may include birefringence at the
pump frequency ;. The equation for Ay can be obtained from Eq. (4.1) by exchanging the subscripts /
and A. It is easy to show from Eq. (4.1) that the total pump power remains constant along the fiber. Fiber

losses are neglected since short fibers (~1 km) are generally used for making FOPAs.

The four sidebands are treated quantum mechanically to include the effects of vacuum fluctuations.

The wave at @ is found to satisfy

dA g A . N . * A . * Y
TZ] = iki- A ‘H%/(Z‘i'fR)POAl +iynu(2) (A7 - A A +iynin(2)(Aj - Ay) Ay
2 * A * A . AT . AT
+i };fE [A](A;- A))+ Aj(Ay- Ay +iynp(2)(AL - A) Ay + iy (2) (A - Ap) A
2 N . N : N . . N
+1nyEA;(A, FAp) +iyna(2)(AL A A+ I%AQ(AJ “Ap) +iynin(2) (A, Ar) As

2YfE
3

+l")/T]4/1(2)(AZ . A4)A[ +1i A;(A[ . A4) + iy Ay + inp Ay, “4.2)

where 7 j = 1i1(z, @; — @) is the noise operator for a specific phonon mode of frequency |®; — ay| related
to a Fourier component of the noise operator iz, 7). It satisfies the commutation relation [9, 20] of
[in(z1,Q;), " (22, %)) = gr(Q;)88 (21 — 22), where gr(Q;) = 2yfrIm[R,(Q;)] is the Raman gain/loss
coefficient at ;. At the thermal equilibrium with a fiber temperature of .7, the phonon mode at |Q;|
has a population of nf]f’ = [exp(1|Q;|/kg-7) — 1]7!. Note that we have dropped in Eqs. (4.1) and (4.2)

the anisotropic part of Raman scattering because of its negligible magnitude [19].
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In Eq. (4.2), the fields of four sidebands have been normalized such that A]T NA ju represents the photon
number at @; (j = 1 —4) and p (u = x,y) polarization so that [A ;, (z),A,tv(z)] = 8j1.0uv. Equations for
other three waves can be obtained by considering the symmetry among the four sidebands. For As, we
exchange subscripts [, 1, 3 with A, 2, 4, respectively. For A3, we exchange subscripts 1 and 2 with 3 and
4, respectively. For A4, we exchange subscripts [, 1, 2 with £, 4, 3, respectively. Egs. (4.1) and (4.2) are
quite general as they count in both polarizations. In experiments, only specific polarization configuration
is used for parametric generation. In the following sections, we will use these equations to discuss FWM

in different polarization configurations and its impact on parametric amplification.

4.3 Quantum Noise in Copolarized Pumping Configuration

Dual-pump parametric amplifiers commonly employ a polarization configuration in which two pumps
are copolarized to maximize the FWM efficiency. In this section, we investigate the quantum noise
properties of this configuration. To simplify the analysis, we assume all the fields are linearly polarized
along a principal axis of the fiber. As a result, all waves would maintain their polarizations along the
fiber, and thus can be treated as scalar fields. In this section, we suppress the polarization subscripts x
and y. After making a transformation for all the fields, A i A jexp[—iYPyz], to remove a common phase

factor, the pump equation (4.1) reduces to

dA; ~
d—zf =ikjA; +iRPA;  (j,k=h,l with j #k), 4.3)

where k; is the propagation constant, P; = |A|? is the pump power, R ik ="1ix(3) =7fe + fRﬁa(wj —
@y )]. Equation (4.3) is easy to solve and provides an analytical solution for the pump waves. The fiber
nonlinearity not only imposes phase modulation on two pumps but also induces power transfer between
them through stimulated Raman scattering. However, the total pump power Py = P, + P, remains constant

along the fiber.
Equation (4.2) for the wave at @; reduces to

dAy e
e i(B1+RuP +RipPy)A1 +i(Rp+ Rin) AjAKA,

+ iRBATAL +i(Rap + Rin) AjAiAs +iA iy +iA A, (4.4)

If one pump is absent, say A, = 0, Eq. (4.2) reduces to the case of degenerate FWM [10].

N

To simplify the analysis, we define a column vector F' = [A ;A;;A;;Ad and write Eq. (4.2) together

with those for three other waves in a vector form as:

dF /dz= MF +4, (4.5)
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where M is a 4 x 4 matrix describing FWM couplings among the four sidebands and its elements can
be obtained from Eq. (4.4). @ = [ﬁl;ﬁ;; ﬁ;; fi4) represents spontaneous Raman scattering along the fiber,
where ii; = iA;fj; +iAyf)jn (j = 1 —4). When the two pumps remain undepleted, Eq. (4.5) is a set of
linear equations with the following formal solution:

N A

F(L)=T(L)F(0)+ N, (4.6)

where the transfer matrix T is the solution of dT'/dz = MT and N is the amplified spontaneous Raman
scattering (ASRS) accumulated along the fiber and defined as N = [“ T'(L — z)(z)dz.

In the following, we consider phase-insensitive amplification in which only one signal wave at w,,
(m =1 —4), with a mean photon number of (n,,(0)) = no, is launched into a FOPA to generate three

idlers. Equation (4.6) shows that the mean photon number at @;, (i;) = <A}L-Aj>, is given by

(L)) = (FJ (L E,(L) = [TjnP'no+ Tl + | Tl + (N]N;),  (j=1,4), (47
(L)) = (L) F] (L) = [TinPno+|Tp P + | Tl + (N;N),  (j=2.3),  (48)

where the angle brackets denote an average over the quantum state. Clearly, the average output consists
of three contributions: (i) amplification or wavelength conversion of the input signal with an efficiency
|ij\2, (i1) amplified spontaneous FWM, equivalent to adding one photon to conjugated waves at the
input end, and (iii) ASRS given by the last term. Similarly, we can find the variances of photon number
fluctuations, ((An;)?) = <n3> — (nj)?, tobe
2 2Ty 2 T KR
([ (L)) = 0| Tinl? | Y 1T+ (NN 4+ N )
k=1
+ Wj]4Wj23 —|—Wj14<N;Nj> +Wj23 <N]NJT> —I—ng, “4.9)

where Wji4 = [Tj1 > + |Tja|?, Wjas = |Tja|* +|Tj3)%, and 07 = ((NJNJ)2> - (NJTN])2 In practice, the

photon number of the input signal is generally much larger than 1 (ng > 1), resulting in

(nj(L)) ~ no|Tim(L)?, (4.10)
4

([Anj (L)) & nol Tin LY 1Tl + (NN + NTN)). (4.11)
k=1

Signal-to-noise ratio (SNR) of the wave at ®; is defined as SNR(®;) = (n;)?/((An;)?). Assuming
that the input signal stays in a coherent state, its SNR is given by SNR;,(@,,) = ng. In practice, ampli-
fier noise is quantified by the noise figure (NF) defined as NF(®;) = SNR;,(®y)/SNRo.(®;), where
SNR,.(®;) stands for the SNR of w; (j = 1 —4) at the output end. When ng > 1, NF(w;) is found to
be

4
NF(0)) ~ \ijrz[z T2+ (NN + NN 4.12)
k=1
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The FOPA NF at ; originates from three dominant sources. Both the quantum noise at the input signal
and the vacuum fluctuations at other sidebands are converted to the fluctuations at @; through FWM [8].

Moreover, two pumps introduce extra noise through ASRS.

Because of the symmetry of four sidebands with respect to the two pumps, only three phonon modes
participate with frequencies of Q; (1 = 1 to 3) in Raman scattering (see Fig. 4.1). A detailed analysis
shows that

L
(N;NT+NINj) =T /0 dz| T Aj+ TjsAy — TpA, — TpA; |

L L
2 2
4Ty /O dz| Ty Ay — TpAf > + T /O &2|TuA — Ay, (413)

where Iy = |gr(Qy)[ (274 +1). In Eq. (4.13), T denotes T (L—z) and A; denotes A;(z). Equation
(4.13) shows clearly that ASRS at each phonon mode is seeded by multiple spontaneous Raman scat-
tering: 4 channels at Qi, 2 channels at Q,, and 2 channels at Q3, respectively (see Fig. 4.1). They are

amplified by FWM and interfere with each other within each phonon mode.

We now apply our analysis to a FOPA made of a 500-m-long HNLF with a zero-dispersion wave-
length (ZDWL) at 1550 nm and an effective area of . = 10 um?, corresponding to y ~ 10.5 W~! /km.
The Raman gain spectrum is obtained from Ref. [21]. The peak value of g = 2ny fRIm[ﬁR(QR)] Jc=
0.62 x 10713 m/W is used in the 1550-nm regime [19, 22], where Qg/(27) = 13.2 THz is the Raman
frequency shift. The classical equation governing the transfer matrix T'(z) can be easily solved numeri-
cally. Using this solution in Egs. (4.12) and (4.13), we obtain the noise figure. Figure 4.2 shows the gain

and NF spectra for a 50-nm pump spacing, similar to a typical experimental configuration [6].

In the absence of Raman scattering, the FOPA exhibits a uniform 34-dB gain and a 3-dB noise figure
within a broad central region where the parametric generation is dominated by the single non-degenerate
FWM process @y, + @y — @; + @,. However, NF exhibits oscillations with increased peak values as
the signal is tuned towards the pumps. Such oscillations result from the participation of multiple FWM
processes that are close to satisfying the phase-matching conditions. Especially, the FWM processes,
W+ @y — @+ @3 and Wy, + ®; — @ + o4 (sometimes called Bragg scattering [6]), introduce consider-
able internal losses for the waves at @; and @,. They are also responsible for the decrease of FOPA gain

around these regions. As seen in Fig. 4.2, a reduced gain always accompanies NF oscillations.

Raman scattering introduces power transfer between the two pumps and thus affects the FWM effi-
ciency, leading to a gain reduction by 2 dB in Fig. 4.2. Moreover, the induced ASRS is proportional to
both the Raman gain coefficient and the phonon populations. In the central part of the gain spectrum,
the signal acts as the Stokes of high-frequency pump and simultaneously as the anti-Stokes of the low-

frequency one. The balance between these two produces a nearly frequency-independent noise plateau
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Figure 4.2: Spectra of FOPA gain and noise figure as a function of signal detuning from the ZDWL. The
HNLF is assumed to have third- and fourth-order dispersions of 0.0378 ps? /km and 1.0 x 10~* ps* /km,
respectively, and kept at room temperature of .7 = 300 K. Two pumps are launched with equal input
powers of 0.5 W in the absence of Raman scattering (thin curves), but their powers are optimized to P, =
0.37 W and P, = 0.63 W for optimal gain in the presence of Raman scattering (thick curves). Pump

wavelengths are shown in the figure.

with a magnitude of 3.7 dB over a broad spectral range where the FOPA gain is uniform. At the same

time, the oscillatory nature of NF persists.

Although the gain reduction induced by pump power transfer can be mitigated by reducing pump
spacing, it has little impact on the noise floor. The reason is that phonon population increases significantly
when the two pumps are tuned closer to the signal. A detailed analysis shows that the noise floor remains
nearly unchanged for all typical pump spacings from 20 to 50 nm. This can be seen in Fig. 4.3 where
the pump spacing is reduced to around 30 nm. Clearly, same noise floor also remains for the two outer
bands, with a small amount (~ 0.1—0.2 dB) increased for that > @), but decreased for that < ;. On the
other hand, decreasing pump spacing also enhances FWM couplings and thus increases NF oscillations

over the whole gain spectrum, although it helps to realize a multi-band operation [6].

The situation changes when the two pumps are far from each other. Figure 4.3 shows the case of
90-nm pump spacing. The FOPA gain is almost completely dominated by the single non-degenerate
FWM process, @y, + 0; — @1 + 0, leading to disappearance of NF oscillations over a 70-nm bandwidth.

However, pump-power transfer is enhanced and the signal and idlers start to experiences Raman gain/loss



59

T T T T T T T T T 7.0
40
6.5
35
6.0
30
o) 5.5
% 25 no Raman with Raman 5
~ [72]
(]
-% 50 7
o 20 (_gi
E r 45 %
8 15 @
I 4.0
10
2=1598nm 3.5
5 %,=1505nm
i 3.0
0 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1

-40 -30 -20 -10 0 10 20 30 40
Singal Detuning from ZDWL (nm)
Figure 4.3: Same as Fig. 2 but with pump spacing increased to 90 nm. Input pump powers are optimized

and are P, = 0.20 W and P, = 0.80 W. In the absence of Raman scattering, two pumps have equal powers

of 0.5 W.

from the two pumps, resulting in a 5-dB gain reduction and a spectral tilt in the FOPA gain spectrum.
Enhanced Raman scattering also leads to more noise. Consequently, the NF floor increases to above

4 dB, and becomes 4.75 dB when signal is tuned close to the high-frequency pump.

To conclude this section, We have found that the noise figure is limited to a minimum of 3.7 dB
and may exceed 4.5 dB depending on the pump spacing. It exhibits oscillations stemming from the
Bragg-scattering induced internal losses. Quite different from the single pump case [10] where the noise
figure is strongly spectrally dependent, noise figure in copolarized dual-pump configuration has a nearly

spectrally independent noise floor.

4.4 Orthogonal Pumping Configuration

4.4.1 Physical origin of polarization properties of FWM: Spin Conservation

In this section, we investigate the intrinsic polarization-dependent nature of FWM inside optical fibers.
To do this, we focus only on the nondegenerate FWM process @; + @, — o+ @; (0 and @; can be the
pair of @; and m,, or that of w; and w4) but neglect all other processes. Physically, the polarization-

dependent nature of FWM stems from the requirement of spin conservation among the four interacting
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photons in an isotropic medium. This requirement can be described most simply in a basis in which T and
| denote left and right circular polarization states and carry the intrinsic angular momentum (spin) of +7
and —#, respectively [23]. To describe FWM among arbitrarily polarized optical fields, we decompose
each field in this circular-polarization basis as |A;) = %;| 1) + Z;| |), where %; and Z; represent the
field amplitudes in the T and | states, respectively, for the jth wave (j = [, h,s,i). Using this expansion,
we can find from Eq. (4.2) that the creation of idler photons in the two orthogonal spin states is governed

by the following two equations (in the absence of XPM) [2]:

d7; . 4 « "
= B U S U+ (U9 + ) P @14
= z/ii@mt%y[@,@h% (UDy+ DU U] (4.15)

The same equations hold for the signal if we exchange the subscript s and i.

The three terms on the right side of Eqgs. (4.14) and (4.15) show clearly the different spin combina-
tions of the interacting photons and lead to the following selection rules for the FWM process. The first
term 24 %%, in Eq. (4.14) correspond to the path T; + T2—T, + T; while the first term 2 2, Z; in
Eq. (4.15) corresponds to the path || + |»— |5 + |i, where a subscript denote photons at that specific
frequency. Physically, if both pump photons are in the | or | state with a total angular momentum of

+27, the signal and idler photons must also be in the same state to conserve the total angular momentum.

The last two terms in Eq. (4.14) correspond to the paths T + |,— ]+ T;and || + To— s+ 1. The
only difference for the last two terms in Eq. (4.15) is that the same two combinations of pump photons
produce signal-idler pair as T 4+ |;. The main point to note is that these four terms use orthogonally
polarized pump photons with zero net angular momentum and thus must produce orthogonally polarized
signal and idler photons in the basis used. A signal photon with state Ty can only couple to an idler
photon with state |;, and vice versa. This leads to two possible combinations, T, + |; and | + T;, both

of which are equally probable.

A pump with an arbitrary polarization is composed of photons in both the T and | states with differ-
ent amplitudes and phases. FWM in this case includes both scenarios discussed above. Its polarization
dependence is a consequence of the fact that different paths occur with different probabilities and cou-
ple with each other, and one must add probability amplitudes to sum over various paths (as is done in
quantum mechanics). The coupling of different paths and the addition of amplitudes can lead to con-
structive or destructive interference. For example, if the two pumps are right-circularly polarized, no
FWM can occur for a signal that is left-circularly polarized (and vice versa). The spin selection rules are

summarized in the following table 4.4.1.

The same selection rules hold for degenerate FWM. It follows immediately that degenerate FWM is

always polarization dependent because the two pump photons have the same SOP. More importantly, it
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Waves Spin Combinations
o | T 1 1
o |11 ! T
o | T{L [T LTl
; TLLL] T LT

Table 4.1: Spin Selection rules for Non-Degenerate FWM

is impossible to balance the FWM efficiency experienced by the T and | components of the signal unless

a polarization diversity loop is used.

From an application point of view, one is interested in the FOPA configuration that would yield the
same signal gain irrespective of the SOP of the input signal (polarization-independent gain). A detailed
analysis of Eqgs. (4.14) and (4.15) shows that this can be realized by two pumps with orthogonal polar-
izations, no matter what their individual SOPs are. Although an elliptically polarized pump consists of a
mixture of T and | states, it turns out that, for two pumps with orthogonal elliptical polarizations, the two
paths, T1 + To—Ts+ Tiand |{ + |2—|s + |i, not only have a same efficiency but also have appropriate
relative phases with the polarization-independent paths (71 + |2 or |1+ T2) — (ls + T; or T+ 1i).
As a result, elliptically but orthogonally polarized pumps can provide a polarization-independent FWM.
More specifically, if the two pumps are orthogonally and circularly polarized the terms containing % %>
and 2| 2,, vanish, and the FWM process becomes polarization independent. If the two pumps are or-
thogonally but linearly polarized, it turns out that % 2, + %1% = 0. The possible paths in this case,
(Mi+12)—= s+ 17i or Ts+ 1) and (|1 + T2) = (Is+ T or 15+ |;), are out of phase with each
other and thus cancel. The remaining two paths, T + To—1s+ T; and || + |2—]s + |, have a same

efficiency.

Based on discussion above, the relative FWM efficiencies for typical pumping schemes, such as
those in the linear or circular polarizations, can be found by simply counting the possible paths in Table
4.4.1 together with the power fraction of pumps in the spin up and down states. The following table
4.4.1 illustrates the relative FWM efficiencies, normalized to the one of linear copolarized pumping

configuration.

Table 4.4.1 shows that linear copolarized pumping exhibits the maximum FWM efficiency. However,
it is strongly polarization dependent. FWM efficiency reduces to one third when the signal is orthog-
onally polarized to the pumps. However, both linear and circular orthogonal pumping are polarization
independent, but the latter has twice FWM efficiency. All other elliptical orthogonal pumping will has

a FWM efficiency between these two. In practice, pump powers remain high to obtain enough signal
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Fraction of # of paths for Relative
Pump 1 SOP | Pump 2 SOP Signal SOP
pump T & | individual signal T or | | FWM Efficiency
| 3 1
| | 172
—— 1 1/3
| 1 1/3
| —— 172
—— 1 1/3
T 1 2/3
7 1 1
l 1 2/3
1 1 2/3
7 7 1
| 0 0

Table 4.2: Relative FWM efficiencies for typical pumping configuration. FWM efficiency provides the
probability of creation photons at specific signal SOP. It is directly proportional to the product of the
number of possible paths and the fraction of pump power. —— and | denote linear polarization along x

and y axis, respectively.

gain. In this case, two pumps introduce significant SPM and XPM, leading to considerable nonlinear
polarization rotation (NPR). In this case, only the linear and circular polarizations are eigen-states of
NPR and can maintain along the isotropic fiber. On the other hand, if fibers exhibit considerable birefrin-
gence, circular polarization becomes unstable. This is the reason why linear orthogonal pumping is most
widely used for polarization independent operation of FOPAs, although it has relatively low efficiency.
However, by use of specific technique (i.e., by using twisted fibers) [24], circular polarization can be
maintained along the fiber, which would significantly increase FWM efficiency. As the linear orthogonal
pumping is most popular in practice, we focus on this configuration in the following sections and show

that other effects also affect its polarization dependence.

4.4.2 Effect of Raman scattering

In this section, we consider the orthogonal pumping configuration. To simplify the analysis, we assume
the fiber to be isotropic and neglect birefringence. When the two pumps are orthogonally and linearly
polarized, it turns out that they maintain their SOPs along the fiber. We assume that the two pumps are
polarized along the x and y axes, respectively, and that they remain nearly undepleted. Using A; = A;é,

and Aj, = A;é,, pumps are found to satisfy

dA,
o = A iy [P (24 fr)P/3]A. (4.16)
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Figure 4.4: Tllustration of two independent FWM processes for the pumping configuration in which two
pumps at @; and @y, are linearly polarized along the orthogonal x and y axes. A signal at @; produces

three distinct idlers at @, @3, and @y.

Equation (4.16) can be easily solved analytically. We find that P; does not change with z because the
Kerr nonlinearity only leads to a nonlinear phase shift through self- and cross-phase modulation. Note
that, for the orthogonal pumping configuration, power transfer between the two pumps is negligible as it

can be realized only through anisotropic Raman response. We have neglect such effect in Eq. (4.16).

We next consider evolution of the signal along the fiber. A detailed analysis shows that various FWM
processes can be decoupled into two sets of independent eigen-processes shown in Fig. 4.4, resulting in

the following equation:

dA P . .
S = tkaduciy {mu@RAL + ma@)AaA),
+ Ns(3)ATAL, + s (2)AAGAsy | + A, (4.17)
dAy, . .. ; ;
dz) = ikijAry + 17{71111(4)Ph141y + nzz(z)AzAhA;(

+ EAZAL + 2LEAA AL+ i (4.18)

To obtain Eqgs. (4.17) and (4.18), a common phase factor has been removed from all waves with the
transformation A — A exp[—i(2+ fg)YPoz/3]. Similar equations for the three idlers can be obtained from
Egs. (4.17) and (4.18) by considering the symmetry among the four sidebands. For example, Equations
for the idler at w3 are obtained by exchanging subscripts 1 and 2 with 3 and 4, respectively; those for the
idler at @, are obtained by exchanging subscripts /, 1, 3, x with k, 2, 4, y, respectively; and those for the

idler at w4 are obtained by exchanging subscripts [, 1, 2, x with h, 4, 3, y, respectively.

In this section, we consider first the polarization-dependent gain (PDG) in the orthogonal pumping
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Figure 4.5: Parametric gain spectrum for x- and y-polarized signals as a function of signal detuning from
the ZDWL of the fiber. The FOPA is pumped at A; =1575.0 nm and A, = 1524.2 nm (vertical dashed
lines) with equal powers of 0.5 W. Thick and thin curves show the cases with and without Raman
scattering, respectively. Dotted curves show the analytic solution when only the single non-degenerate

FWM process is considered.

configuration and ignore quantum noise (discussed in the next section). Therefore, the noise operators
in Eq. (4.17) and (4.18) are neglected temporarily, and all the fields are treated classically. As the two
pump powers are constant along the fiber, the resulting set of linear equations can be easily solved to
obtain the parametric gain. Figure 4.5 shows examples of the gain spectra for x- and y-polarized signals
using the same fiber as Fig. 4.2. The gain spectra without Raman response (fg = 0) are also presented

for comparison with thin solid lines.

When the Raman scattering is absent, the central portion of gain spectra is polarization-independent,
as expected, since it arises mainly from the polarization-independent FWM process @; + @, — ®; + ;.
The residual polarization dependence near the spectral edges is due to the modulational instability (MI)
induced by the two pumps (2w; — ®; + @3 and 2wy, — @, + ®4). For the same reason, MI peaks appear in
the vicinity of the pumps. However, parametric gain spectra change in the presence of Raman scattering

both qualitatively and quantitatively. The central part of the gain spectrum is no longer uniform even for
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a fixed signal SOP. When signal is x-polarized, FOPA gain increases with increasing signal wavelength,
and the opposite occurs when signal is y-polarized. Moreover, the FOPA gain in the central part becomes
significantly polarization dependent. Indeed, PDG can exceed 2 dB depending on the signal wavelength.
Such a large PDG has its origin in the polarization dependence of Raman scattering and has consequences

for practical applications of FOPAs.

The MI-induced polarization dependence can be mitigated by unbalancing the pump power such that
it is smaller for the pump located in the anomalous-dispersion region of the fiber. This is so because MI
gain is very sensitive to the pump power. For example, in the absence of Raman scattering, MI-induced
PDG can be mitigated almost completely over 25-nm-wide central part of gain spectrum by changing
equal 0.5-W pump powers to P, = 0.4 W and P, = 0.6 W. However, this power imbalance has little

impact on the Raman-induced polarization dependence because of its intrinsic fundamental nature.

Although a complete description of FOPA based on Eqgs. (4.17) and (4.18) is relatively complicated,
the central portion of FOPA gain spectrum results mainly from the non-degenerate FWM process @; +
Wy, — 01 + . If only this process is considered, Eqs. (4.17) and (4.18) can be simplified by neglecting
the terms containing A3 and A4. The resulting simplified equations, together with those for @, can be

solved to provide the following analytical solution when only signal at @, is launched at the input:

Pio(L) = Pi(0)p;(L) |[cosh(giL) + ix; sinh(giL)/ (2g))|, 4.19)

P (L) = V| (2)[2PPyPry (0)pr (L) [sinh (g L) |* /| gnl?, (4.20)

where kj = ki +ko —k; —kn+7yn1(3)Po (j = [,h) is the total phase mismatch, g? = [ymj(Z)]zP;Ph —
(k;/2)% and p;(L) = exp{}/fRLAjIm[ﬁa(a)] — )]}, where A; = B, — P, when j=1[but A; =P —P,
when j = h. The expressions for P;, and P, can be obtained from Eqs. (4.19) and (4.20) by exchanging
the subscript / and x with / and y, respectively. The dotted curves in Fig. 4.5 shows the analytical results.
As expected, they agree well with those obtained with the complete four-sideband model over the central

portion of gain spectrum.

The physical origin of PDG observed in Fig. 4.5 can now be easily understood from Eq. (4.19)
[where Py, and Py, depend only on ﬁa( ®; — ) and R, (w) — wy), respectively]. Raman scattering affects
parametric generation in two ways. First, although the Raman response has no impact on orthogonally
polarized waves, it produces gain for the copolarized Stokes and loss for the copolarized anti-Stokes
[determined by Im(ﬁa)]. In the case of Fig. 4.4(a), w; experiences Raman loss from the @; pump but
» experiences Raman gain from the @y, one. The situation is reversed in the case of Fig. 4.4(b), where
o, experiences Raman gain from the @, pump but w, suffers from Raman loss from the w; one. The

gain/loss amount depends on the frequency separation between the pumps and signal. Although typical

frequency separations in a FOPA are not close to the Raman gain peak, the broadband nature of the
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Raman gain spectrum contributes considerable gain/loss to the signal and idlers in the central portion of

parametric gain spectrum.

Second, a retarded Raman response changes fiber’s refractive index [through Re(R,)] by an amount
that depends on frequency separation between the pumps, signal, and idler. For example, change is
about 5% when signal is detuned from the pump by 30 nm. As the Raman response affects only the
copolarized waves, variations in the refractive index are determined by the frequency separation |@; —
oy in the case of Fig. 4.4(a), but by |w;, — @;| in the case of Fig. 4.4(b). Asymmetry between these
two processes produces different FWM efficiencies: It not only induces polarization dependence of
parametric generation for a fixed signal frequency but also affects the spectral dependence of parametric
gain for a fixed signal SOP. Note that this is quite different from the copolarized pumping configuration
in which the signal and idler act simultaneously as the Stokes of one pump and anti-Stokes of the other,

resulting in negligible impact on the refractive index.

Figure 4.6 shows PDG as a function of parametric gain obtained from Eq. (4.19), assuming perfect
phase matching [Re(k;) =0, j = [,h], and using PDG = G, — G,, where G; = 10log,,[Py;(L)/P1;(0)]
(j =x,y) is the parametric gain for two signal SOPs. The PDG caused by pure Raman gain/loss, defined
as PDGgr = (10/In10)L[gg (0 — @1 )P, — gr(0; — @y )F], is also shown by thin curves for comparison.
When parametric gain is small, PDG increases with parametric gain and is close to PDGgr. This is
because Raman scattering dominates when FWM is negligible, and Eq. (4.19) reduces to Ps (L) ~
P3,(0)exp[LP,gr(®w; — @;)]. When parametric gain becomes significant, PDG changes almost linearly
with it, but at a smaller rate compared with PDGg. When AA = —10 nm, PDG increases to only 3.7 dB
even for a 30-dB gain, much smaller than 8-dB PDGRr. Around the center of parametric gain spectrum
(AA = —1 nm), PDG is almost constant at 2 dB. However, PDG remains small when AA = 10 nm and
even vanishes or becomes negative for specific gain. The reason for this behavior is that, when FWM
dominates, Eq. (4.19) is approximated by P3 (L) ~ Ps(0)exp{yL\/P,P{4/3 + 2Re[R,(ay — a;)]}}.
Raman scattering is suppressed by FWM [26] and PDG is dominated by refractive index changes induced

by Re(R,), which are smaller than those induced directly by Raman gain/loss. In this case, FWM helps

to mitigate the amount of PDG.

To conclude this section, we have shown that, in contrast to a prevailing belief, the orthogonal-
pumping configuration is intrinsically polarization dependent, and thus does not provide polarization-
independent parametric gain even for isotropic fibers. Retarded Raman response of optical fibers set
a fundamental limit on its polarization dependence. For practical applications of FOPAs, additional

techniques may be necessary to reduce such PDG.
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Figure 4.6: PDG as a function of parametric gain and total pump power at three signal wavelengths
under a perfect phase-matching condition. Two pumps are assumed to have equal powers, P, = P,. Other
conditions are identical to Fig. 2. The parametric gain on the horizontal axis is defined as the polarization-
independent FOPA gain in the absence of Raman scattering. Thin curves shows for comparison the PDG

induced by pure Raman gain/loss at the same signal wavelengths.

4.5 Quantum Noise in Orthogonal Pumping Configuration

In this section, we investigate the quantum noise properties of parametric amplifiers with orthogonal
pumps. The technique used in Section 3 can be transferred directly to the orthogonal pumping case.
As the FWM processes are decoupled into two independent processes, we define two column vectors as
E. = [A]X;Azy;fi;x;ﬁéty] and 13; = [Aly;A;x;A;,;AM]. Eq. (4.17) together with those for three other waves

in a vector form as:

dFj/dz=M;Fj+a;, (j=x)) 4.21)
where M, and M, are related to Eq. (4.17) and (4.18), respectively. the SRS noise operators are given
by

= ifAfs — A7, — AT A Anfla], (4.22)

@y = ilAnfin —A] gy — AL A ). (4.23)
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Figure 4.7: Parametric gain spectrum for x- and y-polarized signals as a function of signal detuning from
the ZDWL of the fiber, under the same conditions as Fig. 4.5. Thick and thin curves show the cases with

and without Raman scattering, respectively.

Clearly, Raman scattering only introduces noise to copolarized sidebands. Define the evolution matrixes

for the two eigen-processes as:

F(L) = To(L)Ex(0) + N, (4.24)
Fy(L) = T,(L) E}(0) + N, (4.25)

where N, and N, are given by N, = fOL T (L —z2)1,(z)dz and Ny = fOL T, (L — z)@y(z)dz, respectively.
As a result, Eqs. (4.7)-(4.12) can be used for the two eigen-processes provided that we replace the
evolution matrix and the noise operator with these appropriate ones. For these two processes, Eq. (4.13)

then becomes

L
Y \J 7T N * %2
(NNl +NLNg) =T /O dz|Teji Ay + TojsAn — TopAj — TepA | (4.26)

L L
A AL St xS * 2 * 2
<NyjNy‘j+NyjNyj> = 1"2/0 dz‘Tyleh —TyﬂA,‘ +F3/0 dz’Tyj4A1 —Tyj3Ah| . 4.27)
The three phonon modes creates noises in different FWM processes, as shown clearly in Fig. 4.4. The
eigen-process (a) is only affected by the mode at Q;, and (b) is affected by both Q, and Q3. As Q»,
and Q3 are in general different from Q;, the ASRS would have different magnitudes in the two FWM

processes, resulting in different noise figures.
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Figure 4.8: Parametric gain spectrum for x- and y-polarized signals as a function of signal detuning from
the ZDWL of the fiber, under the same conditions as Fig. 4.5. Thick and thin curves show the cases with

and without Raman scattering, respectively.

Figure 4.7 shows the noise figures for the two eigen-processes as shown in Fig. 4.4. In the absence
of Raman scattering, noise figure is independent of signal polarization (thin curves) over a broad spec-
trum with a magnitude of about 2.8 dB, corresponding to the polarization-independent gain shown in
Fig. 4.5. The magnitude of NF is smaller than 3 dB because of the relatively small parametric gain. The
slight polarization dependence of noise figure at the edge of gain spectrum is due to the participation of
polarization-dependent modulation instabilities. Raman scattering significantly enhances noise figure,
by more than 1 dB in the central portion of the gain spectrum. Moreover, noise figure becomes consid-
erably dependent on signal wavelength in both processes because of both frequency-dependent Raman
gain coefficient and phonon population, as discussed above. For example, when the signal is x-polarized,
noise figure peaks at the spectrum center where it can be as high as 5 dB. When the signal is y-polarized,

noise figure decreases with increased signal wavelength.

Because of the asymmetry of Raman scattering between the two eigen-processes in Fig. 4.4, noise
figure becomes strongly polarization dependent. This can be seen clearly in Fig. 4.8, which shows the
noise figures as a function of signal polarization at three different signal wavelengths. In the absence
of Raman scattering, NF is independent of signal polarization. However, Raman scattering introduces

strong polarization dependence in NF, by about 1 dB. In general, NF is minimum when the signal is
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copolarized with the high-frequency pump, but is maximized when it is close to copolarization with the
low-frequency pump. Figure 4.8 shows that, although Raman scattering only introduces a small amount
of PDG to the parametric gain, as discussed in the previous section, it cause the amplified spontaneous

emission to be very strongly polarization dependent.

To conclude this section, we have developed a theory to quantify the noise properties of orthogonally-
pumped FOPAs. We show that, in contrast to a common belief, the amplified spontaneous emission

becomes strongly dependent on both the signal wavelength and polarization.

4.6 Summary

In a summary, we have developed general theory to quantify the noise properties and polarization depen-
dence of FOPAs in different pumping configurations. We show that the participation of Raman scattering
in four-wave mixing process significantly changes the fundamental noise properties of FOPAs. In the
copolarized pumping configuration, NF not only exhibits an oscillation feature because of the interfer-
ence of multiple FWM processes, but also becomes considerably higher than the 3-dB fundamental limit
because of the involvement of thermal phonons through Raman scattering. We show that, in contrast
to a common belief, orthogonal pumping configuration is intrinsically polarization dependent because
of the inevitable accompany of SRS to the FWM process. At the same time, the amplified spontaneous

scattering in this configuration becomes dependent on both signal wavelength and polarization.
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S Applications of Four-Wave Mixing

In this chapter, we turn to the experimental applications of four-wave mixing. We used dual-pump
parametric amplification, discussed in Chap. 4, to realize all-optical signal processing at a bit rate of
40 Gb/s with high quality [1]. We demonstrated all-optical packet and bit-level switching at OC-768
data rates with multi-band operation. This work is done in collaboration with Prof. S. Radic’s group at

University of California, San Diego.

We also used degenerate FWM inside a short photonic-crystal fiber to realize a subpicosecond fiber-
optic parametric oscillator with a wavelength tunability of about 200 nm around 1.0 pm, the first clear
demonstration, to the best of our knowledge, of such a broadly tunable short-pulse fiber-optic parametric

oscillator (FOPO) in this spectral region. This work is done in collaboration with Prof. W. H. Knox’s

group [2].

5.1 Optical Switching and Wavelength Multicasting

5.1.1 Introduction

Fast all-optical signal processing is essential for future optical networks. A variety of semiconductor and
fiber platforms have been used to realize related optical functionalities [3, 4]. Compared with semicon-
ductors, four-wave mixing (FWM) occurring inside optical fibers exhibits the advantage of an ultrafast
response [3] and an intrinsic low-noise nature [5]. Indeed, degenerate FWM (single pump) has been used

for applications such as wavelength conversion, pulse generation, and optical sampling [6].

Dual-pump FOPAs introduce additional degrees of freedom for practical applications because the
wavelengths, powers, and state of polarizations (SOPs) of two pumps can be independently controlled.

Such a two-pump parametric (TPP) architecture can provide uniform broadband amplification [7, 8],
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wavelength conversion [9], optical signal regeneration [12], and polarization-independent operation
[10, 11]. Moreover, as discussed in the previous chapter, the coupling between non-degenerate and
degenerate FWM processes simultaneously creates photons in four spectral bands [13], leading to signif-
icantly enhanced available spectral range and operational functionality since all four bands can be used

in practice [14] and parametric generation can be emphasized in any of them [9].

Most previous work on signal processing has focused at bit rates of 10 Gb/s [14]. Future optical
networks are likely to operate at 40 Gb/s or more. Attempts have been made to realize signal generation
and phase conjugation at such high bit rates [15]-[17]. However, FWM-based all-optical routing and
switching at such high bit rates was not demonstrated before our work reported here. We employed a
TPP configuration to demonstrate high-quality, all-optical, multiple-band, packet and bit-level switching
at a bit rate of 40 Gb/s, with a conversion efficiency of at least 21.2 dB and an extinction ratio exceeding

25 dB. Moreover, the feasibility of subrate pump control was realized for OC-768 signal processing.

5.1.2 Operating Principle

Multi-band response is the most important function provided by the TPP architecture. As shown in
Fig. 5.1(a), within the parametric gain bandwidth, a signal band is replicated to three idler bands, irre-
spective of its relative spectral location. The multi-band operation requires the presence of both pumps,
and is uniquely controlled by the pump spectral and power configuration. When the two pumps are nearly
symmetrically located at opposite sides of the zero-dispersion wavelength (ZDWL) of a fiber, because of
the instantaneous response of FWM process, switching of Pump 2 located in the anomalous-dispersion

regime instantly excites three idler creation as well as signal amplification. As a result, by simply using
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Figure 5.1: Iustration of wavelength multicasting in two-pump parametric devices.



74

PRBS

PUMP1  EDFA TF1

25— =

PUMP2 EDFA TF2  100r40Gbis

e e e — — —

SIGNAL

40 Gb/s

Figure 5.2: Experimental setup. TF: tunable filter. PM: phase modulator. AM: amplitude modulator.
PC: polarization controller. ODL: optical delay line. EDFA: erbium-doped fiber amplifier. OSA: optical
spectrum analyzer. OSC: oscilloscope. BS: band splitter. C1: 10/90 coupler. C2: 1/99 coupler. C:
circulator. DET: detector; it can be either an OSA, an OSC, or a power meter used for characterizing the

input signal, C- or L-band pump. OSA?2 is used for monitoring Brillouin scattering of the pumps.

a specific temporal waveform for Pump 2, while maintaining Pump 1 at a constant level, it is possible to
realize various fast switching functions, as shown clearly in Fig. 5.1(b). When the signal is located in the

normal-dispersion regime, the same function can be realized by controlling the Pump 1.

Because of the instantaneous response of FWM, the switching speed is ultimately limited by the
speed of pump control. In general, it needs to be comparable to input data rates. However, the exponen-
tial dependence of parametric gain on the pump powers significantly reduces the requirement of pump

switching speed, enabling the use of subrate pump control. This is discussed in detail in what follows.

5.1.3 Experimental Setup

Our two-pump experimental setup is shown in Fig. 5.2. Two continuous-wave (CW) tunable lasers
(A1 = 1568.5 nm and A, = 1598.0 nm) served as the pump seeds, and were amplified and filtered by
two 0.25-nm filters (TF1 and TF2) to reduce the amplified spontaneous emission (ASE) prior to the
booster amplifier. The anomalous pump was controlled using a programmed nonreturn-to-zero (NRZ)
bit sequence in both packet and bit-level switching experiments. A tunable optical delay line (ODL) was
used to adjust the relative delay between the pump and the signal. The two pumps were counterphased

using a 5-Gb/s pseudo-random bit sequence (PRBS) to suppress stimulated Brillioun scattering generated
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inside both the booster amplifier (EDFA) and the highly nonlinear fiber (HNLF). The EDFA booster
provided an average output power of 2.3 W, measured prior to the ASE-filtering section (dashed box in
Fig. 5.2). The booster ASE was filtered out using two 1-nm tunable filters (TF3 and TF4) in order to
guarantee pump spectral purity [6] greater than 75 dB (measured within 0.2-nm bandwidth). A third
tunable CW laser served as the signal. It was modulated using a 40-Gb/s NRZ pattern and was inserted
into the HNLF through a 10/90 coupler. PC7, PCS8, and PC9 were all adjusted to achieve a copolarized
SOP for the pumps and the signal inside HNLF. The 520-m HNLF used in the experiments had an
effective area of 11 um?, a dispersion slope of 0.025 ps/(nm”km) and a ZDWL of 1582 nm. The four
sidebands generated through modulational instability coupling were selected using a 2-nm-wide optical

filter (TF5) and observed using a fast oscilloscope (37-GHz response).

5.1.4 Packet Switching

As a first goal of this study, we investigated the performance of arbitrary-bit-sequence (packet) extrac-
tion from the input OC-768 stream. Unlike the previously reported result [14], the switching of the
OC-768 sequence required a precise control beyond that of the OC-192 rate. Indeed, while the length
of the switched sequence (~ 1000 ps, see experiments below) allows for slow pump control, extrac-
tion with zero guardband does require speed comparable to the input data rate (OC-768) or even faster.
However, parametric generation inside a HNLF helps to reduce significantly such requirement on the
pumps because the output signal/idler powers are related to the pumps by an exponential gain function.
For simplicity, if the parametric process is assumed to be dominated by a single phase-matched FWM
process, the true switching rise/fall time is determined by the parametric response as exp [2yYLPe(7)] /4,
where Pes(7) represents the effective pump power, defined as 2\/1% for the non-degenerate (two-
pump) interaction and P(7) for the degenerate (one-pump) interaction; L is the HNLF length and ¥ is the
nonlinear parameter [3]. For a parametric gain of 20—30 dB, this formula yields a parametric response
2—4 times faster than the corresponding pump rise/fall time. In general, the single-pump configuration
exhibits faster response [17]. However, dual-pumping provides more functional sidebands and thus en-
ables wavelength multicasting. The parametric rise/fall time associated with 10-Gb/s pump control (~
25 ps rise/fall time) was indistinguishable from that of the 40-Gb/s sequence in practice. This indicates
that 10-Gb/s pump control could be effectively used to achieve the practical packet switching at OC-768
rates. Consequently, it allowed a control of the anomalous pump by a 10-Gb/s, rather than a 40-Gb/s

programmed sequence.

To demonstrate OC-768 packet switching, the long-wavelength pump was modulated using a 1-ns-

long rectangular pulse (composed of 10 successive logical ones at 10 Gb/s, corresponding to 40 bits at
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Figure 5.3: Optical spectrum measured at the output of HNLF, recorded with 0.2-nm resolution when a

1559-nm signal is launched. Other details are given in the text.

40 Gb/s) in order to extract a selected sequence from the data stream of the small input signal (P, = —14
dBm). The average pump powers launched into the HNLF were 545 mW and 155 mW for the normal (C-
band) and anomalous (L-band) pumps, respectively. The TPP spectrum is shown in Fig. 5.3, illustrating
three new switched wavelengths at 1578.1, 1588.1 and 1608.0 nm. The input signal at 1559.0 nm is
simultaneously amplified by 25.2 dB (“on/off” value, measured at the HNLF output) and multicasted
with conversion efficiencies of 21.2 dB, 21.4 dB, and 25.9 dB, respectively, covering a spectral range of
49 nm. The corresponding 0.2-nm optical signal-to-noise ratios (OSNRs) were measured to be 33.6 dB
(1559.0 nm), 28.5 dB (1578.1 nm), 28.9 dB (1588.1 nm), 34.8 dB (1608.0 nm). The absence of higher-
order wave [12] in the vicinity of the switched sidebands confirms the linear TPP operation required for

crosstalk-free waveband switching.

The temporal waveforms of the four sidebands and the L-band pump are shown in Fig. 5.4. The input
signal had a mark density of 1/2 [Fig. 5.4 (a)], with the extinction ratio limited by the electronic driver
used for the 40-GHz AM modulator. Figure 5.4 (b) shows the square waveform imposed on anomalous
pump used for OC-768 sequence extraction. Switched packets were obtained from all four parametric
bands. That at the signal wavelength (1559.0 nm) is shown in Fig. 5.4 (c), and the corresponding idler
packets at 1578.1, 1588.1 and 1608.0 nm are shown in Figs. 5.4 (d)-(f), respectively. Switched packet
traces were recorded by a simple tuning of the output (TF5) filter, since high power (> 5 dBm) in any of
the four streams eliminated the need for postamplification. The switching is realized with low noise and
high extinction ratio: no artifacts were observed in the immediate vicinity outside the switched window

[indicated by an arrow in Fig. 5.4 (¢)], in spite of the dense bit content carried by the input signal in this
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Figure 5.4: Temporal waveforms showing packet switching. A fixed input level was used in the oscillo-
scope for all signal/idlers waves. (a) Input 1559.0-nm signal; (b) L-band pump; (c) amplified signal; (d)
switched 1578.1-nm idler; (e) switched 1588.1-nm idler; (f) switched 1608.0-nm idler.
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Figure 5.5: Amplified 1-ns packet of the 1559.0-nm signal when the L-band pump is temporally shifted

in such a way that its leading edge coincides with the signal bit marked by arrow 1 in Fig. 5.4 (a).

region. The higher noise levels seen with inner-band packets (1578.1 and 1588.1 nm) are attributed to
lower conversion efficiencies and the fixed input level used with the oscilloscope; no attempt was made

to adjust the power levels to reduce the receiver noise.

Physically, a high extinction ratio stems from the exponential dependence of the parametric gain on
the pump powers [13]. For example, in the phase-matched region of a HNLF with a length L and a
nonlinear parameter ¥, the parametric gain (in dB) produced via non-degenerate FWM scales with pump
powers as /P P>, where P; and P, are the normal and anomalous pump powers [3]. In contrast, neither
is the signal amplified nor are the idlers created in the absence of L-band pump, since the C-band CW
pump located in the normal-dispersion region produces negligible FWM. Clearly, high parametric gain

guarantees switching with high extinction ratios in all four sidebands.

The TPP process allows for arbitrarily long packets to be switched simply by varying the time interval
in which both pumps are simultaneously present. More importantly, the effective compression of rise/fall
time allows the use of slow pump control to achieve precise bit control. Indeed, the pump rise/fall time of
25 ps in this experiment was sufficient to achieve zero-guardband packet switching. To demonstrate this
capability, the anomalous pump switching window was shifted to cover the selected 1 bit, as indicated
by the arrow 1 in Fig. 5.4 (a). The switched packet is shown in Fig. 5.5: it can be seen clearly that the
selected ”1” was switched in, with the preceding bits eliminated completely. At the same time, the last

93]”

bit in the sequence, indicated by arrow 2, was steeply carved out from the successive logical ones.
Clearly, the instantaneous parametric response of FWM dramatically reduces the requirement of the
guard time for packet switching [18] and thus would help to increase the efficiency of optical processing

schemes required in transparent networks.
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waveform when the pump bit is located at position 1. (d) Switched bit for the outer-band idler at 1608.0

nm.

5.1.5 Bit-Level Switching

As a second goal of this study, we demonstrated optical switching at the bit level. The input signal was
modulated with a 40-Gb/s NRZ bit pattern, as shown in Fig. 5.6 (a) (other bit patterns can also be used).
The anomalous pump was controlled by an isolated bit, as illustrated in Fig. 5.6 (b). The pump was used
to select the bits of a logical ”0” and a logical ”’1” from the input sequence, as indicated by arrows in
Fig. 5.6 (a). High extinction ratio is demonstrated by comparing the contrast between switched 0 (inset
in Fig. 5.6 (¢)) and switched 17 (Fig. 5.6 (c)). When the selected bit represents a high logical level, the
signal is simultaneously amplified and replicated to three idler waves. Bit-level wavelength casting at 40
Gb/s is illustrated in Fig. 5.6 (d), corresponding to translation of the selected bit ”1” in the sequence to
the outer parametric band (1559 nm — 1608 nm). Similar switched bits (with smaller amplitudes) were

obtained for the two inner bands.

The switched bits had full widths at half maximum (FWHM) of 20 ps (1559.0 nm), 17 ps (1578.1
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nm), 16 ps (1588.1 nm), and 20 ps (1608.0 nm), clearly indicating compression with respect to the
original bits in the input sequence. The two inner bands had higher compression ratios, as expected by
the different contributions of degenerate and non-degenerate FWM. Such pulse compression can be used
to reshape the switched pulse and provide an efficient way for signal regeneration within the routing node

itself.

5.1.6 Conclusion

In concluding this section, we demonstrated optical switching with wavelength conversion at 40 Gb/s
by using a two-pump parametric architecture. Our scheme can realize packet switching for arbitrary
packet lengths with negligible guard-time requirements and subrate pump controls. The experiment
validated TPP performance that was sufficient to switch individual bits at 40 Gb/s, while maintaining high
extinction ratios and conversion efficiencies above 20 dB. We note that the architecture also possesses
an inherent ability to selectively conjugate a switched packets or bit sequences, thereby enabling the
possibility for applications involving simultaneous high-speed switching and transmission-impairment

mitigation.

5.2 Highly Tunable Fiber-Optic Parametric Oscillators

5.2.1 Introduction

Short-pulse optical parametric oscillators exhibit great potential for many applications ranging from
physics, chemistry, to biology [19]. Conventionally, the x® nonlinearity inside a crystal is used for
parametric oscillation [20]. However, this approach requires a complicated cavity alignment for regen-
erative oscillation and phase matching. Recently, fiber-optic parametric oscillators (FOPOs), based on
FWM occurring inside optical fibers, have attracted considerable attention [21]-[24]. It was shown that
picosecond and subpicosecond pulses can be obtained from FOPOs made of a conventional single-mode
or dispersion-shifted fiber [21, 22]. However, a low fiber nonlinearity requires long fiber lengths, leading
inevitably to a significant pulse pedestal [21]. Moreover, because of the phase matching required for effi-
cient FWM, operating wavelengths of these FOPOs are confined to the vicinity of ZDWL of conventional
fibers (> 1.3 um) [21, 22].

Newly developed photonic crystal fibers (PCF), however, exhibit significant flexibility in engineering
fiber dispersion [25]. ZDWLs ranging for visible to far infrared can be simply obtained by manipulating

the fiber structure. On the other hand, strong mode confinement inside such fibers provides an enhanced
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nonlinearity, leading to a significantly improved FWM efficiency [26]. By using PCFs, FOPOs were
shown to be able to operate near 800 nm [23]. However, all previous FOPOs are based on the conven-
tional modulation instability (MI) pumped in the anomalous dispersion regime. Although a tunability of
tens of nanometers can be obtained [22, 23], it is well known that this kind of MI is generally confined to
a narrow spectral region, resulting in a limited tunable bandwidth [3]. In this section, we show that, by
the use of a new kind of MI pumped in the normal dispersion regime, clean subpicosecond pulses can be
obtained over a 200-nm-wide spectral region around 1.1 pm from a FOPO made of a PCF with proper

dispersion and with an optimal cavity design.

5.2.2 Operating Principle

As discussed in previous chapters, the parametric gain coefficient of degenerate FWM is given by g =
(YPy)? — (x/2)?, where K is phase mismatch given by k = 2yPy +2Y,,_ @ﬁmgy, Py is the pump
power, €, = |@; — @,| is the frequency detuning between the pump and the signal (Stokes), and By,
is the (2m)™-order dispersion at the pump frequency. If we balance the phase mismatch contribution
from different-order dispersions, it is possible to create phase-matched MI sidebands very far from the
pump wavelength. It turns out that this can be done by pumping the PCF in the normal dispersion

regime [28]. Figure 5.7 (a) shows numerical examples of parametric gain spectra pumped in both the
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Figure 5.7: (a) Numerical examples of parametric gain spectra pumped in both normal and anoma-
lous dispersion regimes of a PCF with a dispersion profile shown in (b). The dispersion coeffi-
cients at the ZDWL (1038 nm) are : 3 = 0.06541 ps®/km, B4 = —1.0382 x 10~* ps*/km, Bs =
3.3756 x 1077 ps® /km, Bs = —1.1407 x 10719 ps®/km. The PCF has a mode field diameter of 3.2

um, corresponding to a nonlinear coefficient y estimated to be 22.7 W~! /km.
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Figure 5.8: Phase matching curve for the PCF shown in Fig. 5.7(b).

normal and anomalous dispersion regimes of a PCF whose dispersion is shown in Fig. 5.7 (b). It can
be seen clearly that, by pumping in the normal-dispersion regime just a few nanometers away from the
ZDWL, it is possible to generate sideband more than 100 nm away from the pump. Moreover, a slight
tuning of the pump wavelength results in a dramatic change in the wavelength of created sideband. The
complete curve of phase-matched wavelengths is shown in Fig. 5.8. Clearly, when pumping in the normal
dispersion regime, outputs between 800 nm to 1400 nm can, in principle, be covered with only 20-nm
pump tuning, indicating the significant advantage of this new kind of MI for wavelength tunability. Since
MI can be dramatically extended to visible and far infrared regimes, it is possible to provide parametric

generation in the spectral region that can not be reached by other techniques.

Note that the large wavelength separation between the pump and Stokes/anti-Stokes waves would
lead to considerable walk-off. Therefore, a short piece of PCF (65cm in the following experiment) is
required to be used as the gain medium in order to minimize the round-trip walk-off delay between the
pump pulse and the signal pulse, thus enabling generation of short pulses. Such walk-off limits the

ultimate tuning range of the constructed FOPO, as discussed in detail in the following.

5.2.3 Experimental Setup

The experiments were performed in collaboration with Prof. Knox’s group [2]. The experimental setup
is shown in Fig. 5.9. The ring oscillator cavity consists of 65-cm of PCF [SC-5.0-1040, Blaze Photonics
Inc., GVD is shown in Fig. 5.7(b)]. The loss of 65-cm fiber in the wavelength range of 970 to 1230 nm is
estimated to be less than 0.0016 dB, which is negligible compared with 2 dB coupling loss at the input

end of the fiber. The FOPO is pumped through a long-pass dichroic filter, which has a cutoff wavelength
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Figure 5.9: Experimental setup for FOPO. PBS: polarization beam splitter; P1, P2, P3: achromatic wave

plates.

at 1040 nm. The pump light is launched in a linear polarization. The first achromatic half-waveplate P1
is adjusted so that the pump SOP coincides with a principle axis of the birefringent PCF. The extinction
ratio of > 1 : 1000 between orthogonal linear polarizations is maintained for the pump wave after it
passes the PCF, indicating a good preservation of polarization. The polarization beam splitter (PBS)
cube combined with a diffraction grating (300-line/mm) in the Littrow configuration is used as a tunable
band-pass filter with 2 nm bandwidth [23]. It also ensures the signal wave to copolarize with the pump
for maximum parametric generation. The output coupler is a broadband-coated parallel window (BK7)
with 15% output coupling. All mirrors in the cavity are ER.2-protected silver-coated mirrors (Newport
Inc.). A newly developed passively mode-locked Yb-doped fiber laser [29] with two stages of fiber
amplifiers is used as a pumping source. It is operated in soliton mode-locked region, producing sub-
picosecond pulses at 36.6 MHz with 5 nm bandwidth (FWHM). The center wavelength of pulses can be
tuned from 1020 to 1038 nm. The bandwidth of pump pulses is filtered down to 1.5nm (FWHM) with a
tunable filter before being sent to two fiber amplifiers. After the amplifiers, the pulse-width is measured
to be 1.3 ps with up to 260 mW of average power. The total cavity length of the FOPO is precisely

adjusted to match the length of the pumping laser cavity for synchronously pumping.

5.2.4 Results and Discussion

Figure 5.10 shows the tuning range of signal and idler. By turning the intracavity grating and re-matching
the cavity length, the signal wavelength can be tuned over 140 nm on the longer wavelength side (1060
nm to 1200 nm), while the idler covers 60 nm in shorter wavelength side (930 nm to 990 nm). The total
tuning range is over 200 nm. This is a significantly broader tuning range than a tunable mode-locked
Yb-doped fiber laser. Further tuning is limited by walk-off between the pump and signal. When the

signal wavelength passes 1200 nm, the walk-off delay becomes > 1.4 ps, which is comparable with the
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Figure 5.10: Tuning range of signal (a) and idler (b). The small peak at ~ 1090 nm in the first trace of
(a) is a cascade FWM component. The spectral component near 977 nm is the residual diode pump light

(used for the Yb-doped fiber amplifier) leaking into the FOPO.

pump pulse width. This deceases the interaction length between the pump and signal, thus limits the gain
beyond 1200 nm. It is worth noting that, when pumping close to ZDWL, the walk-off delay is largely
contributed from the slope of the GVD curve; while the phase-matching condition depends only on the
even-order dispersions, as shown in the expression of k. This decoupling between the walk-off and the
phase matching condition may allow one to design a specific PCF that offers ultra-broad tunability for

short pulse parametric amplification.

Typical characteristics of the Stokes component are shown in Fig. 5.11. The saturation of the output
power is likely due to the spectral broadening of the pump pulse when its power increases, as the pump
depletion is much stronger in some part of its spectrum. The autocorrelation trace [Fig. 5.11(b)] shows
that the signal pulse has a FWHM width of 460 fs, assuming a sech? pulse shape. It is narrower than the
1.3-ps pump pulse [wider trace in Fig. 5.11(b)] because of the gain narrowing effect. The spectrum of the
signal pulse has a FWHM bandwidth of ~ 4 nm. The time-bandwidth product of the pulse is about 0.44.
The chirp of the pulse is likely induced by the cross-phase modulation (XPM) from the pump pulse, as

indicated by the asymmetry in the pulse spectrum.

5.2.5 Conclusion

In concluding this section, we have demonstrated the first (to the best of our knowledge), subpicosecond
FOPO using the MI gain in the normal-dispersion regime of a PCF. With this novel scheme, a tuning
range as wide as 200 nm around 1 um is achieved and pulses as short as 460 fs are generated through

synchronously pumping by a tunable passively mode-locked Yb-fiber laser. This scheme has the potential



85

500 T T T T T T T T T T T T T T T T T
-t 1.0 |
/././
400 —"
— ./
= _m 08|
] - -
p 3
2 300 | / S
o | | S 06|
o o
S e s
g / o
S 200 - o 5
o / Q o4t
Q Qo
2 [ ] =1
o <
Qo
Z 100 / 02 b
| |
/ NI <
0 Ol L L L L L 0.0 IR
50 60 70 80 90 100 110 R
Average Pump Power (mW) Time Delay (ps)
(a) (b)

Figure 5.11: (a) Output power of the Stokes component near 1110 nm as the function of average pump
power. (b) Typical autocorrelation traces of the pump pulse and the output signal pulse. The wider trace

shows the autocorrelation trace for the 1.3-ps-wide pump pulse.

of becoming a practical, fiber-based, broadly tunable, subpicosecond pulse source around 1 yum.
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6 Vector Soliton Fission and Supercontinuum

Generation

In this chapter, we look into the propagation regime in which a femtosecond pulse propagates inside a
photonic-crystal or tapered fiber. In this case, all the nonlinear processes, like SPM, XPM, SRS, FWM,
would participate in the pulse evolution and the pulse dynamics exhibits peculiar features. We investigate
the vectorial nature of soliton fission in an isotropic nonlinear medium both theoretically and experimen-
tally. As a specific example, we show that supercontinuum generation in a tapered fiber is extremely
sensitive to the input state of polarization. Multiple vector solitons generated through soliton fission
exhibit different states of elliptical polarization, while emitting nonsolitonic radiation with complicated
polarization features. Experiments performed with a tapered fiber agree with our theoretical description.

This work is done in collaboration with Prof. W. H. Knox’s group [1].

6.1 Introduction

Solitons represent a fascinating manifestation of the nonlinear phenomena in nature and occur in many
branches of physics [2]-[4]. In the context of optics, solitons forming inside optical fibers have attracted
the most attention [5]. It was discovered during the 1980s that higher-order optical solitons undergo fis-
sion when input pulses exciting them were relatively short [6]. This fission process has become relevant
in recent years with the advent of new types of fibers, such as photonic-crystal fibers (PCF) and ta-
pered fibers, because of their unique nonlinear and dispersive properties [7]. Femtosecond optical pulses
propagating inside such fibers can generate supercontinuum (SC), spanning a broad spectral region from
violet to infrared, even when the spectrum of input pulses is only a few nanometer wide [8, 9]. The
underlying physical mechanism behind SC generation in the anomalous-dispersion regime is believed to

be associated with the fission of higher-order solitons [10].

Although SC generated inside birefringent PCF exhibits polarization-dependent features [11]-[13],
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soliton-fission process in nearly isotropic fibers has so far been modelled using a scalar nonlinear Schrodinger
(NLS) equation [10]. Nonlinear effects in optical fibers are known to be highly polarization-dependent
[6]. For this reason, we expect the soliton-fission process to be sensitive to pulse polarization even in an
isotropic fiber. Indeed, the polarization issues were first studied in 1974 in the context of collisions of
two vector solitons [14]. In this chapter, we study, both theoretically and experimentally, SC generation
inside isotropic tapered fibers and show that the vectorial nature of soliton fission is important and af-
fects the SC even in the absence of fiber birefringence. Our results show that the fission of a higher-order
soliton generates multiple vector solitons that are polarized elliptically along well-defined directions on

the Poincaré sphere.

6.2 Numerical Simulations

Our numerically simulations are performed using parameter values appropriate for the tapered fiber used
in the experiment. 15 = 3 x 1072 m? /W is used for silica fibers and the effective core area dae is ~3 @m?
at 920 nm. We estimate 3, = —24.18 ps?/km and y = 44.8 W~ !/km; other dispersion parameters were
calculated using a known technique [9]. The group-velocity dispersion (GVD) curve for the tapered fiber
is shown in Fig. 6.1. GVD is anomalous in the spectral region above the zero-dispersion wavelength of
802.6 nm. An intense pulse launched in this spectral region will split into multiple solitons which si-
multaneously emit dispersive waves because of high-order fiber dispersion, leading to dramatic temporal

and spectral variations of the whole pulse [10].

The propagation of ultrashort pulses inside an isotropic optical fiber is governed by Eq. (2.26) without

the birefringence and PMD term. The third-order nonlinear polarization takes the form of Eq. (2.27),
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Figure 6.1: Group-velocity curve for the tapered fiber used for simulation.
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Figure 6.2: Numerically simulated temporal (a) and spectral (b) patterns at a distance of 1.6, 8, and 12 cm
when a 150-fs pulse is launched into a tapered fiber. The black and gray curves show the two linearly

polarized components, respectively. The scalar case at z = 12 cm is also shown for comparison.

where the nonlinear response is given by Eq. (2.6). We neglect the anisotropic part of Raman response
because of its negligible magnitude compared with the isotropic one [15]. The isotropic Raman response

is taken to be the most-often used Lorentzian form of [6]

415 .
Ru(7) = 1711_222 exp(—1/1)sin(t/71), 6.1)

where 7; = 12.2 fs and 7» = 32 fs [6].

We solve Eq. (2.26) numerically with the split-step Fourier method [6] for an almost linearly polar-
ized input “sech” pulse. More specifically, we use A(0,7) = /Pysech(t/1)(cos 0,isin0), where the
ellipticity angle 6 = 1.43° corresponds to <0.1% of the input power into the y-polarized component of
the pulse. For a peak power Py = 10 kW and a pulse width 7y = 85 fs (FWHM = 150 fs), the input pulse

excites a soliton whose order is N = (YRot2 /|B2|)/? ~ 12.

Figure 6.2 shows the temporal and spectral evolution of the pulse at three propagation distances.
During the initial stage of pulse compression, the pulse remains almost linearly polarized, and no splitting
occurs until z = 1.6 cm. Beyond that distance, the higher-order soliton undergoes fission and breaks
into multiple fundamental vector solitons with different states of polarization (SOPs). The SOP of the
rightmost soliton in Fig. 6.2(a) is close to linear, but others are elliptically polarized. For example, the
second soliton has an ellipticity angle of 5.4°, but the third one has an ellipticity angle of 15.4°. The
fourth soliton has an ellipticity angle of 16°, and its SOP rotates in a direction opposite to the second
and third solitons. The temporal structure near T = 0 contains the remaining pulse energy and exhibits

even more complex polarization features. Successive solitons emerge from this structure. In general, the
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later the vector soliton is created, the more complicated is its polarization behavior. A comparison of the
scalar and vector traces at a distance of 12 cm shows that the vectorial nature of the fission affects the

delay experienced by individual solitons.

The spectra shown in Fig. 6.2(b) reveal the details of SC generation in a tapered fiber. After the
fission of the higher-order soliton, all individual solitons experience a large frequency downshift and
time dalay because of intrapulse Raman scattering [6, 16]. The soliton created the earliest is delayed
the most because it undergoes the most red shift. As the spectra of these solitons overlap, they interfere
with each other and produce the fine oscillatory structure seen in Fig. 6.2(b). However, since the orthog-
onally polarized components do not interfere with each other, the magnitude of such oscillations varies
dramatically with distance. The spectrum at 12 cm is quite different from that predicted by the scalar
NLS equation, indicating that the vectorial effects must be included even when the fiber has almost no

birefringence.

The important question is why the SOP of the input pulse changes so drastically in an isotropic
nonlinear medium. The answer is provided by the fact that as long as the y component of the field is not
zero, the two polarization components are coupled nonlinearly. More precisely, self-phase modulation
(SPM), XPM, and other higher-order nonlinear effects such as self-steepening and stimulated Raman
scattering induce energy transfer between them. Under conditions appropriate for SC generation, the
combined effects of SPM and higher-order dispersion dramatically amplify the energy transfer and split
the input pulse into multiple parts interacting with each other through XPM. Such interactions induce

drastic polarization variations as the input pulse evolves into individual solitons and dispersive waves.

To gain more physical insight, we introduce a time-dependent Stokes vector S(z, T), whose tip moves
on the Poincaré sphere with north pole as the left circular polarization [17]. Figure 6.3 depicts the motion
of § on this sphere under four different conditions. Figure 6.3(a) shows S across the pulse at z = 1.6 cm.
Since the input pulse is almost linearly polarized, SPM rotates the Stokes vector around the vertical
axis [6]. Different parts of the pulse acquire slightly different SOPs but all parts remain nearly linearly
polarized. As the compressed pulse is highly chirped, such temporal SOP variations are associated with

different frequency components and are responsible for the vectorial nature of the fission process.

After 1.6 cm, higher-order dispersive effects keep moving the upshifted and downshifted frequency
components of the pulse toward its tailing edge and initiate the fission process. The compressed pulse
splits into multiple components that develop different SOPs through the intense interactions between
nonlinearity and dispersion. Various temporal components of the pulse with different SOPs collide with
one another as they evolve into individual solitons and generate dispersive waves, as seen in Fig. 6.2(a).
The soliton that is created first (at a distance of about 2 cm in our case) has nearly the same polarization

as the input pulse because such collisions do not last long enough to induce large polarization variations.
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Solitons created further down the fiber acquire elliptical SOPs since their interactions with other temporal
components last longer and hence can induce considerable polarization rotation on individual solitons.
Generally speaking, the ellipticity of a vector soliton created through fission depends on the time it is
perturbed by the induced nonlinear polarization rotation; the earlier the soliton is formed, the less its

SOP changes.

Figure 6.3(b) and 6.3(c) show the front and the back of the Poincaré sphere on which we depict the
SOPs of the entire temporal pattern created at a distance of 12 cm (see Fig. 6.2). Once a vector soliton
is formed, its SOP is no longer affected by XPM since its two orthogonally polarized components are
bound together and form a pair (the so-called soliton trapping). However, its SOP still evolves in a
periodic fashion along the fiber because of SPM. This periodic evolution is shown in Fig. 6.3(d) for the
4 solitons up to a distance of 20 cm. The Stokes vector, averaged over the soliton profile, rotates around

the vertical axis for each soliton. Note that Fig. 6.3(d) shows SOP changes as function of distance in

Figure 6.3: Polarization patterns in 4 different cases; grayness of dots indicates intensity. (a) temporal
pattern at z = 1.6 cm; (b) temporal pattern at z = 12 cm; (c) back of the Poincaré sphere at z = 12 cm;

(d) z-dependent polarization evolution of four vector solitons.
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contrast with the other 3 parts of Fig. 6.3 where SOP varies with time at a fixed distance. Several other
features of Fig. 6.3(d) are noteworthy. As explained earlier, the SOP of the first soliton changes little and
it remains almost linearly polarized. The second and third solitons rotate their SOPs counterclockwise,
whereas those of the first and fourth solitons rotate clockwise. The rotation rates are also different for
all solitons. For example, the second soliton changes polarization in a periodic fashion with a 19.8-cm

period but the third one with a period of about 10.4 cm.

An interesting feature seen in Figs. 6.3(b) and 6.3(c) is that the SOPs of nonsoliton radiation, or
dispersive waves (light gray dots), is spread over the entire Poincaré sphere. Physically, as solitons are
perturbed by higher-order dispersive and nonlinear effects, they shed part of their energy in the form of
dispersive waves. Frequencies of these waves are often shifted toward the blue side, as seen in Fig. 6.2(b),
because of a phase-matching condition related to four-wave mixing. The SOP of a dispersive wave is set
by the SOP of the soliton at the time the radiation is emitted. Since SOPs of the solitons are not fixed but
evolve with distance, the SOPs of dispersive waves eventually spread over the entire Poincaré sphere.
In the spectral domain, dispersive waves show quite complicated polarization characteristics since each
spectral component may get its power from several different solitons. However, because of the phase-
matching condition, a soliton with the most red shift generates dispersive waves with the most blue shift

and correlates in their polarizations.

Our numerical simulations show that the vectorial fission process is very sensitive to the parameters
associated with the input pulse and the fiber. For example even a slight increase in the relative intensity
of the y component at the input end (-30 dB in place of -32 dB) changes the situation enough that even the
first soliton in Fig. 6.2 becomes elliptically polarized. On the other hand, vectorial nature of the soliton
fission persists numerically even when the relative intensity level of the y component is down to -50 dB. A
commercial mode-locked laser typically contains more power in the orthogonally polarized component
than that, indicating that such polarization effects should be observable experimentally. As realistic fibers
inevitably exhibit some birefringence, we have included its effects in our numerical simulations using
an index difference of 8n = 1073 for the two polarization components. We find that the results and our
conclusions do not change as long as the beat length is much longer than the fiber length used for SC

generation.

6.3 Experimental Verification

Our experiments were performed in collaboration with Prof. Knox’s group using a tapered fiber which
has a 17-cm-long waist with 2.7 um diameter, two 2-cm-long transition regions, and the head and tail

sections of 10 cm [18]. As the fiber is carefully tapered, its birefringence is expected to be small (6n ~
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Figure 6.4: Experimental SC spectra obtained by rotating a polarizer placed at the output end of the
tapered fiber. The black and gray curves show orthogonally polarized components. Polarization contrast

is maximized (a) for the rightmost spectral peak and (b) for the peak before that.

10~8). We verified that this indeed was the case by sending a linearly polarized low-power beam into
the fiber and varying the input polarization angle. Mode-locked pulses of 100-fs width, generated from a
Ti:sapphire laser (Mai Tai) operating at 920 nm at a repetition rate of 80 MHz with an average power of
300 mW, are coupled into the fiber and the generated SC spectrum is recorded with a resolution of 10 nm
using an optical spectrum analyzer. In contrast with the case of birefringent PCF [11]-[13], we did not
observe any significant change in the recorded spectrum while rotating the input polarization angle; this

feature verifies that our fiber has negligible birefringence.

To analyze the polarization properties of the SC, we inserted a frequency-independent polarizer at
the output end. Figure 6.4(a) shows the spectra for orthogonal polarizations when the polarizer was
oriented to maximize the contrast between the two components for the rightmost spectral peak located
at 1180 nm. We recorded a series of such spectra to average the experimental data reported below. We
found that the first soliton is elliptically polarized, and the polarization ellipse is oriented at about 3°
with respect to the input. The 17.9-dB contrast (average value) for this peak corresponds to an ellipticity
angle of 8 = 7.3° £ 1.5°. Notice that the polarization properties of this soliton correlate well with
the most blue-shifted dispersive-wave component near 580 nm, as expected from our theory. Figure
6.4(b) shows the cases in which polarizer is oriented to provide maximum contrast of 15.5 dB for the
second spectral peak at 1080 nm. The ellipticity angle is 9.5° & 2° for this soliton, and its principal
axes are oriented at 30° with respect to the input. Other spectral peaks at 990 nm and 1020 nm are

even more elliptically polarized. However, since their spectra overlap considerably, it is difficult to
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distinguish between them. In general, the closer the peak to the input wavelength, the more complicated
and unstable is its polarization behavior. We have performed numerical simulations using parameter
values most appropriate to our experiment. We find that the ellipticity angles for the first two solitons
are 7.2° and 8.6°, respectively. These numbers agree reasonably well with our data within experimental
errors. Some discrepancy may also be due to our neglect of the slight anisotropic nature of Raman
process. The oscillatory structure seen in Fig. 6.2(b) does not appear in the experimental spectra because
of a relatively low resolution of the optical spectrum analyzer and the averaging induced by its long

response time [19]-[21].

6.4 Conclustions

In conclusion, we have shown that the vectorial nature of soliton fission plays an important role in
SC generation in weakly birefringent and isotropic fibers. The fission-generated vector solitons are
elliptically polarized even when the input pulse is almost linearly polarized. Experiments performed
with a tapered fiber agree well with the theory and numerical simulations. Our research suggests that SC
generation in weakly birefringent fibers is rarely a scalar process, as often assumed in previous work.
The polarization effects discussed here might affect not only the coherence properties of SC [19] but also
its characterization through polarization gating [20] or frequency-resolved optical gating [21], both of
which are sensitive to the polarization properties of the SC. As a final remark, although we have focused
on tapered fibers, our conclusions should hold for soliton fission in any fast-responding medium with

Kerr-type nonlinearity.
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7 Raman Response Function for Silica Fibers

In this chapter, we show [1] that the commonly used Lorentzian form of the Raman response function
for studying propagation of ultrashort pulses in silica fibers does not properly account for the shoulder
in the Raman gain spectrum originating from the Boson peak. We propose [1] a more accurate form of
this response function and show that its predictions for the Raman-induced frequency shift are in better

agreement with experiments.

7.1 Introduction

The nonlinear effects in optical fibers affect considerably the propagation of ultrashort pulses and lead
to a variety of interesting optical phenomena such as Raman-induced frequency shifts (RIFS), soliton
fission, and supercontinuum generation [2]. The Raman effect is known to impact ultrashort pulses,
and its inclusion is essential in any theoretical modeling. Indeed, numerous efforts have been made
to characterize the nonlinear properties of silica glass and fibers [3]-[9], and to model the associated
nonlinear response [10]-[13]. In general, it has the form R(7) = (1 — fz)8(7) + frhr(T), where the two
terms account for the instantaneous electronic and retarded molecular responses, respectively [2]. The
Raman response function Ag(7) exhibits complicated dynamics [11] because of the amorphous nature of

silica glass [3, 4].

Although Raman response can be modeled fairly accurately by a superposition of 13 Lorentzian—
Gaussian functions [13], such a model is often impractical owing to its complexity. At the other extreme,
Raman response is approximated by damping oscillations associated with a single vibrational mode [12],
resulting in a Lorentzian-shape gain spectrum (thin dashed curve in Fig. 7.1). It uses three parameters to
provide the correct location and peak value of the dominant peak in the Raman gain spectrum (thin solid

curve with dots in Fig. 7.1). Because of its simplicity, this simple model is widely used to investigate
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Figure 7.1: Raman gain spectra for two polarization configurations (thin solid curves with dots) based
on experimental data [7]. The dashed curve shows the conventional Lorentzian model; thick solid curves

show our model.

ultrafast nonlinear phenomena in optical fibers. Although it explains the qualitative behavior reasonably
well, this model underestimates the magnitude of Raman gain considerably in the frequency range below
10 THz, while overestimating it beyond 15 THz. Consequently, it does not provide a correct quantitative
description of Raman-induced phenomena and leads to difficulty in comparing theory and experiments.
We show in this chapter that the problem can be fixed by considering the anisotropic nature of Raman

scattering and introducing an appropriate but simple form for the anisotropic part of the Raman response.

7.2 Tensor Nature of Raman Response Function

In general, the third-order nonlinear response of silica fibers should be described by a tensor in the
form of Eq. (2.6) in Chap. 2 [3]. The often-used scalar form of the nonlinear response is given by
RS))CX(T) = (1 — fr)6(7) + fr[Ra(7) + Rp(7)]. Equation (2.6) indicates that the Raman gain in silica
fibers consists of contributions from isotropic and anisotropic molecular responses given by g,(Q) =
2y/zIm[R,(Q)] and g,(Q) = 2yfzIm|[R; ()], respectively, where ¥ = ny @y /c is the nonlinear parameter
[2]. Here, Re(Q) (€ = a, b) is the Fourier transform of R (7) defined as R (Q) = [~ Re(T) exp(iQ1)dT.
From Eq. (2.6), the Raman gain for copolarized and orthogonally polarized pumps is found to be [3]
g () = 24(Q) +g,(2) and g () = g,(€2) /2. Figure 7.2 shows the spectra of g| [7] and the associated
decomposed g, and g, (g, is shown in Fig. 7.1). Although the anisotropic part provides a relatively

small Raman gain for an orthogonally polarized signal, its contribution to the copolarized Raman gain
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Figure 7.2: Decomposition of the copolarized Raman gain into its two parts g, and g;. The dashed curve

shows the fit based on the simple Lorentzian model.

dominates in the low-frequency region. Figure 7.2 shows clearly that it is the anisotropic response that

is responsible for the shoulder around 3 THz in the copolarized Raman gain.

Physically, the isotropic Raman response stems dominantly from the symmetric stretching motion of
the bridging oxygen atom in the Si-O-Si bond [4]. It turns out that this motion, and the resulting Raman
gain g,, can be described well by the widely used single-Lorentzian model. For this reason, we adopt it

for the isotropic response and use R,(7) = faha(T), where h,(7T) is given by [12]

T+ 13 :
hy(T) = 1‘51 1222 exp(—1/m)sin(t/11), (7.1)

and f; represents the fractional contribution of R, to total copolarized Raman response. By using the
values 7; = 12.2 fs and 17, = 32 fs [12], and choosing f, = 0.75, we find that g, in Fig. 2 can be fitted
quite well with Eq. (7.1), especially in the spectral region below 14 THz. If we can find an appropriate
function for the anisotropic Raman response R, (7), we should be able to provide an accurate description

of the total nonlinear response.

Figure 7.2 shows that g;, and the corresponding g, in Fig. 1, exhibit a broad peak in the frequency
region around 3 THz. Such a low-frequency peak is known as the Boson peak and is a universal feature
of amorphous glassy substances [14, 15]. Although its physical nature is still under debate [14]-[20],
the Boson peak reflects an excessive density of vibrational states, resulting from multiple effects (such
as localization of vibrational motions in a vitreous state). The Boson peak in g, can be described by a

Lorentzian function with a cubic dependence on frequency on its low-frequency side [14, 16]. We have
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found that the corresponding temporal response can be modeled by a simple function of the form

(o) =3 (2= 2 ) exn(-c/2) 12)

I T
where a single time constant 7, governs the response because of the low-frequency nature of the Boson

peak.

Moreover, g, exhibits a flat spectral plateau between 8—15 THz which cannot be completely ac-
counted for by Eq. (7.2). It not only coincides with the broadband peak of g,, but it also exhibits a
drop-off around 15 THz similar to g,. These features suggest that this spectral portion of g, shares a
common physical origin with the dominant peak of g,, probably because of the participation of other
bond-bending motions or the existence of strong intermediate-range correlations between nearby bonds
[4]. Based on the preceding discussion, we propose the following form for the anisotropic part of the
Raman response in fused silica:

Ry(T) = fohp(T) + feha(T), (7.3)

where f}, and f, represent the fractional contributions of 4, (7) and h,(7), respectively. In our model, the

copolarized nonlinear response is given by
R (T) = (1= fr)3(2) + frl(fa+ fo)ha(%) + Fohs(T)] (74

with f, + f.+ fp = 1. By choosing 7, = 96 fs to account for the spectral width of the Boson peak together
with f, = 0.21 and f. = 0.04, we find in Fig. 7.1 that both g and g, are fitted very well by our model

over the frequency range 0—15 THz.

Figures 7.1 and 7.2 show only the normalized Raman gain spectra. To obtain a realistic value of
the peak Raman gain, we need to assign an appropriate value to the factor fg in Eq. (2.6). If we use
ny = 2.6 x 10729 m? /W for silica fibers [2], the choice fz = 0.245 in our model yields a peak Raman
gain equal to the experimental value of gg = 1.2 x 10~!! cm/W at 795.5 nm [5] (corresponding to
gr = 1.81 x 107! ¢m/W at 526 nm [7]). With this choice, not only our model provides Raman gain
accurately over the spectral range 0—15 THz, but it also describes well the Raman-induced changes in the
nonlinear refractive index over the same frequency range, since the two are related through the Kramers—
Kronig relation [3]. This can be seen clearly in Fig. 7.3, where we plot the nonlinear refractive index

given by the real part of E,ﬁi}c (Q).

Our value of f is slightly higher than the experimental value of about 0.2 [11, 12] because our model
overestimates the Raman gain in the spectral region beyond 15 THz. This causes an underestimation of
the electronic contribution to nonlinear refractive index by 5% or so, as seen in Fig. 7.3, when the fre-

quency shift exceeds 20 THz and where Raman contribution is negligible. However, this underestimation
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does not affect the description of nonlinear effects until the pulse becomes so short that it contains only a
few optical cycles. We expect our model to provide a relatively accurate description of nonlinear effects

for pulses as short as 30 fs.

7.3 Application to Short-Pulse Propagation

As a simple application of our model, we focus on the RIFS of solitons. For a linearly polarized soliton,
the RIFS increases along the fiber at a rate governed by [21]

o EQy [ 8)(Q)(Q/Q)°
dz 2mAeir Jo  sinh?(Q/Q)

dQ, (1.5)

where @ is the carrier frequency of soliton, Ej is the soliton energy, Qo = 4In(14-1/2)/(xT;) is related to
the soliton width 7, (FWHM), and A. is the effective mode area. Figure 7.4 shows the normalized rate
of RIFS, defined as |d®/dz|Aer/ (grE;). Clearly, our model provides a relatively accurate description of
RIFS and its predictions nearly coincide with that based on the experimental Raman spectrum. However,
the conventional single-Lorentzian model [12] underestimates RIFS rate by about 40% for pulse widths
in the range of 100 to 500 fs. When pulse width decreases below 100 fs, the contribution of the broad

Raman-gain peak begins to dominate, and the discrepancy between the two models decreases.

To further explore the implications of our model, we have studied propagation of a 300-fs sech pulse
at 1200 nm with 960-W peak power along a 5-m-long microstructured fiber numerically by solving the

generalized NLSE (2.26). The fiber with a 2.5-um core diameter is assumed to have a large air-filling
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polarization.

fraction so that its dispersion can be modeled as a glass rod surrounded by air. The inset of Fig. 7.4 shows
the output spectra. Because of fiber dispersion, the input pulse splits into two parts, one of which forms
a soliton whose width changes from about 60 to 100 fs along the fiber, resulting in a net RIFS of 175 nm.
Our proposed model shows excellent agreement with the one obtained using the experimental Raman

spectrum. However, the conventional model based on Eq. (7.1) underestimates the RIFS by about 20%.

7.4 Conclusions

In conclusion, we show that the conventional single-Lorentzian model does not provide an accurate
quantitative description of the Raman response. The reason is found to be related to the anisotropic part
of the Raman response that is ignored by this often-used model. Based on the notion of the Boson peak,
we introduce a simple function to account for this anisotropic part and show that the new model fits
quite well both the Raman gain and the Raman-induced changes in the nonlinear refractive index over
a frequency range 0—15 THz. We show that the predictions of our model for the RIFS are expected to
be much closer to the experimental predictions. Our model can also be used to describe quantitatively

various Raman-related vectorial nonlinear phenomena.
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8 Nonlinear Effects in Long Fibers

In this chapter, we provide the derivation of the general formalism that will be used in the following
chapters to describe various nonlinear effects in optical fibers that are long enough that the effects of

random birefringence cannot be ignored.

8.1 Introduction

In the following few chapters, we will turn our attention to nonlinear effects occurring in optical fibers
whose lengths are in a scale of kilometer or even longer. In this case, fiber properties cannot be treated
constant along the fiber because, in practice, both internal manufacturing imperfections and external
environmental factors introduce perturbations to fiber properties and result in residual birefringence in-
side fibers. Such birefringence not only changes randomly in both its magnitude and orientation along
the fiber length, but also varies in time because of time-dependent environmental variations (such as

temperature and stress variations).

Randomly varying birefringence may lead to several significant effects on optical waves propagating
inside a fiber. First, it would change the state of polarization (SOP) randomly on a length scale of birefrin-
gence correlation length, which is of the order of 10—100 meters depending on fiber handling conditions
[1]-[3]. Second, fiber birefringence is frequency dependent, which would depolarize randomly the rela-
tive polarizations among optical waves of different frequencies. This phenomenon is known as random
polarization-mode dispersion (PMD) and the relative depolarization occurs on a length scale of PMD
diffusion length, which depends on frequency separation between the two optical waves. If the optical
wave is in the form of pulses, relative depolarization would occur across its spectrum, which manifests
in the time domain as random differential group delay (DGD) between its two polarization modes and

eventually broadens and distorts the pulse. The PMD phenomenon has been extensively studied in recent
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years in the context of optical communications [1]-[12] as it is found to be a serious limiting factor to

high-speed fiber-optic communications.

On the other hand, as discussed in previous chapters, third-order nonlinear effects in optical fibers,
such as SPM, XPM, SRS, FWM, are all strongly polarization dependent because of the spin conservation
among the interacting photons. Therefore, if nonlinear interactions occur inside a long fiber, they would
be significantly impacted by random birefringence and associated PMD. As various nonlinear effects
are widely used in many applications such as soliton transmission, optical amplification, wavelength
conversion, optical switching, signal shaping and regeneration, etc., fiber nonlinearities have become
essential to realize future all-optical networks. Random birefringence and PMD would have serious
impacts on the performance of all fiber devices based on long-length-scale nonlinearities. Therefore, it is
important to find a way to quantify such impacts and to find possible ways to mitigate the impacts. In this
short chapter, I develop a general formalism of nonlinear wave propagation in the presence of random

birefringence and PMD. It will be used in the following chapters to discuss various nonlinear effects.

8.2 Jones and Stokes Formalisms for Wave Propagation

It is convenient to use the Jones-matrix notation to discuss the polarization effects [6]. In the Jones space,

the GNLSE, Eq. (2.26), for the field vector |A(z,¢)) becomes

dA) & " BaomA) i .0 . . L
e () [ e [

where the nonlinear polarization vector of Eq. (2.27) now appears as
P 0 = 2 pAGAG)) + 1A @ 0)A* 0 TAG )
whe{ [ Rale= o)Az DG e AG)
2 [ Rl D IAGONAG DI+ G ONA GOl fAGD), 6

where (A*(z,t)| and |A*(z,t)) denotes the Hermitian and complex conjugate of |A(z,7)), respectively. In

Eq. (8.1), we have rewritten the birefringence tensor in the form of Pauli spin vector [6] as § =B-o,

where B is a three-dimensional Stokes vector and the spin vector is formed by use of Pauli matrices as

o = 01€] + 02,€, 1+ 03€3, where €, €, and é3 are the three unit vectors in the Stokes space and [6]
10 01 0 —i

o] = ) oy = ; o3 = . (8.3)
0-1 10 i 0
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8.3 Birefringence Fluctuations

In practice, a moderate power is generally used to excite the nonlinear effects in practical devices. The
interaction length scale is about ~1 km, much longer than both the beat length and the correlation length
of random residual birefringence (~ 10 m [2]). Clearly, residual birefringence would introduce rapid
random polarization variations even before nonlinearities start to have an effect. Equation (8.1) shows
that such rapid SOP variations can be described by a Jones matrix T which satisfies

df“ iay o

= - B.oT. 4
dz 2 7 84

The unitary matrix T in Eq. (8.4) corresponds to random rotations of the Stokes vector on the Poincaré
sphere that do not change the vector length. In the Jones (SU2) space, it can be written in the form [13]

o a —a,

T= , (8.5)

a aj
where |a1|* 4 |az|> = 1. If we introduce a Jones vector |a) with its two elements as a; and ay, this vector
satisfies
d|a) i

&= B o|a). (8.6)

Since random birefringence makes all SOPs equally likely, |a) can be expressed in its most general form

as
, cos(6/2)e1¢/2
@) =i | O 8.7)
sin(6/2)eti?/2
where @y(z) and ¢(z) are uniformly distributed in the range [0,27] and cos 6(z) is uniformly distributed
in the range [—1, 1]. Thus, the most general form of the transformation matrix T is given by
o cos(0/2)e (W+0)/2 _in(6/2)e!(90—0)/2

T(z)= ‘ , . (8.8)
Sin(@/Z)eil(%f(p)/z COS(Q/Z)e’(‘PO+q’>/2

As IH“(z) evolves only on a length scale of the birefringence correlation length, SOPs of optical waves
vary so rapidly and randomly during nonlinear interaction along the fiber that only the average SOPs
have an effect on nonlinear interactions. As we are only concerned about the nonlinear interactions, we
can remove such rapid SOP variations by adopting a rotating frame through a unitary transformation
|A(z,1)) = i”(z) |A’(z,1)). Eq. (8.1) in such a rotating frame then becomes

(9|A/> +oo im+1ﬁm am|A/>

B 1 d|A")
0z " +-b-o

m! otm 2 ot

0
+w@+m&pw”w, (8.9)

m=0
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where the transformed nonlinear polarization |(PVF)) becomes

P () = £ [ (A () A (2.1)) — <A'<z,r>i’fcﬁ|A'<z,r>>:7fosﬂ A (z.0))

+fR{/ Rt =AW WG olas [ Wen) + 5 { [ r-9
WD) - W AT T AT 0T arf W), @10
and we have used the relations
YA = 4) (Al (AloslA)s, o0

[A)(A] = [(AlA) + (Alo|A) - o]/2. (8.12)

8.4 Slowly Varying Polarization Approximation

Similar to the SVEA discussed in Chapter 2, we can employ a slowly varying polarization approximation
(SVPA), by averaging over random T in Eq. (8.10), to study the nonlinear dynamics on a length scale of

the nonlinear length. It is easy to show that [13]

WIT o T|A)T 0T = - (A]o]A) - o, (8.13)

where an overbar denotes an average over the random polarization variation induced by T'. Substituting

Eq. (8.13) into Eq. (8.10) and dropping the prime and average notation in both Egs. (8.9) and (8.10), we

obtain
dl4) _ 3T "' 0™MA) 9| > 9] one
> —H;O e RUR b +iy [1+in = | [PYF), (8.14)

where the nonlinear polarization [PL) is now given by
P = TG )AGD)
+ fr {/_; {Ra(t —7)+ éRb(t - r)] (A(z,7)|A(z, 1)>dr} A(z,1))
+ ? {/;Rb(f ~7)|A(z, 7)) (Al T)Idf} A (z,1)). (8.15)

In Eq. (8.14), b is related to B by a rotation as b = ﬁ_lB , where ﬁ is the three-dimensional rotation
matrix in the Stokes space that is isomorphic to i“ in the Jones space, i.e., ﬁa = i’Tai’. As the rotation
induced by Ris completely random in the three dimensions of Stokes space (as long as the fiber length
is much longer than the birefringence correlation length), the vector b(z) can be modeled as a three-

dimensional stochastic process whose first-order and second-order moments are given by [14]

— 1
b(z) =0,  b(z1)b(z2 )*gDpI5(Z2*Zl), (8.16)
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where T is the second-order unit tensor and D), is the PMD parameter of the fiber [1, 5].
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9 PMD and Stimulated Raman Scattering

In this chapter, we develop a vector theory of the stimulated Raman scattering process for describing the
polarization effects in fiber-based Raman amplifiers [1]-[3]. We use this theory to show that polarization-
mode dispersion (PMD) induces large fluctuations in the amplified signal. It is found that PMD-induced
fluctuations follow a log-normal distribution. We also discuss the random nature of the polarization-
dependent gain (PDG) in Raman amplifiers. Using the concept of a PDG vector, we find the probability
distribution of PDG in an analytic form and use it to show that both the mean and standard deviation
of PDG depend on the PMD parameter inversely when the effective fiber length is much larger than the
PMD diffusion length. We apply our theory to study how PDG can be reduced by scrambling pump
polarization randomly and show that the mean value of PDG is directly proportional to the degree of

pump polarization.

9.1 Introduction

The Raman effect, first observed in 1928 [4], has attracted considerable attention since 1962 when the
phenomenon of stimulated Raman scattering (SRS) was discovered [5]. SRS was first observed in silica
fibers in 1972 [6] and by 1981 it was used to make fiber-based Raman amplifiers capable of providing
more than 30-dB gain [7]. Such Raman amplifiers have attracted considerable attention recently [8]—
[10] because of their potential for providing a relatively flat gain over a wide bandwidth. The theoretical
treatment of Raman amplifiers is often based on a scalar approach [9] even though the Raman gain is
known to be polarization dependent [11]-[16]. A scalar approach can be justified if the polarization
states of the pump and the signal fields do not change along the fiber. This is, however, not the case in
most fibers in which birefringence fluctuations lead to randomization of the state of polarization (SOP)

of any optical field. This effect is known as polarization-mode dispersion (PMD) and has been studied
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extensively in recent years [17]-[20]. Although the effects of PMD on Raman amplification have been

observed experimentally [13]-[16], a vector theory of the SRS process has not yet been fully developed.

In this Chapter, we develop a vector theory of Raman amplification capable of including the PMD-
induced random evolution of the pump and signal polarization states [1, 2]. We use this theory to show
that the amplified signal fluctuates over a wide range because of PMD, and the average gain is signif-
icantly lower than that expected in the absence of PMD. Based on this theory, we find the statistics
of polarization-dependent gain (PDG) and its relationship with the operating parameters of Raman am-
plifiers. The chapter is organized as follows. In Section 9.2 we develop the basic theory using the
Stokes-vector formalism and discuss the simplifying approximations made for obtaining the analytical
results. The average value of the amplified signal and the variance of its PMD-induced fluctuations are
discussed in Section 9.3. The probability density of signal fluctuations is shown to be a log-normal dis-
tribution in Section 9.4. In Section 9.5, we consider the statistics of PDG and show that both the average
and RMS values of PDG can be found in an analytic form. We apply in Section 9.6 the vector theory to
the case in which pump polarization is scrambled randomly to reduce the impact of PMD effects. The

main results are summarized in Section 9.7.

9.2 Vector Theory for SRS

In a Raman amplifier, the pump and signal waves propagate simultaneously, and the total field is given
by
A(z,1)) = |Ap(2)) exp(—iwpt) + |As(2)) exp(—iast), .1

where we have assumed the pump and signal fields are both in the form of continuous waves (CW)
oscillating at frequencies @, and @;, respectively. Substituting Eq. (9.1) into Eq. (8.14) and decomposing
into individual frequency components, we obtain the dynamic equations governing the pump and signal
fields along the fiber. For convenience, we set the carrier frequency @y = w), [see Eq. (8.14)], and the

governing equation becomes

+ iRaf0)+ LR, 0) | 4,147 14))

D0 (i~ %) 14~ Leypb-ola)) +in

{fE
dz

i3y | 0L i 0)+ 2 R0+ 2R 21| (Al 1)
+ lyj |:§iJ;E + ﬁRh( ) +fRﬁa(Qjm) + JZQEIJ(Qjm)] <Am |Aj>|Am>7 (9.2)

where j, m=p ors (m# j), Qjm = ®; — 0y, and B; and ¢; account for propagation constants and

fiber losses at ;. The PMD effects in Eq. (9.2) are governed by the birefringence vector b [23]. We
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have included the propagation direction through &: £ = 41 depending on the pumping configuration.
In the following analysis, we assume the signal propagates forward but the pump can propagate forward
(¢ =1) or backward (& = —1), depending on the pumping configuration. The nonlinear parameters are
given by ¥; = @jna /(caes)-

Equation (9.2) looks complicated in the Jones-matrix formalism. It can be simplified considerably

by writing it in the Stokes space [17]. After introducing the Stokes vectors for the pump and signal as

P = (A,|0|Ap) =Pié+ P&+ P3és3, 9.3)

S = (As|o|Ay) = S181+ 5262 + 5363, 9.4)

and using the relations in Egs. (8.11) and (8.12), we obtain the following two vector equations governing

the dynamics of P and S in the Stokes space:

dP o

éd—z =—o,P— ﬁgu [(143u)SoP + (14 u/3)PS] —€,58 x P, 9.5)
ds .
=S % [(143u) RS + (14 11/3)SoP] — (Qrb+ £, P) x S, 9.6)

where Qr = Ew, — @y, 1 = g,/(284), 8a and g, are Raman gain associated with the isotropic and
anisotropic Raman response, respectively, and €;,, provides the magnitude of XPM-induced nonlinear

polarization rotation (NPR). They are given by

8a = 2%Im[§a(gps)]7 8h = ZYVIm[Eb(st)]a (97)

€jm = ¥j{8r/9 +2frRp(0)/3 + fRRe[Rq(Q)m) + Rp(Qjm) /6] }. 9.8)

Equations (9.5) and (9.6) describe SRS under quite general conditions. We make two further simpli-
fications in the following analysis. We neglect both the pump depletion and the signal-induced XPM on
the pump because the pump power is much larger than the signal power in practice. The pump equation
(9.5) then contains only the loss term and can be easily integrated. The effect of fiber losses is to reduce

the magnitude of P but the direction of P remains fixed in the rotating frame.

Equation (9.6) shows clearly that the Raman gain is polarization dependent. The gain coefficient
varies from g, (14 5u/3) to 4ug,/3, depending on the angle between the Stokes vectors of the pump
and the signal. Random variations in the fiber birefringence change the relative orientation between S
and P and produce random changes in the Raman gain. However, the last term &, P x S in Eq. (9.6)
accounts for the XPM-induced NPR and does not affect the Raman gain because of its deterministic

nature. We can eliminate this term by making a further transformation

V =exp {—esp |:/OZP()(Z)d2:| Px } v/, 9.9)
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where P represents the unit vector on the Poincaré sphere in the direction of P and V' is an arbitrary

vector in the Stokes space. After doing so, Eq. (9.6) reduces to

ds .
=S+ (14 30)RS + (141/3)S0P] — b x S, 9.10)

where b’ is related to b in Eq. (9.6) by a deterministic rotation. From now on, we will drop the prime no-
tation. As optical fibers used for Raman amplification are much longer than the birefringence correlation
length, b(z) can be modelled as a three-dimensional stochastic process whose first-order and second-
order moments are given by Eq. (8.16). As discussed in Appendix B, we should treat all stochastic

differential equations in the Stratonovich sense [25].

Equation (9.10) can be further simplified by noting that the first two terms on its right side do not

change the direction of .S and can be removed by a suitable transformation. Making the final transfor-

mation as
Z
S:sexp{/o [‘%(1—}—3#)%&)—0{4 dz}, 9.11)
the dynamic equations governing the power and the SOP of the signal are given by
dso _ gr
2V _ R p(p. 9.12
dZ ) O(Z)p S, ( )
d
= B py(2)sop— Qrb x s, 9.13)
dz 2

where gg = g,(1+1/3), so = |s], and p is the input SOP of the pump.

Equations (9.12) and (9.13) apply for both the forward and backward pumping schemes, but the z
dependence of Py(z) and the magnitude of Qg depend on the pumping configuration. More specifically,
Py(z) = Pnexp(—0,z) and Qg = 0, — @ in the case of forward pumping but Py(z) = Py exp[— o, (L —z)]
and Qg = —(w, + wy) in the case of backward pumping, where P, is the input pump power. In the

absence of birefringence (b = 0), s remains oriented along p, and we recover the scalar case.

9.3 Average Raman Gain and Output Signal Fluctuations

Equations (9.12) and (9.13) can be used to calculate the power Sy of the amplified signal as well its
SOP at any distance within the amplifier. When the birefringence vector b is z dependent, the solution
depends on how b(z) changes. In the case of PMD, b(z) fluctuates with time. As a result, the amplified
signal So(L) at the output of an amplifier of length L also fluctuates. Such fluctuations would affect the
performance of any lightwave system making use of Raman amplification. In this section we calculate

the average and the variance of such PMD-induced fluctuations. We focus on the forward-pumping case
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for definiteness. All results can be converted to the case of backward pumping by replacing ¢, with
— o, Py with Ppexp(—a,L), and Qg = 0, — @y with Qp = — (0, + o).
It is useful to introduce the instantaneous amplifier gain G defined as G = So(L)/So(0). We use the

vector theory to find the average Raman gain G,, and the signal variance 62 by using the definitions

_ (So(L)) 2 (S(@)
Gy = ORI L 1. (9.14)

To calculate the average signal power (Sp(L)) at the end of a Raman amplifier of length L, we need

to average Eqgs. (9.12) and (9.13) using a well-known technique discussed in Ref. [25]. Appendix B
provides the details of the averaging procedure. The final result leads to the following two coupled but

deterministic equations:

d{so)  gr

= 2=Py(z)({socosB), (9.15)
dz 2
d 0
ﬁ%;l:%%@m%mmww% (9.16)

where ) = 1/Ly = D3Q%/3, Ly is the PMD diffusion length, and 6 is the angle between P and S.

Equations (9.15) and (9.16) are two linear first-order differential equations that can be easily inte-
grated. When PMD effects are quite large, the diffusion length L; becomes so small that (Socos 6)

reduces to zero over a short fiber length ~ L;. The average gain is then given by (in dB)
Gy = a[ga(1+3.u)PinLeff/27asLL 9.17)

where a = 10/1n10 ~ 4.343 and the effective amplifier length Legr = [1 —exp(—a,L)]/ 0, is < L because
of pump losses. In this case, the PMD reduces the Raman gain coefficient to g,(143u)/2, exactly the
average of the copolarized [g,(1+ 51 /3)] and orthogonally-polarized (41g,/3) Raman gain coefficients
[11]. If pump losses can be neglected (o, = 0), Eqs. (9.15) and (9.16) can be integrated analytically

because Py becomes z independent. The average gain in this special case is given by

Guy = [cosh(kxL/2)+ sinh(kL/2) (grPncos6y+n) /k]exp{[g.(14+31)Pn—1n —204]L/2}, (9.18)

where 6y is the initial angle between S and P and x = [(gRPin)2 + nz] 1/2.

The variance of signal fluctuations requires the second-order moment (S(z) (L)) of the amplified signal.
Following the averaging procedure discussed in Appendix B, Eqs. (9.12) and (9.13) lead to the following

set of three linear equations [25]:

2
%SZ(D = gRPO(Z)<S(2)COSQ>a (9.19)
d{s3cos 6
—@g—l=ﬂm&mm+%%@m@+%m§w, 9.20)
2 2
d{sycos” 6) = —3n(s3cos’ 0) + N (s3) + grPo(z) (s5c0s 0). 9.21)

dz
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These equations show that signal fluctuations have their origin in fluctuations of the angle 6 between
the pump and signal’s Stokes vectors. The SRS process amplifies the copolarized signal component
with the pump but keeps the orthogonally-polarized one almost unchanged. Because of this imbalance,
SRS rotates S toward P as dictated by Eq. (9.13). However, PMD scatters the signal SOP away from
the pump. If PMD is relatively large, 6 changes so fast that the signal only experiences an average
local gain everywhere, and the accumulative fluctuations of the output signal are small. Also, if PMD
is negligible, 8 changes almost deterministically, and the signal fluctuations are again small. However,
when the effective fiber length is comparable to the PMD diffusion length, the signal experiences random

gain from section to section, resulting in large signal fluctuations.

To illustrate the impact of PMD on the performance of Raman amplifiers, we focus on a 10-km-
long amplifier pumped with 1 W of power using a 1.45-um laser. The 1.55-um signal is assumed to
be located at the Raman gain peak (Qg/27w = 13.2 THz). The Raman gain coefficients have values
g4 = 0.60 W~!/km and g,/2 = 0.0071W~! /km [8, 12]. Fiber losses are taken to be 0.273 dB/km
and 0.2 dB/km at the pump and signal wavelengths, respectively. Figure 9.1 shows how the average
gain and oy change with the PMD parameter D, when the input signal is copolarized (solid curves) or
orthogonally-polarized (dashed curves) to the pump. The curves are shown for both the forward and
backward pumping schemes. When D,, is zero, the two beams maintain their SOPs, and the copolarized
signal experiences a maximum gain of 17.6 dB but the orthogonally-polarized one has a 1.7-dB loss,
irrespective of the pumping configuration. The loss is not exactly 2 dB because a small gain exists for
the orthogonally-polarized input signal (2ag,PiLets/3). As PMD increases, the gain difference between

the copolarized and orthogonally-polarized cases decreases and disappears eventually.

The level of signal fluctuations in Fig. 9.1 increases quickly with the PMD parameter, reaches a peak,
and then decreases slowly to zero with further increase in D). The location of the peak depends on the
pumping scheme as well as on the initial polarization of pump. The noise level can exceed 20% for
D, =0.05ps/ vkm in the case of forward pumping. If a fiber with low PMD is used, the noise level can
exceed 70% under some conditions. These results suggest that forward-pumped Raman amplifiers will
perform better if a fiber with D,, > 0.1 ps/ vkm is used. The curves for backward pumping are similar to
those for forward pumping but shift to smaller D), values and have a higher peak. In spite of an enhanced

peak, the backward pumping produces least fluctuations for all fibers for which D), > 0.01 ps/v'km.

Note in Fig. 9.1 that the curves in the case of backward pumping are nearly identical to those for
forward pumping except that they are shifted to left. As a result, the solid and dashed curves merge
at a value of D, that is smaller by about a factor of 30. This difference is related to the definition of
Qr = Ew, — o, in Eq. (9.13). In the case of backward pumping, |Qg| = @), + @y is about 30 times larger

than the value of Qr = @, — @y in the forward-pumping case.
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Figure 9.1: (a) Average gain and (b) standard deviation of signal fluctuations at the output of a Raman
amplifier as a function of PMD parameter in the cases of forward and backward pumping. The solid and

dashed curves correspond to the cases of copolarized and orthogonally-polarized signal, respectively.

In practice, fibers used to make a Raman amplifier have a constant value of D,. Figure 9.2 shows
the average Raman gain and o as a function of amplifier length for a fiber with D, = 0.05 ps/ vkm.
All other parameters are the same as in Fig. 9.1. The solid and dashed lines correspond to copolarized
and orthogonally polarized cases, respectively (the two lines are indistinguishable in the case of back-
ward pumping). Physically, it takes some distance for the orthogonally polarized signal to adjust its SOP
through PMD before it can experience the full Raman gain. Within the PMD diffusion length (around
175 m in this case of forward pumping), fiber loss dominates and the signal power decreases; beyond
the diffusion length, Raman gain dominates and the signal power increases. The gain difference seen
in Fig. 9.1 between the copolarized and orthogonally-polarized cases comes from this initial difference.
In the case of backward pumping, The PMD diffusion length becomes so small (about 0.2 m) that this
difference completely disappears. The level of signal fluctuations depends strongly on the relative direc-
tions of pump and signal propagation. In the case of forward pumping, 6, grows monotonically with the
distance, reaching 24% at the end of the 10-km fiber. In contrast, oy is only 0.8 % even for a 10-km long
amplifier in the case of backward pumping, a value 30 times smaller than that occurring in the forward-

pumping case. The curves are almost identical for all input signal SOPs when D, = 0.05ps/+v/km.

So far, we assumed that the signal wavelength coincided with the Raman-gain peak. Figure 9.3 shows
the effect of pump-signal detuning for a 10-km long amplifier under the same conditions. The frequency
dependence of Raman gain coefficients was taken from Ref. [8, 12]. In the case of forward pumping,
the average Raman gain is different for copolarized (solid curve) and orthogonally polarized (dashed

curve) signals, and the difference is larger when the signal frequency is close to the pump. However,
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Figure 9.2: (a) Average gain and (b) level of signal fluctuations as a function of amplifier length for
a fiber with D, = 0.05 ps/vkm. The solid and dashed curves correspond to the cases of copolarized
and orthogonally-polarized signal, respectively. The two curves nearly coincide in the case of backward

pumping.

the difference disappears when the signal frequency deviates more than 15 THz from the pump because
of increased PMD effects. In the case of backward pumping, PMD effects are so huge over the whole
spectrum that the differences disappear completely, and the same spectrum (thin line) is obtained for all
input SOPs of the signal. Signal fluctuations depend on the PMD parameter as well as on the Raman
gain. The lager the gain, the larger the fluctuations. For this reason, 0; is maximum at the Raman gain
peak. Again, fluctuations in the case of backward pumping are 30 times smaller than those in the case of

forward pumping because of the ratio (@, + @)/ (@, — @) =~ 30.

9.4 Probability Distribution of the Amplified Signal

The moment method used in Section 9.3 to obtain the average and variance of the amplified signal
becomes increasingly complex for higher-order moments. It will be much better if we can determine
the probability distribution of the amplified signal because it contains, by definition, all the statistical

information. To this end, we begin by finding the instantaneous gain of the Raman amplifier.

The fluctuating amplifier gain G(L) for a Raman amplifier of length L can be found from Eq. (9.11)-
(9.13) as (in dB)

— [g?a(l +3u)PLesi — asL} + 2k / "Ry (2) [Pl - 5(2)] .

Gag = aln {SO(L)} S8k |

9.22
S0(0) ©-22)
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Figure 9.3: (a) Average gain and (b) level of signal fluctuations plotted as a function of pump-signal
detuning. The solid and dashed curves correspond to copolarized and orthogonally polarized cases,
respectively. The thin solid curve is for a backward-pumped Raman amplifier and does not change much

with signal polarization.

where a = 10/In(10) = 4.343 and 8 is the unit vector in the direction of s. Using s = 598 in Eq. (9.13),

§ is found to satisfy

i—j - %RPO(Z) [p—(H-8)8] — Qb x 8. (9.23)
In this equation p represents the pump polarization at the input end. Thus, § becomes random only
because of birefringence fluctuations. If polarization scrambling is used to randomize P, P and § both
become random (see Section 9.6). However, it is only the scalar product p - § = cos 8 that determines

GgB.

To find the probability distribution of G4, we note that the second term in Eq. (9.22) can be written
as YN | Py(z;) cos[0(z;)]Az if we divide the fiber length L into N segments of length Az. Thus the random
variable Ggp is formed from a sum of many random variables with identical statistics. According to the
central limit theorem [25], the probability density of G(L) should be Gaussian as long as the correlation
between cos[0(z)] and cos[0(7)] goes to zero sufficiently rapidly as |z —7/| increases, no matter what
the statistics of p(z) and §(z) are. In practice, we expect this correlation to decay exponentially over a
length of PMD diffusion length L;. For fiber lengths L > L;, we thus expect G4p to have a Gaussian
distribution. Such a Gaussian distribution of G4p has been observed experimentally in Ref. [26]. Our

vector theory explains this experimental result in a simple way.

It is clear from Eq. (9.22) that In[So(L)] will also follow a Gaussian distribution. As a result, the

probability distribution of the amplified signal power, So(L), at the amplifier output corresponds to a
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Figure 9.4: Probability density of amplified signal for three values of D), (in units of D, is ps/v'km) in
the cases of (a) copolarized and (b) orthogonally polarized signals. The amplified signal is normalized

to the input signal power.

lognormal distribution [27] and can be written as

, (9.24)

[in(c?+ 1)~/ L <50(L)\/03+ 1)
)

plSo(L)] = So(L)vV2R &P [_2]n(63+1 (So(L))

where o7 is defined in Eq. (9.14) and can be calculated explicitly as discussed in the last section.

Figures 9.4 shows how the probability density changes with the PMD parameter in the cases of copo-
larized and orthogonally polarized input signals, respectively, under the conditions of Fig. 9.1. When
the PMD effects are relatively small, the two distributions are relatively narrow and are centered at quite
different locations in the copolarized and orthogonally-polarized cases. When D, = 0.01 ps/ vkm, the
two distributions broaden considerably and begin to approach each other. For larger values of the PMD
parameter D, = 0.1 ps/ vkm, they become narrow again and their peaks almost overlap because the

amplified signal becomes independent of the input SOP.

9.5 Polarization-Dependent Gain

Similar to the importance of the concept of differential group delay in describing the PMD effects
on pulse propagation, the PMD effects in Raman amplifiers can be quantified using the concept of
polarization-dependent gain (PDG), a quantity defined as the difference between the maximum and min-
imum values of G while varying the SOP of the input signal. The gain difference A = Gpax — Gin 18
itself random because both Gpn,x and G, are random. It is important to know the statistics of A and its

relationship to the operating parameters of a Raman amplifier, because they can identify the conditions
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under which the PDG can be reduced to acceptable low levels. In this section, we introduce a PDG vector

and use it to describe the statistics of PDG.

The polarization-dependent loss (PDL) is often described by introducing a PDL vector [28, 29]. The
same technique can be used for the PDG in Raman amplifiers. The PDG vector A is introduced in such
a way that its magnitude gives the PDG value A (in dB) but its direction coincides with the direction of
S(L) for which the gain is maximum. From Eq. (9.12) and (9.13), the dynamic equation for A is found
to be

dA  gr

A A -
U = 5 Acoth <2a> [P—(P-A)A] +agg (P-A) A —Qpbx A. 9.25)

where A is the unit vector in the direction of A. Appendix C provides details of the derivation of this

equation. If the PDG is not too large, Acoth (A/2a) can be expanded in a Taylor series as

A A?

Acoth | — | = 2a+ —. (9.26)
2a 6a

Keeping only the terms linear in A, Eq. (9.25) reduces to the following linear Langevin equation

dA
7 = agRP — QRb x A. (927)
<

The validity of this linearized equation depends on the conditions under which the A% term in Eq. (9.26)
can be neglected. The validity condition can be written as Apax < v/ 12a ~ 15 dB. This requirement is
satisfied in practice for most Raman amplifiers.

Equation (9.27) can be readily solved because of its linear nature. The solution is given by
- L —1
AL) =ageR(D) [ R (PE) 0.28)
where the PMD-induced rotation matrix ﬁ(z) is obtained from dl?t/ dz = —Qgb x R. For fibers much
longer than the birefringence correlation length, the dynamics of A corresponds to that of the Brownian
motion in three dimensions (see Ref. [30], where Eq. (9.28) is used for the PMD vector). As a result, A

follows a three-dimensional Gaussian distribution.

The moments of A can be obtained from Eq. (9.27) using the same procedure used in the last section
for calculating the average gain and signal fluctuations [25]. In Appendix D, we provide the details.

As shown there, the first two moments and the covariance matrix C' defined as C = (AA) — (AYA)

satisfy
8 — 2agenp-(A), 929)

d;@ = —n(A) +agrP(2)P; (9.30)

C )T - (ayA) 931)
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Equations (9.29) and (9.30) can be easily integrated over the fiber length L. They provide the follow-

ing analytical results in the case of forward pumping:

Pinp
(A) = “j’i ap [1— apLeft —exp(—L)], (9.32)
P
2(agrPn)
(%) = L (1~ oL exp(-L) < 1+ (@ 4 en(1 — oL/ O3
P

In the case of backward pumping, (A) and (A?) are also given by these equations provided o, is replaced
with —ot,, Py, is replaced with P exp(—o,L), Leg is redefined as [exp(o,L) — 1]/ atp, and Qg = @, — @
in the expression of 7 is replaced by Qr = —(wp, + ). An analytical expression for C can also be

obtained by integrating Eq. (9.31).

We now consider the probability distribution of the PDG vector. It is convenient to choose p along
an axis of the Stoke space, say p = €;, because the matrix C is then diagonal. The probability density

function of A = A;é; + Aré, 4+ Azé3 in this case can be written as

_3/2 A2 A2 A2
A= T [—(Al ) Mtas1 9.34)

ojot 207 207
where Ag = |(A)| while 0'”2 and o7 are the variances of the PDG vector in the parallel and perpendicular

direction of P, respectively. Both of them can be found from Eq. (9.31) in an analytical form as
2 Lo 2
of =n [ (6% — (A)lexpl-3n(L—2)ldz, ©39)
L
of = [ (6% erpl-3n(L—2)ldz (9.36)

These equations show that o < o, when PMD is small because the pump mostly amplifies the copo-
larized signal. When the effective fiber length L.g is much larger than the PMD diffusion length L,
(A?) > (A)? =~ 0, and 0| ~ 0. In this case, p(A) becomes a uniform three-dimensional Gaussian

distribution centered at zero.

In practice, one is often interested in the statistics of the PDG magnitude A. Its probability density
can be found from Eq. (9.34) after writing A in spherical coordinates and integrating over the two angles.
The result is found to be

1= 5 g[S f[ AN ] TN}

where 62 =02 (r—1), r=02/ GHZ, and the error function is defined as erf(x) = % I e’yzdy. Figure 9.5
shows how p(A) changes with D,, in the case of forward pumping. All parameters are the same as in
Fig. 9.1. The PDG values are normalized to the average gain G, = ag,(1 + 31)PnLesr/2 (in dB) so that

the curves are pump-power independent. In the limit D, — 0, p(A) becomes a delta function located
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Figure 9.5: The probability distribution of PDG as a function of D), under conditions of Fig. 1. The PDG

value is normalized to the average gain G,.

at the maximum gain difference (almost 2G,,) as little gain exists for the orthogonally-polarized signal.
As D, increases, p(A) broadens quickly because PMD changes the signal SOP randomly. If D), is
relatively small, the diffusion length L, is larger than or comparable to the effective fiber length L., and
p(A) remains centered at almost the same location but broadens because of large fluctuations. Its shape
mimics a Gaussian distribution. When D), is large enough that Legr > Ly, p(A) becomes Maxwellian and

its peaks shifts to smaller values. This is the behavior observed experimentally in Ref. [15].

The mean value of PDG, (A), and the variance of PDG fluctuations, 63 = (A%) — (A)?, can be found
using the PDG distribution in Eq. (9.37). Figure 9.6 shows how these two quantities vary with the PMD
parameter for the same Raman amplifier used for Fig. 9.1. Both (A) and o, are normalized to the average
gain G,,. As expected, the mean PDG decreases monotonically as D, increases. The mean PDG (A)
is not exactly 2G,, when D, = 0 because the gain is not zero when pump and signal are orthogonally-
polarized. Note however that (A) can be as large as 30% of the average gain for D, = 0.05 ps/ Vvkm
in the case of forward pumping and it decreases slowly with D), after that, reaching a value of 8% for
D,=0.2ps/ vkm. This is precisely what was observed in Ref. [15] through experiments and numerical
simulations. In the case of backward pumping, the behavior is nearly identical to that in the case of

forward pumping except that the curve shifts to a value of D), smaller by about a factor of 30.

As seen in Fig. 9.6(b), the RMS value of PDG fluctuations increases rapidly as D, becomes nonzero,
peaks to a value close to 56% of G, for D, near 0.01 ps/v/km in the case of forward pumping and

then begins to decrease. Again, fluctuations can exceed 7% of the average gain level even for D, =
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Figure 9.6: (a) Mean PDG and (b) variance o, (both normalized to the average gain G,) as a function

of PMD parameter under forward and backward pumping conditions.

0.1 ps/vkm. A similar behavior holds for backward pumping, as seen in Fig. 9.6. Both the mean and
the RMS values of PDG fluctuations decrease with D), inversely for D, > 0.03 ps/v'km (Ly < 0.5 km for
Qr/27 = 13.2 THz). This D;l dependence agrees very well with the experimental results in Ref. [15].

The D;l dependence of (A) and o can be deduced analytically from Eq. (9.37) in the limit Legs > L.
In this limit, the PDG distribution p(A) becomes approximately Maxwellian and the average and RMS

values of PDG in the case of forward pumping are given by

4agRPin
A~ —>—— [ Legs(1 — 0ty Legs/2). 9.38
(A) ﬁmeR‘\/ off(1 — apLefr/2) (9.38)

ox ~ /(3r/8—1)(A). (9.39)

The same equations hold in the case of backward pumping except that |Qg| = w, — w; should be replaced
with @, + oy. Figure 9.7 shows the mean PDG and the RMS value of PDG as a function of propagation
distance for a Raman amplifier with D, = 0.05 ps/ vkm. All parameters are the same as in Fig. 9.2. Both
(A) and oy are negligibly small in the case of backward pumping, indicating the advantages of such a

pumping scheme.

9.6 Polarization Scrambling of the Pump

The technique of polarization scrambling is sometimes used to reduce the PDG in Raman amplifiers
[31, 32]. In this technique, the pump SOP is changed randomly as the signal is amplified so that the

signal experiences different local gain in different parts of the fiber, resulting effectively in an average
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Figure 9.7: (a) Mean PDG and (b) variance o, (both normalized to the average gain G,) as a function
of amplifier length under forward and backward pumping. The solid and dashed curve correspond to

D, =0.05 and 0.15 ps/+v'km, respectively.

gain that is independent of the signal SOP. The theory developed in the last section can be used to find

the dependence of the PDG on the degree of polarization (DOP) of the pump wave.

Polarization scrambling does not change the total power of pump as only its SOP is changed ran-
domly. If we assume that p(z) is a stationary stochastic process, its correlation at two points within the

fiber can be written as

([B(z1) — (D)) [B(z2) — (B)]) = T(z2 —z1) = Lol (z2 — 1), (9.40)

where the correlation matrix f‘(zg —z1) is assumed to be separable as shown in Eq. (9.40). The DOP of

the pump is related to the average of p as d, = |(p)| [33].

The pump DOP d,, the covariance matrix f‘o, and the correlation function I'(z; — z;) depend on
how scrambling rotates p randomly on the Poincaré sphere. When the pump is completely polarized
(no scrambling), d, = 1 and fo = 0; in the opposite limit in which the pump is completely unpolarized,
d, =0 and Ty = f/ 3. The form of I'(zp — z;) depends on the specific scrambling technique used in
practice. In the following discussion, we assume it to vary as I'(za — z1) = exp(—%e|z2 — z1]), where
Y. = 1/I. and [, is the correlation length . In practice, /. depends on the coherence length of the pump

source and is typically ~1 m.

Due to the randomness of the pump polarization, the XPM-induced NPR term in Eq. (9.6) becomes
random as well. However, The correlation length /. is so small compared with the NPR beat length
(~ 10 km) that the NPR term only contributes from the rotation around the average pump polarization

(p). The NPR induced by the pump polarization fluctuations is negligible if we replace the deterministic
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transformation in Eq. (9.9) with

1% :exp{—esp U()Zpo(z)dz} (ﬁ)x}V’, (9.41)

where V' is an arbitrary vector in the Stoke space (Appendix E provides more details). Therefore, Eqgs.

(9.12) and (9.13) remain valid even in the presence of pump polarization scrambling.

As before, the PDG vector satisfies Eq. (9.25). This equation can again be simplified to obtain Eq.
(9.27) with the only difference that now both p and b are random. The solution is still given by Eq.
(9.28). More importantly, the probability distribution of A remains Gaussian (in all three dimensions)
as long as the fiber length L is much longer than the correlation length associated with pump polarization
scrambling. However, as the pump polarization varies with z, the solution of Egs. (9.29) and (9.30) is

given by
(AW = azn " RPE) expln (L ldz, ©.42)
(W20))y = 20k [ AP (AQ)dz

L 71
= 2age)? [ dz1 [ dzaPya)R()p) Bla)expl-n (i —2), 9.43)

where the subscript b denotes the average over the birefringence fluctuations. Since p(z) is random as
well, we need to average Eqgs. (9.42) and (9.43) over the pump SOP. In the case of forward pumping, the

final analytic expressions are found to be

(AW, = L[~ 01— exp(-nL)] (.44
P
a in 2 r T
(@ W)5)y = 28T (1 — L) expl (o + L] 1+ Lo+ 1+ 0)(1 — ten/2)
¢ P
2(agRPin)2d[2)
oz 7 Opkem)exp(=nL) =1+ Len(n +0p) (1 = GpLerr/2)}, (9.45)

where the subscript p denotes average over the ensemble of pump polarization and Tr stands for the

trace. From Eq. (9.40), Tr(f‘o) is related to the DOP of pump as Tr(f‘o) =1- dlz,.

The covariance matrix C as defined as in Section 9.5 can also be found using the same technique and
requires averaging over both ensembles of birefringence and pump polarization. It satisfies the following

equation (see Appendix D for details):

—

92 = —anGoin [(&)T - (anan] +Hy, 9.46)

where the last term depends on polarization scrambling and is found to be

H, = agrPo(2) | (P(2)(A[R))s), + (P()(A(2)s), — (D) ((A)) = (AN (D) |-

2(agrPa)*To
= m{exp(fZapz) —exp[—(Ye +n+ )z} (9.47)
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If the pump polarization is not scrambled, d, = 1 and f‘o = 0. In that case Eqgs. (9.44)—(9.46) reduce to
Egs. (9.31)-(9.33), as expected. The same results hold in the case of backward pumping except that c,
is replaced with —a,, Py, is replaced with Py exp(—a,L), Lef is redefined as [exp(a,L) — 1]/, and
Qr = W), — @ in the expression of 7 is replaced by Qr = —(w, + wy).

It is evident from Eqgs. (9.44)—(9.46) that scrambling affects the PDG considerably. Although the
results are quite complicated when the correlation length /. and the effective fiber length L. are com-
parable, they can be simplified considerably in a practical situation in which Leg > [.. This is almost
always the case since [ is typically ~1 m while L is likely to exceed 1 km. In this limit, H, in Eq.
(9.47) reduces to

H, ~ 2(agrPu) Tole(1 — oty Letr)?, (9.48)
and it becomes negligible in Eq. (9.46) for [, < Legr . In the same limit, the first term in Eq. (9.45)

becomes much smaller than the second term and ((A?(L))) is given by

2(agrPad,)?
(e, ~ oy

Comparing Eqgs. (9.44), (9.46), and (9.49) with Egs. (9.31)-(9.33) of Section 9.5, we conclude that the

[(1 — apLeff) exp(—nL) —1 +Leff(n + (Xp)(l — (XpLeff/2)]. (9.49)

statistics of the PDG vector remains the same in the presence of polarization scrambling provided P, is
replaced by Phd,, in all expressions for the moments of PDG. As a result, the mean and RMS value of

PDG are reduced by a factor of d),. This is exactly what has been observed experimentally [31, 32].

The general conclusion that the main effect of polarization scrambling is to reduce the input pump
power by a factor of d, as far as PDG is concerned allows us to translate all results of Section 9.5 with
this simple change. In particular, the probability distributions of the PDG vector A and the PDG value
A follow Eq. (9.34) and (9.37), respectively. When the effective fiber length L. is much larger than the
PMD diffusion length L4, (A) and o, are still given by Egs. (9.38) and (9.39) except that P,, is replaced
by Pnd,. Although we assumed f‘o and I'(zp — z1) to be separable and I'(z, — z;) to be exponential in the
preceding discussion, the qualitative behavior is expected to be the same for any form of the correlation

matrix f(zg —z1) aslong as I, < Leg.

9.7 Summary

In this chapter, we have developed a general vector theory for analyzing fiber-based Raman amplifiers.
We have shown that PMD can induce large fluctuations in the amplified signal depending on the value
of the PMD parameter, although it also reduces the polarization dependence of the average gain. The
amplification factor is found to follow the Gaussian statistics if it is measured in decibel units but the

amplified signal itself follows a lognormal distribution.
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We introduced a PDG vector to describe the nature of PDG in Raman amplifiers. We found that
the probability distribution of the PDG mimics a Gaussian distribution when PMD is relatively small
but becomes Maxwellian when the effective fiber length is much larger than the PMD diffusion length.
Based on this probability distribution, we were able to find an analytic form of the dependence of the
mean and variance of PDG on the operating parameters of Raman amplifiers. Both of these quantities
depend inversely on the PMD parameter as well as on the frequency difference between the signal and
the pump. We applied our vector theory to the case in which pump polarization is scrambled randomly

and found that the mean PDG depends on the DOP of the pump polarization linearly.

We used the vector theory to compare the forward and backward pumping schemes used for making
Raman amplifiers from the standpoint of PMD effects. In general, the use of backward pumping provides
superior performance because it reduces the PDG as well as signal fluctuations to negligible levels as long
as the PMD parameter D,, exceeds a relatively small value of 0.01 ps/ vkm. If forward pumping must be
employed for practical reasons, one should use fibers with D,, values larger than 0.1 ps/ vkm. Physically
speaking, backward pumping works better since the Stokes vectors P and S rotate in opposite directions
and produce such rapid variations in their relative orientation angle 0 that the PMD effects are averaged

over a distance of 0.2 m or so.

In long-haul fiber links, PMD is intensionally reduced to minimize its effects on pulse broadening.
However, our theory shows that PMD induces large signal fluctuations when the effective fiber length is
comparable to the PMD diffusion length. Discrete Raman amplifiers typically use a few kilometer long
fiber for providing sufficient gain. In the case of forward pumping, large signal fluctuations (>50%)
are predicted to occur for D), values ~0.02 ps/v/km. In the case of backward pumping, such Dp values
can be tolerated but large signal fluctuations will reappear for D), ~ 0.001 ps/ vkm. If SRS is used for
distributed amplification, one should balance the effect of PMD-induced pulse broadening and PMD-
induced signal fluctuations carefully. Some of the predictions in this chapter have been verified recently

through experiments and numerical simulations in Ref. [35]-[37].

Appendix A

In this appendix, we provides details on the derivation of the averaged equations (9.15)—(9.20) used to
find the average and the variance of the output signal. Our method follows the technique discussed in

Ref. [25]. The basic idea is to introduce a new vector dW = bdz over a fiber segment of length dz that is
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much shorter than the total fiber length L but still much longer than the birefringence correlation length.
Owing to the delta-function correlation of the birefringence vector b in Eq. (8.16), the vector dW is a

Wiener process with the following properties [25]:
ey 2
(dW) =0, (dWdIW)= gDpIdz, (AW -dW) = Dydz. (A9.1)

All other higher-order moments of dW vanish.

As discussed in Ref. [25], all differential equations involving dW should be interpreted in the
Stratonovich sense in the limit in which b reduces to a delta-correlated process from a general Markov
process. In this interpretation, any nonanticipating function f(z) appearing in the integral [ f(z)dW
over a short length segment z to z+ dz is evaluated in the middle of the segment at the point z + dz/2.
In contrast, the Ito calculus evaluates it at the left boundary point of the integral. As the Ito integral
J f(z)dW does not depend on the future, the average value of this integral vanishes. However, this does
not happen for the Stratonovich integral because f(z+ dz/2) depends not only on its history, but also on

dW within the interval z to z +dz.

Consider now the stochastic differential equations (9.12) and (9.13). Before we can calculate any
moments, we need to convert them from the Stratonovich to the Ito form. The conversion process is
described in Chap. 4 of Ref. [25] and we follow it here. To illustrate the main steps, we consider

Eq. (9.13) without the drift term and write it as
ds =s(z+dz) — s(z) = —QrdW x s(z+dz/2). (Stratonovich), (A9.2)

Note that s on the right side is evaluated in the middle of the segment. We expand it in a Taylor series as

s(z+dz/2) = s(z) + % d‘z(zz)

Q
+ --:s(z)—TRdWxs(z)—&—---. (A9.3)
Substituting this expansion in Eq. (A9.2), we obtain the Ito version of this equation as
QZ
ds = —QrdW x s(z) + TRdW X [dW x s(z)]+ -+ . (A9.4)
We now average over the second- and higher-order terms using the vector identity
AW X (dW x 8) =dW (dW - 8) — s(dW -dW), (A9.5)
and obtain the following Ito equation in the sense of mean-square limit [25]:
1
ds = —QrdW x s(z) — §Df,Q%;s(z)dz. (Ito) (A9.6)

The net effect of conversion is the appearance of a new term in the original equation (A9.2) when it is

converted to the Ito sense.
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Following this procedure, Eqs. (9.12) and (9.13) can be converted to the following Ito version of

these equations

dso = %R P sdz, (A9.7)

ds = gERPsodzf nsdz+Qrs x dW, (A9.8)

where 1] = Df,sze /3 as defined in the text. If we average Eqgs. (A9.7) and (A9.8) over dW, the last term
in Eq. (A9.8) disappears, resulting in two deterministic equations. As P is fixed, we can introduce the

angle 0 using s - P = socos 0, and obtain Egs. (9.15) and (9.16).

To calculate the second-order moments of s, one can use Egs. (9.12) and (9.13) to find the Stratonovich
differential equations governing s%, sos, and ss and then convert them to the Ito form using the proce-
dure described above. An alternative method uses Egs. (A9.7) and (A9.8) together with the Ito formula

given in Ref. [25]. The final equations become

dsy = grP - (s08)dz, (A9.9)
d(508) = ‘%R [P (s5)+ Ps3] dz—n(s08)dz+ Qr(s08) x AW, (A9.10)
d(ss) = g—R(Ps()s +s50sP)—3n(ss)dz+ ns(zjdz

2
+ Qr(ss) x AW — QrdW x (ss). (A9.11)

When we average over dW, all terms containing dW disappear and the three equations become de-
terministic. Making inner products sos - p and (s -p)? and rewriting them as s% cos 0 and s(% cos? 6, we

finally obtain Egs. (9.19)—(9.21).

Appendix B

In this appendix we give the derivation of Eq. (9.25), following the technique discussed in Ref. [28].
Consider the evolution of an arbitrary Jones vector through the linear equation

% =M(2)|A) = [mo(z) + m(z) - o] |A). (B9.12)

In general, M(z) is not unitary, and mg(z) and m(z) can be complex. Since Eq. (B9.12) is linear, we can
introduce a transfer matrix 7'(z) as |Aou) = T(2)|Ain), where |A,) and |Aoy) are input and output optical

fields. This matrix satisfies
dT (z)
dz

In terms of the transfer matrix 7', the input and output powers are related as

= [mo(z) +m(z) - o|T(2). (B9.13)

(AlA)in = AT ()T ()] A)our- (B9.14)
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The Hermitian matrix 7'(z)T"(z) can be expanded in terms of the Pauli matrices as T(z)T7(z) =

to(z) + t(z) - o. It thus evolves as

dT ()T (2)] _ do(2) L 4t@)

o B9.15
dz dz dz 7 ( )
In place of ¢, we introduce u through the transformation
Z
t(z) = u(z)exp {/0 [mo(z') —i—mé(z/)]dz/} . (B9.16)
The same relation holds between #, and uo. The new quantities uo(z) and u(z) are found to evolve with
zas
d
0 _om, -, (B9.17)
dz
d
CTZ = dmup — 2my X u, (B9.18)

where m, and m; are the real and imaginary parts of m, respectively. Equations (B9.17) and (B9.18)

show that u(z) —u? =1 for all z, and thus the operator (T7")~! can be written as

(T()TT(2)] ! = [uo(z) —u(z)- o] exp{/ozdz' [mo () +my(2)] } (B9.19)

We now apply Eq. (B9.14) to the signal being amplified by a Raman amplifier of length L and replace

A with A;. Using the definition Sp = (Ag|As), where Sp(z) is the signal power at a distance z, we obtain

S0(0) = So(L) [uo(L) — w(L) - 8ou] exp <— /OL [mo(z) +mf§(z)}dz> , (B9.20)

where 8oy 18 the unit vector in the direction of S(L) = (As|o|As). The amplifier gain (in decibels) can

now be written as

G=aln <§ZE8) = a/OL [mo(z) +mg(z)]dz — aln[ug(L) — w(L) - Sou]- (B9.21)

Notice that G takes its maximum value when 8oy is along u. In contrast, G is minimum when the two

vectors are anti-parallel.

The PDG can now be found using A = Gax — Gpin and introducing the PDG vector as

AzﬁA:amn<”‘°+”), (B9.22)

uy —u
where 4 is the unit vector in the direction of w and u = |u|. From Egs. (B9.17) and (B9.18), A is found
to satisfy

dA  dugdA  du

= ez V(A
dz dz dug + dz (4)

A A A
= 2Acoth <2> [m, —(m,- A)A] +4a(m, - A)A —2m; x A. (B9.23)

a
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where V., operates on v and A = 4 is the unit vector in the direction of A.

We now only need to find m, and m,;. If we replace A with A, in Eq. (B9.12) and follow the steps
outlined in this Appendix, we find that Eqs. (9.12) and (9.13) take the form of Egs. (B9.17) and (B9.18).
Comparing these equations, we obtain m, = gg.P /4 and m; = Qgb/2. Using them in Eq. (B9.23), we
obtain the final result given as Eq. (9.25).

Appendix C

In this appendix, we provide details on the derivation of Egs. (9.29)-(9.31) and (9.46). As discussed in

Appendix B, Eq. (9.27) can be converted into an Ito equation as
dA =agrPdz—NAdz+ QrA xdW. (C9.24)
From this equations, we can calculate dA? and d(AA) in the Tto sense and find

dA? = 2agr P - Adyz, (C9.25)
d(AA) = agr(PA + AP)dz—31(AA)dz +nA*Tdz

+ Qr(AA) x dW — QpdW x (AA). (C9.26)

When we average Eqs. (C9.24)-(C9.26) over dW, all terms containing dW disappear, and we obtain

three deterministic equations as

d(A) = agrPdz—n(A)dz, (C9.27)
d(A*) = 2aggP - (A)dz, (C9.28)
d({AA) = agg(P(A) + (A)P)dz —3n(AA)dz+n(A2)Tdz. (C9.29)

Using the definition of the C and noting that
dC = d(AA) ~ (d(A))(A) ~(A) (d(A)), (€9.30)

we finally obtain Egs. (9.29)-(9.31).

In the case of pump-polarization scrambling, P(z) = Py(z)p(z), where p(z) is random along the
fiber. The covariance matrix C is then redefined as the double average over both random variables. The

differential of C is then given by

dC = d{(AA)) — (d{{A)) ((A)) — ((A)) (d({A))). (€9.31)
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Average Egs. (C9.27)-(C9.29) over the ensemble of pump polarization, we obtain

d{{A)) = agr(P)dz—n <(A>>dz7 (C9.32)
d((A?) = 2agr(P - (A))pdz, (€9.33)
d((AA)) = agr (P{A)), +((A),P),)dz—3n((AA))dz+n (A1) Idz.  (C9.34)

Substituting Egs. (C9.32) and (C9.34) into Eq. (C9.31), we obtain Eq. (9.46).

Appendix D

In this appendix we provide details on the effects of NPR induced by the pump when pump polarization
is scrambled. We neglect other effects temporarily and consider Eq. (9.6) with only the XPM-induced
NPR term. After making the transformation in Eq. (9.41), Eq. (9.6) becomes

dS = —&,,Py(2)0P(z+dz/2) x S(z+dz/2)dz  (Stratonovich), (D9.35)

where 8Pp(z+dz/2) = p(z+dz/2) — (p) and we have dropped the prime notation for simplicity. Since the
correlation length /. is much smaller than the beat length of NPR (~ 10 km), we cut the fiber into many
sections of /. long, i.e., dz = I.. According to the correlation matrix in Eq. (9.40), p(z) is approximately
correlated within each section of length dz but is approximately uncorrelated from one section to another.

Expanding S(z+ dz/2) in Eq. (D9.35) into a Taylor series, this equation becomes
dS = —€,,Py(2)0p(z+dz/2) x |S(z)+ ——+---| dz (D9.36)
Substituting Eq. (D9.35) into Eq. (D9.36), we obtain the Ito version of this equation as

dS = —&,,Py(z)0P(z+dz/2) x S(2)dz

+ %[&PPO(Z)‘ZZP {6pP(2)8p(z+dz/2) - S(2) — [6P(2) - 6Pp(z +dz/2)] S(2)}

4 (Ito). (D9.37)

When we average this equation over P, the first term disappears. As p is correlated within dz and does

not change much, we can replace p(z + dz/2) with p(z) and perform the average. The final result is
1 o o o
d(S) ~ 5 [epPo(2)dz]? [ro - Tr(I‘o)I} (S(2) + - =0[(d2)*], (D9.38)

in the sense of mean-square limit [25]. When the correlation length /. is relatively small, d(S)/dz — 0.
As a result, NPR induced through pump-polarization fluctuations does not diffuse the signal SOP. The

net XPM-induced NPR contribution comes from only the average value (p), as shown in Eq. (9.41). This
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result is easy to understand physically. It takes some distance for the signal to experience NPR. However,
the pump polarization fluctuates so fast that the signal can only follow the rotation around the average

pump polarization (p).
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10 PMD and Cross-Phase Modulation

In this chapter, we focus on the interaction between PMD and XPM while ignoring other nonlinear
effects. We show [1] that the combination of XPM and PMD inside optical fibers leads to a novel
phenomenon of intrapulse depolarization manifested as different random states of polarizations across
the pulse profile. Such polarization evolution of optical pulses is directly analogous to the phenomenon of
spin decoherence in semiconductors or pseudospin relaxation in atoms. The intrapulse depolarization has
a significant impact on optical switching based on a nonlinear optical loop mirror (NOLM). We develop a
theory [2] to quantify this impact. It is found that the interaction between PMD and XPM transfers spatial

randomness of residual birefringence to temporal power fluctuations within the switching window.

10.1 Intrapulse Depolarization

Some physical systems, although quite different in their origins, can exhibit the same dynamic behavior.
A well-known example is the similarity between the spin precession of an electron in a magnetic field
[3]-[6] and the interaction of a two-level atom with an optical field [7, 8]. An electron in a superposition
state of Zeeman sublevels precesses its spin at a Larmor frequency until environmental factors induce
decoherence [3]-[6]. In the case of a two-level atom (modelled as a pseudospin), an optical field induces
Rabi oscillations of the atomic dipole, while vacuum or laser fluctuations, or atomic collisions relax
the pseudospin motion [7, 8]. Spin/pseudospin decoherence is considered to be a universal phenomenon
associated with two-level quantum systems. Here we show that it has a classical analog in the polarization
evolution of an optical pulse propagating inside a fiber in the presence of both PMD and XPM. The
combined effect of these two mechanisms leads to a novel phenomenon of intrapulse depolarization in

a fashion analogous to spin decoherence in quantum systems.
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10.1.1 Pump-Probe Equations

To illustrate the underlying physics as simply as possible, we consider a pump-probe configuration with
two copropagating waves at frequencies @, and @;,. The pump wave has a peak power much higher than
the probe (called signal from now on), such that it modulates the phases of both waves through SPM and

XPM, but those induced by the signal are assumed to be negligible. The total field is thus given by
A1) = 1A (2,0) exp(—iwpr) + |As(z.1)) exp(—iat). (10.1)

Substituting Eq. (10.1) into Eq. (8.14), neglecting the Raman effect by setting fr = 0, decomposing into
individual frequency component, we can obtain the dynamic equations governing the pump and signal
waves. For convenience, we set the carrier frequency at the pump: @y = @,. We also make a time
transformation to the signal frame to remove the temporal propagation at the signal velocity. We then

obtain the following vector equations governing propagation of two waves inside an optical fiber [9]:

IAp) | s9140) _.

5. T, =i1.P|Ap), (10.2)

agA‘> =% pGipo)a)— Qb oAy, (10.3)
z 2 2

where 7, = 8y/9, Q = o, — @,, P = (A,|A,) is the pump power, and the unit vector p = (A,|c|A,)/P
represents the pump SOP on the Poincaré sphere [10]. Random birefringence enters through the vector
b(z), whose statistics is given by Eq. (8.16). As fiber length and nonlinear length are both typically much
longer than the birefringence correlation length /., the situation we encounter here corresponds to the

motional narrowing regime of spin relaxation [3, 5].

Equations (10.2) and (10.3) show that P(z,7) = P(0,7 — 0z), but the signal power profile S(z,7) =
(As]As) = S(0,7). However, the signal SOP changes in a random fashion. To consider polarization
effects for the signal, we convert Eq. (10.3) into the Stokes space by introducing a unit Stokes vector as

§ = (As|o|As)/S. From Eq. (10.3), §(z, 7) is found to satisfy
95/9z = (Qb—1,Pp) x 5. (10.4)

The pump pulse changes the signal SOP through XPM-indued nonlinear polarization rotation (NPR),

while PMD perturbs it randomly at a rate dictated by the magnitude of Qb.

Equation (10.4) is isomorphic to the Bloch equation governing the motion of spin density in a solid
[3]-[6]. The pump acts like a static magnetic field, and perturbations induced by PMD correspond to
a fluctuating magnetic field induced by nuclei or phonons. Clearly, the polarization of signal pulse
would evolve along the fiber statistically in a fashion similar to the phenomenon of spin decoherence

in time. This can be seen clearly by averaging Eq. (10.4) over the random b to obtain [12]: d(§)/dz =
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A

—n(8) — 1.Pp x (§), where 7 is the polarization relaxation rate related to the PMD diffusion length L, as
n =1/Ly = (D,Q)?*/3. Statistically, PMD causes signal polarization to relax along the fiber. However,
XPM forces signal polarization to precess around the pump Stokes vector p with a Larmor frequency of
%.P. The global SOP of the signal, $(z) o< [ "= (A |o|A,)d T/ [T (As|As)dT, would evolve analogous to

the macroscopic magnetization in semiconductors.

There is one crucial difference between the quantum spin dynamics and the classical pulse propa-
gation. In the quantum system, spin flipping requires energy dissipation, resulting in different longitu-
dinal and transversal relaxation times, and electrons relax eventually to a thermal equilibrium among
the Zeeman sublevels [3]-[5]. However, no such levels exist in the classical system, and PMD-induced
polarization relaxation is uniform in three dimensions of the Stokes space. The signal SOP is completely
randomized on the Poincaré sphere after a sufficiently long distance. In the absence of pump, PMD
changes the signal SOP randomly but uniformly across the entire signal pulse, resulting in no intrapulse
decoherence. Similarly, in the absence of PMD, pump pulse induces inhomogeneous but coherent po-
larization precession across the signal pulse, creating again no intrapulse decoherence. However, the

combination of XPM and PMD produces a new effect we refer to as intrapulse depolarization (IPD).

10.1.2 IPD Coefficient

IPD can be quantified by considering the relative orientation of the signal SOPs at two different times.
Defining §; = §(z,71) and §» = §(z, 7»), we introduce a scalar averaged quantity d = §| - §, as the IPD
coefficient. Note that §; and §, evolve according to Eq. (10.4) with different pump powers. Even though
they are defined in a relative rotating frame, d is invariant to such a global polarization rotation. Aver-
aging over the random birefringence [12], we obtain the following equations governing the evolution of

IPD coefficient:

0d/dz = y.P_U, (10.5)
U /dz = —nU +7.P_(V—d), (10.6)
dV/dz=-3nV+nd, (10.7)

where P_ = P(z,72) — P(z,71), and U and V were introduced as U = p- (§1 x §) and V = p - (§152) - p.

To show how d(z,7;,T2) changes along the fiber, we consider first the case of a signal pulse much
wider than the pump pulse and neglect GVM for simplicity (6 = 0, corresponding to choosing wave-
lengths of two waves symmetrically around the zero-dispersion wavelength Ag). Time 7; is set outside
the pump pulse (no XPM) but 7, is set at the peak of the pump pulse where XPM is maximum. Figure

10.1 shows d as a function of & = z/L,, for three values of the ratio u = L, /L, where the nonlinear length
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IPD Coefficient d

0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Fiber Length &/n

Figure 10.1: IPD coefficient d for three values of y = L, /L. Solid and dashed curves show the Faraday

and Voigt geometries, respectively. Symbols show the simulation results performed with Py = 1.41 W.

u=0.02, 1, 20 correspond to Q /27 = 0.31, 2.19, 9.77 THz, respectively.

is defined as L, = (%.P))~! and P, is the peak power of the pump pulse. The ratio u plays an important
role as it governs the relative length scales of the PMD and XPM processes. Numerical simulations
based on Egs. (10.9) and (10.11) are also presented in Fig. 10.1. Simulations were carried out for a 5-km
long fiber with y =2 W~! /km, D, = 0.2 ps/vkm, [, = 10 m, A = 1550 nm and f33 = 0.1 ps* /km. For
completeness, GVD, which as well as GVM can be obtained from 35, was indeed included in the simu-
lations. The fiber is divided into 10-m-long sections with birefringence varying randomly from section
to section. The FWHM of the Gaussian pump pulse is 166.5 ps. Statistical averages are computed using

1000 realizations. The good agreement justifies the use of a simple model based on Egs. (10.5)—-(10.7).

If the pump and signal are copolarized at the input end (solid curves), a situation that corresponds to
the Faraday geometry in the spin analogy [5], little nonlinear precession of SOP occurs. When L; > L,
(1 < 1), d decays slowly along the fiber as PMD effects occur over a length scale much longer than L,.
When the two lengths become comparable (¢t = 1), XPM and PMD affect each other strongly, resulting
in considerable IPD. As seen in Fig. 10.1, d decreases rapidly and becomes almost zero for & > 2.
However, when L; < L, (1t > 1), § changes randomly within a diffusion length even before XPM has
any chance to act. Because of its averaging, the XPM effects become polarization independent, and the

intrapulse polarization coherence is significantly recovered.

When p and § are initially orthogonal (corresponding to the Voigt geometry in spin precession [5]),

the dashed curve for u = 0.02 in Fig. 10.1 shows that d exhibits relaxation oscillations that are analo-
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IPD Coefficient d
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1/n
Figure 10.2: IPD coefficient d as a function of 1/u = y%.PyL, for three fiber lengths in the Faraday

geometry.

gous to the free-induction decay in spin/pseudospin relaxation dynamics [3, 7]. These oscillations are
suppressed by PMD, and maximum IPD occurs when y = 1. In contrast, when i > 1, not only are pre-
cessions suppressed, but IPD is also considerably reduced because PMD-induced rapid SOP variations

average out the XPM-induced NPR.

IPD strongly depends on the pump power. Figure 10.2 shows d as a function of 1/u = y.PyL, for
a fixed L, in the Faraday geometry (a similar behavior occurs for the Voigt geometry). If pump power
is small, little IPD occurs even for L > L, although the global SOP of the signal varies randomly. IPD

increases dramatically with pump power, and d — 0 when p~!

~ 0.7 for L =4rnL,;. Spin decoherence
induced by a magnetic field and its effects on photoluminescence (the Hanle effect) are widely used for
measuring the spin relaxation time [4, 5]. Analogously, the sensitivity of IPD to pump power might

provide a simple way for PMD characterization.

Evolution of the signal polarization depends on the local interaction between PMD and XPM along
the fiber. Interplay between PMD and XPM transfers spatial randomness of fiber birefringence into
temporal randomness of signal polarization. Figure 10.3 shows IPD induced by a Gaussian pump pulse.
In the temporal region outside the pump pulse, signal only experiences PMD, and thus no IPD occurs.
But within the overlap region, the signal SOP is affected by both PMD and XPM. If walk-off is zero, IPD
is relatively large in the vicinity of the pump peak. Pulse walk-off broadens the depolarization region but

reduces the IPD magnitude because of a decrease in the XPM strength.
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IPD Coefficient d
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Figure 10.3: IPD across the signal pulse for three walk-off lengths L,,. L = wL, and yu = 1. Simulation
results (circles) use Q /27 = 1.09 THz and Py = 0.353 W. The width of Gaussian pump pulse Ty =
FWHM/1.665.

10.1.3 Conclusions

In concluding this section, we have shown that the combination of XPM and PMD leads to the novel
phenomenon of intrapulse depolarization. We have also discussed how this behavior is analogous to
spin/pseudospin decoherence in two-level quantum systems. From a practical perspective, such intra-
pulse depolarization affect the chirp imposed on the signal pulse and lead to spectral distortion even
though the temporal profile of signal pulse may not change at all. On the other hand, it would affect the
performance of XPM-based nonlinear fiber devices such as optical switches and wavelength converters.
It would also affect PMD monitoring and PMD compensation in communication systems based on the

measurement of degree of polarization.

10.2 Effects of PMD on Nonlinear Switching

XPM inside a nonlinear optical loop mirror (NOLM) is used often for ultrafast optical switching [13]-
[18]. It has been noted in several experiments that the performance of an NOLM is significantly affected
by the residual birefringence of optical fiber used to make the Sagnac loop [19]-[22] if a polarization-
maintaining fiber is not used. Residual birefringence was indeed used as a method to reduce the polariza-

tion dependence of optical switching [23]. Physically, residual birefringence of optical fibers randomizes
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Control in

Control out

Figure 10.4: Notation used for describing optical switching in a nonlinear optical loop mirror; PC stands

for polarization controller.

the state of polarization (SOP) of both the signal and control pulses and induces differential polarization
variations between them through PMD when the two have different carrier frequencies. Since the XPM
process responsible for optical switching is polarization dependent [24], PMD induces considerable ran-
dom variations in the NOLM output. This impact of PMD on optical switching becomes a serious issue

for practical implementation of such optical switches.

The scalar theory commonly used for describing NOLM operation [24] cannot include the polariza-
tion effects. We have recently developed a vector theory of XPM and have used it to study the combined
effects of PMD and XPM on the performance of lightwave systems [9]. In this Chapter we use the
same approach for studying the effects of PMD on optical switching in NOLMs and show that PMD not
only affects the switching window of such devices but also induces considerable fluctuations in the shape,
width, and energy of switched pulses. We quantify these fluctuations by solving the underlying equations

analytically after appropriate simplifications and compare them with full numerical simulations.

10.2.1 Theoretical Model

Figure 10.4 shows an NOLM schematically and the notation used. The input field A; splits after the
polarization-independent 3-dB coupler into forward (clockwise) and backward (counterclockwise) com-
ponents denoted as A (z,7) and Ap(z,7) at a distance z inside the loop. An intense control pulse at a
different wavelength is injected after the coupler. It introduces different XPM-induced phase shifts on
Ay and Aj, as it propagates only in the forward direction. The two signal components interfere at the
3-dB coupler after one round trip. The loop transmissivity depends on the relative phase shift induced
by XPM and becomes 100% for a 7 phase shift provided both pulses maintain their SOP along the same

direction.

To include the polarization effects, we express all optical fields by a Jones vector, denoted by |A ;)
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[10], where the subscript j = f,b, or c. The total field is given by
AG0)) = [Ac(z,) exp(—iur) + [[A 7 (z,0)) + [Ap(z.1)) | exp(—iat). (10.8)

As there is a signal wave propagating backward inside the loop, to investigate the polarization, we need
to stay first in the laboratory reference frame by using Eq. (2.26) rather than directly go to the rotating
frame of Eq. (8.14). Substituting Eq. (10.8) into Eq. (2.26) and decomposing into individual fields, we
obtain the following set of three vector equations governing the propagation of three optical fields inside

the NOLM:

dA)  1dA) i iy .

0z +vc ot 2wCB olAc)+ 3 [2(Ac|Ac) + |AD (AL AC) s (10.9)
dlAy)  19d|Ap) i 2iy o

Sl L = =S 0B alA )+ S (AdA) + A (Al + MDA A ). (10.10)
IAp)  10As) _ i 2iy o
oy T Tar = T2@B olAn) + 5 [(Addd) +A) (Ac + A A IA), - (10.11)

where ®; and v; (j = c,s) are the carrier frequency and the group velocity for the control and signal
pulses, respectively. The nonlinear parameter Y is taken to be nearly the same for the two waves assum-
ing that their frequency difference |@; — @,| is relatively small compared with the carrier frequencies

themselves.

The main approximation made in deriving Egs. (10.9)—(10.11) is that the control pulse is assumed
to be much more intense than signal pulses. Thus, self-phase modulation (SPM) and XPM induced by
the control pulse are included but those induced by the signal pulse are neglected because of its weak
nature. Fiber losses are neglected because length of the loop is typically only a few kilometers. The
effects of group-velocity dispersion (GVD) are also ignored assuming that pulses are wide enough that
dispersion length exceeds the loop length considerably. To solve Egs. (10.9)—(10.11), we make one more
simplification. In practice, the XPM effects on the backward field |A;,) induced by the control pulse
are so small because of the counterpropagating nature of two pulses (walk-off length ~ 1 cm even for
a 100-ps pulse) that we can ignore them. The backward propagating field |A;) is then only affected by

fiber birefringence, and Eq. (10.11) can be solved analytically after setting vy = 0.

Because of the counterpropagating nature of the two signal pulses [26, 27], the Jones matrices asso-
ciated with birefringence-induced SOP evolution for |Af) and |A;) are T and T, respectively, where T'!
is the transpose of T, and T is the solution of d’f”/dz =—(i/2)w,B - oT. The solution of Eq. (10.11)

can now be used to write |A,) at port 2 after one round trip as
A5(0,1)) = T"(L)|Ap(L,t — L/vs)) = iT"'(L)o1|Ai(t — L/vs)) /V/2, (10.12)

where |A;) is the input field at port 1 and o7 is one of the Pauli matrices [10]. The factor of i/+/2 results

from the transfer matrix of a 3-dB coupler, which not only splits the power into half but also introduces
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a /2 phase shift [16]. The origin of 0] matrix lies in the fact that we are working in a reference frame
associated with the forward-propagating pulse that flips its y-axis after a round trip (See Fig. 10.4). It is

also useful to introduce a retarded time in this frame as T =17 —z/vy.

The NOLM output at port 4 corresponds to the switched pulse. The power profile of this pulse is

obtained by interfering the two counterpropagating field components at the 3-dB coupler and is given by
P,(t) ={P(7) —Re[po(L,7)]} /2, (10.13)

where Re denotes the real part, P;(7) = (A;(7)|A;(7)) is the input pulse profile at port 1 of the coupler,

and the scalar quantity po describes the interference effects and is defined as
Po(z,7) = (Ai(7)|o1 T* (L)1 T(L)|A(z, 7)), (10.14)

where T'* is the complex conjugate of T and we used the relation |Af(z,7)) = f”(z) |A%(z, 7)) since
|A}(z7 7)) is only affected by the XPM from the control pulse; it would remain constant in the absence
of the XPM effects. All birefringence-induced polarization effects are included through the random
quantity py.

Residual birefringence affects the NOLM output in two ways. First, it randomizes the SOPs of the
control and signal pulses along the fiber and thus affects the XPM process locally. Second, because of
the interferometric nature of the NOLM, SOP variations affect the output even in the absence of any
control pulse [26], [27]. To optimize the performance, a polarization controller is adjusted inside the
loop such that P, is minimum in the absence of control pulses. Mathematically, this is equivalent to
setting 61%*61;_?1 = 0y [28], where oy is a unit matrix and ZH“ includes the SOP rotation induced by the
polarization controller. If residual birefringence varies with time because of environmental perturbations,
T also changes randomly on a time scale associated with birefringence fluctuations. We assume that
optimization is maintained by adjusting the polarization controller adaptively and focus only on the
PMD effects on XPM inside the NOLM. The quantity py is then given by po(z, 7) = (Ai(7)|A}(z, 7)) and

does not require knowledge of the matrix T (L).

10.2.2 XPM-Induced Switching

To calculate po, we need the field |A’.(L, 7)) after its phase has been affected by the control pulse through
XPM. By noting that [A;(L, 7)) is the field vector in the rotating frame as what discussed in Chapter 7,
and that rapid SOP variations induced by T (z) average over the nonlinear effects, rather than performing
SVPA on Egs. (10.9) and (10.10), we can directly use Eq. (8.14) to find the dynamic equation for the

forward propagating signal and control waves. After decomposing Eq. (8.14) into two frequency compo-
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nents as what we did in the last section, we find that |A(z,7)) and |A((z, 7)) = T-! (2)|Ac(z, 7)) evolve

inside the loop as [9]

8\A’f> iYe R ,
d|AL) dAe) i N ,
9z +6B 5 = —EQb-U\AC>+173Pc(z,r)|AC>, (10.16)

where Q = @, — @y is the carrier frequency difference between the two pulses and 68 = 1/v. — 1 /v
describes their group-velocity mismatch. Different from the last section, we use the signal frequency as

the carrier when we used Eq. (8.14), just for convenience.

Equations (10.15) and (10.16) show that both the power P, and the SOP p of the control pulse affect
the XPM-induced phase shift. The power of the control pulse is given by P.(z,T) = (AL|AL) = (A;|A.).
Its SOP is governed by the unit vector p(z,7) = (AL|o|AL)/P., representing the direction of its Stokes
vector on the Poincaré sphere. Both the control and signal pulses maintain their shape inside the NOLM
(assuming negligible dispersion-induced pulse broadening) although two pulses walk away from each
other because of group-velocity mismatch. Thus P.(z,7) = P.(0,7 — 8fz) in Egs. (10.15) and (10.16).

This feature simplifies the following analysis considerably.

The output power P, of the switched pulse is determined by the interference term py. We use its

expression together with Egs. (10.15) and (10.16) to arrive at the following set of three closed equations:

J YePe .
0 =2 Gpy+p-p), (10.17)
0z 2

dp VP o Yep A

F T(3P+P0P)—5 cP X p, (10.18)
9p _ Qb x p, (10.19)
dz

where the vector p is introduced as p(z,T) = (A;(7)|o|A}(z, 7)). Notice that both py and p are complex
quantities and related through the identities pg = p? and |po|*> + |p|* = 2Pl-2. The statistics of b is given
by Eq. (8.16). Equations (10.17)-(10.19) are three linear stochastic equations and can be easily solved
numerically to find pg and then calculate transmitted power P,(7) for given temporal profiles, P;(7) and

P.(0,7), for the input and control pulses, respectively.

To show the effects of PMD on the switching window of an NOLM, we consider a 3-km long NOLM
with y = 2W~! /km, D, = 0.1ps/v'km, 3 = 0.1ps® /km, and a zero-dispersion wavelength (ZDWL)
of g = 1550 nm. The power of the Gaussian-shape control pulse at 1545 nm varies as P.(0,7) =
Pyexp(—12/T}), where Ty = 10 ps and peak power Py = 820 mW. The signal is assumed to have a
continuum-wave (CW) form at a wavelength of 1575 nm. The switching window is defined as the loop

transmissivity as P,(7)/P,(7). The 30-nm wavelength difference between the signal and control waves
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Figure 10.5: Switching windows of a NOLM under the impact of residual birefringence (solid curves)
created by a Gaussian-shape control pulse. The dotted curve shows for comparison the switching window
in the absence of residual birefringence. For all the curves, the control and signal waves are linearly
copolarized at the location where the control pulse is injected into the loop. Parameters are given in the

text.

introduces considerable walk off between the two and produces a nearly rectangular 40-ps switching
window shown by the dotted line in Fig. 10.5 when fiber has no birefringence (the ideal case). When
residual birefringence is included by choosing D, = 0.1ps/ vkm and a correlation length of 10 m, the
switching window depends on the birefringence distribution along the fiber length and varies for each
realization of the stochastic process. Figure 10.5 shows some examples of the switching window obtained
by solving Egs. (10.9)-(10.11) numerically, assuming that the signal and control are linearly copolarized
at the location where the control is injected to the loop. A comparison of these curves with the dotted
curve shows that PMD effects not only reduce the NOLM transmission during switching but also make
the transmissivity to vary with time along the switching window. As a result, switching window become
distorted, and the extent of distortion depends on the specific distribution of residual birefringence inside
the NOLM. Since this distribution will change from fiber to fiber, different NOLMs made from the same

spool of fiber would exhibit quite different switching performances.

One may wonder what makes NOLM transmission to vary randomly within the switching window
for a given NOLM if nothing is changing with time. More specifically, if both P, and P. are deterministic
quantities at any time 7, why P, fluctuates in a random fashion with 7. From a physical standpoint, this
is a consequence of PMD-induced changes in the SOP of various fields and resulting variations in the

XPM efficiency. The combination of the two effects produces intrapulse depolarization for the signal
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manifested as a random SOP of the signal along the pulse profile [1], as discussed in Section 1. In effect,
spatial randomness of residual birefringence is translated into temporal randomness at the NOLM output

by the Sagnac interferometer.

10.2.3 Average Output Power and Fluctuation Level

As seen in Fig. 10.5, the NOLM output is random in two ways because of PMD. First, if birefringence
distribution along the fiber length is frozen and does not change with time, switching window is distorted
but is static. The output power then varies along the switching window in a random fashion but does not
fluctuate at any given moment. Second, if birefringence distribution along the fiber length changes with
time in a dynamic fashion because of environmental perturbations, the output power at any instant of time
itself begins to fluctuate on a time scale associated with such perturbations. Although this time scale is
relatively long (ranging from a few seconds to several hours), such random fluctuations in the output of
an NOLM are not acceptable in practice. It is thus important to estimate the average and variance of such
environment-induced power fluctuations. It turns out that these two moments of the output power can be

calculated in a semi-analytical fashion.

The average value (P,) and variance 62 = (P?) — (P,)? of the output power are obtained from Eq.

(10.13) and are related to the moments of py as

(P,)(7) = {P(7) —Re[(po) (L, 7)]}/2, (10.20)
0, (7) = [Re((pg) — (P0)*) + (Ipo[*) = [(po)I?1/8. (10.21)

The evolution equations for (po), (p3), and (|po|?) can be obtained from Egs. (10.17)-(10.19) after
averaging over random residual birefringence using a procedure described in Ref. [25]. For the mean

value of py, we obtain the following two coupled equations:

8<P0> _ iyePc

oz 5 (34po) +(p-p)), (10.22)
%z.p» =-n((p-p)+ i%zpc ({po) +3(p-p)), (10.23)

where = 1/L; = (D,Q)?/3 and L, is the PMD diffusion length of the relative SOP orientation between
the two pulses. Note that L; is not only a function of the PMD parameter of fiber, but also depends on
the the carrier frequency separation between the control and signal pulses, which plays an important role

on the switching performance.

Following the same procedure, the second-order moment <p§> is obtained by solving the following
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three coupled equations:

9(pg)

5. = %P (3(p3) + 1), (10.24)
U i7,P.

5 = Gink—mUi+ 2 (i+ (o). (10.25)
v,

a—; = (3iP. — 30)Vi +n{p3) + i.P.UL, (10.26)

where U; = (p- pop) and V; = ((p- p)?). Similarly, (|po|?) can be obtained by solving

2
a<|g°‘ ) _ WP.Us, (10.27)
Z
oU.
2 = U+ kP (2 (o)), (10.28)
V-
722 = —3nVa — P.Uy + 1 (287 — (|po]?)) - (10.29)

where Uy = Im({p- pop*)), V2 = (|p- p|*), and Im denotes the imaginary part. All of these deterministic
equations can be solved easily on a computer. Analytical solutions can also be obtained in some specific

cases.

We first consider the loop transmissivity for a square-shape control pulse when the control and signal
wavelengths are tuned symmetrically around the ZDWL so that their group velocities always match.
The switching window under such conditions has the same shape and duration as the control pulse. We
focus on the same 3-km long fiber loop used for Fig. 10.5 but set the control peak power to Py = 262
mW, a value that represents the control power for which the entire copolarized signal is transmitted in
the absence of residual birefringence when there is no walk-off between the two pulses. Figure 10.6(a)
shows the average loop transmissivity (or switching contrast) defined as 7;, = (P,)/P; at the control
pulse peak by plotting 7, as a function of signal-control wavelength detuning AA = |A; — A.| for three
values of the PMD parameter D,. Figure 10.6(b) shows the fluctuation level, defined as o, /P;, under
the same conditions. In both cases, solid and dashed curves are respectively for the copolarized and
orthogonally polarized control pulse with respect to the signal SOP at the input end. Dotted curves show
for comparison the no-birefringence case for these two polarization configurations. The control only
imposes a phase shift of 7/3 on the signal when the two are orthogonally polarized, resulting in only

25% transmission in the ideal case (lower dotted line).

To justify the semi-analytical theory presented here, we carried out full numerical simulations based
on Egs. (10.9)—(10.11) by dividing the 3-km-long fiber into 10-m long sections. Birefringence was kept
constant inside each section but both its magnitude and axes are changed randomly from section to
section. More precisely, the magnitude of birefringence follows a Gaussian distribution with zero mean

while the principal axes are rotated uniformly after each section. The results averaged over 300 runs are
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Figure 10.6: Switching contrast (a) and fluctuation level of output (b) plotted as a function of wavelength
separation between the signal and control for three values of PMD parameter D), (in units of ps/v/km) for
the copolarized (solid curves) and orthogonally polarized (dashed curves) cases. Dotted lines show the
no-birefringence case for the same two polarization configurations. Filled circles shows the Monte—Carlo

simulation results.

shown as filled circles in Fig. 10.6. The semi-analytical results agree quite well with the Monte—Carlo
numerical simulations. In particular, the predicted average transmissivity almost coincides in the two
cases. A small discrepancy seen in the prediction of the fluctuation level comes from the sample size of
300 used for numerical simulations. It decreases as the sample size is increased but only at the expense

of a longer computational time.

As seen in Fig. 10.6(a), residual birefringence of the fiber loop reduces the NOLM transmission
considerably on average for copolarized signal and control pulses, thereby degrading the switch perfor-
mance. When AA is small enough to make PMD diffusion length L, larger than the NOLM length L, the
signal and control nearly maintain their relative SOPs inside the NOLM even though the SOP of each
field can change considerably. The switching contrast is then only affected by reduction in y by a factor
of 8/9 and is reduced by a mere 3% for AL = 1 or 2 nm. The similar effect in the orthogonally polarized
case increases the XPM-induced nonlinear phase from 7 /3 to 47t/9, resulting in a loop transmissivity of
41.3%. However, the average switching contrast changes quickly with increase in AA or D,, as seen in
Fig. 10.6(a). In fact, the NOLM approaches a polarization-independent switching contrast of 75% (cor-
responding to a nonlinear phase shift of 277 /3) for large wavelength separations such that L; < L. These
results are qualitatively consistent with the experimental results of [23]. The level of PMD-induced
fluctuations depends on the length ratio u = L, /Ly, where L, = (27.Py)~" is the nonlinear length for
XPM-induced phase shift. It becomes maximum when u ~ 1, resulting in a peak value of about 9% in

Fig. 10.6(b). Around the spectral region where u ~ 1, the NOLM is most susceptible to environmental
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Figure 10.7: (a) Maximum switching contrast (solid curves) and optimum control power (dashed curves)
as a function of wavelength separation between the signal and control (both linearly copolarized initially)
for three values of PMD parameter D, (in units of ps/v'km). (b) Output fluctuation level under the

optimum conditions.

perturbations. The qualitative behavior is similar for all values of D,. The only difference is that the

peak in Fig. 10.6(b) shifts to smaller values of AA for larger values of D,,.

The PMD-induced reduction in the switching contrast can be compensated to some extent by in-
creasing the control power P.. This increase in control power was observed in the experiment of [21].
Of course, the optimum value of power depends on both the wavelength separation AA and the value of
the PMD parameter D). Moreover, it is not possible to realize 100% switching contrast even with this
optimization. The solid and dashed curves in Fig. 10.7(a) show, respectively, the optimized switching
contrast and the control power required for it as a function of AA for copolarized control and signal at
the input end. When AA = 0, the reduction in ¥ can be overcome by increasing Py from 262 to 295 mW
for complete switching. However, this power level increases to 380 mW for AA = 50 nm inside a fiber
with D, = 0.1 ps/ vkm, even if there is no walk off between the two waves. Complete switching with
100% contrast becomes difficult to realize when u = 1. As seen in Fig. 10.7(a), the optimized switching
contrast is close to 92% when u is close to 1. Figure 10.7(b) shows the the fluctuation level under op-
timum conditions. It is reduced considerably compared with the values seen in Fig. 10.6(b). Maximum

fluctuation level is about 4.5% and occurs again when u is close to 1.

10.2.4 Switching Window

We now consider the temporal switching window and assume that the NOLM output is being switched

for a short duration using control pulses of Gaussian shape with 7o = 10 ps and a peak power of 262 mW.
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Figure 10.8: Switching windows (a) and fluctuation level of output (b) for three values of wavelength
separation between the signal and control waves. The control is fixed at 1545 nm but the signal wave-
lengths are 1555, 1565, 1575 nm for the three cases, respectively. In each case, NOLM transmissivity is
plotted as a function of time for Gaussian-shape control pulses. Solid lines show the analytical results
and dotted lines show for comparison the no-birefringence case. Filled circles show the Monte-Carlo

simulation results, which overlap with the solid curves in most of the cases.

The control wavelength of 1545 nm is 5-nm shorter than the 1550-nm ZDWL of the fiber loop. The signal
is again in the CW form but our results also apply for a pulsed signal as long as the signal pulse is much
wider than the control pulse. The two waves are linearly copolarized at the location where the control is
injected to the loop. The signal wavelength is varied from 1555 to 1575 nm to study the impact of the
group-velocity mismatch, whose magnitude can be calculated from the third-order dispersion of the fiber
using 831 = 1/v. — 1 /vy = B3(@. — @) (@ + &y — 2@p) /2, where @y = 27c/Ap is the zero-dispersion
frequency. The fiber is assumed to have a third-order dispersion of 3 = 0.1 ps® /km at ZDWL. The
GVD-induced pulse broadening can be neglected because the dispersion lengths exceed 50 km in all

cases.

Solid curves in Figure 10.8(a) show the “averaged” switching window by plotting average value of
the NOLM transmissivity (P),(7)/P;(t) as a function of time for three signal wavelengths separated
from the control wavelength by 10, 20, and 30 nm. All NOLM parameters are the same as those used
for Fig. 10.6 except for D, = 0.1 ps/v/km. Dotted curves show the switching window in the absence of
residual birefringence. The switching window is relatively narrow and has 100% contrast at its peak for
AA = 10 nm because the walk-off effects disappear when the control and signal wavelengths are located
symmetrically around the ZDWL. The walk-off effects broaden the switching window and reduce the
transmissivity as AA increases to 20 and 30 nm. The PMD effects make the situation worse because they

reduce the transmissivity even further and also make the switching window asymmetric. The asymmetry
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is related to the fact that control pulse overlaps with different slices of the signal pulse at different

locations inside the fiber.

When AA = 20 nm, a value for which g ~ 1, only 60% of signal power can be switched to output
port on average and this value drops to below 15% for AL = 30 nm. Figure 10.8(b) shows the fluctuation
level within the switching window under the conditions of Fig. 10.8(a). The peak fluctuation level is
under 5% for AA = 10 nm, increases to around 9% for AA = 20 nm and then drops to below 3% for
AA =30 nm. This behavior is similar to that seen in Fig. 10.6 but is modified significantly because of
the reduction in the XPM effects induced by pulse walk-off. For D, = 0.1 ps/vkm, large fluctuations
occur for AA =20 nm but are reduced considerably for smaller or larger wavelength separations. Again,
the analytical results agree well with the numerical ones based on full Monte—Carlo simulations (filled
circles). Note that the fluctuation level depends on the control peak power as well as the loop length. If
the control peak power is increased to achieve a maximum peak switching contrast as shown in Fig. 10.5

for AA = 30 nm, the fluctuation level will increase considerably.

10.2.5 Conclusions

In this section we have presented a vector theory of XPM that is capable of including the PMD effects
while describing the switching performance of an NOLM. The interaction between the PMD and XPM
phenomena transfers the spatial randomness of residual birefringence to temporal fluctuations on the
switched-pulse profile. Physically speaking, the combination of PMD and XPM induces intrapulse de-
polarization on the signal in the sense that different parts of the signal pulse have different randomly
varying SOPs. Because of this depolarization, PMD reduces the switching contrast and the polarization
dependence when signal and control wavelengths are chosen to be further apart than a few nanometers.
The contrast can be improved to some extent by increasing the control power but it cannot be made 100%
in the spectral region where the PMD diffusion length becomes comparable to the nonlinear length. Un-
der environmental perturbations, PMD induced fluctuations on the switched pulse can be up to 9% of the
input power, depending on the fiber length and the value of the PMD parameter for that fiber. Our results
qualitatively agree with the existing experimental observations [21, 23]. Further experiments would help

to verify our predictions.

The use of a polarization-diversity loop has been proposed to reduce the polarization dependence of
an NOLM-vased optical switch [22], [32]. Our analysis shows that such a loop cannot mitigate the PMD
effects on XPM because of the PMD and XPM effects interact locally all along the loop length. For the
same reason, a Faraday mirror inside a folded ultrafast nonlinear interferometer can reduce the effect of

global SOP evolution induced by linear birefringence [21], [33] but it cannot eliminate the degradation
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induced by local interaction between the PMD and XPM. For these reasons, PMD is likely to remain a
limiting factor for XPM-based optical switching whenever fiber-loop lengths exceeds a few kilometers.
The ultimate solution of this problem relies on the availability of fibers with ultra-low PMD and high
nonlinearity. Even though the intrinsic nonlinearity of silica, governed by the n, parameter, cannot be
changed, the nonlinear parameter y can be enhanced by reducing the effective core area a.g of the fiber
since the two are related as Y = 27tn, / (Aaegr) [24]. A fiber with large values of ¥ is referred to as a highly
nonlinear fiber. An increase in y by a factor of 8—10 will reduce the loop length of NOLMs to below

400 m and will help to increase the device performance considerably [34], [35].

We should stress that our analytic theory is based on the assumption of a delta-function correlation
among residual birefringence fluctuations. We have performed numerical simulations to judge the va-
lidity of this approximation by changing the birefringence correlation length /.. The results shown in
Figs. 10.6-10.8 change only by a small amount even when /. is increased up to 100 m. Numerical sim-
ulations show that our analytic theory works reasonably well when the NOLM length is 10 to 15 larger
than the birefringence correlation length. In the case of highly nonlinear fibers, loop lengths of less than
100 m may be sufficient for optical switching. Similarly, for pulses shorter than a few picoseconds, loop
length is generally kept short as ~ 100 m to prevent pulse broadening. In these cases, residual birefrin-
gence fluctuations cannot be treated as delta-correlated (white noise), and a numerical approach should
be used. On the other hand, even though it is easy to include numerically pulse broadening induced by
GVD and higher-order dispersion, we have not done so since the loop length is generally kept shorter

than the dispersion length in almost all practical situations.
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11 PMD and Four-Wave Mixing

In this chapter, we investigate a more complicated situation in which the nonlinear interaction is based
on the mixing of three or four waves: FWM. We investigate the mechanism underlying the interaction
between PMD and FWM, and discuss its impact on fiber optic parametric amplifiers (FOPAs) and wave-
length converters [1, 2]. We show that PMD is likely to be one of the limiting factor to current FOPAs.
It distorts the gain spectrum and makes it less uniform than that expected in the absence of residual
birefringence. It also induces large fluctuations in the amplified or wavelength-converted signal. Such
PMD-FWM interactions affect all techniques based on FWM. For another example, we show how it
affects the mapping of zero-dispersion wavelength (ZDWL) in optical fibers [3]. Some of the work were
done in collaboration with Fatih Yaman in Prof. Agarawal’s group and with Dr. Stojan Radic’s group at

UCSD (previously at Bell Lab, Lucent Technologies).

11.1 Introduction

Fiber-optic parametric amplifiers (FOPAs), based on FWM occurring inside optical fibers, can provide
high gain over a relatively wide bandwidth [4]-[6]. However, the underlying FWM process is highly
polarization dependent [7]. Residual birefringence inside optical fibers not only randomizes the state of
polarization (SOP) of any optical wave, but also induces differential polarization variations among waves
of different frequencies through PMD [8]. In the presence of PMD, the pump, signal, and idler waves
cannot maintain their relative SOPs along the fiber, resulting in degradation of the FOPA performance
unless a polarization-maintaining fiber is used. Moreover, since PMD can change with time because of
environmental variations, it would induce fluctuations in the amplified signal in practice. Although PMD
effects have been observed in experiments [6],[9]-[11], theory describing such effects is not yet fully

developed. In this chapter, we present a vector theory for the FWM process and use it to quantify the
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impact of PMD on the performance of FOPAs and wavelength converters.

On the other hand, accurate knowledge of fiber dispersion is very important for the applications of
optical fibers. As FWM is a coherent parametric process very sensitive to phase matching condition, it
becomes an ideal nondestructive technique for dispersion characterization. Clearly, PMD would affect
the characterization accuracy. In this chapter, we will also use the theory to quantify the measurement

accuracy of zero-dispersion-wavelength mapping based on FWM inside fibers.

11.2 Single-Pump Configuration

In this section, we focus the simplest FWM which induced by a single pump and the total field is given
by

A(z,1)) = |Ap(2)) exp(—iwpt) + |As(2)) exp(—iest) +[Ai(z)) exp(—iwit), (1L.1)
where energy conservation requires 2@, = @ + ®;, which indicates that the signal and idler frequencies
are symmetrically located around the pump. For convenience, we set the carrier frequency at the pump
(mp = wp) in Eq. (8.14). Substituting Eq. (11.1) into Eq. (8.14), neglecting the Raman contribution
by setting frg = 0, and decomposing into different frequency components, we find the pump wave is

governed by a simple equation as
dlAy)
dz

=iBplAp) +iYe(Ap|AP)|Ap), (11.2)

where ¥, = 8y/9 and B, is the propagation constant for the pump. Equation (11.2) provides a simple
solution for the pump as |A,(z)) =|A,(0)) exp[i [5 (Bp + YePo)dz], where Py = (A, |A,,) is the pump power.
Making a transformation for the signal and idler fields as |A(z)) = |A’(z))expli [5 (B, + YPo)dz], We

obtain the signal and idler equations as

%} = (Aﬁs - ;Awb-v) [As) + % [(Ap|As) + (AilAp)] |Ap), (11.3)
d|£? N i<ABi+;Awb"’> [4i) + i [(Ap|Ai) + (AslAp)] [A4p), (11.4)

where AB; = B; — B,, (j =s,i), A® = o, — w,, and we have dropped the prime for simplicity. The
statistics for the birefringence vector b is given by Eq. (8.16).

Several approximations were made in deriving Eqgs. (11.2)-(11.4). Fiber losses were neglected be-
cause of short fiber lengths used commonly for making FOPAs. We also neglected pump depletion
because pump power is much larger than the signal and idler powers in practice. For the same reason,
SPM is included for the pump but neglected for the signal and idler. Equations (11.3) and (11.4) in-
cludes XPM induced by the pump because XPM affects phase matching of the FWM process and leads

to nonlinear polarization rotation (NPR) of the signal and idler waves.
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In the absence of birefringence, Egs. (11.3) and (11.4) reduce to the scalar case when the three waves
are linearly copolarized since they maintain their input SOP. In the presence of residual birefringence,
the XPM and FWM processes depend only on (As|A,) and (A;|A,). Since PMD changes the SOPs of
the signal and idler with respect to the pump randomly along the fiber , the XPM and FWM efficiencies
vary randomly in different sections of fiber. Consequently, the amplified signal and idler powers will
fluctuate from fiber to fiber even if fibers were otherwise identical. For the same reason, these powers
can fluctuate with time for a given FOPA at time scales associated with environmental variations [5]. The

inset in Fig. 11.1 shows examples of such variations in the FOPA gain spectrum for D, = 0.05 ps/v/km.

The general solution of Eqgs. (11.3) and (11.4) requires a numerical approach. However, it turns
out that the evolution of the signal and idler powers, Sy = (A]As) and Iy = (A;|A;), is determined by
the relationship among the Stokes vectors of the three waves, P = (A,|o|A,), S = (A|o|As), I =
(Ailo|A;), and the complex variables p; = (A;|A,) and I'; = (Aj|o|A,) (j = s,i) which are associated

with the relative orientations between the pump and signal/idler SOPs. The average gain and signal-

power fluctuations are obtained using Gay = So(L)/So(0) and 6 = S3(L)/ SO(L)2 —1.

Finding the evolution equations for Sy and /y from Eqgs. (11.3) and (11.4) and averaging them over
the birefringence fluctuations by following the technique used in Ref. [14], we obtain the following

equations governing the average signal and idler powers:

dSy dly

=2 = 22—y, RRU), 11.5

dz dz ARU) ( )

dU . -

= = —(/24+iK) U+ %Py [So+1Io+V], (11.6)

d

d—v = NV +27%RR(U), (11.7)
Z

where R denotes the real part, 1 = 1/L; = D% (A®)? /3, and L, is the PMD diffusion length. The
auxiliary variable U and V are defined as U = 2ip,p;/Py and V = (S +1I) - p, where p = P/ P is the unit
vector along the pump SOP. Also, k¥ = B, + B — 28, + 2. P describes the net phase mismatch among

the three waves.

Equations (11.5)—(11.7) are easy to solve to obtain the average FOPA gain spectrum. Although such
an average gain spectrum does not correspond to a single experimental measurement, it provides a good
indication of the impact of PMD on FOPA performance. Figure 11.1 shows such gain spectra for two D),
values when the input signal is linearly copolarized with the pump. The solid lines show the analytical
results using y =2 W' /km, L = 2 km, A9 = 1550 nm, B3 = 0.1 ps3/km, B4 = 1 x 10~* ps* /km, and
Py =1 W. The dotted line shows for comparison the case of an isotropic fiber without birefringence. The
pump wavelength (A, = 1550.15 nm) was chosen such that the signal has a fairly flat gain over 40-nm

bandwidth in the absence of birefringence. Since the FOPA gain is very susceptible to any perturbations
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Figure 11.1: Average FOPA gain as a function of signal detuning from the zero-dispersion wavelength for
two values of D,. Solid and dashed curves show the analytical and numerical results, respectively; two
curves cannot be distinguished for D, = 0.05 ps/ vkm on the scale used. The dotted curves shows for
comparison the case without birefringence. The inset shows examples of FOPA gain spectra numerically

obtained from Eqgs. (10.9) and (3.11) for different realizations of residual birefringence.

to the phase matching condition, PMD-induced random variations of the signal and idler SOPs affect the
average gain spectra considerably. Their impact increases with increased wavelength separation between
the pump and signal. As a result, PMD not only reduces the peak gain value but also severely degrades

the flatness of the gain spectrum.

When signal wavelength Ay is close to the pump, the PMD diffusion length becomes longer than the
FOPA length, and the signal and idler can remain nearly copolarized with the pump along the fiber. The
impact of PMD is small in this region, and the FOPA gain is only reduced by 1 dB or so because of
the reduction in 7y by a factor of 8/9. When Aj is relatively far from A, the situation becomes different
because the PMD diffusion length is now comparable or even shorter than the FOPA length. As a result,
PMD induces considerable random variations in the signal and idler SOPs, leading to further reduction in
the FOPA gain and degrading severely the gain uniformity. Even for a small D,, value of 0.05 ps/ vkm, a
significant tilt appears in the gain spectrum. For larger values of D, the gain spectrum is degraded even
more. For example, L, = 2.16 km for |A; — A,,| = 30 nm when D,, = 0.05 ps/+/km but this value reduces
to 0.24 km when D, = 0.15 ps/ vkm. As a result, the average gain spectrum is distorted drastically for

such large values of D,.

To justify the approximations made in deriving the averaged equations, we performed numerical
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Figure 11.2: Signal fluctuation level oy plotted as a function of signal detuning, under conditions of

Fig. 11.1.

simulations using the full vector model based on Eqs. (10.9) and (3.11) and dividing the fiber into many
10-m long-sections. Birefringence was kept constant inside each section but changed randomly from
section to section. The signal and idler powers were averaged over 500 runs. The analytical results based

on Eqgs. (11.5)-(11.7) agree quite well with the simulation ones (dashed lines).

PMD-induced signal fluctuations are quantified by the variance of the amplified signal. This quantity
is related to the second-order moments and correlations of Sy, S, Iy, I, ps, pi, I's, and T'; and can
be calculated by solving a set of coupled averaged equations. Figure 11.2 shows the level of signal
fluctuations as a function of signal detuning for the same parameters used for Fig. 11.1. When A, is close
to A,, fluctuations are small because the PMD diffusion length is much longer than the FOPA length.
However, level of fluctuations increases quickly in the useful region where gain is large. Over the main
peak of the gain spectrum, output signal fluctuations can exceed 30 % even for a relatively small value
of D, =0.05 ps/ vkm. Signal fluctuations increase drastically for D, =0.15ps/ v/km, approaching a

90% level. Numerical simulations (dashed curves) agree well with this analytical prediction.

Although Figures 11.1 and 11.2 focus on signal amplification, the theory and the results also apply
for wavelength converters because the idler power is related to the signal power as Iy(L) = So(L) — So(0).
Since the conversion efficiency { is related to the signal gain G as § = Iy(L)/So(0) = G — 1, the average
conversion efficiency Z = G4 — 1. The level of idler-power fluctuations is related to that of the signal
simply as 67 = Ig(T)/mz —1=02G2,/(G,, —1)%. The curves in Figs. 11.1 and 11.2 can be used to

find ¢ and o; using the above relations. In particular, all the qualitative features of these figures apply to
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wavelength converters as well.

The preceding analysis is based on the assumption that the correlation length /. of birefringence
fluctuations is much shorter than the fiber length. One might ask if this assumption is justified for fiber
lengths < 1 km. Extensive numerical simulations show that our analytic theory works well as long as the
FOPA length exceeds 10-15 I.. The results shown in Fig. 11.1 and 11.2 change only by a small amount
even when [, is up to 100 m for a 2-km-long FOPA. High-nonlinearity fibers are increasingly being used
for making FOPAs, and lengths ~100 m are sufficient for them. Our analytic results apply in this case
for . = 10 m but becomes questionable when /. exceeds 50 m. Residual birefringence can no longer be

treated as white noise in this case and a numerical approach should be used.

In summary of this section, we have developed a vector theory of degenerate FWM process inside
optical fibers and have used it to study the impact of PMD on the performance of FOPAs and wave-
length converters. We found that PMD not only changes the average value of the gain significantly but
also introduces considerable signal fluctuations. For typical values of D, for modern fibers (around 0.05
ps/+/km), fluctuations are in the 20-30% range over the flat region of the gain spectrum. The band-
width of the FOPA gain spectrum may be limited by other factors related to fiber dispersion, but PMD
is also likely to be a major limiting factor for modern FOPAs. As a rough guidance, the average differ-
ential group delay of the fiber (D, \/W) should be less than 50 fs to keep the PMD-induced signal

fluctuations below 10% over the main portion of the gain spectrum.

11.3 Dual-Pump Configuration

The situation becomes even more complicated in the case of dual pumping because of the involvement of
four interacting waves. The non-degenerate FWM is now governed by the following coupled equations

obtained from Eq. (8.14):

% = _ﬁ‘J’;Awa'”} AL + % [(AIlAL) + (AnlAn) + |An) (Anl] A7), (11.8)
d'jzw =i _511 - ;Awpb-a] ALY+ i% [(An|AR) + (A1lA)) + A1) (Al]] |An), (11.9)
d?j = -ﬁs B %A“’b ' "} [As) +i%e [{ArlAr) + (An|An) + A1) (Ar] +[An) (Anl]|As)

+ % [(AilA) [An) + (AilAR)] A1), (11.10)
dldAZi> — _ﬁi+;Aa)b-g] LAY + 1% [(ALJAL) + (AnlAR) + |A) (A + 1A5) (An|] 1A

+i%e [(As|AD) |An) + (As|AR)] |AL), 1.11)
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Figure 11.3: Measured and theoretical gain spectra for copolarizaed pump-signal launch states. The
I-km highly-nonlinear fiber, with a ZDWL of 1583.5 nm, y = 17/km/W, and PMD parameter of
D, =02 ps/ vkm, is pumped with two waves at 1559 and 1610 nm with powers of 600 and 200
mW, respectively. Theoretical fitting uses an effective fiber length of 600 m and 83 = 0.055 ps’ /km
and B4 = 2.35 x 107* ps* /km at ZDWL. Numerical simulations counts in all effects related to SRS and

multiple coupled degenerate and non-degenerate FWM processes.

where we have set the carrier frequency in Eq. (8.14) at the center of the two pumps @y = (@ + @) /2,
Awp, = (@), — ;) /2 is half of the frequency separation between the two pumps, and Aw = @, — @y is the
signal detuning from the pump center. Equations (11.8)-(11.11) show that not only the signal and idler,
but the two pumps also rotate their SOPs around the pump center. This complexity causes the difficulty

in finding an analytical description, and only the numerical simulations are possible [2].

However, some important results can be obtained by applying physical intuition into Eqs. (11.8)-
(11.11), especially to the last two FWM terms in both Eqgs. (11.10) and (11.11). First, similar to the
single-pumping configuration in the previous section, compared with ideal isotropic fibers, random bire-
fringence reduces FWM efficiency globally by a factor of 8/9 because of reduction in the magnitude of
the nonlinear parameter. Moreover, FWM efficiency in the orthogonal pumping configuration is half of
that in the copolarized pumping configuration, rather than the one third found in the case of isotropic
fibers (see Chapter 4). Second, in most cases of dual pumping, the signal and idler are sandwiched be-
tween the two pumps. As the PMD diffusion length is inversely proportional to the square of frequency

separation: L; = 3/(D,Aw®)?, SOP diffusion is dominated by that between the two pumps if PMD is
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Figure 11.4: Average gain versus signal wavelength for three different initial linear SOP of the sig-
nal for D, = 0.1 ps/ vkm; 6 represents the angle in between the linear SOPs of signal and shorter-
wavelength pump. The other pump is orthogonally polarized. the dotted curve shows, for comparison,
the polarization-independent without birefringence, as discussed in Chapter 4. The fiber is assumed to
have a ZDWL of 1550 nm, ¥ = 10 /km/W, B3 = 0.1 ps®/km, and B4 = 10~* ps* /km. It is pumped
at 1502.6 nm and 1600.6 nm with powers each of 0.5 W. Only the non-degenerate FWM, as shown in

Egs. (11.8)-(11.11), is considered in the numerical simulations [2].

significant and if the pump spacing is much larger than the signal-idler spacing. Such random SOP dif-
fusion for the two pumps causes the two pumps to become copolarized or orthogonally polarized equally
probably along the fiber, leading to an average FWM efficiency of (1 + 1/2)/2 = 3/4 out of the maxi-
mum, which corresponds to 3/4 x 8/9 = 2/3 of the maximum in ideal isotropic fibers. This is indeed
the case when we compared theory calculation with experimental results in Fig. 11.3, where we need to

reduce the effective interaction length by about 2/3 to fit the experimental measurement well [15].

On the other hand, the orthogonal pumping configuration becomes strongly polarization dependent,
especially when signal wavelength is close to either one of the pump, as shown clearly in Fig. 11.4 [2].
This is so because the signal with a wavelength close to one pump remains aligned with that pump but
decorrelates with the other pump rapidly because of a large frequency separation. Hence, the signal can
see only the averaged effect of the farther pump but experiences the highest or smallest gain depending
on if it started paralled or orthogonal to the closer pump. This also explains why for 6 = 0°, gain peaks
close to the shorter-wavelength pump but decreases as it gets closer to the other pump. This behavior

agrees with experimental observation in Ref. [16]. Note that, when PMD is significant, such PMD-
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Pumping configuration | Ideal isotropic fiber | Effect of random birefringence Effect of PMD
Copolarized 1 8/9 < 8/9; 2/3 when PMD is large
Orthogonal 1/3 8/9 x 1/2=4/9 between 1/3 and 2/3

Table 11.1: Spin Selection rules for Non-Degenerate FWM

induced PDG is generally much lager than the fundamental one introduced by SRS and discussed in

Chapter 4.

In summary of this section, we provide the FWM efficiencies in Table 11.3, normalized to the maxi-

mum value occurring in ideal isotropic fibers.

11.4 FWM-Based ZDWL Mapping

An accurate knowledge of dispersion variations along the fiber length is essential for modern WDM sys-
tems. The chromatic dispersion of any optical fiber, although designed to be norminally constant, varies
along its length because of unavoidable variations in the core diameter. Several nondestructive mea-
surement techniques make use of four-wave mixing (FWM) occurring inside optical fibers [17]-[21].
As FWM is sensitive to the local value of the zero-dispersion wavelength (ZDWL), or the chromatic
dispersion (CD), it provides an efficient way to map ZDWL/CD variations along the fiber length. How-
ever, FWM is sensitive not only to the phase mismatch between the pump, signal, and idler waves but
also to their relative polarization orientations [7]. Residual birefringence inside optical fibers induces
polarization-mode dispersion (PMD) and randomizes the state of polarization (SOP) of any optical wave
[22]. When the pump, signal, and idler waves propagate together along the fiber, PMD not only changes
their SOPs randomly but also affects the phase matching of the FWM process. As a result, the random
nature of PMD would induce fluctuations in the idler power generated through the FWM process. Such
PMD-induced power fluctuation would affect the mapping of ZDWL or CD whenever FWM is used. In
this section, we use the theory developed in the previous section to quantify the PMD effects on ZDWL
mapping based on degenerate FWM. We show that PMD induces considerable fluctuations in the idler

power during ZDWL/CD mapping and discuss its impact on the measurement accuracy.

In fiber dispersion mapping, generally the created idler (sometimes called the Stokes or anti-Stokes
wave depending on whether it occurs on the red or blue side of the pump [18]) is recorded to obtain
the dispersion information. The location of the three waves can be close to [19] or far from [18] the

ZDWL depending on whether ZDWL or CD needs to be mapped. In this section, we choose them close
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to ZDWL and focus mainly on the ZDWL mapping. Egs. (11.2)-(11.4) can be directly used. However,
one thing different from FOPA is that the fiber under test is generally quite long in ZDWL mapping, and

fiber loss is not negligible.

Analysis can be considerably simplified if we note that both the pump and signal powers are much
larger than the idler power in practice. As a result, we can neglect pump depletion and signal amplifi-
cation. Moreover, these two powers are either not large enough [17, 19, 21] or adjusted (signal power
twice the copolarized pump power) such that the phase mismatch induced by self-phase and cross-phase
modulations is cancelled automatically [18, 20]. For this reason, we neglect their effects in the following
analysis. Under these conditions, the pump wave would only experience linear loss and phase variations

with a propagation constant of f3,. Equations (11.3) and (11.4) now become

dlAy) : 1
=gl (ABS SAwb o’> As), (11.12)
A |

d‘dz> = —%|Ai> +i (Aﬁi—i— 2Aa)b-0'> |Ai) + Y. (As|Ap)Ap), (11.13)

where o accounts for fiber losses. We assumed that both o and ¥, are the same for the three waves

because of relatively small frequency differences among them [7]).

In the absence of PMD, the FWM process is quite different for different pump polarizations due
to the requirement of angular momentum conservation. However, in the presence of PMD, Equations
(11.12) and (11.13) show that the FWM process depends on the inner product (A|A,) [9]. As a result,

the FWM process depends only on the relative orientation between the pump and signal SOPs.

What is important to know is the evolution of the idler power, Dy = (A;|A;), along the fiber, which is
found, from Egs. (11.12) and (11.13), to relate to the signal Stokes vector S = (A;|o|Ay), signal power
So = |S], and two complex quantities p = i{As|A) and T’ = i(As|o’|A}). After averaging the dynamic
equation of Dy over the birefringence fluctuations, we obtain the following coupled but deterministic

equations in the case of a linearly polarized pump along the x axis in the Stokes space [26]:

dDy

= —aDg+ Y.PoRe(U), (11.14)
Z

du . <

G = lotik+n/2)U+RRy (So+5y), (11.15)
ds, -

S _ _(a+n)T, (11.16)
dz

where U = p+ Ty, k = B+ i —2Bp. N = Df, (Aw)? /3, and Py(z) is the pump power. When the input

signal is copolarized with the pump, the analytic solution is given by

- Z Z Z
Dy(z) = 27’3P02(0)So(0)67°‘z/0 dz1e_(o‘+12l)zl/0 ' dzcosh (%) e %2 cos {/ le3K(Z3)} L(11.17)
2
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Figure 11.5: Average idler power (a) and its fluctuation levels (b) as a function of wavelength detuning
between the signal and the pump for two values of the PMD parameter. The dotted line shows the

no-PMD case. Other parameters are given in the text.

If the fiber has no PMD, n =0 and 7, = 7, then Eq. (11.17) returns to the deterministic case and coincides
with the results of Ref. [19]. The same analytic solution holds when the input signal is orthogonally

polarized to the pump except that the cosh function is replaced by a sinh function.

For the dispersion-measurement problem, we need to focus on the PMD-induced fluctuations in the

idler power. The relative level of such fluctuations can be obtained from Eqs. (11.12) and (11.13) using

o2 = (D3 (L) — (Do (L))" (11.18)

’ (Do(L))?

The calculation of Gl.z requires the second-order moment <D(% (L)> of the idler, which is related to the

second-order moments of §, Dy, p, f, and their combinations. Following the same procedure described
earlier, we obtain the equations governing the evolution of these second-order moments and solve them

numerically.

Figure 11.5(a) shows the average idler power as a function of wavelength detuning between the
signal and the pump for two D, values when the input signal is copolarized with the pump. The pump
wavelength A, is located at the fixed ZDWL of A9 = 1550 nm so that the idler power is maximized and
its spectrum is flat in a wide range of detuning in the case absent of PMD (dotted line). In general,
Ap does not have to coincide with A9 but should be close to it to maintain a high FWM conversion
efficiency [19]. We used y =2 W~!/km, L =20 km, B3 = 0.1 ps®/km, B4 = 1.0 x 10~* ps*/km,
o = 0.2 dB/km, and Py(0) = Sp(0) =5 mW. When the signal wavelength is close to the pump, the idler
power is proportional to (8y/9)?, and the PMD reduces the idler power by about 201log,,(9/8) ~ 1 dB.

When the signal wavelength deviates considerably from the pump, the PMD effects increase, and the
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Figure 11.6: Average idler power (a) and its fluctuation level (b) as a function of pump wavelength
detuning from the ZDWL for two values of the PMD parameter. The dotted line shows the no-PMD

case. Other parameters are the same as in Fig. 11.5.

idler power decreases. The larger D), the larger the drop in the idler power.

Figure 11.5(b) shows the fluctuation level of idler power corresponding to the case of Fig. 11.5(a).
Fluctuations increase quickly when the signal wavelength is detuned away from the pump. Idler fluctua-
tions can be as large as 17 % when A, — A, = 10 nm even for D, = 0.05 ps/ vkm. Fluctuations increase
drastically with D,. When D, = 0.15 ps/ vkm, fluctuations become 57 % for the same detuning. The
curves similar to those shown in Fig. 11.5 are obtained when D, changes because the PMD effects are
determined by DI%(A(:))Z. When FWM is used for ZDWL mapping, the spatial resolution depends on
the wavelength difference between the signal and the pump; the larger the difference, the higher the
resolution [19]. However, as seen in Fig. 11.5, the PMD effects increase quickly with the wavelength
difference and would reduce the accuracy of ZDWL mapping. One thus needs to be careful to balance

the resolution and accuracy.

Figure 11.6 show the idler spectrum and its fluctuations when pump wavelength is varied. the de-
tuning between the signal and the pump A; — 4, is fixed to 3 nm. Other parameters are the same as
Fig. 11.5. The dotted line shows the case of no PMD; the thick and thin lines show the cases of D, = 0.05
and 0.15 ps/+/km, respectively. The PMD effects smooth the oscillation structure in the idler spectrum
that is important to provide the information on ZDWL [19]. More importantly, large amount of fluctu-
ations appear even for the small detuning of 3 nm. When D, = 0.15 ps/ vkm, fluctuations in the range
of 25 to 49 % are expected. The pump-scanned idler spectrum is commonly used in ZDWL mapping
[17, 19, 21]. All the fine structure in the spectrum is interpreted as information associated with local

variations of the ZDWL. Clearly, one should be careful when interpreting such spectra because large



168

fluctuations induced by PMD might be included [19]. Since PMD effects changes with time, long-term
repeated measurements may be required to obtain the average spectrum. Eq. (11.17) should be used to

interpret the data.

Apart from the pump-scanned idler spectrum, the oscillation periods of the idler power along the
fiber can be used to map the CD directly when the pump and signal work far away from the ZDWL
[18, 20]. However, PMD would induce extra phase mismatch and thus change the local oscillation
period randomly [27]. The whole theory presented above can also be applied to discuss the PMD effects
on the CD measurements if one includes the effects of the finite pump and signal pulse widths and the

Rayleigh backscattered nature of the idler.

In summary of this section, we have developed a general vector theory to include the PMD effects
occurring inside optical fibers during the FWM process. We found that PMD changes the average idler
power significantly and introduces a large amount of fluctuations because of random changes in the phase
mismatch and in the relative angle between the pump, signal, and idler SOPs. The fluctuations induced
by PMD can be quite large depending on the value of the PMD parameter. In measurements based on
the pump-scanned idler spectrum or the spatial oscillation periods, PMD induces large fluctuations and
would reduce the measurement accuracy. Long-term repeated measurement might be necessary for the

dispersion mapping to reduce the PMD effects.
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12 PMD and Self-Phase Modulation

In Chapters 9—11, we discussed the interaction of PMD with the nonlinear effects involving optical
waves with different carrier frequencies. As the frequency separations among waves are generally much
larger than the bandwidth of individual waves, the inter-channel PMD dominates the interactions. In
this chapter, we focus on the other regime where only one intense pulse propagates inside a fiber and the
nonlinear effect is dominated by self-phase modulation (SPM). In this case, PMD introduces differential-
group delay (DGD) between the two polarization modes of the pulse and affects the nonlinear interaction
between them. This situation turned out to be quite complicated as both the linear and nonlinear effects
are time dependent and strongly coupled. In this chapter, we provide a simple approach to describe the

propagation of optical solitons under such random perturbations.

12.1 Introduction

Optical solitons have been studied extensively because of their potential for high-speed long-haul optical
communications [1]-[5]. As optical fibers exhibit PMD which introduces random differential group
delay between the two polarization components of an optical pulse, optical solitons undergo random
perturbations during their propagation inside a long-haul fiber link. Extensive studies have been carried
out in the past decade to investigate the stability of optical solitons in the presence of PMD [6]-[17]. It
turns out that optical solitons are fairly resistant to such PMD-induced perturbations and experience less
DGD compared with linear pulses. Different theories have been developed to describe the interaction
between solitons and PMD. However, all of them are quite complicated because of the complexity of
the problem. In this chapter, we present a simple way to describe such effects, based on the particle
nature of optical solitons. It turns out that the physical mechanism underlying such interaction is quite

straightforward.
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12.2 Particle Picture of Optical Solitons

Optical solitons form when SPM-induced chirp balances exactly the GVD-induced pulse broadening.
Because of such a balance between the linear and nonlinear effects, solitons generally exhibit rather high
degree of stability against external perturbations, and the whole pulse propagates along the fiber as an
entity. As a result, we can treat the soliton as a particle and only focus on a few important degrees of

freedom associated with the soliton evolution. We begin by defining the following macroscopic quantities

e 1 oo
EE/ (AlA)dr, S= E/ (Alo|A)dr, (12.1)
7.1 +m —
po = E/_m T(A|A)dT, = E/ T(A|o|A)d (12.2)
:i/+N<A|‘iA>dr+ ¢ = / Alo| e+ (12.3)
wy = 75 5 c.c., =3 o 8 c.c. .
OEZE/ A|a ydt+c.c., EZE/ A\a|a ydt+c.c., (12.4)
0404, L
E/ 87: 81 - E/ dT’ (12.5)
P2 —é 2 (A|A)dT, (12.6)

where |‘3’;> and (‘M| denote 8|A> and < | , respectively. It is easy to recognize from these definitions
that E is the pulse energy and the vector S is the Stokes vector representing the global SOP of the pulse.
Po is the pulse center (“mass” center), and p; is the second moment of the pulse. These two quantities
together provide the root-mean square (RMS) pulse width 7" as T2 = p, — pg.

It turns out that p is directly related to the first-order PMD vector. To see this, we transfer it into the

spectral domain to obtain

“ - e[ 9a L os
2ﬂE/ |8a) Vdo = an/ { 22 (slols) + P slol 5 ) | do, (12.7)

where we have used the field decomposition |A(z, ®)) = a(z, ®)|s(z, ®)), a(z, ®) is the spectral ampli-

tude, and |s(z,®)) is its normalized Jones vector with (s(z, ®)|s(z,®)) = 1. In particular, p is zero for
any symmetric pulse with a constant SOP. In the linear propagation regime, the field amplitude evolves
as d(z, ) = a(0,®)eP(@)z As the first term of Eq. (12.7) is dominated by group delay, in general, it can
be removed by a time transformation. The spectral evolution of polarization is related to the PMD vector

as [20]
d|s(z, w))
w

where €2 is the conventionally defined PMD vector [20]. Substituting Eq. (12.8) into the second term of
Eq. (12.7), we obtain

= —19(:,0)-ols(z,0)) (12.8)

“L 00 0) Az 0)|A(z 0)do. (12.9)

p:47rE _
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This term is the average of the conventionally defined PMD vector over the pulse spectrum. In particular,
if we assume €2 is frequency independent, which amounts to considering only the first-order PMD, we
obtain p < —Q/2: pis directly related to the first-order PMD vector but pointing in the opposite direction

[pointing towards the slow principal state of polarization (PSP)].

The physical meaning of @y and w in Eq. (12.3) can be found in the spectral domain where they are

gl\/en by

+oo
2ﬂE/ 0)|o|A(z, 0))do. (12.11)

Clearly, ay is the carrier frequency (momentum) and w is the conjugate of p in the spectrum domain.
We call it the frequency vector as it provides the carrier frequency difference between the two principal

states of polarization. Applying the same procedure to & and x, we find

+oo ~
K= 5= / 0)|A(z, 0))do, (12.12)
+(>o
2ME/ )|o|A(z, 0))do. (12.13)

Therefore, Ky is the spectral width, and we call k the bandwidth vector.

6y in Eq. (12.4) is related to pulse chirp, which can be observed by assuming a simple form of a scalar
field as A(7) = Ag(1)e®(?), where Ay is the slowly varying field amplitude and is real. Substituting this
into Eq. (12.4), we obtain
1 gt ¢
0y ~ 7/ Aol2e 2 ax, 12.14
0 E /. | 0| aT ( )

where we have dropped the term related to dA(/d T by assuming its small magnitude. Expanding d¢ /dT
into a Taylor series, the lowest-order nonzero term of Eq. (12.14) corresponds to the pulse chirp. Similar
to the bandwidth vector, we call 8 the chirp vector, which provides the differential chirp between the
two PSPs. In the following section, we will use these parameters to describe the evolution dynamics of

an optical soliton along a fiber.

12.3 Moment Theory of Vector Soliton Propagation

In general, the propagation of an optical pulse inside a fiber with random birefringence is governed by
Eq. (8.14). Here we only consider optical pulses with relatively narrow bandwidth (corresponding to a

temporal duration of a few picoseconds or longer) so that high-order effects, such as intrapulse Raman
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scattering, nonlinearity dispersion, and higher-order linear dispersion are all negligible. In this case,

Eq. (8.14) reduces to

A) B d?A) 1, 9dA) .
5. T2 am 20 75, TiRAAA), (12.15)

where ¥, = 87/9, and we have made a temporal transformation as 7 =t — 31z and a phase transformation
as |A(z,t)) =]A(z,t)) exp(iPoz) to remove the trivial phase and pulse position evolution. Equation (12.15)
is the so-called Manokov-PMD equation [22]-[24]. In the absence of PMD, Eq. (12.15) reduces to the
Manakov equation [26] and supports Manakov solitons, which are indeed scalar solitons with constant
SOP across their pulse profile: |A(z,7)) = a(z, T)|s) where |s) is time independent and is determined by

the input SOP.

Using Egs. (12.1), (12.3), and (12.15), it is easy to show that the pulse energy and momentum are

two conserved parameters:
dE day
— =0 — =0
dz dz

For convenience, we remove the carrier frequency of the pulse and set @y = 0. Using Eqgs. (12.2), (12.4),

(12.16)

(12.5), and (12.15), we obtain the dynamic equations governing the pulse parameters as:

% — —b-p+2B6, (12.17)
Z
dp() 1
oy 12.1
dz 2 o ( 8
s =bxw, (12.19)
dz

1
L N ) (12.20)
dz 2
dw Ye [t dso
TZ = b X K E . Sﬂdl” (1221)

where 50(z,7) = (A(z,7)|A(z, 7)) is the power profile of the pulse and s(z,7) = (A(z,7)|o|A(z, 7)) is the
associated time-dependent Stokes vector. Similarly, we can find the dynamic equation for the chirp and

bandwidth parameters 6y and ky, and those for the associated chirp vector 8 and the bandwidth vector k.

Further analysis can be simplified considerably if we notice that, in the absence of PMD, the Manakov
soliton not only maintains its profile and polarization during propagation, but is also free from chirp:
s(z,7) = so(z,7)S where S is constant. In this case, 6p(z) = 0 and xp(z) = kp(0), and Egs. (12.4)
and (12.13) show that 6(z) = 0 and k(z) = k9(0).S. The dominant effect of PMD is to introduce small
temporal separation between the two polarization components of the pulse [18]-[20]. This leads to
asymmetric XPM between them which in turn induces differential carrier frequency shift, represented
by the nonlinear term of Eq. (12.21). Although such asymmetric XPM may also lead to some chirp and

bandwidth changes on individual polarization components, it would be a higher-order effect and we can
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approximate 6y 2 0, @ ~ 0, and k(z) = kS (z). The nonlinear term in Eq. (12.21) vanishes for any pulse
with a constant SOP across the profile, in particular, for the Manakov soliton without PMD. As PMD-
induced DGD is small, the two polarization components mainly experience XPM from the intensity slope

close to the center of Manakov soliton. Thus, we can expand in Eq. (12.21) the power profile in a Taylor

series as
ds ds 925
70%870 TZO T, (12.22)
T T l1=0 L P
For Manakov soliton, % = 0 because of its symmetric shape, and the lowest-order nonzero term

=0
of Eq. (12.22) would be the term linearly dependent on 7. Under these considerations, we obtain the

following approximate coupled equations:

P2 . p, (12.23)
dz
dp 1
P e_Zp 12.24
pE 50+ Paw, (12.24)
d
d—“’ ~bx kS —1Ep, (12.25)
Z
where we have denoted £ = 882;20 K

Equations (12.24) and (12.25) show clearly how solitons are resistant to external perturbations in-
troduced by random PMD. In a small section of fiber, random PMD introduces a small DGD along a
specific polarization [first term of Eq. (12.24)], which in turn causes asymmetric XPM on the two polar-
ization states and thus introduces differential frequency shift between them [second term of Eq. (12.25)].
Because of group-velocity dispersion of the fiber, these two polarization components have different
group velocities and thus introduce additional DGD to compensate the one by PMD [second term of
Eq. (12.24)]. As a result, the total DGD is reduced. Optical solitons provide a trapping force like a

potential well between its two polarization components to prevent them from separating apart.

Equations (12.23)-(12.25) together with Egs. (12.18) and (12.19) consist of a complete set of dynamic
equations governing the evolution of pulse parameters. Similar to Chapter 8, they should be treated in
the Stratonovich sense [25]. In particular, as discussed in the previous section, the vector p is indeed the
first-order PMD vector but with a half magnitude. Its magnitude provides a good quantification of the
extent of the soliton stability. Therefore, by finding the statistics of p, we can obtain the major dynamics
of solition propagation. By use of the statistics of b in Eq. (8.16), performing averaging over random

PMD as usual, we are able to obtain the dynamic equations governing the statistics of soliton evolution
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as:
d<d;f> _ 12127+2ﬁ2<p,w>’ (12.26)

Aos) Kb 4 Bat?) £ (1227

d<;2> _ _2/<03D,2, ((w?) — ko(S2)) —2£ (p-w), (12.28)

d<d$;2> _ _213’?: (ko(S%) — (). (12.29)

These equations are linear and deterministic, and they can be easily solved to obtain the statistics of
DGD of optical solitons. In the case of linear propagation, we neglect the effects of GVD and SPM,
Eq. (12.26) then reduces to d{p?)/dz = Di /4, which provides a solution of (p?(L)) = D%,L/4, exactly
the result of first-order linear PMD [18, 22, 27, 28] (note the magnitude of p is half of the conventional
PMD vector). In the case of optical solitons, the trapping force induced by XPM between the two

polarization components reduces the magnitude of p through fiber GVD [second term of Eq. (12.26)].

Figure 12.1 compares the magnitude of (p?(L)) in the cases of a linear pulse and an optical soliton,
using the fiber parameters of D), = 0.1 ps/vkm and 8, = —22 ps? /km at 1550 nm. The input soliton is
assumed to be a Manakov soliton with a FWHM of 100 ps, corresponding to Ty = 56.7 ps. The induced
DGD for a soliton is less than 60% of that for linear pulses, indicating resistance of optical solitons to

PMD. Moreover, Soliton DGD exhibits an oscillation with a period of about twice of the nonlinear length
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L, = (%.Py)~' = Lp = T}/|Bx|. a length scale governing the SPM effect. The magnitude of frequency
vector (inset of Fig. 12.1) exhibits an oscillation with a same period but is out of phase with the DGD
oscillation because of the negative feedback mechanism induced by the combined effect of SPM and

GVD, as discussed previously.

12.4 Conclusion

In conclusion, we have presented a simple moment theory to quantify the propagation of optical soliton
in the presence of PMD, based on the particle nature of optical solitons. We show that an optical soliton
exhibits considerable resistance to PMD-induced perturbations, and experiences a DGD less than 60%
of that for linear pulses. Our theory provides a straightforward description of the underlying trapping

mechanism.
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Appendix: List of Acronyms

All acronyms used in this thesis are listed here in alphabetical order.

ASE
ASRS
CwW
DGD
EDFA
FOPA
FOPO
FWHM
FWM
GVD
MI
GNLSE
NRZ
NF
PCF
PMD
RIFS
RMS
Sop
SBS
SOP
SPM
SpRS
SRS
SVEA

amplified spontaneous emission
amplified spontaneous Raman scattering
continuous wave

differential group delay
erbium-doped fiber amplifier
fiber-optic parametric amplifier
fiber-optic parametric oscillator
full width at half maximum
four-wave mixing
group-velocity dispersion
modulation instability
generalized nonlinear Schrodinger equation
nonreturn to zero

noise figure

photonic crystal fiber
polarization-mode dispersion
Raman-induced frequency shift
root mean square

state of polarization

stimulated Brillouin scattering
state of polarization

self-phase modulation
spontaneous Raman scattering
stimulated Raman scattering

slowly vary envelop approximation
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SVPA
THG
TOD
WDM
XPM
ZDWL

slowly vary polarization approximation
third-harmonic generation

third-order dispersion
wavelength-division multiplexing
cross-phase modulation

zero-dispersion wavelength
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