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Abstract

Pulse distortion and shaping mechanisms play a significant role in optical fiber com-
munication and sensing. In this thesis we shall investigate techniques which alleviate
pulse deterioration due to polarization effects, and utilize large chromatic dispersion
for system performance enhancement.

We first demonstrate a method of mitigating polarization mode dispersion (PMD)
in fiber optic communication systems. PMD has been a known effect for over a decade.
However, it was not an impediment to system performance until recent advances in
communication system bit rates. Today, with 10 Gb/s and 40 Gb/s channel rates
appearing in new system equipment, PMD prohibits the use of many fiber cables al-
ready installed. Current PMD compensation techniques that require feedback control
have difficulty meeting the speed and reliability requirements of telecom standards.
In the first part of this thesis we investigate alternative compensation schemes which
reduce the complexity of the feedback schemes.

We next exploit the recent availability of ultra-long length chirped fiber Bragg
gratings (FBG). Their enormous chromatic dispersion enables methods of improving
current techniques in sensing and high speed optical sampling. In one experiment, we
modulate the frequency of a standard distributed Bragg reflector (DBR) laser, and
then apply the dispersion of the ultra-long FBG. Picosecond pulses are formed, whose
repetition rate is independent of the laser cavity length. Since the gain of the laser is
not modulated, the timing jitter is fundamentally limited only by the frequency noise
of the laser.

Finally, we again utilize the large delay of an ultra-long chirped FBG to implement
arbitrary dynamic optical filtering of pulse spectra. In sensing applications such as
fiber gyroscopes and optical coherence tomography (OCT), a wide Gaussian spectrum
is ideal for low error in the gyro, and high image resolution in OCT. A modelocked
fiber laser provides very wide spectra, but the shape can be irregular. We stretch the
modelocked pulse temporally with an FBG, and access the frequency components in
the time domain. We can then selectively suppress frequencies with an amplitude
modulator to synthesize a Gaussian spectrum.
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Polarization effects and chromatic dispersion will inevitably appear in many op-
tical systems. It is the goal of this thesis to show that their effects can be minimized

or utilized for system performance enhancement.

Thesis Supervisor: Hermann A. Haus
Title: Institute Professor

Thesis Supervisor: William Kelleher
Title: Group Leader
The Charles Stark Draper Laboratory, Inc.
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Chapter 1

Introduction

The dynamics of optical pulse propagation in fiber have long been an area of interest

for both scientific and technological research. Early studies of nonlinear effects and

linear pulse broadening mechanisms paved the way for high speed optical communi-

cations as well as other applications requiring large optical bandwidth. While many

of the recent technological developments in fiber optics have been driven by the as-

tronomical growth of Internet traffic, applications such as optical sensing for medical

and military applications continue to advance as well.

In both communications and sensors, pulse broadening and manipulation via

group velocity dispersion (GVD) and random polarization effects in fiber are top-

ics of recent study. This thesis will describe three ways of utilizing or removing these

dispersive effects in optical systems.

1.1 First Order Polarization Mode Dispersion Com-

pensation

Chapter 2 provides background on the phenomenon of polarization mode dispersion

(PMD), which results from random sections of residual birefringence in optical fiber.

In general, the birefringent disturbances result in a complicated polarization depen-

dent distortion of optical pulses [1, 2, 3]. However, to first order, it simply splits
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a pulse into two orthogonally polarized components with different time delays [4].

The two polarization states are called Principal States of Polarization (PSPs). As

with any other pulse broadening mechanism, PMD limits transmission length and bit

rate in communication systems unless compensated. While there is much variation

between different fibers, approximately 30% of 10 Gb/s fiber links already installed

are limited by PMD, and PMD will likely prohibit the feasibility of most 40 Gb/s

systems.

In Chapter 3 we propose a technique for characterizing first order PMD parameters

for the purpose of compensation in real time. Most PMD compensators are feedback

systems with at least three feedback parameters [12, 36, 37, 38, 39] and are designed to

respond only to slow thermal fluctuations [13]. Data obtained from installed systems

[14] indicate that PMD parameters can vary at a millisecond time scale due to fiber

handling and acoustic vibrations.

The number of feedback parameters is inherently large because there are several

unknowns in a PMD system: two for the PSP orientation, one for the relative delay,

and one for the relative power in each PSP. This complexity adds to the difficulty

in building fast compensators. The compensation scheme presented here requires

only one feedback parameter, and in principle can be expanded into a feedback-free

system. In this scheme the PSPs are characterized in real-time with a fast polarimeter

[12]. One can then use standard polarization transforming optics to align them to a

polarization dependent delay which can put the two pulses back together.

Because of the large number of unknowns, a single polarimeter measurement is

not sufficient to characterize the PSP orientations [1]. The scheme thus requires the

polarization state to be modulated before entering the PMD fiber (In many long

haul systems, polarization modulation is already favored for its mitigating effect on

polarization hole burning in EDFAs [149, 150, 151, 152]). For every modulation cycle,

the PSP detection device samples several output states of polarization (SOPs) and

their corresponding degrees of polarization (DOPs) for different input SOPs. Because

the output DOP is a function of the input SOP and its relation to the PSPs, the PSP

orientation can be determined with a sufficient number of samples. This process
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requires no feedback and is limited in speed only by computing power, bandwidth of

the polarimeter photodetectors, and input SOP modulation rate. Once the system

aligns the PSPs to the axes of the polarization dependent delay, the latter can then

compensate actual pulse splitting. The delay can be feedback controlled more easily

because there is only one parameter remaining.

1.2 Pulse Generation With Constant Intensity Laser

In Chapter 4, we demonstrate a short pulse generation technique using an ordinary

DBR (Distributed Bragg Reflector) laser, but frequency modulated at a high fre-

quency and large modulation depth. The method utilizes an ultra-long chirped fiber

Bragg grating (FBG) for generating short optical pulses without mode-locking [61],

Q-switching [62], nor gain modulation. The optical source is a frequency modulated

DBR laser [63] with a DC driven gain section. Because gain switching is not present,

this technique could potentially provide pulse trains with low timing jitter for use in

optical sampling.

1.2.1 Previous Work on FM Mode-Locking

Historically, most efforts on frequency modulation (FM) of lasers were directed toward

FM mode-locking. It began in the mid-1960s when Harris et al investigated FM

oscillations in a He-Ne laser [64]. As described in [62], using an electrooptic crystal,

the lasing frequency was modulated at a rate synchronous with a harmonic of the

inverse cavity roundtrip time. In this manner, frequency modulated electromagnetic

waves were generated such that they were identical to FM radio waves, but at an

optical carrier frequency. Optical spectra were measured with a scanning Fabry-Perot

interferometer and confirmed to resemble FM radio spectra.

Years later, successful demonstrations of pulse generation using frequency modu-

lated semiconductor lasers were reported [65, 66, 67] both with and without the aid of

external dispersion. In [67] the DBR laser was tuned at a rate of 1.5 GHz to generate

24 ps pulses with a spectrum 0.25 nm wide. In [65] a Fabry-Perot laser was passively
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FM mode-locked via four-wave mixing; pulses were formed when external dispersion

was present.

In any mode-locked laser, the repetition rate is tied to the roundtrip time within

the cavity and is sensitive to environmentally induced fluctuations in the cavity length.

A more versatile source would be one that is frequency modulated, but not mode-

locked. External electrooptic frequency modulation [681 and frequency modulated

distributed feedback (DFB) lasers [69] have been demonstrated, but the modulation

index is small because of the limited wavelength sweep range.

While pulse generation through FM mode-locking has been an area of interest

for decades, FM without mode-locking has been difficult. In [68] the modulation is

applied outside the laser cavity, where a strong phase modulator is necessary. The

amount of dispersion required to compress the pulses is also large. Described in

Chapter 4 is a method in which the frequency modulation is performed by tuning a

filter inside a laser cavity and the dispersion is all external, provided by an ultra-long

FBG [71].

1.2.2 Ultra-Long Length Fiber Bragg Grating

The first FBG is a classic example of a serendipitous discovery that eventually trans-

formed an entire industry. Many developments have occurred since the first obser-

vation of a fiber grating formed by a standing wave [72, 731. They are now written

into a photosensitive germanium doped fiber from the side [74] using a high power

ultraviolet (UV) laser and a phase mask to generate a periodic pattern of grating

teeth. Today, FBGs are used for dense WDM multiplexing and demultiplexing in

commercial telecom systems.

Other applications and more complex structures continue to be investigated. One

such variation is the chirped FBG, which has clear potential for pulse shaping and

dispersion compensation in telecommunications. The magnitude of dispersion is de-

termined by the desired bandwidth and by the length of the grating, which is limited

by phase mask or UV beam size. While mask lengths can be up to 15 cm [75], longer

FBGs have been fabricated by stitching mask patterns together [76, 77, 78]. But the
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process is difficult because the stitching must be done with sub-wavelength precision.

Recently, alternate methods of writing long FBGs have been proposed and demon-

strated, the most successful of which is the method developed by Brennan et al at

3M Corporation [71, 75]. They have written FBGs greater than 10 meters in length.

The process still involves UV illumination through a phase mask, but the fiber is

translated longitudinally as it is illuminated so that the total illumination length is

not limited by the mask length.

1.3 Mode-locked Fiber Laser As Pseudo-Low Co-

herence Source

In Chapter 5 we propose a novel method of exploiting large amounts of GVD in

sensing applications for which an incoherent light source is desired. Specifically, we

focus on externally conditioning the spectrum of a stretched pulse laser to be both

broad and Gaussian. Experimental demonstrations are again enabled by an ultra-

long chirped fiber Bragg grating (FBG) that provides the large GVD necessary for

the technique to be practical.

Low coherence sources have found a place in many optical sensing applications,

most notably fiber gyros [87, 88] and coherence based techniques in medical imaging

[109, 110]. The sources generally consist of fluorescence or amplified spontaneous

emission (ASE) sources such as LEDs or superluminescent diodes (SLDs). Here, we

propose the use of a stretched pulse additive pulse mode-locked laser (SP-APM) laser

[125] in conjunction with recently developed long FBGs as an alternative.

1.3.1 Stretched Pulse Erbium Doped Fiber Laser

Fiber lasers have been a subject of great interest since the early 1960's when glass

hosts were first doped with rare-earth ions [126, 127]. Erbium has since blossomed

as a dopant due to its applicability to the 1.55 pm wavelength range for long dis-

tance telecom use [128]. In 1992 a stable passively mode-locked erbium doped fiber
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ring laser was demonstrated as a means of generating 452 fs pulses [129]. Its sech-like

spectrum was approximately 9 nm wide and contained sidebands from nonlinear pulse

shedding resonant with the laser cavity [1301. The mode-locking mechanism, polar-

ization additive pulse mode-locking (P-APM) was based on nonlinear polarization

rotation in the fiber. Since the nonlinearity results from the Kerr effect in the fiber,

the artificial saturable absorber created by the P-APM responded at a femtosecond

time scale. This helped generate clean and quiet pulses [131, 132].

Soon afterward, the "stretched pulse" version of the P-APM laser was introduced

[133, 1251. It utilized the same passive mode-locking mechanism, but with added ben-

efits. Although the net dispersion in the cavity was nearly absent, the local dispersion

could be relatively high. As a result, the width of the pulse could breathe as it prop-

agated through alternating sign dispersion inside the ring cavity. The accumulated

nonlinear phase was reduced, thus increasing the soliton length and alleviating pulse

instabilities for a given pulse energy. Consequently, perturbations such as cavity gain

and loss could be increased, resulting in shorter output pulses with higher energies.

Eventually, a width of 63 fs [1341 and an energy of 2.7 nJ [135] were achieved in

separate experiments.

To support the shorter pulses, a wider optical bandwidth was generated. Gener-

ated by SPM in the fiber, it could be as wide as 60 nm, exceeding the bandwidth of the

erbium gain spectrum. As described by a revised master equation [136, 137, 138, 139],

the spectrum of the solution was Gaussian shaped to first order [140]. Even though

it is not truly an incoherent source, its wide Gaussian spectrum made the SP-APM

EDFL an attractive candidate as a substitute for low coherence sources.

1.3.2 Applications in Fiber Gyroscopes

The combination of the broad spectrum SP-APM laser and a high GVD long FBG

presents great opportunity for applications requiring low coherence sources. Here

we introduce one such application, the fiber gyro, also known as an interferometric

fiber optic gyroscope (IFOG) [89, 90]. Rotation rate sensors are essential compo-

nents for inertial navigation systems in a wide array of vehicles including cars, ships,
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submarines, and airplanes. The IFOG is a rotation rate sensor of particular interest

for high performance applications such as inertial grade gyros because it contains

no moving parts. Stability and reliability are therefore greater for IFOGs than for

mechanical gyros.

Although Sagnac himself first demonstrated optical rotation sensing in 1913 [91],

optical gyros based on Sagnac loops did not advance significantly until the 1970s when

low loss optical fiber became available. The scale factor is proportional to the length

of fiber in the loop, and for the first time light could propagate through hundreds of

meters of fiber without appreciable power loss. Research efforts resulted in the advent

of the IFOG minimum configuration [92] which increased performance by orders of

magnitude.

An incoherent source is best for an IFOG because it minimizes the amount of noise

from coherent Rayleigh scattering in the fiber [87, 88]. Additionally, it has been shown

that an incoherent source generates less Kerr effect error [93, 94, 95, 96, 97]. The

traditional choice is the superluminescent diode (SLD), although recently amplified

spontaneous emission (ASE) from erbium doped fiber (EDF) has been demonstrated

to be both incoherent and stable [98, 99]. A key advantage is that unlike SLDs, EDF

is inherently compatible with the IFOG fiber via fusion splicing. Additionally, EDF

development has already been driven by telecom research.

A broad spectrum source that had not been considered is the passively modelocked

SP-APM laser [140, 137, 138, 125, 136, 131, 132, 134, 128, 141, 142], even though its

spectrum is routinely a few times as wide as that of an SLD [135, 112]. An immediate

drawback is the short pulse output; the high peak intensities induce considerable

nonlinear effects in the fiber of the Sagnac loop. However, simply stretching the

pulses with large GVD reduces the peak intensity without affecting the spectrum.

Evidence has shown that such a conditioned pulse source could indeed perform as a

broadband incoherent source [100].
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1.3.3 Spectral Shaping For Gyro And Medical Applications

We shall demonstrate a technique to further condition the output of a SP-APM laser

so that it is suitable as a pseudo-low coherence source. The ideal IFOG source spec-

trum is broad and Gaussian shaped so that its coherence function is narrow and free

of side lobes. The same requirement applies to optical coherence tomography (OCT)

sources [109, 110, 111]. The spectrum of the stretched pulse laser, while broad, has an

irregular shape that is not easily controlled and can vary with environmental condi-

tions. In principle, standard thin film optical filters could be designed to reshape the

spectrum and yield a smooth Gaussian profile. However, the complexity of the shape

and environmental instability of the spectrum make this impractical. A dynamically

and arbitrarily programmable filter is much more appropriate. Such filtering has been

demonstrated in [113]. But because it relies on angular dispersion of prisms and a

spatial light modulator (SLM), optical alignment is generally difficult and prohibits

its viability outside the laboratory.

The technique presented here performs the filtering in the time domain instead of

the spatial domain. All components are fiber pigtailed and therefore require no phys-

ical alignment. The prisms and SLM are replaced with their time domain analogs,

a highly dispersive FBG and a lithium niobate amplitude modulator driven by a

programmable arbitrary waveform generator. Similar techniques have been demon-

strated for communications purposes, in which the dispersive element consists of tens

of kilometers of fiber [114].

1.4 Summary

The experiments presented in this thesis demonstrate optical pulse manipulation and

generation through linear effects and devices. As communications systems and devices

advance, new phenomena will surface and give rise to new applications in all optical

technologies.
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Chapter 2

Polarization Mode Dispersion

Background and Experimental

Methods

A major challenge of designing high speed fiber optic communication systems is deal-

ing with pulse broadening efects. This chapter describes the modeling and latest

methods of alleviating a distortion mechanism that arises from random polarization

disturbances in optical fiber. Known as "polarization mode dispersion" (PMD), it

has recently been recognized as a dominant performance limiting factor in 10 Gb/s

and 40 Gb/s systems.

2.1 Introduction to Polarization Mode Dispersion

PMD is the result of birefringence in optical fiber. Physical origins are illustrated in

Figure 2-1. The total birefringence is due to the combination of two major categories

of effects: intrinsic manufacturing defects such as core ellipticity and internal strain,

and external stresses caused by cabling and laying.

A simple form of PMD is uniform birefringence in a short section of fiber. This can

be considered a multiple order retardation plate, the birefringence of which defines

two eigenstates. Each axis is associated with a distinct group delay (see Figure 2-
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Figure 2-1: (a) Intrinsic and (b) extrinsic mechanisms of fiber birefringence (repro-

duced with permission from [10] copyright @1997 by AT&T).

2). When both eigenstates are excited, the total pulse envelope undergoes temporal

broadening.

PMD generally refers to the concatenation of a large number of randomly sized and

oriented birefringent elements. The result of the concatenation is a more complicated

polarization transformation than that of a single retarder (see Figure 2-3). The state

of polarization (SOP) at the output of the fiber need not have a deterministic relation

to the input. Additionally, it is highly sensitive to phase disturbances along the fiber

and the degrees of freedom will drift with temperature and stress.

A phenomenological model for PMD was first described by Poole and Wagner

in 1986 [4]. They showed that PMD does bear some resemblance to a single bire-

frigent section. To first order, there exist two orthogonal principal states of polar-

ization (PSPs) which behave similarly to the eigenstates of a birefringent fiber. If

one launches a pulse whose polarization is aligned with a PSP, it undergoes no dis-

tortion (to first order). But if both principal states are excited, the pulse is split

into two orthogonally polarized components, each separated by a differential group

delay (DGD). This is illustrated in Figure 2-4. PSPs differ from the eigenstates of
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Figure 2-2: Time-domain effect of simple polarization mode dispersion in a bire-

fringent section of fiber (reproduced with permission from [10] copyright @1997 by
AT&T).

a short birefringent section, however, in that eigenstates remain constant through-

out the propagation length. PSPs are instead transformed randomly and are not

correlated at the input and output ends of the fiber.

2.2 Polarization Representations

Polarization analyses are most conveniently expressed in either Jones or Stokes space.

Before presenting a PMD model, we first review these polarization representations.

2.2.1 Jones Calculus

A common representation of state of polarization (SOP) is the Jones vector, intro-

duced by R. C. Jones in 1941 [15, 16, 17, 18]:

E = 2~ 1(2.1)
E, and Ey are the ,i and y components of the electric field vector and A = cy - , is

their relative phase. Absolute phase is not necessarily preserved in this description.

Polarization state transformations are expressed by 2 x 2 complex Jones matrices.
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Figure 2-3: Output polarization evolution for (a) a simple birefringent section and (b)
a concatenation of random birefringent sections under varying length, temperature,
or wavelength (reproduced with permission from [10] copyright @1997 by AT&T).

The transformation matrix of a lossless birefringent wave plate is unitary and has only

one degree of freedom, again because we ignore absolute phase:

[eio/2  0

0 i/2
(2.2)

represents the retardation. For example, # =/2 corresponds to a quarter-wave

plate.

The matrix for a rotatable wave plate takes the form:

0

ei/
2 R(O)

(2.3)
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Measured differential delay time due to PMD in 10 km of dispersion-

(reproduced with permission from [6] copyright @1988 Optical Society

where R(0) is the rotation matrix

cos(0)
sin(O)

-sin()

cos(0)
(2.4)

A half-wave plate therefore rotates a linear SOP by 20. For instance, an I- SOP

rotated by a half-wave plate oriented 0 = 7r/4 is transformed into a y SOP. In Jones

space, this is stated as the following:

1 1iT2 T2 [ - 0

0 [1

1

1

1 ][ (2.5)
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The i absolute phase of the vector does not affect the SOP.2

2.2.2 Stokes Parameters and the Poincar6 Sphere

Jones vectors and matrices are compact and relatively easy to calculate. But to

gain insight it is often beneficial to use a basis which lends itself better to visual

interpretations. Such a basis is formed by the normalized Stokes parameters si, s2,

and s3 .

To convert normalized Jones complex 2-vectors into Stokes real 3-vectors, we

utilize the Pauli spin vector:

(2.6)

where the elements of the Pauli spin vector 0 are the Pauli spin matrices ,1 , 2, and

0 3 '

U1 = (
9 2 =

O- 3 =

1

0

0

1

0

i

0

-1

1)

(2.7)

(2.8)

(2.9)

The elements of s can also be expressed directly by in terms of the complex electric

field vectors:

si = ExE* - EYE*

S2 = ExE* + E*E

= i(ExE* - E*Ey)

(2.10)

(2.11)

(2.12)

The real elements si, S2, and s3 are known as the normalized Stokes parameters

and define a unique SOP. Plotted as x, y, and z coordinates, a pure SOP lies on the
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unit Poincare sphere [19] and has two degrees of freedom. A sketch of the Poincar6

sphere is shown in Figure 2-5. As seen in the figure, orthogonal polarizations lie on

opposite ends of the sphere. Linear SOPs lie on the equator. X^ and Q are on the

right and left, while +45 and -45 are on the front and back. The two circular SOPs

occupy the north and south poles. All other states are elliptical and fill the space in

between, with right-handed states on the upper hemisphere and left-handed states in

the lower.

V

H
2'X

2w>

P

Figure 2-5: The Poincar6 sphere. All points on the sphere correspond to a unique
state of polarization (reproduced with permission from [17] copyright @1962 by the
President and Fellows of Harvard College).

In Stokes space, the effect of a wave plate is a simple rotation about an axis.

Figure 2-6 illustrates the example of a quarter-wave plate, which corresponds to a '2

rotation about an axis R within the equatorial plane. The angular orientation of the
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axis is 2A, or twice the angular orientation in real space. The two linear eigenstates

R and -R lie on the axis itself; therefore rotation would have no effect on them.

A wave plate combination capable of complete arbitrary transformations, that

is, a device which can transform any arbitrary SOP into any other arbitrary SOP,

requires at least two wave plates with appropriate retardations. An example is a -

7F - 7 combination: The first quarter-wave plate rotates any SOP onto the equator
2

if oriented properly. The half-wave plate then converts that linear SOP to any other

SOP. Finally, the last quarter-wave plate rotates the SOP back to any desired state

if the half-wave plate is adjusted correctly.

P RI

Figure 2-6: Effect of a quarter-wave plate in Stokes space. The polarization state P

is rotated 7r/2 about the axis R, which is defined by the wave plate orientation 2A

(reproduced with permission from [17] copyright @1962 by the President and Fellows
of Harvard College).
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2.3 Principal States Model

In 1986 [4] Poole and Wagner introduced the principal states model of frequency

dependent PMD for a random concatenation of birefringent fiber sections. In contrast

with the mode coupling model [20, 101, which predicts average DGDs, the principal

states model can describe in detail the distortion of a coherent pulse.

2.3.1 Derivation of Principal States Using Group Velocity

An eigenvalue equation can be derived from a physical perspective using the concept

of group velocity, as outlined in [1]. If we construct a wavepacket at the input with

two polarized waves with slightly different frequencies Ea(w) and Ea(w + Aw) we can

write the output as the sum of Eb(W)- TEa(w) and

Eb(w + Aw) = Eb(w)±+Aw-Eb(w) (2.13)
dw

do
= Eb(W) + Aw -T E a(O) (2.14)

dou

where T is a 2 by 2 complex lossless matrix with four degrees of freedom.

In order to define a group velocity, one must track the series of electric field nulls

between which the energy is trapped. Nulls will occur only if the term Awe db(W) is

aligned with Eb(w). This gives the relation

d -. dT -#
dE = dEa(w) = AEb(W) = ATEa(w) (2.15)
dw dw

which leads to the eigenvalue equation

dT
Tt Ea(w) = AEa(W) (2.16)

dw

2.3.2 Phenomenological Derivation of Eigenvalue Equation

This section presents the original phenomenological derivation of principal states by

Poole and Wagner [4]. We rewrite the frequency dependent complex Jones matrix T
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representing the transmission of light through a fiber with PMD:

T(w) = eQ(W)U(W) (2.17)

where

U(w)rz (ui(W) U2(w)
U'i*(W) u (W)

and a(w) is a complex quantity. ui(w), u2(w) are normalized such that

I 1 + U 2 1= I

(2.18)

(2.19)

In general the matrix T contains eight degrees of freedom. However, we impose

losslessness and a reference phase onto the matrix U, leaving it with three adjustable

parameters. The imaginary part of a adjusts the phase of T. Although polarization

dependent loss (PDL) is not included, frequency dependent loss appears as a fifth

degree of freedom, the real part of a. For a lossless T, a would be a pure imaginary

number, and T would contain only four degrees of freedom.

The T matrix relates the input and output electric field vectors of a fiber:

E6 (w) = T(W)Ea(w) (2.20)

where Ea and Eb are the Jones vectors at

can be expressed in terms of a normalized

nitude E:

.Ela
Ea "

Ela

EEl=
Eb b

the input and output, respectively. Each

Jones vector E, phase #, and scalar mag-

I
I

= Eaeio" aE (2.21)

= Ebe* E b (2.22)

34



The normalized Jones vectors Ea and b are of the form:

ax
Ea 1 (2.23)

a ea

by
Eb = ox] (2.24)

(2.25)

where #xy are relative phases between the x and y components, and the amplitudes

are normalized such that (a 2 + a ) = (b2 + b) 1.

In [4], an eigenvalue equation is derived in the following manner. The derivative

of Equation 2.20 with respect to frequency yields:

dEb dT-
- d Ea ea ) ('(w)U + U')Ea (2.26)

where the prime indicates differentiation with respect to frequency. We assume the

input polarization Ea is fixed. Differentiating Equation 2.22 also gives us

dEb =E + 'a $6E+ Ebeibd (2.27)
dw Eb dw

Then, combining Equations 2.26 and 2.27 with the help of 2.17 and 2.20 allows us to

write

d b
E deib = "(U' - ikU)Ea (2.28)

dw

where

IE'k = + i - b (2.29)

A condition of zero dispersion sets the left-hand side of Equation 2.28 to zero, and

we are left with the eigenvalue equation

(U' Z-kU)Ea = 0 (2.30)
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as written by Poole, or equivalently

(Ut U' - ikI)Ea 0 (2.31)

This is the same as equation 2.16.

By setting the determinant of the matrix (UsUt - ikl) to zero, we can determine

the eigenvalues to be

k± = ± lu|2 + I '2U2 (2.32)

The eigenvectors are the principal states, with a group delay difference AT of

2 lu 2 + u 22. They are found by inserting the eigenvalues back into equation 2.30,

yielding

Ea± = e [[i'-ik±u2]
D*

[u-ik~ui
D±

(2.33)

p is an arbitrary phase and D± is given by

(2.34)

The value of AT is derived from #b± by recognizing the conditions to satisfy

equations 2.29 and 2.32:
E'± E'
Eb+ Eb_

'± = T± = Im[a'] u2 + u'22

(2.35)

(2.36)

where 0' are the group delay times for the two principal states. Note that in the

case of lossless T, Rea] = 0 and the magnitudes Eb± do not change, as indicated

in 2.35.

Since we assume that there is no PDL in the system, we can write

AT = + -T-=2 u 2 + 1U' 2 2 (2.37)

The principal states form an orthonormal polarization basis, suitable for decom-
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position of an input polarization:

Ea(t) = Eae'wt a

Eaeiwt[c+(w)Ea+(w) + c- (W) Ea (W)] (2.38)

The weighting constants are simply the projections onto the principal states:

c± (w) E a = $ (w) (2.39)

At the output, the decomposition is similarly

Eb (t)= EaC(io+i>t) [eiAc+(w)$Eb+(w) + c_(w) Eb_(w)] (2.40)

2.3.3 The Q Vector

In Stokes space, the principal states are represented by a general Q vector which points

in the direction of the slow PSP, and whose magnitude is equal to the differential group

delay AT. The distances d+ and d_ of an SOP from the PSPs on the Poincar6 sphere

is dictated by its weighting constants c+ and c_

|c_(L) 2 d_
Ic+(w) 2 d+

The evolution of an output SOP is described by the differential equation:

dW
dw

(2.41)

(2.42)

where ( defines the direction and speed of rotation, and . is the output SOP that

precesses around Q. It is determined by AT and the principal states P+ and P_:

-. dA0V
d Pb
dw

d

dw~ -qLP
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where

A +-T _dA_\ (2.44)
dw

From 2.43 and 2.44 we can see that

JQ = AT (2.45)

2.3.4 Dynamical Equation

In [5], Poole et al derive a dynamical equation which relates the frequency dependence

of Q with its evolution along the fiber length z. The derivation starts by stating the

individual dependences of the polarization state §:

SW(W, z) x s (2.46)

= - ( , z) x . (2.47)

W is the local birefringence in the fiber due to any number of effects such as man-

ufacturing defects and strain (see Figure 2-1). By taking the derivative of 2.46 with

respect to w and of 2.47 with respect to z, and with the help of the vector identity

(a x b) x c = a x (b x c) - b x (a x c) (2.48)

we arrive at the dynamical equation

OQ (z, W) OW(z, W)
0Z, ) _ ( + W(z, W) x Q(z, W) (2.49)

2.3.5 Concatenation Rules in Stokes Space

A proof of the simple rules for concatenation of Q vectors is outlined by Gordon and

Kogelnik in [11]. We begin by defining R as the relation between the input SOP s
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and output SOP F of a PMD medium in Stokes space:

I= R

R is related to the Jones space U matrix by the spin vector 6:

Rd = Ut2U

The PMD vectors at the input, Q, and at the output, Q, are also related by R:

Q = RQ' (2.52)

Q is expressed as a function of R in [111 as

(2.53)Q x= R'Rf

R1 R2 t2

Qi Q2

Figure 2-7: Concatenation of two PMD sections R1 and R 2, each with their own Q
vectors.

Now we let R be a combination of two PMD sections R 1 and R 2, each with their

own respective Q, and Q2.

R = R 2R1 (2.54)

According to 2.53, the Q vector of the combination is

Sx = RRft = R 2,R 1RtIRt + R2RiRiRt
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Since RjRI = 1, and by applying 2.53 and the relation

(R 2Qi)x R 2(Qix)R2 (2.56)

we can simplify 2.55 to yield

Q = Q 2 + R 2Qd (2.57)

This concatenation rule is conveniently simple and intuitive, and can be generalized

to the sum rule for concatenation of many sections:

m

Q = R(m, n + 1)da (2.58)
n=1

2.4 Characterization Techniques

Initial ideas for characterizing first order PMD came about quickly [21, 22], and by

1997 PMD compensating (PMDC) methods surfaced as well [37, 36]. A turning point

occured in the late 1990's when a massive push toward OC192 (10 Gb/s) and OC768

(40 Gb/s) channel rates materialized due to demand from the explosive growth of

Internet traffic. A clear indication of the demand was seen at OFC (Optical Fiber

Communications conference) 1999, where much work was presented by labs at Lucent,

Alcatel [49, 40], Siemens [38], and others. By then PMD characterization techniques

had become more sophisticated and included higher order PMD [2] and the use of

Rayleigh scattering [23, 24, 25] to enable field diagnostics. Today the work continues

and new compensation devices and schemes have also surfaced since then [41, 42, 44].

The compensation scheme to be discussed in Chapter 3 relies on a simple real-time

characterization technique. Older and more comprehensive techniques already exist,

but they are mainly for laboratory use and field tests. They range from interferometric

and fringe counting methods to electrical analysis of the detected signal. The most

common ones are the Poincar6 sphere method [26, 27], the Jones Matrix eigenanalysis

(JME) method [21, 22], and the Mnller matrix method (MMM) [2].
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2.4.1 Poincar6 Sphere Method

The Poincar6 sphere method measures the precession of an output SOP about Q(w)

as a function of frequency. Using two different input SOPs, the corresponding output

SOPs si and sj are measured at each frequency. By evaluating the cross product of the

two derivatives, one can determine the axis of rotation for a given w. Equation 2.42

provides the calculation of Q(w):

- d , dj (2.59)
Qdw d

which is derived from Equation 2.42 and the vector identity a x b x c (a c)b - (b- a)c.

The normalized principal states are parallel and anti-parallel to Q:

Pb_ = -Pb+ (2.60)

2.4.2 Jones Matrix Eigenanalysis and Muler Matrix Method

The Jones Matrix Eigenanalysis (JME) [21, 22] and the M fller Matrix Method

(MMM) [2] are both very comprehensive techniques which provide full characteri-

zation of the PMD in a fiber. They measure the polarization rotation for individual

wavelengths within a desired range, and by examining derivatives with respect to

frequency, the PSPs and DGD can be found, as well as high order PMD parameters.

The JME method is outlined by Heffner in [21]. Three distinct SOPs are injected

into the fiber under test: horizontal, vertical, and 45 degrees. A Jones matrix is

calculated from the constants ki which are derived from polarimeter measurements

at the output for each of the three inputs. They are defined in terms of the 1 and Q

components of three output SOPs h, v, and q corresponding to the three input SOPs:

ki = h (2.61)
hy

k2 = VX (2.62)
vy
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k3 - q (2.63)
qy
k3 - k

k - k -k (2.64)
ki - k3

The Jones matrix T is then

T =/3 kjk k2 (2.65)
k4 1

where # is an arbitrary complex number.

To calculate the DGD, an approximate form of the eigenvalue equation (Equa-

tion 2.30) is used:

[T(w + Aw)T-'(w) - (1 + iTg AW)I]Eb = 0 (2.66)

If the TAw corresponding to each of the eigenvalues is small, then 1 + iT A ~

exp(irTAw) and the DGD AT can be written as

AT = Irgl - ,2 =Arg(pp 2) (2.67)
Aw

where p, and P2 are the eigenvalues of Equation 2.66.

The MMM method is similar, except that it requires only two input SOPs. All cal-

culations are done in Stokes space, making the algorithms more simple. The concept

is similar to the Poincare sphere technique, but large Aw steps are allowed, reducing

sensitivity to measurement noise. It accomplishes this by calculating the full rota-

tion matrices for each wavelength, and can exhibit high precision using interleaving

techniques.

All of these methods are useful for laboratory measurements, but their speed is

limited. Because they require wavelength scanning, a single measurement requires

several minutes and drifting of the fiber properties could occur during that time,

distorting the measurement.
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2.5 PMD Compensation

The current feedback-based PMD compensators come in a variety of shapes and

flavors. All fit into one of four categories outlined by Karlsson et al in [42]:

1. Alignment of input signal and PSP

2. First-order PMD compensation with a tunable DGD

3. First-order PMD compensation with a fixed DGD

4. The use of a polarizer

In recent research, the most commonly demonstrated method, because of its rel-

ative ease of implementation, is of the fixed DGD type (number 3). It was first

demonstrated by Takahashi et al [45] and further pursued by researchers at Alca-

tel [49, 50], AT&T [46, 47], and Nortel [48]. The basic setup is shown in Figure 2-8.

PM Fiber

Polariation(fixed DGD)
intole out

Control DOP
Algorithm Measurement

Figure 2-8: Fixed DGD compensator.Although initially nonintuitive, this design is
capable of compensating PMD with a range of DGD values.

The corrupted signal is sent through a polarization controller and then a fixed

DGD component such as a length of polarization maintaining fiber. The signal dis-

tortion is then monitored via a coupler and a polarimeter which monitors degree of

polarization (DOP), defined by the polarized and unpolarized optical power as:

(2.68)DOP _ Ppolarized

Ppolarized + Punpolarized
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A computer optimizes the polarization controller to maximize the DOP, or equiva-

lently minimize the PMD.

The diagram is deceiving at first glance. One is inclined to assume that the

optimal operating point is always when the polarization controller has aligned the

fiber PSPs anti-parallel to the polarization-maintaining (PM) fiber axes. This is only

true when the transmission line DGD equals the compensator DGD, however, and

is illustrated in Figure 2-9a where the DGD corresponds to the lengths of the PMD

vectors Qcomp and Qiine. But the line PMD varies with time and is not necessarily the

same magnitude as the fixed compensator PMD. As shown in Figure 2-9b, the general

effect of the polarization controller is to rotate Q comp so that at the transmitter frame

of reference the input signal and the resultant Qcomp + Guin are aligned. This results

in the excitation of only one PSP. Because the PMF DGD is not adjustable, the

resultant Q may be large, leaving high order PMD present. The consequence is that

if the PMD is small to begin with, the performance can actually be worse than if the

compensator were not there (see Figure 2-10).

a) b)

o o e
-- - - -- - - - -- - ------ '

n ln e S in n

Figure 2-9: PMD vectors of the transmission line Qidne and the compensator QCOMP.

In a), Jiine l = JQcomp and the resultant can be zero. In b), lQcompl is fixed, while

Rine I wanders. DOP optimization aligns the resultant with the input polarization

state Sin.
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0

0

Figure 2-10: Results of measurements using the fixed DGD compensator in an in-

stalled system (reproduced with permission from [40] copyright @1999 Optical Soci-

ety of America). Data points above the line of unit slope indicate that the compen-

sator sometimes degrades performance.

2.5.1 RF Spectrum

An alternative to the DOP measurement is to monitor the RF spectrum. In the time

domain, PMD convolves the pulse envelope with a pair of delta functions separated

by the DGD. The associated action in the RF domain is a sinusoidal modulation

envelope on top of the NRZ data spectrum. The period of the envelope depends

on the DGD. Figure 2-11 shows examples of these envelopes for various DGDs and

relative excitation of PSPs.

By measuring RF power in selected subharmonic bands, one can extract a measure

of pulse quality. This technique has been used in research demonstrations [51].

2.5.2 Reset-Free Polarization Control Algorithms

For the feedback-based compensators to work, they must employ a class of polariza-

tion control algorithms known as reset-free algorithms. Ideally, an inherently endless

polarization controller can be constructed from wave plates. In practice, however,
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electrically driven devices such as liquid crystal, electro-optic, and piezoelectric de-

vices are preferred for their speed and robustness. Unlike wave plates, electrical

devices have a limited range of tolerable input voltages. A hiccup due to the wrap-

around of a voltage signal is not acceptable. Heismann et al [52] and Weber et al [53]

have demonstrated reset-free algorithms which alleviate this problem. The challenges

of these algorithms are discussed further in Section 3.1.2.

0

-5

-10

CM)

-15

-20
0 5 10

Frequency (GHz)

15 20

Figure 2-11: PMD causes an echo in the time domain. The result in the pulse envelope

RF spectrum is sinusoidal filtering. These measurements (from [10]) were taken by
an externally modulated laser, a fiber with 23 ps of average DGD, and a photodiode.
The RF response is measured with a network analyzer. Various levels of DGD and
PSP excitation are shown.
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Chapter 3

Real-Time PMD Characterization

and Feedback-Free Compensation

As we have seen in Chapter 2, PMD is a complicated phenomenon modeled by a

theory rich enough to support countless analyses and experimental techniques. While

the research community sees opportunities for interesting problems to solve, it is the

bane of communication system designers, who would be much happier if PMD never

existed.

For the past few years, there has been considerable effort to develop PMD com-

pensators, but at the time of this writing there still does not exist a clearly successful

product on the market. That this is true, despite the immense funding and man-

power thrust into this problem by large corporations and venture capitalists alike,

is an indication that the problem is more difficult than it may first appear. Much

frustration is derived from the multi-parameter feedback system that comprises a

standard compensator. And when higher order PMD is considered, more parameters

must be added and will exacerbate the problem. This chapter presents methods for

circumventing the use of feedback in an effort to simplify the compensator design.
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3.1 Limitations in Current Compensators

The central idea of this chapter is to eliminate or reduce the feedback in a PMD

compensator. This section describes the problems with current feedback techniques

and develops the reasons for investigating feedback-free techniques.

3.1.1 Speed Requirements

PMD varies with time and thus requires dynamic compensators. Measurements

show [14, 46] that there are two basic components. The first is a slow drift due

to daily temperature cycles, which causes changes occuring over several minutes (see

Figure 3-1). The second is due to vibrations in the fiber, which can appear when some-

one handles the fiber cable itself. This can happen wherever the fiber is exposed, for

instance at the central office. These variations contain fluctuations at a millisecond

time scale and have been measured in installed cables, as seen in Figure 3-2.

While the use of faster optical devices can improve overall speed, many systems

are still limited by the speed of its feedback circuitry. Therefore, the elimination or

reduction of feedback would be beneficial to operation speed.

3.1.2 Reset-Free Algorithms

A major drawback of current compensation techniques is the difficulty of smooth

search algorithms. Stable reset-free algorithms are inherently difficult, as described

in [53] and [52]. The problem is the following: To track a moving target polarization

state, one can envision following a corresponding point on the Poincar6 sphere by

dithering control voltages one at a time. Dithering in this case could refer to applying

slight offsets, both positive and negative. The distance from the target on the Poincare

sphere would be measured and the offset yielding the closer point would be adopted.

This can work well even though the feedback parameters are usually coupled to

each other. But problems arise if the target travels a cyclical path. For instance, it

may walk along the Poincare equator infinitely. Rotating waveplates can handle this

and are adequate for laboratory polarization controllers, but commercial controllers
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Figure 3-1: Slow variations of PMD parameters in an installed fiber cable due to

thermal fluctuations between night and day (reproduced with permission from [8]
copyright @1991 IEEE).

consist of faster elements which function as variable retardation plates in which the

applied voltage controls the retardation # (see Equation 2.2). Each element, then,

is not inherently cyclical and has voltage limits. Therefore, when a control voltage

reaches a maximum or minimum, it must be reset without inducing errors in the

output polarization.

First order PMD compensators employing this type of polarization tracking have

been pursued for years [50, 38, 41, 37, 54]. With the exception of the technique

described in [44], all schemes [42, 43] rely on similar feedback loops containing several
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Figure 3-2: Millisecond level variations in PMD parameters (reproduced with per-
mission from [14] copyright @1999 Optical Society of America). Fluctuations at this
scale are presumably due to cable handling inside central offices.

control parameters. In the polarization controllers, redundant control elements are

added so that one element can gradually be pulled back to the middle of its range,

while the others compensate for this and continue to track the target. Accuracy

is affected, however. And if more than one voltage reaches a limit simultaneously,

the device could lose its ability to track. One could argue that such occurences are

rare, but outage probability requirements for communications systems are extremely

stringent. In short, resets are unacceptable and a pseudo-endless algorithm employing

redundancy does not necessarily guarantee an acceptable outage rate.

In addition to first order PMD, high order PMD has also been recognized as a

limitation in future 40 Gb/s systems. Even with first order compensators distributed

along a transmission line, the high order PMD will still accumulate and ultimately

limit the line length and capacity [28]. The problems with feedback-based compen-

sation become even more severe when high order PMD compensation is addressed,

and further highlight the importance of simplifying the operation of a compensator

by avoiding the use of feedback.
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3.1.3 Feedback-Free Compensation Schemes

A simple diagram for a feedback-free compensation scheme is shown in Figure 3-3.

The polarization state of an optical source is rapidly modulated or scrambled before

encountering PMD on a fiber. The received signal is analyzed by a polarimeter and

a compensation device is adjusted to remove the PMD. A compensator using this

approach can quickly adjust for changes in PMD parameters such as principal states

of polarization (PSP) and differential group delay (DGD).

Receiver
Transmitter

IIAnalyzer
Source - Scrambler -2?_IComp en s ator +

Fiber (PIMD)I

Figure 3-3: Basic concept of a feedback-free PMD compensator.

Figure 3-4 shows variations of Figure 3-3, in which different levels of feedback are

employed. In a), the PSPs are characterized and compensated without feedback. The

DGD, however, is left as an independent variable to be compensated with feedback,

utilizing a second polarimeter for a monitor signal. b) and c) display systems which

are almost entirely feedback-free, except the characterization technique is not able to

determine the sign of the DGD on its own. b) also uses a second polarimeter, and

c) compares the pulse envelope phases of the two PSPs, separated by a polarization

beamsplitter (PBS) inside the variable DGD device. d) shows a fully feedback-free

system which preprocesses the signal with a fixed known PMD. As long as this refer-

ence DGD is larger than the incoming PMD, it will shift the Q vector into a region

where the net resultant PMD is of only one sign. This technique is discussed further

in Section 3.2.4.
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Figure 3-4: PMD compensators employing various levels of feedfoward information.

a) Two stage system with feedforward PSP alignment and independent feedback

controlled DGD. b) Feedforward control of PSP and DGD, but with a separate po-

larimeter providing DGD sense information. c) Similar to b), but using fast detectors

for DGD sense detection. d) Use of known fixed PMD to shift the line PMD and

remove sign ambiguity.
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Figure 3-5: Schematic diagram of a polarimeter [29]. A 4-way beamsplitter distributes
the signal to be measured by separate devices, each measuring one of the 4 non-
normalized Stokes parameters: S1 (linear x component), S2 (linear +45 component),
S3 (left-circular component), and So (total power).
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3.2 PSP Characterization With Scrambling and

Polarimetry

A single polarimeter measurement of a signal at the receiver does not provide enough

information to characterize PMD. In the laboratory techniques described in Sec-

tion 2.4, the transmitter frequency is swept in order to acquire enough information

about the PMD. In this section a PSP characterization technique [59] is presented

which is tailored to real-time in situ operation in an installed system. Because fre-

quency sweeping is not an option in this scenario, the technique uses polarization

scrambling at the transmitter.

The method estimates the PSPs by measuring a signal at the output of a fiber

with PMD. A polarimeter (see Figure 3-5) measures the state of polarization (SOP)

and corresponding degree of polarization (DOP) averaged over the bandwidth of the

instrument. Because the DOP is a predictable function of the angle between the SOP

and PSP Stokes vectors, each measurement can be used to estimate the orientation

of the PSPs.

Sets of multiple polarimeter measurements at the output of the PMD medium

are acquired for various input SOPs. It is thus necessary to insert a polarization

scrambler or modulator at the transmitter. An additional benefit to scrambling is

reduced polarization hole burning effects in erbium amplifiers. These effects are well

known [56, 57] and in fact polarization scramblers are standard components in new

undersea cable systems.

The experimental setup of a demonstration is shown in Figure 3-6. The output of

a 1543.2 nm DFB laser is amplitude modulated by a lithium niobate Mach-Zehnder

interferometer driven by a 10 GHz oscillator and biased to generate a background

free 10 Gb/s stream of optical pulses. The SOP is modulated by a liquid crystal

polarization controller which randomizes the SOP at a rate on the order of 10 Hz. A

variable DGD emulator generates first order PMD. A fiber coupler taps 10% of the

output signal, whose SOP and DOP are measured by a polarimeter. A computer then

processes the data and determines the PSP orientations. All components are fiber
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pigtailed. For subsequent compensation, a polarization transformer and a variable

DGD compensator would be placed in the main signal path and controlled by the

computer.

Polarization DGD Polarization : Variable DGD
Scrambler Emulator NTransformer!1 Compensator

10% tap ...... AN .. 1 L ....

A M 10 Ghz

Polarimeter Control voltages

StokesDOP

C om puter .. _ _ _ _ _ __...................

Figure 3-6: Experimental setup for real-time PSP alignment. AM: amplitude modu-
lator, DFB: distributed feedback laser. For PMD compensation, the computer would
align the PSPs to a DGD compensator via polarization transformers after PSP char-
acterization.

3.2.1 DOP Function

The pulse-averaged output SOP and DOP are functions of the input SOP relative to

the PSPs. DOP can be measured directly by the polarimeter of Figure 3-5 and can

be written as a function of the non-normalized Stokes parameters:

S2+ S2+ 2S
DOP_ = - o2 S (3.1)

So

So is a measure of total power; S1, S2, and S3 are the linear x, linear +45, and left

circular polarization components respectively.

In Stokes space, the PSPs are directly opposite each other on the Poincar6 sphere.

If the input SOP is parallel to the PSPs, there is no pulse envelope distortion and, in

the absence of higher order PMD, the DOP is 100%. If an SOP is equidistant from

both PSPs, power is divided evenly between the two PSPs. The average DOP then

reaches a minimum value which is equal to the autocorrelation of the pulse shape as

a function of the DGD.
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Figure 3-7a illustrates a pulse split by first order PMD. Since the front (+) and

back (-) tails are aligned with the PSPs and orthogonally polarized, they are inter-

preted as unpolarized light when averaged by the polarimeter, resulting in a reduction

of DOP. Another effect of PMD is illustrated in Figure 3-7b. One PSP contains more

energy than the other and its tail is not completely cancelled. The leftover shaded

region then contributes to the total measured SOP. In short, the average output SOP

is drawn toward the nearest PSP.

a) b)

0- 0.
( ) () ( -)

aL a-

Co CL

t t

Figure 3-7: A pulse split by PMD. In a), the two PSPs are excited equally and the
front and back tail are orthogonally polarized. In b) they are still orthogonal, but of
different amplitude. The leftover shaded region draws the average SOP toward PSP1.

The dependence of DOP on the SOP direction can be expressed compactly in

Stokes vector notation. If s represents the output Stokes vector [11], s is the unit

vector in the same direction, and Is is the DOP. First order PMD then gives:

1-12
DOP = s ( .I P (3.2)

|s - (P - )P|

In Stokes space Is forms the surface of an ellipsoid whose major axis is aligned with

the PSP directions P and -P.

Figure 3-8a shows an example of a set of 1000 SOPs, measured with 15 ps of

DGD present. The polarimeter naturally scales the magnitudes of the SOPs si by

the average DOP. The points therefore lie on the ellipsoidal surface described in
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Note that the ellipsoid is in contact with the

unit Poincare' sphere at the two points corresponding to the PSPs.

a)

.. . . ....

46OSIr~ 3b/tb.

~ ~:AD '0.

d)

........-..-

.. .... .

Figure 3-8: a) 1000 SOPs in 3-dimensional Stokes space. They lie on the ellipsoidal
surface calculated in b). In c), the same data are rescaled by y and displayed as '.
d) shows an analogous calculated surface. The axis of symmetry represents the mean
estimated principal states.

57

Equation 3.2, shown in Figure 3-8b.

........... ................... ... ..... ... ........

: M::. 0:::.:

C)

- o"\ -

Jo ~ ~ !

. -..... ...

- \ *



3.2.2 Algorithm For Finding PSPs

Two different algorithms are demonstrated: an eigenvector calculation and a nonlinear

least-squares fit. The former requires very little computation time and the latter

exhibits extremely high precision.

The first algorithm senses the direction of the PSP axis by taking n measurements

of SOP and corresponding DOP at the PMD output, and maximizing the following

quantity on unit vector ,i:

- i) (3.3)

The data i consist of measured SOPs sj rescaled by a factor -yj:

ri = -Yjsi (3.4)

where
DOP - DOPmin

1 - DOPmin

The minimum DOP, DOPmin, corresponds to the DOP measured when both PSPs

are equally excited. The value depends on the pulse spectrum and the DGD.

For a set of input SOPs uniformly scattered on the Poincare sphere, the output

measurements cluster on the PSP axis and create a maximum for Equation 3.3. The

optimum i- is calculated quickly by finding the eigenvector corresponding to the largest

eigenvalue of a real 3 by 3 matrix generated from the data r'.

si could be used in place of i'j, but when DOPmin is large, y, provides much greater

contrast and thus higher precision estimations. Figure 3-8c shows the same measured

SOPs converted to 'i, with a corresponding calculated surface in Figure 3-8d.

The second algorithm applies a nonlinear least-squares curve fit to Equation 3.2.

It is much more precise, but requires more computation time.

3.2.3 Experimental Precision of PSP Estimates

1000 estimates of a PSP axis were calculated from measurements taken with the setup

of Figure 3-6. The eigenvector algorithm was applied to 40 polarimeter measurements
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Figure 3-9: a) 1000 estimates of the same PSP viewed in Figure 3-8. 40 polarimeter
measurements are used for each PSP estimate using the eigenvector method. A
histogram of the distances from the mean estimated PSP are plotted in b).

for each of the estimates, which are displayed in Figure 3-9a. The mean of these

estimates is indicated as the line through the origin. The histogram in Figure 3-9b

shows a distribution of the distance, in degrees of arc length on the Poincar6 sphere, of

each estimate from this mean. The standard deviation of the distance is 8.7 degrees,

corresponding to a polarization extinction ratio of -22.4 dB.

Figure 3-10 shows the standard deviations of estimated PSP distances from the

mean for different measurement set sizes and DGDs. For 5 ps of DGD, 50 measure-

ments are required to reach a precision below 10 degrees, or -21.2 dB of polarization

extinction. 5 ps is well below the commonly accepted mean DGD limit of 0.1 bit

period, or 10 ps [30].

The duration of a complete PSP estimate is proportional to the measurement

rate and the number of measurements per estimate. The measurement rate is 10 Hz,

limited by the speed of the liquid crystal polarization scrambler. Faster devices such as

59



lithium niobate waveguides or piezoelectrically stressed fiber devices are commercially

available and would allow measurement rates above 10 kHz.

The choice of number of measurements depends upon the desired accuracy and the

algorithm used. The eigenvector algorithm can be executed in less than a millisecond

by a dedicated microprocessor. The nonlinear algorithm is not as fast, but yields

greater precision. However, for a given precision, fewer measurements are needed,

which may contribute to a faster overall speed.

3.2.4 Sign Ambiguity

As described so far, the PMD vector Q estimate has a sign ambiguity. A fundamental

limitation is that the DOP ellipse cannot distinguish the slow and fast axes. One

solution is to determine the sign initially by alternate means, and then track any sub-

sequent variation of Q simply by assuming it varies continuously. That is, when two

Q vectors of opposite sign are calculated, the one closest to the previously measured

Q is always chosen.

Alternatively, the variation of the apparatus shown in Figure 3-4d resolves the

ambiguity completely. If a fixed, known PMD is added at the receiver end, the total

PMD seen by the polarimeter has a known offset. The sign is thus unambiguous as

long as the PMD of the transmission line does not exceed the offset PMD. Figure 3-11

illustrates this in a two-dimensional space.
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Figure 3-10: Standard deviation of the estimated PSP distance from the mean as a
function of the number of measurements per estimate. Different DGD values using
both eigenvector and nonlinear methods are shown. The inset table shows minimum
DOPs corresponding to the DGDs. An arrow points to the conditions of the data
displayed in Figures 3-8 and 3-9
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Figure 3-11: PMD vector Qiine offset by a fixed known offset Qoffset. As long as

Qiinel Poffset , the resultant PMD vector Qtolt will always be in the +x region

regardless of the Qiine orientation. Sign ambiguity is therefore absent.
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3.3 Feedback-Free PMD Compensation

We now add PSP realignment to the above experiment. A challenge arises when using

commercial polarization controllers. They are usually intended for use in feedback

loops and are not precisely characterized at the factory. A method for calibrating

the device is presented here. Great care must be taken in the process because even

the slight motion of a fiber pigtail may cause errors in the expected polarization

transformation of a pigtailed device.

3.3.1 Lookup Table Method

The realignment of the PSPs requires a fast and repeatable polarization transformer.

The exact transformation induced by control voltages need not be predictable a priori.

As long as this transformation is repeatable, it can be measured empirically during a

calibration procedure. Both liquid crystal and squeezed fiber devices were tested. It

was found that both are surprisingly repeatable. Even though they are fiber pigtailed,

those devices can still give adequate results days after calibrating.

90/~1 PBS
CW SrmlrPolarization

Source Transformer

Polarimeter cnroli- i

Voltages

Figure 3-12: For a given set of control voltages, a computer controlled polarimeter
measures random polarization states and corresponding detector difference currents

id. It then predicts which measured polarization state would be transformed to be
aligned with the PBS axes.

The goal of the calibration method is to determine, for a given set of applied control

voltages, what incoming polarization state will be transformed to the linear state

defined by the polarizing beamsplitter (PBS) at the output. A diagram of the method

is shown in Figure 3-12. The SOP of a continuous wave (CW) source is modulated
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by a scrambler. The signal SOP is transformed by the device to be calibrated, and

then a projection in Stokes space is measured by a PBS with orientation P. The

photodetector currents i1 and i2 are related to the incoming SOP § by the expressions:

1
1 =) 2

1
i2=-(1 - s~ -3)

2

(3.6)

(3.7)

where iI and i2 are normalized such that (ii + i 2 ) = 1. The difference current for an

individual measurement id = Z1 - i 2 is then the projection itself: . -j. Thus, for every

SOP measurement j and detector difference current Zdi:

sj - = dj (3.8)

By collecting a set of m SOP measurements sj into a matrix S, one can construct

an overdetermined matrix equation:

SP = id (3.9)

where id is the m-dimensional vector of

ments, and P is a 3-vector defining the

dimensional rows j:

corresponding difference current measure-

PBS orientation. S is composed of m 3-

82

(3.10)

A least-squares approximation of P is then estimated by computing S+, the pseudo-
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inverse of S:

= S+ =(ST -Isid (3.11)

An advantage of this procedure is that the scrambled SOP never needs to coincide with

the PBS axes exactly. Further, the scrambler need not be controlled with precision.

The only requirement is that it randomizes the SOPs.

To fully calibrate a polarization transforming device, an estimate is computed

for a variety of control voltage combinations. A lookup table consisting of voltages

and corresponding PBS orientations is then created. With adequate coverage of the

Poincar6 sphere, for any incoming SOP, there exists in the table a voltage combination

for which that SOP at the polarimeter coincides with the PBS axis at the output.

Application of those voltages aligns the SOP with the PBS. For PMD compensation,

the PBS is replaced with a local DGD device and a computed PSP is aligned to it in

the above manner.
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3.3.2 Compensation of Fixed PMD

An experiment demonstrating the use of a calibrated polarization controller in a

dynamic compensator is constructed. It is similar to the configuration in Figure 3-4a.

First order PMD is emulated, the PSPs are estimated using the nonlinear least-squares

fit method, and the variable DGD compensator is replaced with a fixed polarization

maintaining (PM) fiber. The experimental setup is shown in Figure 3-13. A DFB

laser is modulated by a lithium niobate amplitude modulator which is driven by a

10 GHz oscillator. The polarization state is modulated by a scrambler, and a tunable

DGD device emulates first order PMD.

PM Fiber
Compensator

40 Ghz

Polarization PMD Pol arization 95% detector

ScramblerH-Emulatorl Trainsformer splitterD op
10% 9/ t ap 5%

FB 10 Ghz Polarimeter PMF PBS
Stokes,DOP Control

P1 IIIvoltages

Computef
Calibration signal

Figure 3-13: Experimental setup for PMD compensation demonstration. A polar-
ization transformer aligns the principal states of a PMD emulator to a compensator.
Calibration is performed with slow PBS detectors (D) and reconstructed pulses are
detected by a 40 GHz photodetector. DFB: Distributed feedback laser. AM: Ampli-
tude modulator.

The polarization state and DOP of the signal is monitored via a 10% tap coupler,

and then rotated by the polarization transformer. A polarization maintaining (PM)

coupler with a PBS and detectors allows calibration without removing the compen-

sator.

During operation of the compensator, the emulator is set to 39.8 ps to match the

PM fiber DGD and the amplitude modulator is turned on. The computer estimates

the PSPs and sets the transformer to align them to the PBS using control voltages
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found in the lookup table. To minimize hysteresis effects in the polarization controller,

which is a piezoelectric device, the voltages are zeroed between iterations for both

the calibration and compensation procedures.

35-

30- No PMD (No Scrambling)
- - - Compensated PMD (With Scrambling)

--- Uncompensated PMD (No Scrambling)

E 20-

a)

75 15 -

10- ~

5-

0- I ,
21650 21700 21750 21800 21850

time (ps)

Figure 3-14: Averaged oscilloscope traces of pulses with no polarization scrambling,
compensated PMD with scrambling, and uncompensated PMD without scrambling.

The reconstructed pulses are detected by a 40 GHz photodetector and displayed

on a 50 GHz sampling scope. At this point, the alignment of PSPs to a fixed DGD

fiber is demonstrated. However, if a variable DGD is available, the same least-squares

fit parameter of the ellipsoid gives an estimate of DGD as well. Figure 3-14 shows

averaged oscilloscope traces of the pulses under three different conditions: no PMD

without scrambling, compensated PMD with scrambling, and uncompensated PMD

without scrambling.

The accuracy of the lookup table is tested by having the scrambler generate ran-

dom SOPs with a CW source, and measuring the polarization extinction ratio at the
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PBS. A plot of more than 1000 extinction ratios measured for over one hour is shown

in Figure 3-15, and a histogram is shown in Figure 3-16. The mean extinction ratio

is -21.35 dB.
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Figure 3-15: Measured extinction ratios. Randomly generated input polarization
states are transformed by the calibrated polarization transformer using a lookup table.

A potential cause of error is incomplete coverage of the Poincar6 sphere in the

lookup table. The density of the coverage can be viewed in the plot of Figure 3-17.

Points in the table are plotted on the upper and lower hemispheres, projected onto

the x - y plane. The table contains 1000 points. If evenly spaced, they would be

separated by an arc distance of 7.3 degrees. Each point would then encompass an

area corresponding to a -30 dB polarization extinction ratio.

To evaluate whether this is the dominant error mechanism, the data of Figures 3-

15 and 3-16 are shown again in Figure 3-18. The extinction ratio of each point is

plotted on a linear vertical axis. The horizontal axis is the distance between the

randomly generated Stokes vector and the nearest point in the lookup table, which
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of measured extinction ratios for randomly generated input

determines the controller voltages to be applied. A linear pattern through the origin

would indicate a correlation between the two, and that errors are due to the lack of

sufficient density in the table. Such a pattern is absent, however. The errors are more

of a random nature. If coverage turned out to be a performance limitation, a process

for filling in empty patches in the lookup table could be added to the calibration

routine.

Another possible error source in a real system is long term drift of the polarization

transformer or its pigtails. One would then devise a temperature controlled bulk optic

device containing both the polarimeter and the transformer, or one could continuously

re-calibrate the device in situ. The use of pulses and the presence of PMD during

calibration should not adversely affect the calibration method, as long as adjustments

for depolarization are taken into account.
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Figure 3-17: Lookup table coverage. Points in the lookup table are plotted on the

Poincar6 sphere. They are depicted here as projections onto the x - y plane.

3.3.3 Slow Timing Jitter Due to Polarization Scrambling With

Residual PMD

A performance measure of the PSP detection and realignment when combined is a

histogram of the pulse's rising edge. Because of the polarization scrambling at the

transmitter, residual PMD appears as timing jitter [31], as the scrambler constantly

redistributes energy between the residual PSPs. Figure 3-19 illustrates this effect.

The jitter caused by the scrambling adds a variance o-2 approximately equal to <2/12

(see Appendix B), where Tres is the magnitude of the residual PMD.

Histograms of a rising pulse edge were measured on a 50 GHz sampling oscillo-

scope. With no scrambling, the inherent standard deviation was 2.91 ps. When the

scrambling was turned on in the presense of the residual PMD, it grew to an average

of 3.24 ps, indicating a residual PMD of 4.76 ps (see Figure 3-20).

Since both the PSP detection noise and the lookup table accuracy were both

measured to be below -20 dB, overall errors are likely due to polarization dependent

loss (PDL), which can cause systematic errors in the PSP detection. In a real system,

PDL is of course undesirable for unrelated reasons and would be kept at a minimum.
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Figure 3-18: Plot of measured polarization extinction ratio of a randomly generated
input polarization state versus the distance to the nearest point in a lookup table.
The absence of a clear correlation indicates that the performance is not limited by
the completeness of the lookup table.
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Fast PSP Slow PSP
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time

Figure 3-19: Polarization scrambling causes a slow timing jitter in the presence of
small PMD remaining after compensation. The randomly varying excitation of the
fast and slow PSPs make the pulse appear to shift back and forth in time.

72



E

mean: 4.76 ps

0

0

7-

6-

5-

4-

3-

2-

8

measurement #

Figure 3-20: Measurements of residual PMD after compensation. Nine random PSP
orientations are shown. Timing jitter due to polarization scrambling was evaluated
by measuring oscilloscope histograms.
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3.3.4 Characterizing PM Fiber DGD With Timing Jitter

Measurements

An additional benefit of the scrambling timing jitter is that it provides a means

of measuring fixed PMD with great accuracy. If a well calibrated variable PMD

emulator is combined with a PMD device under test (DUT), one can use histogram

measurements to characterize the DGD of the latter. The PM fiber serving as a fixed

compensator was characterized in this way.

a Polarization PMD CC) Unknown Detector and) Scrambled Emulator Polarization PMD(DUT) Oscilloscope
Pulse Source Controllers

b)44 / #

Figure 3-21: Use of scrambling jitter measurements to evaluate DGD. a) Schematic

diagram. A polarization scrambled pulse source interrogates the PMD generated by
an unknown device under test roughly aligned to a variable PMD emulator. Timing
histograms are measured on an oscilloscope. b) Resultant PMD for various reference

DGD values. The minimum lQtotall occurs when IQDUT _ Qemulatei-

A schematic diagram of the method is shown in Figure 3-21a. A variable DGD

emulator is placed in series with the device with unknown PMD. The PMD vectors

of the two are coarsely aligned with manual polarization controllers. Histograms

of pulse edges with scrambling jitter are then measured on the oscilloscope for a

variety of emulated DGDs. Figure 3-21b illustrates the process in Stokes space. The

PMD vectors Qemulate and QDUT are roughly aligned, and to first order, the length of

the resultant vector length lQtorta is at a minimum when pemulatel = IQDUT . The
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same applies to the corresponding histogram widths, which are measured by fitting

Gaussian curves.

Figure 3-22 shows an example of widths plotted as a function of DGD. A fourth

order polynomial fit reveals the center of the plot, and hence the value of QDU' l. For

large resultant PMD Qitai , the Gaussian approximation is poor, as seen in the inset

of Figure 3-22. However, it is of little consequence because the symmetry axis of the

curve is preserved.
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Figure 3-22: Example measurement of PM fiber DGD. Timing jitter induced by
polarization scrambling is measured with oscilloscope histograms for different values
of added PMD.
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3.4 Summary of PMD Compensation Experiments

A simplified form of a PMD compensator has been demonstrated without feedback.

The system speed is limited to an update rate of once per second because of polarime-

ter bandwidth of 2 kHz. The update rate can be scaled to accomodate millisecond

scale fluctuations by choosing appropriate components and providing adequate com-

putation power for the PSP characterization. In its current state, the technique

characterizes and realigns PSPs without making any attempt to evaluate DGD. A

completely feedback-free system would be desirable. In general, the signal pulse shape

or spectrum must be known for this to be possible, and is a reasonable addition to

the method. These future devlopements make the technique attractive for handling

high speed fluctuations due to cable motion and rapidly switched optical networks.
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Chapter 4

Short Pulse Generation With

Frequency-Modulated DBR Laser

and Long Chirped Fiber Bragg

Grating

Chromatic dispersion is a linear optical phenomenon which, like PMD, generally

causes pulse envelope broadening. However, in the demonstration presented in this

chapter, the dispersive property of a fiber Bragg grating is utilized to create pulses,

instead of destroying them.

The demonstration is of a picosecond optical pulse source consisting of a frequency

modulated (FM) semiconductor laser with high modulation depth, and an ultra-long

chirped fiber Bragg grating (FBG) with large group velocity dispersion (GVD). Unlike

modelocked lasers [61, 67, 65], this source has a repetition rate which is not required

to be synchronous with the laser cavity resonance. Because frequency modulation

does not require gain switching, there is potential for very low timing jitter. The

FBG also provides potential for higher pulse energies, lower background level, and

more efficient use of the total laser energy output.
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4.1 Ultra-Long Chirped Fiber Bragg Grating

FBGs [73] have been instrumental in the development of wavelength-division multi-

plexed (WDM) optical communication systems of recent years. Their low loss and

environmental robustness have proven them to be effective filters for multiplexing and

demultiplexing wavelength channels. Chirped FBGs have also been investigated for

various other applications, including mode-locked fiber lasers [142]. Recently, another

class of FBGs, ultra-long chirped FBGs, have been pursued.

4.1.1 Functionality

Chirped FBGs are designed to provide chromatic dispersion within the reflection

band. By linearly chirping, or varying the periodicity of the grating, different fre-

quencies are reflected at different positions within the grating. The result is a linear

frequency dependence of the group delay.

Chirped FBGs are useful in a number of pulse compression applications, includ-

ing mode-locked fiber lasers. For high capacity communications, it is desireable to

compensate the dispersion of several channels at once so that one device ensures all

pulses are compressed at the receiver. Because of aggressive efforts in the industry

to increase system bandwidth, a system's wavelength channels can cover an enor-

mous range. State of the art erbium doped fiber amplifiers now span 80 nm. Raman

amplifiers make available wavelengths outside the erbium gain spectrum.

Dispersion compensation devices must then also cover a broad wavelength range.

For a chirped FBG, the consequence is that it must be long if it is to satisfy the

spectral width and dispersion magnitude requirements. This is clear from the relation

between length L, dispersion D, and bandwidth AA of a highly chirped FBG:

D ~ (4.1)
cAA

where c is the speed of the light in the fiber.
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Figure 4-1: Ultra-long FBG fabrication technique developed at 3M Corporation.

4.1.2 Fabrication

The first long length FBGs were fabricated by Stubbe et al in 1995 [76]. Using a

phase mask to create a grating through ultraviolet irradiation, the group irradiated

one short section of a grating, translated the fiber, and then irradiated an adjacent

short section. The process was continued until a 50 cm long FBG was constructed.

The translation of the fiber was difficult because of the precision required. The

stitching of sections must be accurate to a fraction of a wavelength. Regardless,

other groups have developed the technique to the point where 2.5 m long FBGs were

fabricated [77].

A different method developed at 3M Corporation by Brennan et al has proven to be

more suited for even longer lengths. A 10 meter long chirped FBG was demonstrated

in 1999 [71]. The unique fabrication technique involves mounting the fiber onto a

spool with a helical groove (see Figure 4-1). The ultraviolet radiation illuminates

a phase mask to create an interference pattern. The spool is rotated during the

irradiation process while the UV beam is translated to follow the lateral shifting

of the fiber position. The process is analagous to the threading of a screw. The

illumination eventually reaches the entire length of fiber, whose length is limited only

by how much fiber will fit on the spool. To prevent the grating from being smeared,
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the ultraviolet light is amplitude modulated synchronously with the motion of the

teeth in the fiber. While the spool is rotating, the ultraviolet beam is translated in

the direction of the spool axis so that it follows the fiber in the helical groove.

To induce chirping of the grating, the rotational velocity of the spool is varied

during irradiation. For acceptable optical performance, mechanical tolerances are

excruciating. The velocity of the fiber must be stable to within one part per million.

This requires, for example, the spool diameter to be true to within 250 nm [75].

4.2 Sinusoidal FM Modulation

One can generate an FM optical wave by applying a sinusoidally varying current to the

mirror section of a 2-section distributed Bragg reflector (DBR) laser. The modulation

rate is arbitrary, as long as it is much lower than the cavity's fundamental resonance.

To convert the FM signal to a pulse stream, we attach an ultra-long chirped FBG

at the laser output. The effect of the GVD from the FBG is that the up-chirped

portion of the signal is compressed into pulses while the down-chirped portion is

further chirped and dispersed into the background. With sinusoidal modulation and

linear dispersion, the pulses contain approximately 40% of the total energy [61].

The experimental setup is shown in Figure 4-2. The laser is a 2-section InGaAsP

DBR laser [63] fabricated at the Royal Institute of Technology in Kista, Sweden.

It has a free spectral range of 205 GHz and is biased to operate at 1553 nm. We

apply to the mirror section a 0.5 GHz current modulation, which dithers the center

wavelength of the DBR reflector due to carrier induced index changes. The resulting

optical signal is frequency modulated with a modulation index m of 52.5, defined

m = Af/fm (4.2)

where the total sweep range 2Af is 52.5 GHz, corresponding to 0.42 nm at 1553 nm.

fm is the modulation frequency 0.5 GHz. With higher modulation current, the band-

width can be as wide as 0.76 nm, generating an index m of 95.
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Figure 4-2: Experimental setup:DBR: Distributed Bragg Reflector; FBG: Fiber Bragg
Grating; EDFA: Erbium Doped Fiber Amplifier; OSA: Optical Spectrum Analyzer;
PD: Photodiode.

The output beam of the laser is coupled into a fiber, passed through a fiber pig-

tailed isolator, and then tapped with a 95/5 coupler for optical spectrum monitoring.

The light from the 95% port is then incident on a 3.86 meter long chirped FBG [71]

manufactured at 3M Corporation in Austin, Texas. A circulator routes the FBG

reflection to an output port, and upon reflection the frequency modulated light is

converted to short pulses by the large dispersion of the FBG (-1360.8 ps/nm). A

50/50 coupler divides the light, half of which is characterized by an autocorrelator,

the other half detected by a 24 GHz photodiode and high speed sampling oscilloscope.

An erbium doped fiber amplifier (EDFA) is required for autocorrelation because the

available power is small (approximately 0.15 mW average power) due to losses in the

laser-fiber coupling and fiber connections.

The optical spectrum of the FM signal has a peak to peak width of 0.42 nm, shown

in the inset of Figure 4-3, which also shows theoretical and measured autocorrelations.

The suppression of the sidelobes predicted by the simulation is likely due to residual

amplitude modulation. The FWHM is approximately 25 ps, roughly corresponding

to a time-bandwidth product of unity. Harmonic distortion of the modulation signal

is included in the simulation and can also account for a rise in background and

degradation of pulse power efficiency. Given our bandwidth, FBG dispersion, and
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Figure 4-3: Measured and simulated autocorrelation traces.

fm, we estimate that 25% of the total power is in the pulse. This is consistent

with estimates based on oscilloscope measurements. Figure 4-4 shows a sequence of

autocorrelations as a function of bandwidth, with harmonic distortion included in

both measured and simulated plots.

The shortest achievable pulse is limited by the free spectral range (FSR), which

yields an inverse bandwidth of 4.9 ps. To further reduce sidelobes and overall back-

ground, amplitude modulation in the gain section can be induced. Alternatively,

a sawtooth wave FM signal can replace the sinusoidal and induce only linear up-

chirping. High speed sawtooth waves can be generated by combining several RF

harmonics with the correct amplitude and phase, or by using nonlinear electrical

transmission lines for wave front distortion [70]. This would utilize the total power
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Figure 4-4: Autocorrelation traces with varying bandwidth and fixed dispersion. Top:

experimental; bottom: calculated.
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more efficiently, as well as remove high order chirp. Sawtooth wave generation is easily

accomplished at lower repetition rates, however, requiring enormous dispersion delay

which is best achieved with a long FBG as used here. An FBG is also advantageous

in that its high order dispersion can be designed to match residual nonlinear chirp.

Another limitation in a sawtooth wave experiment is in the bandwidth of the DBR

tuning section itself. For this laser, the tuning signal rolls off at less than 1 GHz. A

sawtooth with several harmonics would be filtered and rendered useless. Ideally, one

should design a new laser with this particular application in mind.

Three features of this demonstration are notable: First, the wide frequency span

and high modulation index is generated in a simple manner. It is possible to generate

the chirp with external phase modulation, but it adds complexity [68] and is difficult in

practice. Second, the laser is not modelocked. Modulating a single longitudinal mode

laser is more stable, eliminates restrictions on repetition rates, and can potentially

provide a low jitter pulse train for use in optical sampling. Third, the ultra-long

FBG technology enables the use of low repetition rates which provide the option of

more optimized modulation and dispersion shape to increase efficiency and reduce

background.
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Chapter 5

Time Domain Arbitrary Spectral

Shaping of Pulsed Gyro Source

In Chapter 4 we explored a way of creating short time domain pulses using large

chromatic dispersion. We now turn to a technique which utilizes the same ultra-long

FBG to arbitrarily shape the optical frequency spectrum of a train of short pulses.

This demonstration is performed within the context of applying a mode-locked

fiber laser as an optical source for a fiber optic gyroscope. Traditional sources emit

amplified spontaneous emission which are desirable for their broad spectra and low

coherence [112]. However, the Kerr effect causes errors in the rotation signal measured

by the gyro. In this chapter we show how large chromatic dispersion reduces this error

and enables convenient optimization of the spectral shape.

5.1 Kerr Error Reduction in Pulsed IFOG

Broad spectrum optical sources are important for applications such as Optical Coher-

ence Tomography imaging (OCT) [109, 110, 111], wavelength division multiplexing

(WDM) [115, 114, 116], and fiber sensors. A particular sensor, the Interferomet-

ric Fiber Optic Gyroscope (IFOG), benefits greatly from the broadness of a source

spectrum because it reduces errors due to coherent Rayleigh scattering in the fiber

coil [89].
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Here we describe the IFOG sensor and the use of a mode-locked laser as a source.

5.1.1 IFOG Design

The IFOG is a sensor mainly consisting of a Sagnac loop. It measures rotation rate

which induces a minute phase shift between two light signals counterpropagating

within a loop of optical fiber. By interferometrically measuring the phase shift, the

rotation rate can be measured. Applications include high precision inertial navigation

for submarines and aircrafts as well as tasks such as airborn telescope stabilization.

A high performance IFOG must be carefully designed so that drift mechanisms

are eliminated. One critical feature of a good design is called "reciprocity." This is

not reciprocity in the strict electromagnetic sense [143], but instead refers to the two

counterpropagating signals in the IFOG coil encountering exactly the same physical

path lengths.

An environmentally stable design is important for low signal drift. For this reason,

IFOGs have been developed to the point where in practice, it is a rule to follow

the "Minimum Configuration" conditions. The following two sections discuss the

importance of reciprocity and the Minimum Configuration.

Output Port of a Sagnac Loop

The Sagnac interferometer is shown in Figure 5-1. The input light is split by a 50/50

beam splitter and the two beams couple into a fiber loop and travel in opposite

directions. Ideally, in the absence of rotation or other nonreciprocal effects, the two

counterpropagating beams interfere constructively and destructively at output ports

A and B respectively.

For an ideal lossless beamsplitter or waveguide coupler, the phase relation between

reflected and transmitted light is exactly J. Errors in this relation occur in the

nonideal case and drift slowly with environmental changes (See Appendix A).

As seen in Figure 5-1, both clockwise (CW) and counterclockwise (CCW) light

experience the same phase while traveling through the loop, assuming no rotation.
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Figure 5-1: Sagnac loop interferometer. The clockwise (solid) and counter-clockwise
(dashed) signals interfere at the 50/50 beamsplitter. Depending on the relative phase,
the light can exit through port A or port B.

However, output A is the result of the interference between CW and CCW beams,

each of which have experienced exactly one transmission t through the beamsplitter,

and one reflection r:

CW :total

CCW : $totaI

= Or + $t

- cS+ Or

The total phases are identical for both CW and CCW cases.

At port B, on the other hand, CW sees two reflections and CCW experiences two

transmissions:
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CW: Ototal = Or + $r

CCW :Ototal = t + Ot

(5.3)

(5.4)

The total phases can drift independently.

Thus, when the phase between the reflection and transmission drifts with tem-

perature, it causes the amplitude at port B to drift also. But at port A, both coun-

terpropagating beams drift in phase simultaneously and the amplitude of the sum is

unaffected. Port A is referred to as the reciprocal port.

Minimum Configuration

The first definition of the Minimum Configuration was given in [92](See Figure 5-2).

It is clear that if environmental drift is a concern, only the reciprocal port can be

used for output.

UT m
U
U
U

0

Polarizer Spatial Filter
(single mod
fiber)

Detector

Fiber Loop

e 50/50

Phase
Modulator

f mod

Figure 5-2: IFOG minimum configuration. The Sagnac loop signal is taken at the

reflection port. A nonreciprocal phase modulation is applied within the loop for

proper bias and sensitivity enhancement.

Two other conditions are set forth as well:
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1. A single polarization mode in the fiber is required for true matching of optical

path lengths. That is, a polarizer and spatial mode filter are required. This is

to ensure that true interference of waves is achieved. Higher order spatial modes

and lack of polarization matching causes interference fringes to be unstable.

2. A method of biasing is used so that rotation detection is linear and unambigu-

ous. The most common method of bias is to insert a phase modulator at one

end of the fiber loop. This time varying phase modulation is equivalent to time

varying rotation if it is fast enough to be comparable to the transit time of the

light in the loop. Other methods are sometimes used in gyro designs which do

not exactly follow the Minimum Configuration [101, 102].

It is pointed out in [92] that the Minimum Configuration may be violated under

conditions where thermal drift is not an issue.

5.1.2 Pulse Excited IFOG With Pulse Stretching

In this section the pulse excited IFOG is introduced. The pulse source is advantageous

in its ability to produce a wide spectrum and high average power at the same time. It

also opens the door to new methods of stabilizing mean wavelength, reducing sidelobes

in coherence function, and reducing shot noise via optical squeezing.

When using a short pulse source in an IFOG, the high peak intensities of the

pulses cause nonlinear phase shift in the gyro coil due to the Kerr effect. This alone

would not be an inherent problem. But if the Sagnac interferometer's Y-splitter

output power ratio is not perfectly 50/50, then the counter-propagating radiations

experience different nonlinear phase shifts resulting in a bias offset. Small random

variations of the splitting ratio result in errors.

Figure 5-3 shows the experimental setup. An Additive Pulse Modelocked (APM)

erbium doped fiber laser [129] is used as a source in a standard IFOG configura-

tion [92]. A 25.2 km spool of Corning SMF28 can be inserted between the fiber laser

and the rest of the gyro. A variable attenuator is also inserted so that the input

power can be adjusted. With the variable attenuator one can check on any power
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dependent error present in the gyro output signal. The backward pumped erbium

fiber has dual purpose: First, it acts as an amplifier to increase the power of the pulse

source. When the APM laser is turned off, it is then a CW fluorescence source which

can be used for direct comparison.

Yb980 nm
pump diode

Erbium

DFiberd --- Variable I /50
Attenu tor =<Dl

N 1obate

Modelocked 25.2 kmn Y-branch

Fiber Laser SMF28

Detector

Figure 5-3: Experimental setup of pulsed gyro. A mode-locked fiber laser excites

a standard IFOG minimum configuration. The pulses are amplified and stretched

by 25.2 km of standard single mode fiber before entering the Sagnac loop. A phase

modulator is built into the lithium niobate splitter for detection.

Figure 5-4 illustrates the power dependence of the Kerr induced error signal. When

the erbium fluorescence is used as a CW source, there is no detectable error. With

the pulsed laser as a source, however, there is a large power dependent error. This is

reduced by inserting a long length of SMF28 fiber to stretch the pulses so that their

widths are on the order of r, where } is the repetition rate.

The amount of pulse stretching via chirping can be increased by using a laser

with a wider optical bandwidth, a longer spool of fiber, or another more dispersive

element such as a dispersion compensating fiber grating. This technique can stretch

the pulses so much that they would be virtually indistinguishable from a truly CW

source. With this pseudo-CW source, an IFOG can benefit from the high power and

wide spectral widths of mode-locked lasers, without sacrificing in Kerr bias error.
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Figure 5-4: Optical power dependence of IFOG bias error for pulse source, stretched
pulse source, and erbium ASE.

5.2 Time Domain Spectral Shaping Technique

5.2.1 Spectral Shaping Methods and Applications

Broad spectrum pulses are used in many applications, and in several of these, the

spectral shape impacts system performance [141]. For example, a broad Gaussian

spectrum and narrow coherence function provide optimal image resolution in optical

coherence tomography (OCT). Typical spectra of pulses used in OCT contain ripples

that cause sidelobes in the coherence function and thus limit spatial resolution [111].

Similar characteristics are desired for interferometric fiber optic gyroscope (IFOG)

sources, since a narrower coherence function reduces the rotation rate sensing er-
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ror caused by coherent Rayleigh backscattering [90]. IFOGs also require the mean

wavelength of the source to be stable.

In other applications, one may record information in the pulse spectrum by al-

tering the amplitude or phase of various spectral bands comprising the pulse. In

optical communications, chirped pulse wavelength division multiplexing (CPWDM)

may utilize a pulsed laser source and a single modulator to encode data onto several

wavelength channels, whose wavelength-location and channel-spacing are electroni-

cally defined and therefore quickly reconfigurable [115, 116]. CPWDM may become a

cost effective alternative to traditional wavelength division multiplexing. Pulse spec-

tral shaping is also used in code-division multiple access (CDMA), which provides

multi-access communications in optical networks by introducing channel specific code

sequences in pulse spectra that can be used for channel discrimination [117].

Several investigators have proposed and demonstrated that fiber Bragg gratings

(FBGs) can be used as spectral filters of controllable phase and amplitude [79]. Spe-

cialized FBGs have been fabricated for pattern generation and recognition (CDMA) [80,

81], pulse rate multiplication from 10 GHz to 40 GHz [82], pulse envelope transforma-

tion into rectangular pulses [83], and for optimization of pulse detection with matched

filters [84]. In these demonstrations, the spectral filter was written directly into the

FBG; to alter a filter function, one would need to fabricate another FBG and imple-

ment it into the optical system.

In some cases, time domain spectral shaping (TDSS) may be an attractive alterna-

tive, since the filter functions are readily configurable and real time spectral encoding

is possible. TDSS employs large amounts of group velocity dispersion (GVD) to tem-

porally stretch, or chirp, a short pulse. During stretching, the pulse enters a regime

that is the time domain analog of Fraunhofer diffraction [85]. In this regime, the

pulse envelope is proportional to the pulse spectrum, which is the Fourier transform

of the original unstretched envelope. Since the individual frequency components are

distributed within the stretched envelope, they can be isolated temporally and mod-

ulated in amplitude or phase without the use of optical filters. TDSS can be used to

implement fixed filters, like previous FBG work, as well as variable spectral shaping
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as needed in CPWDM and variable route CDMA systems.

5.2.2 Time Domain Spectral Shaping With Ultra-Long Fiber

Bragg Grating

In previous TDSS experiments, mode-locked laser pulses were stretched with several

kilometers of standard single mode fiber (SMF) to several nanoseconds for CPWDM,

reducing nonlinear bias in an IFOG [100] [115], and for time domain spectral mea-

surements [118]. Outside the laboratory, however, TDSS with a bulky spool of SMF

as a pulse stretcher is impractical.

Here we demonstrate the use of a linearly-chirped ultra-long FBG to chromatically

disperse a pulse for subsequent TDSS [119]. We utilize a compact and robust chirped

FBG packaged with a circulator; the package volume is smaller than the SMF spool by

a factor of 8.7 and lighter in weight by a factor of 9.3. Until recently, FBGs were too

short to provide enough GVD over a sufficient bandwidth for use in TDSS systems.

Now FBGs of several meters in length are available [77, 71]. While reflection bands

are generally not as wide and smooth compared to SMF, long length FBG fabrication

technology will likely continue to improve and yield gratings with reflection profiles of

quality comparable to SMF. After stretching the pulse with the FBG, we implement

complex and arbitrary spectral shaping by suppressing select frequency components

of the spectrum. Such filters can remove spectral ripple and sidelobes to generate

flattened or Gaussian spectra, control the mean wavelength, or encode data.

For the demonstration we use a linearly chirped 3.86-meter-long FBG manufac-

tured at 3M Corporation [71]. The bandwidth is approximately 28 nm, which provides

1360 ps/nm dispersion. The setup is shown in Figure 5-5. A passively mode-locked

erbium doped fiber laser (EDFL) with two output ports, "rejection" and "variable",

provides a train of broad spectrum pulses (70 nm wide) at a repetition rate of 30.7

MHz (32.6 ns period) [141]. Spectra of the rejection port and its reflection from the

FBG are shown in Figure 5-6. The FBG spectral response is nearly identical to the

reflected spectrum. The EDFL rejection port emits chirped pulses on the order of
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Figure 5-5: Setup for time domain spectral shaping experiment. Pulses from a mode-

locked fiber laser are chirped by an ultra-long fiber Bragg grating. Spectral shaping

is performed by an amplitude modulator driven by an arbitrary waveform genera-

tor synchronized with the pulse train. An optical spectrum analyzer measures the

spectrum.

3 ps in width; the exact initial chirp and width are overshadowed by the enormous

dispersion provided by the FBG. The variable output port is coupled to a 125 MHz

detector that triggers the arbitrary waveform generator (ArbWG). The pulses are

routed via a circulator into the FBG, which reflects effectively a 24 nm wide window

of light centered at 1550 nm (Figure 5-6) and provides a total delay of 32.6 ns be-

tween the short and long wavelength reflected light. Due to cladding mode losses,

the 5 dB bandwidth of the FBG is limited to 24 nm. Pulses stretched to 32 ns are

shown in Figure 5-7. The spike at the front of the pulse is a small reflection between

the FBG and the circulator and the smaller ripples are due to variations in grating

reflectivity and artifacts of detection electronics. After stretching pulses with the

FBG, a circulator routes them to a lithium niobate amplitude modulator driven by a

1 GHz internally clocked ArbWG, which can be programmed for several waveforms.

The optical spectrum is then observed on an optical spectrum analyzer.

In one case, we generate a Gaussian-shaped spectrum for OCT and IFOG ap-
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Figure 5-6: FBG input spectrum and reflected output spectrum.

plications. Figure 5-8 shows the spectrum with and without the ArbWG program

activated. The untreated spectrum contains deep ripples due to birefringence in the

FBG and the polarizing waveguide in the amplitude modulator. In future experi-

ments, a FBG made with polarization maintaining fiber may be used. Even without

polarization control, we can manually program a modulation signal to suppress the

ripples, resulting in a much smoother spectrum. The signal applied to the ArbWG is

thus proportional to the difference between a Gaussian function and the dashed curve

in Figure 5-8. An appropriate algorithm can generate a further optimized signal. A

reduction of average power will always be observed, in this case 4.0 dB, when the

filter program is activated. Although modulation is applied, TDSS cannot generate

new frequencies in the limit that the modulation bandwidth is much smaller than the

optical spectral width. Thus, as with ordinary optical filters, this technique can only

suppress frequency components and not create new ones.

The filter resolution AA of the technique is dependent upon the temporal resolu-

95



0.4-

0.3-

0.2 -

CI 0.1 -

.' -
o 0.0

-0.1-

I I * I * I * I I * I

0 10 20 30 40 50 60

time (ns)

Figure 5-7: Oscilloscope trace of pulse after being stretched by the FBG. The time

domain shape is similar to the output spectrum of Figure 5-6.

tion of the ArbWG, the bandwidth and the length of the FBG:

w
AA = W-TO (5.5)

T

where W is the pulse spectral width, T is the delay induced by the FBG, and To is the

temporal resolution of the ArbWG. In our experiment To is 1 nanosecond, yielding

a theoretical resolution AA of 0.7 nm. The repetition rate of the pulse source also

places a limit of 32.6 nanoseconds on the maximum possible stretching. To measure

the resolution, the narrowest possible optical notch filter was programmed into the

ArbWG. The resulting filter shape, shown in Figure 5-9, reveals a 3 dB resolution

bandwidth of 0.85 nm.

An analogous technique to TDSS has been demonstrated with femtosecond pulses

and a spatial light modulator [117j, where programmable modulation is performed in

the spatial domain. Although it is not demonstrated here, TDSS is also effective in
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Figure 5-8: Arbitrary reshaping of irregular spectrum.

removing nonlinear chirp by phase modulation of frequency components [120, 121],

done by replacing the amplitude modulator with a phase modulator. An advantage

of TDSS is that all the optical components are fiber compatible, whereas the spatial

domain method requires careful alignment of bulk optical components. The spatial

technique, however, has no dependence on repetition rate. In telecommunications,

TDSS is best suited for applications such as CPWDM and CDMA, where channel

count and reconfigurability can compensate for low bit rate. For IFOGs, where su-

perluminescent diodes and erbium fiber fluorescence sources are standard, the use of

the modelocked laser provides an advantage because its spectrum is not limited by

the spectral width of the gain medium [111]. Additionally, modelocked lasers enable

supercontinuum generation for even wider bandwidth [122, 123, 124].

Ultra-long FBGs may expand the applications of TDSS, since pulse compression

that is matched to the stretching function is possible. In general, dispersion compen-

sating fiber does not inversely match the high order dispersion of SMF over a wide

bandwidth, so effective pulse stretching and recompression are not possible. But FBG
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Figure 5-9: Notch filter response implemented with the arbitrary waveform generator.

may be fabricated as matched filter pairs [84].

This demonstration implements arbitrarily shaped optical filters, which are elec-

tronically programmable and can be tailored to produce nearly any desired spectrum

from a broad input spectrum. The programmable nature of this technique is advan-

tageous because source spectra can vary from laser to laser, and sometimes day to

day for the same laser. The use of an FBG instead of several kilometers of SMF illus-

trates that TDSS can be implemented with more compact and robust devices. Future

experiments with longer length and higher quality FBGs may demonstrate smaller

spectral resolution TDSS for more complex filter shapes and added functionality.
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Chapter 6

Conclusions and Future Work

6.1 PMD

It is interesting to note that after years of highly aggressive research and development,

there does not yet exist a solid commercially available solution to PMD. Although this

year (2000) there have been products released for evaluation by system manufacturers,

there has been no indication that these tests were a resounding success. So despite

the numerous techniques that have been proposed and demonstrated in conference

and journal papers, the transition from the laboratory to the field has proven to

be a barrier. Without having attempted to design a commercial product oneself,

one can speculate that part of the difficulty is devising an adaptive system that is

rigorous enough to comply with standard telecom outage rates, which are painfully

stringent. It is not immediately obvious, for example, what feedback algorithm will

most gracefully handle polarization controller resets, or whether degree of polarization

or RF subharmonics provide the best feedback signals.

Even if feedback based PMD compensators are successful in the field, the next

hurdle is clearly high order PMD. For long-haul systems within which PMD com-

pensators are placed periodically, if only first order PMD is compensated, the high

order PMD will still continue to accumulate [28]. High order PMD inherently con-

tains more degrees of freedom and can only make the feedback problem more difficult.

Hence, the motivation for investigating feedback-free techniques is highlighted by the
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future direction of PMD compensation work. Although it entails using devices that

may contain hysteresis and temperature instabilities, it is entirely conceivable that a

feedback-free method may turn out to be more practical in the long run.

One might expect that a single high order compensator would be required for

each set of WDM channels. This would be true for point to point links. However, an

ongoing trend in optical communications is leading toward switched mesh networks.

This implies that at any given node, the signal at a particular wavelength channel

need not originate at the same point for very long. The path may be switched at any

given moment, and the PMD compensator must adapt within several milliseconds for

the switch to be minimally disruptive. It would be difficult for a single comprehensive

compensator to adapt to one channel without disturbing the others.

If one were to consider longer term solutions several years down the road, soliton

propagation looks to be most promising [33, 34]. The soliton, whether dispersion-

managed or not, creates its own nonlinear potential well and is naturally resistant to

spreading from either GVD or PMD. But even with nonlinear effects combating PMD,

a hybrid solution involving compensators may eventually be the favored method.

6.2 Ultra-Long FBG Applications

Chirped FBGs have several advantages over other dispersive devices such as low non-

linearity and natural fiber compatibility. A notable feature of FBGs, however, which

distinguishes them from other dispersive devices is the ripple in their frequency depen-

dent delay. The ultra-long FBG used in this thesis was a first generation prototype,

and has served well in experimental demonstrations despite the measurable ripple.

Design and manufacturing techniques continually advance, as the device is being de-

veloped at 3M Corporation for commercial deployment in telecom systems. As it

improves further, it will be seen in more telecom systems and other applications.

The application of ultra-long FBGs to spectral shaping, while benefiting from re-

duced ripple, is primarily limited by other factors. Future modelocked lasers which

are environmentally stable will make the technique much more practical. It is also fea-
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sible only with a low repetition rate laser. Ways of shaping spectra of high repetition

rate lasers would also be of great interest.

For the pulse generation technique, smaller delay ripple will help reduce back-

ground radiation and yield shorter pulses. In addition to FBG improvements, a

fast sawtooth FM signal could be applied to the DBR and could remove nearly all

background radiation. The limiting factor here, though, is the tuning speed of the

DBR laser. They are designed for sub-gigahertz wavelength switching, and not multi-

gigahertz modulation. Therefore, even if a fast sawtooth signal were generated, the

harmonics would not be seen. If the DBR section were redesigned to accept much

faster signals, then not only could a sawtooth work, but a faster repetition rate could

be used and hence a shorter FBG could work as well.

6.3 Summary

Optical pulse propagation has been and will continue to be an area of study in both

scientific and technological contexts. Because of the recent Internet explosion, much

emphasis has been on the impact on communications. But sensing applications such

as fiber gyroscopes and optical coherence tomography will still be of interest even

after the Internet boom dissipates. But regardless of economic cycles, the topics of

dispersion and polarization, while not new, have been and will continue to present

the research community with exciting new challenges.
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Appendix A

Scattering Matrix of a Lossy

Beamsplitter or Coupler

In practice, a Sagnac interferometer requires either a 50/50 beamsplitter or a 50/50

waveguide directional coupler. Such devices are not perfectly lossless in reality. The

phase characteristics are important in a Sagnac interferometer, and it is necessary to

understand them in the nonideal cases. In this appendix we shall apply the scattering

matrix formalism. Since the treatments for beamsplitters and waveguide couplers are

identical, we refer only to the beamsplitter.

A beamsplitter can be represented by a 2x2 scattering matrix S (see [143]):

S = S 1 3 2  (A.1)
S21 S 22

One can write:

b = Sa (A.2)

where

a a (A.3)
a2
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b1

b2
(A.4)

(A.5)

a1 and a 2 are the input beams, and b1 and b2 are the output beams as shown in

Figure A-I

a 2

a, - 1- b2

bi

Figure A-1: Beamsplitter input and output ports.

Reciprocity requires S to by symmetric. This removes a degree of freedom by

means of the restriction:

S12 - S21 (A.6)

If we choose appropriate reference planes, and IS11 = JS22 , we can write:

S =[
jt -r

(A.7)

Here, we have made use of the knowledge that for a lossless beamsplitter, the phase

between reflection and transmission is exactly i. Because this is a passive device, we

can restrict r and t further by starting with:
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lb12 < ja12  (A.8)

If Equation A.8 were not satisfied, we would have gain and that is clearly not the

case. Substituting Equation A.2,

ISa12 < Ia12 (A.9)

which leads to

a+[1 - S+S]a > 0 (A.10)

For Equation A. 10 to hold, the matrix [1 - S+S] must be positive semidefinite. Equiv-

alently, the eigenvalues must be nonnegative. We shall use this to determine the limits

on the phase relation between r and t in the lossy case.

From Equation A.7, we have

[1 - S+S] = [1 - (1|r|2 + |t|2)

jt*r - jtr*

-~jtr* +jt*r

1- (|r2 + |tJ2)

L = 1 - (1r 2 + ItI2)

For the 2 x 2 matrix the eigenvalues are given by the quadratic formula:

A± = L ± 12 r 22 _ (t*2 r 2 + t 2r* 2 )

In order to ensure nonnegative A's, we impose that

L ;> 2 rJ2|t12 - (t*2 r 2 + t 2r*2 )

Now if we set r to be real and allow t have a phase #:
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(A.15)

(A.16)

r = roe

t = toedo

This leads to

L2 > 2rlt2[1

and finally substituting for L,

cos(20)] (A.17)

(A.18)- (1+±rj+ tj)
2 W7r,0

As a check, one can confirm that for the perfectly lossless case, that is, when ro

to = , then

cos(20) > 1 (A.19)

and 0 can only be 0. Therefore, the total phase between reflection and transmission

for a lossless beamsplitter can only be -.
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Appendix B

Timing Jitter Due to Polarization

Scrambling and Residual PMD

As described in section 3.3.3, polarization scrambling causes a timing jitter at the

receiver if there is small PMD in the transmission line. Here, we derive the resulting

timing jitter variance [35].

We first express the output electric field of a PMD medium with residual DGD

Tres, which is small compared with the inverse bandwidth of the input pulse shape

ao (t):

uao(t +T '2
Eout(t) = 1 (B.1)

vao(t - T-

u and v are normalized amplitudes such that

IU12 + IV12 (B.2)

Intensities are defined in terms of E0 ut and ao (t):

Iot(t) = I$out12 (B.3)

Io(t) ao (t) 2 (B.4)

We then rewrite Iout(t) by plugging B.1 into B.3:
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Iout (t) = U2 ao (t + 7s + |v 2 ao (t - T 2

2 2

= ao (t) + a,(t) + ao (t) - 2 

2

Tres 2 2V 2) [2ao(t)a'(t)]

I 0 (t) + es(U2_ - 2) 1(t)

(B.5)

(B.6)

(B.7)

(B.8)

A first order approximation is made in B.6, and B.2 and B.4 are used to sim-

plify B.8. T??es terms are dropped, and 1 (t) is substituted for 2ao(t)a' (t).

Next, we notice from B.8 that the apparent shift Tshift is the coefficient of 1'(t):

Tshift Tres (I2 V2) (B.9)

In Poincar6 space, the quantity it 2 v 2 corresponds to the z component of the

polarization state. The z component is also the cosine of the azimuthal angle from

the z axis:

Z = IU12 - IV12 = cos(O) (B.10)

Therefore:

Tshift 2 COs(O) (B.11)

For good scrambler which randomizes the polarization state to spread it evenly

about the Poincare sphere, the mean 0 is intuitively 7r/2 and the mean z is similarly

0.

(Tshift) = (cos(0)) = (z) = 0
2 2

(B.12)

To calculate the o-2 ht, the variance of Tshift, we use the probability density function

for the azimuth 0:

PO (0') = sin(')
P0(O') - 2 (B.13)
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2
Ushif t is thus computed:

U
2hift T (Tr ) 2 Jr cos 2 (O)po(0)dO (B.14)

Tr(s)2 7jcos2()sin(0)do (B.15)
2 2

res (B.16)
12

The variance oshift and the square of the associated residual PMD Tres are thus

related by a factor of 12.
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Appendix C

List of Acronyms

AC Autocorrelation

AM Amplitude Modulator

APM Additive Pulse Modelocked

ArbWG Arbitrary Waveform Generator

ASE Amplified Spontaneous Emission

CCW Counter-Clockwise

CDMA Code-Division Multiple Access

CPWDM Chirped Pulse Wavelength Division Multiplexing

CW Clockwise

CW Continuous Wave

D Detector

DBR Distributed Bragg Reflector

DC Direct Current

DFB Distributed Feedback
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DGD Differential Group Delay

DOP Degree Of Polarization

DUT Device Under Test

EDF Erbium Doped Fiber

EDFA Erbium Doped Fiber Amplifier

EDFL Erbium Doped Fiber Laser

FBG Fiber Bragg Grating

FM Frequency Modulated

FSR Free Spectral Range

FWHM Full Width Half Maximum

GVD Group Velocity Dispersion

IFOG Interferometric Fiber Optic Gyroscope

JME Jones Matrix Eigenanalysis

LED Light Emitting Diode

MMM M6ller Matrix Method

NRZ Non Return to Zero

OCT Optical Coherence Tomography

OSA Optical Spectrum Analyzer

P-APM Polarization Additive Pulse Modelocked

PBS Polarizing Beamsplitter

PD Photodiode
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PDL Polarization Dependent Loss

PM Polarization Maintaining

PMD Polarization Mode Dispersion

PMDC Polarization Mode Dispersion Compensator

PMF Polarization Maintaining Fiber

PSP Principal State of Polarization

RF Radio Frequency

SLD Superluminescent Diode

SLM Spatial Light Modulator

SMF Single Mode Fiber

SOP State of Polarization

SP-APM Stretched Pulse Additive Pulse Modelocked

TDSS Time Domain Spectral Shaping

UV Ultraviolet

WDM Wavelength Division Multiplexed
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