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Abstract

Polarization Mode Dispersion (PMD) is a fundamental characteristic of singlemode
optical fibers and fiber-optic components that describes their propensity to split an optical
signal into two orthogonal polarization modes with different propagation velocity,
resulting in a different propagation time in each mode, called the differential group delay
(DGD). Polarization Dependent Loss (PDL) refers to the maximum change in the power
transmitted by an optical component or device as the input state of polarization (SOP) is
varied over all possible polarization states. PMD and PDL combined are a major source
of pulse distortion and spreading, and cause power fluctuations in a link that can increase
the system bit error rate. The PDL and PMD of components must therefore be
characterized accurately in order to assess the potential impact on the performance of
next generation high-speed Dense Wavelength Division Multiplexing (DWDM) systems.
The measurement of PDL/PMD, and especially the characterization of its wavelength
dependence in wavelength selective optical components such as fiber gratings becomes
critically important for system design and evaluation.

In the thesis, an overview of fiber gratings, including theoretical background,
fabrication techniques and their applications in optical fiber telecommunication systems
are presented to help the readers fully understand fiber gratings’ properties, behavior, and
the importance of their characterization. Three calculational tools, i.e., the Jones calculus,
the Mueller calculus, and the Poincare sphere, as well as the concept of the principal state
of polarization, are introduced to quantitatively describe the interaction of light with

optical devices.



For the first time, the wavelength dependency of PDL in three types of fiber
gratings commonly used in optical fiber communication systems: chirped fiber Bragg
gratings for dispersion compensation, Wavelength Division Multiplexing (WDM) grating
filters for add/drop multiplexing, and long period gratings for gain compensation, have
been characterized. Three measurement set-ups for the Jones matrix method, the Mueller
matrix method, and the polarization scanning method, have been implemented, and are
discussed, compared and analyzed. Different calibration procedures were performed to
account for the systems’ PDL and the strong wavelength dependency of the setups.
Typical measurement results in these fiber gratings and an uncertainty analysis are
resented.

For PMD measurements, five PMD measurement techniques, the interferometric, the
optical pulse, the Jones matrix eigenanalysis, the wavelength-scanning, and the
modulation phase-shift methods were introduced. Two of them, i.e., the Jones matrix
eigenanalysis and the interferometric methods used to characterize three types of fiber
gratings, single-mode fiber spools and an optical circulator, are implemented and
compared. Typical experimental results are presented, compared and discussed. An

assessment of measurement uncertainties is presented for each of the techniques applied.
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Chapter 1

Introduction

As we approach the tumn of the century, we are witnessing explosive growth in the demand
to transport large volumes of data, due to the proliferation of Intemet and multimedia
communications for business, education, and recreation. Not only is the per-user demand for
bandwidth increasing by a factor of eight, but the number of users is rising rapidly [1]. As a
result, communication networks have changed drastically, moving from microwave and satellite
to fiber optic links.

Normally, there are two approaches for increasing optical network transmission capacity.
One approach is the use of Optical Time Division Multiplexing (OTDM), a scheme that has the
potential of increasing the bit rate for a single optical carrier to a value as high as 1 Tbis.
Another solution is achieved by employing Dense Wavelength Division Multiplexing (DWDM),
in which data are transmitted at a lower bit rate over multiple wavelengths, or optical channels.
The future high-speed networks will most likely combine the two approaches, increasing both
the number of channels and the data rate per channel. Fiber gratings, acting as wavelength-
selective reflection filters, have had an impact on the design of such systems. In some cases,
devices with Bragg gratings offer the only cost effective solution for high-speed transmission.

The use of Erbium-Doped Fiber Amplifiers (EDFAs) solves the loss problem and makes
possible ultra-long-distance optical transmission links. All links become dispersion-limited.
Multi-mode and chromatic dispersion can be well managed and minimized by using dispersion
compensation techniques, such as, using single mode fibers or dispersion-shifted fibers, narrow-
linewidth DFB type lasers, and dispersion compensators in optical communication links. At

higher bit rates (> 10 Gbit/s) with multiple optical channels, nonlinear effects, i.e., self-phase



modulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM), as well as
polarization effects, e.g, Polarization Mode Dispersion (PMD) and Polarization Dependent Loss

(PDL) in fiber and fiber-optic devices, have now become major limiting factors.

External
—1 Modulator

1

E EDFA's... ik/l‘ ﬂ

(a) (bGD) —

Ly Oy |11

Mulit - channel EDFA'S
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polanization v related to combine:

channel information

Figure 1-1. PMD and PDL can degrade performance of (a) along high-speed
digital system and (b) a high channel-capacity CATV system [2].

PMD and PDL degrade the performance in long-haul high bit-rate fiber-optic
communication links [3-5]. They cause jitter and closure of the eye-pattern and lead to
interference effects which produces anomalously large optical pulse spreading [6] in digital
communication links, as shown in Figure 1-1 (a), and therefore can increase the system bit error
rate. PMD combined with PDL can also produce polarization-dependent intensity modulation
and composite second order distortion (CSO) in an analog transmission link [3], as shown in
Figure 1-1(b). PDL combined with PMD causes power fluctuations in a link that can increase

system power penalty. SPM, XPM and FWM cause considerable spectral broadening of pulses

(3]



propagating inside the optical fiber, optical power loss, and interchannel crosstalk that degrades
system performance [7-11]. In this thesis, PDL and PMD characterization and measurement

techniques in fibers and fiber-optic components have been investigated.

1.1 Fiber Bragg Gratings (FBGs)

Accompanying the growing interest and deployment of fiber optic systems, with its
emphasis on WDM transmission, is the development of new optical components/devices.
Discoveries in optical transmitters, amplifiers, frequency converters, filters, and multiplexers
provide new ways to generate, condition, and detect light. FBG filters [12-14] have received
attention for their versatility and unique filtering capabilities.

A FBG is a periodic modulation of the refractive index along the fiber length induced by
exposure of the fiber core to an intense optical interference pattern. Since the initial
demonstration of fiber gratings, many approaches have been developed to write gratings directly
into the core of the fiber. For non-side-writing technique (internal writing) [15], the period of a
grating is fixed for a certain ultraviolet (UV) laser wavelength. Side-writing techniques, i.e.,
holographic [16], phase mask [17-19], point-by-point [20], etc., allow the fabrication of Bragg
gratings at different wavelengths from the UV laser wavelength.

Fiber gratings have found many applications in lightwave communications. These
applications include rare-earth doped fiber grating lasers [21], dispersion compensation [22],
WDM demultiplexers [23], add/drop multiplexers {24], mode couplers [25], wavelength
stabilization of laser diodes [26], hybrid fiber/semiconductor lasers [27], fiber amplifier gain

control [28], grating-based sensors [29], time delays for phased array radar [30], nonlinear effect

(V9]



switches [31], etc. With the development of DWDM networks, the characterization of

polarization effects in fiber gratings becomes increasingly important.

1.2 PMD and PDL

It is well known that an ideal single-mode fiber with a perfectly cylindnical core of
uniform diameter supports two orthogonally polarized modes that are degenerate. However, in
real fibers, degeneracy between the orthogonally polarized fiber modes is removed due to the
birefringence produced by core ellipticity or noncircularly symmetric stress [32].

The small difference in refractive index for a particular pair of orthogonal polarization
states in singlemode fiber, called birefringence, originates from non-circularity of the fiber core

in two ways: intrinsic and extrinsic, as shown in Figure 1-2.

O @

Geometrical Stress
b T T
S <«
Lateral Stress Bend Twist

Figure 1-2. Intrinsic (a) and extrinsic (b) mechanisms of fiber birefringence [33].

The intrinsic birefringence is introduced in the manufacturing process, including a
noncircular core and nonsymmetrical stress fields in the region around the core. The extrinsic
sources of birefringence introduced in fiber spooling, cabling, or installation process, include
lateral stress, bending and twisting. The birefringence, intrinsic and extrinsic, results in a

difference in the propagation constants of the two orthogonal polarization modes. This



difference gives rise to a differential transit time, called the differential group delay (DGD), for
the wave propagated in these polarization modes [34], referred as PMD. When the output pulse

spreading becomes comparable to the bit time, the transmission performance degrades through

intersymbol interference [S].

PDL is the maximum change in transmission/reflection with respect to polarization states.
Many fiber-optic components, such as isolators, couplers, circulators, fiber gratings, exhibit
PDL.

At any point along a fiber or fiber-optic component, the DGD is a deterministic value.
However, in a long fiber or a passive optical network (PON) with concatenated optical
components, PDL and PMD are random phenomena and their values have a statistical
distribution dependent upon wavelength and the environment (temperature, vibration, etc.).
Therefore, the characterization and measurement of PMD and PDL in fiber and fiber-optic

components/devices are very important for optical system design and evaluation.

1.3 Organization
In this thesis, the wavelength dependent PDL and PMD in singlemode fiber and a variety
of fiber-optic components are characterized. Different measurement techniques are implemented
and compared. Typical experimental results are presented, compared, and discussed. An
assessment of measurement uncertainties is presented for each of the techniques applied.
Chapter 2 gives an overview of fiber Bragg gratings, including the theoretical background,

different fabrication techniques, and applications.



Chapter 3 gives a representation of polarized light and reviews Jones calculus, Stokes
vector calculus (Mueller calculus), the Poincare sphere, and the Principal State of Polarization
(PSP) required to understand and discuss PMD and PDL.

Chapter 4 is dedicated to PDL measurement techniques. Three experimental techniques
i.e., the Jones matrix method, the Mueller matrix method and the polarization scanning method,
are implemented and compared. Their theoretical background, experimental setups and
measurement results in various fiber gratings are presented. Different calibration procedures are
introduced to account for the system’s PDL and strong wavelength dependence of the system
components used. An assessment of measurement uncertainties is presented for each of the
techniques applied.

Chapter 5 is dedicated to PMD measurement techniques. Five measurement techniques are
introduced. Two of them, i.e., the Jones matrix eigen-analysis and the interferometric method
are implemented and compared. Typical measurement results in fiber and fiber-optic
components, as well as measurement-error analysis are presented.

Finally, Chapter 6 presents the conclusions and suggestions for future work.



Chapter 2

Overview of Fiber Gratings

An overview of fiber gratings is given in this chapter. First, the tools used to model fiber
gratings are presented. Then, several different types of fiber gratings and three side-writing
fabrication techniques are discussed. At the end, three kinds of applications using fiber gratings

are presented.

2.1 Introduction

A fiber grating is a periodic modulation of the refractive index along the fiber length, as
shown in Figure 2-1, induced by exposure of the fiber core to ultraviolet laser light. For

simplicity, we can assume that the resulting perturbation is to the effective refractive index n e

of the guided mode of interest, and can be described by:
&1 (2) = Sy (X 1+ veos[ZE = + ()] (2-1)
eff \~ eff \~ COS A - -

where &_ze,f is the “dc” index change spatially averaged over a grating period, vis the fringe

visibility of the index change, A is the nominal spatial period, and ¢(z) describes the grating
chirp [35].

Broadly, fiber gratings can be classified into two types: Bragg gratings (also called
reflection and short-period gratings) and transmission gratings (also called long-period

gratings). In Bragg gratings, the coupling is from a forward propagating guided mode to



backward propagating modes. In transmission gratings, the coupling is from a forward

propagating guided mode to forward propagating cladding modes.

(a)

"core "core "claddmg
7 r¢ A) I T a)
I, (4D
IN o—>p
z i
A
< L L

Figure 2-1. FBG illustrated (a) as a series of partially reflecting mirrors, (b) more
accurately as a sinusoidal index modulation. L: grating length, A : grating period,

Ncore s Mejadding - e refractive index in fiber core, cladding.

The fiber grating characteristics can be modeled by several approaches [36-39]. Coupled-
mode theory [40-42] is the foundation for most computations to obtain the spectral dependency

and diffraction efficiency of fiber gratings, which is valid for small modulation depth.

2.1.1 Fiber Bragg Gratings (FBGs)

In FBGs, the dominant interaction is the coupling between the forward and backward
propagating modes. The Bragg reflection occurs, if the period of the gating, A, referred as the
period of the index perturbation, satisfies the Bragg condition at the stop band centered at the

Bragg wavelength, Ag:



'lB = 2n¢ﬂ-/\ . (2°2)

The periodic nature of index variations couples the forward and backward propagating
waves at wavelengths close to the Bragg wavelength. As a result, it provides wavelength-
dependent reflectivity to the incident signal over a bandwidth determined by the grating
strength, i.e. the depth of modulation of the refractive index, together with the grating period A
and length L.

The equations describing this coupling can be written as [42]:

AR _ iGR(z)+iKkS(2)

- , (2-3)

ig—: —io"S(z)—iK‘R(:)

where the amplitudes R and S are R(z) = A(z)exp(idz —¢/2) and
S(z) = B(z)exp(—idz +¢/2). Here A(z) and B(z) denote the forward- and backward- modes,

respectively, and x is the coupling coefficient. A general “dc” self-coupling coefficient & is

defined as:

o=6+o0-=—C (2-4)

where o is a “dc” (period-averaged ) coupling coefficient.

The Bragg detuning parameter J is defined as:



5=p-Ps =2z(%-;1'; . (2-5)

5 is a measure of the Bragg or phase mismatch between the modes. When the Bragg

condition is met, & is equal to zero and resonant mode coupling occurs, A =45 =2n,;A . As &

increases, i.e. larger Bragg mismatching, mode coupling decreases to zero.

2.1.1.1 Uniform FBGs

A uniform grating is defined as having a sinusoidal index modulation with a constant or
uniform average index along z. In this case, in Eqn. (2-1), dn.s is a constant and d¢/dz=0.
Therefore, x, o, and & are constants. Thus Eqns. (2-3a) and (2-3b) are coupled first-order
differential equations, and can be solved analytically with boundary conditions.

When resonance does occur, the maximum power reflectivity is given by [35]:

Rmax =1 /1y =tanh?(xL). (2-6)

The bandwidth of the grating, defined as the distance between the first zeros in the reflection

spectrum on either side of the peak reflectivity, is given by:

Aoy, = A3 Ingg L (2-7)

for a “weak” grating ( vnoyr << Az /L), and
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Ad,,, = AgVOey Ny (2-8)
for a “strong” grating (VE.J >> Ag/L).

Thus in the weak grating case, the bandwidth is inversely proportional to length. This is a
reasonable result since light will traverse more grating periods in a longer grating and have a
narrower bandwidth reflection spectrum as a result of phase matching over a greater number of
fringe planes. In the strong grating case, the bandwidth becomes independent of grating length
and depends only on the index modulation. Light propagating through a strong grating is mostly
reflected before it reaches the end of the grating, thus negating the full effect of the grating
length.

Uniform gratings can function alone or in combination with other uniform gratings to act as

narrowband transmission/reflection filters or bandpass filters for WDM, as shown in Figure 2-2.
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Figure 2-2. Schematic of a uniform grating illustrating the transmission and

reflection spectrum response.

Typical examples of the power reflectivity for uniform gratings with xL=2 and x L=8 are

shown in Figure 2-3 [35]. Large sidelobes can be observed.
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Figure 2-3. Reflection spectra versus normalized wavelength for Bragg reflection

in uniform gratings with x L=2 (dashed line) and « L=8 (solid line) [35].

2.1.1.2 Non-uniform FBGs
The intensity profile of the laser beam used to write a fiber grating determines the index

profile produced in the fiber. The index profile, in turn, determines the spectral characteristic of

the grating. The reflection spectrum of a grating can thus be tailored by apodizing the wnting

beams to create a non-uniform grating.
The main reason for choosing a non-uniform design is to reduce the undesirable sidelobes

prevalent in uniform grating spectra. There are also many other reasons to adjust the optical

properties of fiber gratings by tailoring the grating parameters along the fiber axis. For example,

chirping the period of a grating enables the dispersive properties of the scattered light to be

tailored [30].
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2.1.1.2.1 Apodized Gratings
An apodized non-uniform grating may be modeled by a raised cosine index modulation

obtained by setting v =1,4 =0 in Eqn. (2-1):
on,(z)= on @) +cos(—2£ 2)] 2-9
eff eff A ( )

where &eﬁ(z) is a spatially varying envelope function of the index perturbation [13].

dney (2) usually takes the form of a Gaussian since an ultraviolet Gaussian beam is used

to write the grating [43], thus:

e (2) = Oy exp{—4ln2—%} (2-10)
FWHM
where FWHM denotes the full-width at half-maximum of the grating profile and dney is the
peak value of the “dc¢’’ effective index change.
In the uniform-grating model, the average index is independent of the grating strength and
the peak of the grating reflection is centered at Ag. In the apodized gratings, the increase in the
average index with exposure causes a red shift in the grating spectrum. Since the index change

is larger in the center of the grating, this portion is red-shifted by a greater amount than the rest

of the gratings. As a result, it reflects light at a longer wavelength. The peak of the grating

reflectivity (associated with the peak index) is shifted away from Ap. The weaker parts of the

grating, on the other hand, are not red shifted as much as the center of the grating and have their



local resonances at shorter wavelengths. A shorter wavelength is transparent to the center of the
grating and is not reflected by it. As a result, effective Fabry-Perot cavities with resonance peaks
on the short wavelength side of the peak reflectivity can be found, which can severely degrade
resonant signal channels incident in an WDM add/drop filtering application.

To demonstrate the effects of apodization, Figure 2-4 shows the reflection and group delay
versus wavelength for a grating similar to Figure 2-3, only here the grating has a Gaussian

profile [35]. Bragg resonance peaks at THE shorter wavelength side can be observed.

10 4 = 18
Pt o 2
L 3 a0
=5 o]
1%
LY 04
£ ¥ =
3 3 3
g |- 300 -
< § é
:: a4 - A Qs
- 290
a2 IJJ
- 200
° : : ; : “ RS - e
13496 15498 1330.0 13582 135 15306 13300 ! 13304 13504 15588
Wawclength (nm)

Wavelength (om)

(a) ®)

Figure 2-4. Reflection and group delay versus wavelength for Gaussian gratings similar

to the uniform gratings in Figure 2-3: (a) x FWHM =2 and (b) x FWHM =8 (3s].

2.1.1.2.2 Chirped FBGs

Uniform gratings usually have a relatively narrow stop band, the frequency region, in

which most of the incident light is reflected back. However, a broadband grating is often
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required in practice. Unlike a uniform grating that satisfies the Bragg condition for a specific

wavelength, a chirped grating satisfies the Bragg condition for range of wavelengths. For a

chirped FBG, the optical period, n_. A, of the grating varies linearly over its length. Since the
eff gra

Bragg wavelength i, =2n_oA also varies along the grating length, different frequenc
B eff g y

components of an incident optical pulse are reflected at different points, depending on where the

Bragg condition is satisfied locally. The Bragg grating wavelength, A5, at an axial position z of

an optical fiber Bragg grating is given by:

AB(z)=2neﬁ (2)A(2) (2-11)

where nogr (2 is the effective refractive index (averaged over the grating period) at position z,

and A(:) is the grating period at position z. Chirping can therefore be easily realized by axially

varying A . Linear chirp can be specified in terms of a nonzero z-dependent phase term [35]

4 Z dA
l b ol M Y9 . e
—‘;—" = - ;77 TB’ or in terms of a  dimensionless chirp  parameter”,
2 nd - -
“B
FWHM 2 FWHM 2 dig
= 3 o(z) = —4ﬁneﬂ— —ZT [36].

: iy

The piecewise-uniform approach is often preferred for modeling non-uniform gratings.
This approach is based on identifying 2x2 matrices for each uniform section of the grating, and
then multiplying all of these matrices together to obtain a single matrix that describes the whole

grating, refer to [38].



Figure 2-5 shows the measured reflectivity and the time delay for the apodized and linearly

chirped grating [44].
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Figure 2-5. Measured reflectivity and time delay for a 10-cm-long, apodized and linearly
chirped, fiber grating having a bandwidth of 0.12 nm. The slope of the linear time delay is a

measure of the dispersion-compensation capability of the grating [44].

2.1.2 Transmission Gratings (Long Period Gratings)

[f the grating period is much longer than the writing wavelength, referred to as a long-
period (A >> A) grating, light from a guided fundamental mode of amplitude Al(z) can be
coupled in to a forward propagating cladding mode of amplitude 4,(z). As they travel along

the axis of the fiber, these modes have a tendency to decay rapidly over a short distance, mainly
as a result of absorption and scattering at the cladding-coating interface.

The equations describing this coupling can be written by:
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= i0R(z) + ixS(2)
(2-12)

= —iéS(z) + ix R(z)

PR

R(z) = A exp[~i(cy| + 0yy)z / 2]exp(i& ~ ¢ /2) and

where the amplitudes R and § are
S(z) = A exp[-i(oy| + 055)2/2]exp(~idz + ¢/2). Here oy, and o, are *dc™ coupling coefficients
is the “ac” cross-coupling coefficient and & 1s a general “dc” self-

[42] */K:KZI =K1.2

coupling coefficient defined as:

(e 2 -
d-=5+—“—2-—Q—%“11—f. (2-13)

The detuning, assumed to be constant along z, is given by:

5‘_('61 ;Bz)"'—"'7r eﬁ'(’i——;‘{;) (2-14)

where ig = an s is the design wavelength for weak guiding. When the Bragg condition is

met, § is equal to zero and resonant mode coupling occurs, 4 = 1g = An eij . As § increases,

i.e. larger Bragg mismatching, mode coupling decreases to zero.
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Figure 2-6 shows a typical transmission spectrum for long period fiber gratings. Since the
coupling to the cladding modes is wavelength dependent, the long period fiber grating acts as a

wavelength-selective loss device and can be used in the gain flattening of EDFAs.
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Figure 2-6. Typical transmission spectrum through long period gratings.

2.1.3 Tilted Gratings (Blazed Gratings)

Tilted/blazed gratings have grating fringes tilted at an angle to the fiber axis [45, 46]. The
main effect of grating tilt in a single-mode Bragg grating is to effectively reduce the fringe
visibility, and couple light in the fiber core to radiation modes outside the fiber core.

Assume that the induced index change in the core of the fiber is given by:

Sty (X, 2) = Bricore (=) {1 + vcos[%’é—- 244} (2-15)



where &icore is the “dc” index change in the fiber core. Here the z' axis, as shown in Figure 2-7,

is defined as z'= xsin@ +zcos@ . The grating period along the z (fiber) axis is A = Aglcosb .

For the slowly varying functions dn...(z') and ¢(z'), we have z'= zcosé, simply taking the

projection of these functions onto the fiber axis.

g P : :
‘/ e B cladding

cladding

Figure 2-7. Diagram of the parameters associated with a tilted phase grating

in the core of an optical fiber.

The tilt of the grating planes and strength of the photo-refractivity determines the coupling
efficiency and bandwidth of the light that is tapped out. In tilted short-period (A< 4 ) gratings,
the coupling is from a forward propagating guided-mode to backward propagating modes. A
schematic diagram of a blazed grating used for flattening the input spectrum is shown in Figure
2-8. Figure 2-9 shows the calculated reflectivity spectrum over a range of tilt angles for a

Gaussian grating with a FWHM =5 mm [35].

N\ —s=—mmmanrenier———~ ||\

cladding

Figure 2-8. Schematic diagram of a blazed grating illustrating the flattening of the

input spectrum.
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Figure 2-9. Calculated reflectivity spectrum over a range of grating tilt angles

for a Gaussian grating [35].

2.2 Fabrication Techniques

Since 1978, when K. O. Hill and his colleagues first observed a photoinduced grating in a
germania-doped optical fiber [12], many approaches have been developed to write gratings
directly into the core of the fiber.

For non-side-writing techniques (internal writing) {12, 15], the period of a grating is fixed
for certain UV laser wavelength used.

Another major approach in grating technology is the side-writing technique, transverse

exposure on the side of the fiber with an interference pattern formed with an intense UV laser
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source to produce the index modulation or phase grating in the fiber core [16]. Side-writing
(transverse) techniques, i.e. holographic, phase mask [17-19], point-by-point [20,47], etc., allow
fabrication of Bragg gratings at different wavelengths from the UV laser wavelength.

The transverse approach allows for the fabrication of gratings with essentially any spacing
or Bragg resonance wavelength. The gratings could also be written at any desired location along
the fiber with different exposure lengths and beam profiles to control the Bragg resonance

spectrum.

2.2.1 Photoinduced Process

Photosensitivity in optical fiber is defined as the permanent change in the refractive index
within the fiber due to laser exposure, usually in UV. Fiber can be rendered photosensitive by
doping the core with germanium, phosphorous, or boron during fabrication of the preform.
Fibers can also be sensitized by loading them with hydrogen under temperature and/or pressure,
that is, by putting them in a chamber pressurized with hydrogen. However, the hydrogen-
loading technique yields variable results and is not considered suitable for mass production.

Even though there has been considerable interest and activity in fiber grating technology,
the physical mechanisms underlying photosensitivity are not completely understood. It is
suspected that more than one process is involved in the grating formation dynamics. Basically,
the inducing radiation breaks certain bonds in the glass structure like the oxygen-vacancy-defect
bonds in germania-doped silica. Electrons are set free and find their way to color center traps
elsewhere in the structure. Annealing experiments indicate that there may be two or more traps
with different ranges of energies [48]. The new electron traps change the absorption properties

of the doped silica, principally in the UV portion of the spectrum. The positive net change in the
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relationships [49]. Other effects, such as the relief of induced stress and/or configurational
changes in the structure of the fiber core material when the bonds are photolytically broken by

the radiation, may also play a significant role in the induced index change.

2.2.2 Side-Writing Techniques
2.2.2.1 Holographic side-writing technique

First introduced by G. Meltz [16], the holographic side writing method used a cplit beam
interferometer which is similar to that shown in Figure 2-10. Two beams intersect at the fiber
producing a periodic interference pattern that is recorded in the core as a refractive index

modulation with period:
A =2/{2sin(8)} . (2-15)
Cylindrical lenses are placed in the interferometer to focus the interfering beams to a line
image on the fiber. This produces a greater intensity interference pattern on the core and reduces
exposure time. An additional turning mirror can be placed in one arm of the interferometer to

remove the mirror symmetry of the reflections as shown in the figure. The Bragg wavelength is

given by:

A
Ag =2n,A = ne,f(mJ . (2-16)
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Figure 2-10. Two-beam interferometer for side-writing fiber Bragg gratings.

Therefore, the grating periodicity can be controlled simply by changing the angle @ or by
changing the laser wavelength A within the absorption band. However, the interferometer is
susceptible to mechanical vibrations and air currents. The holographic technique is also critical

to setup and alignment, since it is difficult to set precise angle and the repeatability of the Bragg

wavelength Ap is low. The laser must have a very good spatial and temporal coherence.

An alternative holographic approach is the prism technique shown in Figure 2-11. The
prism acts as a common path interferometer making it an inherently more stable arrangement.
The illuminating laser beam is incident on the prism hypotenuse. This input is oriented so that
half the beam is reflected off the back face of the prism and interferes with the other half of the
beam that is refracted directly to the bottom of the prism. One disadvantage of this approach is
that the folded beam produces a * half Gaussian” index profile in the fiber that can create strong

sidelobes in the reflection spectrum [50].
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Figure 2-11. Side-writing technique: prism.

2.2.2.2 Point-by-point technique

The point-by-point approach, shown in Figure 2-12, was developed at the Communication
Research Centre (CRC) Canada [20,47]. In this method, a writing beam is pulsed as the fiber is
translated so that the individual grating lines may be written into the fiber. The input beam must
thus be tightly focused. Also, the process is slow and requires high precision translation. Longer
period gratings for mode couplers, rocking filters and even higher order Bragg gratings can be

made point-by-point using precision translation stages.
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Figure 2-12. Fiber Bragg grating fabrication with point-by-point technique.



2.2.2.3 Side-writing with phase mask

The phase mask technique is gaining recognition over the holographic [16] and point-by-
point [47] techniques of writing Bragg gratings due to its simplicity and reduced mechanical
sensitivity. Very precise gratings can be formed by using an electron-beam phase mask and
either an argon fluonide (193 nm) or krypton fluoride (248 nm) excimer laser as the UV source.

A phase mask is essentially a binary grating in which the groove profile and depth have
been specially tailored to diffract most of the incident UV energy into the plus and minus first-
diffraction orders while minimizing the energy in the zero and higher orders. Fabrication by
electron-beam lithography ensures a high degree of accuracy in the mask period. During fiber-
grating fabrication, the laser-illuminated phase mask diffracts incident UV light into the various

diffraction orders, see Figure 2-13.

Excimer Laser Source Q

(KrF of ArF)

Phase mask

o U | A

~ 1 order + 1 order

E ) fiber

Induced refractive index
modulationof the fiber core

Figure 2-13. Fibre Bragg grating fabrication with phase mask technique.
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The interference of the plus and minus first-order beams forms a fringe pattern in the near
field. When a photosensitive fiber is placed in close proximity to the phase mask, exposure to
the fringe pattern produces a permanent increase in the refractive index of the fiber, creating
periodic modulation in the fiber core [S1]. The period of the fringe pattern is half that of the

mask, A=A /2, and the Bragg wavelength is then given by, 15 =2n eff A= e A

mask mask °

In comparison with the holographic technique, the phase mask technique simplifies the
manufacture alignment procedures, reduces stability requirements on equipment, lowers
coherence requirements on the UV laser beam, and permits the fabrication of several Bragg
gratings in a single exposure thereby promising a low cost per unit Bragg grating. The
repeatability is also high.

However, different phase masks are required for fabricating Bragg gratings at different
resonant wavelengths. Some wavelength tuning is possible by applying tension to the fiber

during the photo-imprinting process; the Bragg wavelength of the relaxed fiber shifts by about 2

nm. E-beam lithography minimum feature size imposes the limit on the lower Bragg
wavelength, 4, . Realistically, A, ., < 550 nm is not available. In practice, 4, < 830 nm is not

available.

Scanning phase mask technique

A variation of phase mask technique for writing Bragg gratings introduced by J. Martin er

al [19], is shown in Figure 2-14.
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Figure 2-14. Scanning phase mask technique {19].

This method takes advantage of the insensitivity of the phase of the fringe pattern to the
beam position. The idea is to keep the phase mask and the fiber together. The writing beam is
tightly focussed on the fiber core and moved across mask and fiber assembly. The fringe
contrast and periodicity in the fiber core are determined by the overlying mask. With this
method, one can write gratings as long as the mask. Grating strength can be modified along the

grating by controlling the writing intensity and one can control the grating length precisely.
2.3 Applications
Fiber Bragg gratings as an innovative technique have found broad applications and

extensive potential market in fiber communications. These applications include rare-earth doped
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fiber grating lasers [21], dispersion compensation [22], WDM Demuitiplexers [23], WDM
add/dron multiplexers [24], mode coupler [25], wavelength stabilization of laser diodes [26],
hybnd fiber/semiconductor lasers [27], fiber amplifier gain control [28], grating based sensors

[29], time delay for phased array radar [30], and nonlinear effect switches, [31] etc.

2.3.1 WDM Demultiplexers

In a WDM network, the signals at different wavelength channels are combined in a
multiplexer, transmitted along the fiber link and then separated with a demultiplexer to direct
each channel to its receiver. In the past, most WDM demultiplexers deployed technologies such
as thin-film filters, bulk gratings, Fabry-Perot filters, and planar waveguides. These approaches
suffered from performance limitations, especially for small channel spacing, e.g. 0.8 nm. FBGs
appear to be best suited to meet the 0.8 nm channel spacing criteria.

Currently, two approaches have been employed for WDM demultiplexers using FBGs.
The first approach uses optical circulators and gratings. Typically a circulator is a three-port
device. A signal entering port 1 exits through port 2, while a signal entering port 2, leaves via
port 3. Assume that, in a WDM configuration, multiple wavelengths, e.g. eight, enter port 1. Ifa
Bragg grating with the Bragg wavelength corresponding to 4, is connected to port 2, then 4
will be reflected and exit through port 3, while the remaining wavelengths will leave through
port 2, as shown in Figure 2-15. Two such devices placed back to back enable both drop and add

functions.
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Figure 2-15. In a demultiplexer, FBG connected to port 2 reflected one wavelength

of multiple-wavelength signal.

Low insertion loss (2 dB for add/drop channels, 3 dB thru channels ) and high isolation of
the drop and add channels (> 50 dB) was also achieved using the fiber-grating/optical circulator
add/drop multiplexer [24].

The other approach incorporates FBGs and couplers in a Mach-Zehnder interferometer

configuration, as shown in Figure 2-16. Two identical Bragg gratings are placed one in each arm

of the device. Consider a stream of eight wavelengths ().112,}.318) entering input port A.
Assuming the Bragg grating’s reflection wavelength is A5, light of A; together with other

wavelengths will be split equally between the two arms of the coupler. However, Ay will be

reflected by the two identical gratings. At the coupling region, there is a coherent

recombination. Then Ay exits at port B. The remaining wavelengths will continue to propagate,

recombine, and exit through port D. Because of the symmetry of the device, wavelength A5 can

be added at port C to come out with other wavelengths at port D.
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Figure 2-16. Identical Bragg gratings in a Mach-Zehnder interferometer configuration

to direct one wavelength of multiple-wavelength signal.

2.3.2. Dispersion compensation

Chromatic dispersion in optical fiber causes different wavelength components of a data
pulse to travel at different group velocities, broadening the signal pulse and increasing bit-error
rates. As network data rates increase, chromatic dispersion in standard single-mode fiber
becomes the main factor limiting performance. At a data rate of 2.5 Gbits, a signal can be
transmitted without significant degradation for distances up to 1000 km. However, this distance
drops sharply to 60 km at 10 Gbit/s and to a mere 15 km at 20 Gbit/s. In addition, a large portion
of the worldwide installed fibers is optimized for transmission at 1310 nm. Such fiber exhibits
high chromatic dispersion of about 17 ps/nm-km when used to transmit at the more commonly
used telecom wavelength of 1550 nm.

Chirped FBGs are an attractive alternative to more conventional dispersion compensators
[52-54]. FBGs are compact, passive, and commercially available at a reasonable cost. The basic
principle of operation of a chirped fiber grating as a dispersion-compensating element is that
different wavelength components of a broadened pulse are reflected at different locations along

the grating, resulting in a differential group delay, as shown in Figure 2-17.
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Figure 2-17. Schematic diagram of a chirped grating, illustrating dispersion

compensation or pulse compression.

The maximum delay is proportional to the length of grating. Traditionally, one of the main
limitations of this technique has been the narrow bandwidth associated with single gratings. It is,
however, possible to cascade several gratings to arrive at a broadband device that can

compensate for dispersion over moderate distances, as shown in Figure 2-18.
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Figure 2-18. Chirped FBGs used to reshape optical pulses broadened by chromatic dispersion in

fiber. Multiple gratings can be concatenated to achieve larger bandwidth.
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2.3.3 Gain Equalizers

Erbium-doped fiber amplifiers (EDFAs) can amplify multiple wavelengths within a gain-
bandwidth spectrum stretching from 1530 to 1560 nm. However, the gain is not uniform over
the entire bandwidth. When an EDFA is used to amplify a multi-channel transmission, each
channel experiences different gain. Concatenation of several amplifiers increases this
nonunifromity, significantly reducing bandwidth. Eventually the gain discrepancy between the
channels can become sufficiently large to be detrimental for WDM applications.

There are two basic approaches to flattening the gain spectrum. The first approach
involves tailoring the material properties of the erbium doped fiber, either with the addition of
extra dopants such as aluminum, or going to an altogether different host material, such as
fluoride-based fiber [55] instead of silica based. However, with these methods the gain spectrum
of EDFA is still not flat enough for an advanced DWDM system and there still remain other
problems.

The second approach is to use gain-flattening filters. The principle of gain flattening is
quite simple: filters are designed to approximate the inverse charactenistics of the EDFA gain
spectrum. Several technologies have been proposed in recent years, including microptic Mach-
Zehnder filter, blazed Bragg gratings [46], acousto-optic tunable filters [56], and long period
gratings [57].

Long period gratings appear to be the most promising candidates for gain flattening over
other techniques due to the fact that they are passive, can be used in transmission and can be
tailored to flatten the full 35 nm bandwidth. In addition, they exhibit low insertion loss, PDL

and PMD, and are relatively easy to manufacture in a cost effective and consistent manner. A
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typical EDFA gain spectrum is shown in Figure 2-19. Refer to Figure 2-6 for a typical long

period grating spectrum.

Gain

Wavelength

Figure 2-19. Typical EDFA gain spectrum.

Recently, long period grating filters were used to create a conventional Er fiber amplifier

with > 40 nm of flat gain bandwidth [58].



Chapter 3

Representations of Polarized Light

The purpose of the chapter is to familiarize the readers with the concepts and mathematical
representations of polarized light. Three calculational tools, i.e., the Jones calculus, the Mueller
calculus, and the Poincare sphere are introduced to quantitatively describe the interaction of
light with fiber-optic devices and to calculate the polarization properties, such as PMD and PDL
of the devices. A model, the Principal States of Polarization (PSPs), used to describe the

polarization dispersion for long fibers is also presented.

3.1 Jones Calculus

3.1.1 Jones Vector

The polarization of a lightwave signal is defined through electric fields. The electric field
of a signal can be resolved into two orthogonal vector components. The state of polarization of a
signal can be determined by the relative amplitude and phase of the E-field vector components.
For a plane and monochromatic light wave travelling in the z-direction (fully polarized light

wave), the complex exponential form of the electric field in column vector notation is given by:

(3-1)

Ll

where w is the optical frequency, 4,, 4, and ¢, , ¢, are the amplitude and phase of the two

orthogonal components, respectively, in rectangular coordinates, and J is known as the Jones

vector given by:
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j= Aye . 3-2)

The intensity of a light signal, a more interesting quantity in experiments, is the sum of the

squares of the amplitudes of the two electric field components, given by

=@/ )X =J-3" =42 + 45 (3-3)

Usually, the Jones vectors are denoted in their *“standard normalized” forms. That 1s, the
vectors are reduced to their simplest forms and have a magnitude of 1, satisfying the following

condition

c2i* J=1, (3-4)

where C is a constant, and J° denotes complex conjugate of J .

For example, the standard Jones vectors for linear horizontal, vertical and 45 degrees

polarized light take the form of [‘] [0] and Y2 ['} , respectively. For right- and left-handed
o] 1)’ 21

circular polarization, the Jones vectors are g[l]and g[ 1.]’ respectively. Jones-vector
] -1

representation is limited to the description of fully polarization light, i.e., light with a degree of

polarization (DOP) of about 100 % ) refer to section 3.2 for DOP definition).
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3.1.2 Jones Matrix

The transmission properties of a two-port optical device can be described by a complex
two-by-two Jones matrix [59]. The input light, represented by the Jones vector J_ , interacts
with the optical device, represented by the Jones matrix M. The emerging light, represented by

the Jones vector J_,, can then be determined by:

out

J =M-J. . (3-5)

oul in

For example, the Jones matrices of homogeneous horizontal, vertical, +45 and -45 degrees

linearpolarizerslaketheformsof[(l) O][g (1)]-;—[{ {]and%[_ll —ll]

The Jones matrix of an unknown optical device can be determined by measuring the three
output Jones vectors responding to three input states of polarization, e.g., at 0, 45, and 90

degrees or any three distinct stimuli.

. X X X
Assume that three Jones vectors, 1.e., {Y'},[Yz].and[y:‘] , are the measured output states
1 2 3

of polarization corresponding to the three input linear polarization stimuli at 0, 45, and 90
degrees. Three complex ratios can be formed from these electric field components,
ky =X /1Y) ky =X /Yy kg =X3/¥5 ,and kg = (k3 —ky)/(k; —k3) . The Jones matrix is then given

by:

ki k k
l 4 2 , (3_6)
k4 I



as shown in Figure 3-1. The matrix calculated here is related to the true Jones matrix by

multiplying a complex constant c.

] k=X1Y, k,=X,/Y,

k,=X,1Y, k, =, —k,)Ik —k;)

[kiks ks
| &k, 1

Figure 3-1. Measurement of the Jones matrix of an optical component.

The PMD and PDL values of an optical device can be calculated by determining the Jones
matrices for a set of polarization states at adjacent frequencies/wavelengths, see Chapters 4 and

5 for details.

3.2 Stokes Parameters and Poincare Sphere

It is more convenient to measure the optical intensity/power instead of the electric field. In
this case, the Stokes vector, a four-element array of optical intensity values in which the
elements describe the optical intensity in particular reference polarization states, is widely used.
Stokes vectors can also describe unpolarized or partially polarized light, whereas the Jones
calculus cannot, since, by definition, light is described solely by two orthogonal and completely

polarized components.



A common representation of the Stokes vector is given by [60]:

So
- S1
53
where
S 0= total optical intensity (polarized + unpolarized) , (3-8a)

S 1= IO - [90 =difference in intensities between horizontal

and vertical linearly polarized components ’ (3-8b)

Sy=1,45-145 =differ'ence in intensities b.etween linearoly - (3-8¢)
polarized components oriented at +45° and -45

Sy =lrep- Ilcp = difference in intensities between right and _ (3-84)

left circularly polarized components

The last three Stokes parameters can be expressed In a rectangular coordinate system,

shown in Figure 3-2. Here LH, LV, RC, and LC denote linear horizontal, linear vertical, right

circular, and left circular polarizations, respectively. Linear polarized light at a particular angle

is denoted as L+8. s,,s,,ands; represent the normalized Stokes parameters, given by

S| TSy T S3 =g (3-9)
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RC 00,1

1,00

Figure 3-2. Orthogonal representation of (a) the Stokes parameters;

(b) the normalized Stokes parameters.

The degree of polarization is given by the ratio of polarized light to total light:

I . \/S +52+52
DOP = polarized L2753 o s es 452 (3-10)

+1

polarized * "unpolarized

[n the case of fully polarized light, DOP = 1, and Eqn (3-10) describes a sphere of unit radius.
If the light vector for completely polarized light propagating along the +z axis is expressed
in terms of a rectangular coordinate system, as in Eqn. (3-1), then the relationship between the

Stokes parameters and the electric field components can be expressed as:

So=AZ+ A5, (3-11a)
S| =A% - A3, (3-11b)

Sz=2AxAy cos A, (3-11¢)



where A=¢, —gx is the phase difference between the E-field components, and

-180° <A< +180°.

Through a three-dimensional normalized Stokes vector {s, s, s;}, the polanzation state
of any light wave can be uniquely represented by a point on the surface of a sphere on a
rectangular coordinate system, called the Poincare sphere [61], as shown in Figure 3-3. Linear
polarization states are located at the equatorial plane. Circular states are located at the poles,
with intermediate elliptical states continuously distributed between the equator and the poles. It
can be shown that orthogonal polarization states are located diametrically opposite one another

on the sphere.

Figure 3-3. The Poincare sphere representation of polarized light [61].

The Stokes parameters, s, ~ s;, can also be related to the complex electric field

components by [61]:
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so =lEL HE, (3-12a)

2 2
LB .
2 -
[E[* +[E,|
E.E, +E.E,
sy =_‘%+—‘2’ , (3-12¢)
|E.|* +|E,|
) i(E,E, -E E,) (3-12d)

IE,|2 +|E).|2

where £,, £, are complex quantities denoting the amplitude and phase of the x and y directed

components of the electric field.

3.3 Mueller Calculus

As with the Jones calculus, in the Mueller calculus, the interaction between a lightwave
signal and an optical device can also be represented by the multiplication of a vector and a
matnx. The difference is that the vector used to represent a lightwave signal is a four-element
Stokes vector and it represents intensities rather than electric field components. Accordingly, the

optical device is described by a four-by-four matrix.

The input light, represented by its Stokes vector S., interacts with an optical device,

represented by a four-by-four matrix, called the Mueller matrix M. The emerging light is

represented by its Stokes vector S our » given as:
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my mi2 m3 mg4
- m m m m -
= M-Sin = 21 22 23 24 -Sin, (3_13)
m3 m32 m33 m34
m41 ma2 ma3 ma4

where M is the Mueller matrix of the optical device.

For example, the Mueller matrix of a horizontal and vertical linear polarizer will take the

’ 1 1 0 o‘| 1 -1 0 0

formsof !{t ! 0 0land |-} ! 0 0! respectively.
2l0 0 o0 o 2| o 0o 0 o
o 0 o0 0 0 o 0 o

The PDL of an optical device can be calculated by determining the first row of the Mueller
matrix via measurements of the Stokes parameters at a set of polarization states, see Chapter 4

for details.

3.4 Principal States of Polarization

As we mentioned earlier, PMD originates from a phenomenon called birefringence. In
short fiber or some fiber-optic devices, the birefringence distribution does not dependent on the
position along the (fiber) length. Two orthogonal polarization modes exist and there is no
energy exchange between them, so no mode coupling. In long fibers, the birefringence
distribution is not uniform over the fiber length, but varies randomly from one point to another,
resulting in energy exchange between the two electric field components/modes, called random
or strong mode coupling, a phenomenon making PMD a function of wavelength and
environmental conditions.

At a given wavelength, singlemode fiber or a fiber-optic component has pairs of input and

output polarization states, or modes that represent the fastest and slowest propagation through
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the device. Monochromatic light launched with a fixed input polarization state will propagate
along the fiber/component and emerges with a different output polarization state. When the
wavelength/frequency changes, the output state of polarization will also vary.

The question arising is: how is one to define the DGD in this case?

In 1986, C. D. Poole and R. E. Wagner introduced the concept of Principal State of
Polarization (PSP), solving this problem [62]. The concept is based on the observation that for
any linear optical transmission medium that has no PDL, there exist orthogonal input states of
polarization (SOPs) for which the corresponding output SOPs are orthogonal and show no
dependence on wavelength to first order. These states are called PSPs. They can be obtained by
evaluating the eigenvectors of a system where the first-order dispersion is set to zero. In [62],
under the assumption of no PDL, a complex transfer matrix T(w) of a singlemode fiber or linear

optical transmission medium can be represented by:
T(w) = PP (0, (3-14)

where © is the optical frequency, B(w) is in general complex and U(w) is a unitary matrix,

taking the form:

2 2
. . } and |u1| +|u2| =1. (3-15)

A monochromatic optical field E., when transmitted by such fiber/fiber component,

produces an output field E.. given by:
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-E.oul =T(Q))Ein .

(3-16)
The complex electric field components Eiuow can be expressed in the form:
X i¢
Einour = :':,aul =€in.out® fmout éin,oul (3-17)
Ein,oul

where ¢, .., and ¢, ,, are the amplitude and phase of the fields and £, are complex unit

vectors specifying the states of polanzation.

.. . . d
Under the condition of fixed input state of polanzation and a zero £

oul

(no dispersion),

the eigenvalues of the principal states of polarization can be obtained by solving:

wlu-ixi;, =0, (3-18)

leading to the two solutions of eigenvalues:

k:r\ﬂ;|z+|u'2|2 . (3-19)

The corresponding eigenvectors are the principle states of polarization of the fiber or fiber-

optic component. These vectors form an orthogonal pair and represent two orthogonal input
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states whose corresponding output states are independent of frequency to first order. The

propagation delay (group delay) between the two modes is then given by:

Ar=2J|u{|2+|u:2|2 . (3-20)

The pair of orthogonal PSPs can be represented as a pair of diametrically opposite points
on the Poincare sphere. When the frequency/wavelength of an arbitrary polarized input electric
field varies, the point-end of Stokes vector corresponding to the output SOP will rotate on the
Poincare sphere about the PSPs. From the rate of the rotation, the PMD can be determined, see

Chapter 5 for details.
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Chapter 4

PDL Measurement Techniques

In this chapter, the wavelength dependency of PDL in three types of fiber gratings
commonly used in optical fiber communication systems is characterized. Chirped FBGs for
dispersion compensation, WDM grating filters for add/drop multiplexing, and long perod
gratings for EDFAs’ gain compensation are considered. Three measurement setups for
implementing the Jones matrix method, the Mueller matrix method, and the polanzation
scanning method, have been implemented, and are discussed, compared and analyzed. Different
calibration procedures were performed to account for the systems’ PDL and the strong
wavelength dependency of the setups. Typical measurement results and an uncertainty analysis

are presented.

4.1 Definition of PDL

PDL is defined as the maximum change in the power transmitted by an optical component or
device as the input state of polarization (SOP) is varied over all possible polarization states. The
PDL contribution of individual components, when combined, can cause large power fluctuations
in a system. This in tum may seriously affect the system’s overall performance. In general, the
total PDL of several concatenated components cannot be obtained by simply adding up the
individual PDLs. Rather, individual PDLs should add as phasors; thus the total PDL is usually
less than the sum of the individual PDLs. The sum of the individual PDLs, however, yields the
worst-case system PDL.

There are two categories of PDL measurement techniques: deterministic and non-

deterministic [63,64]. The deterministic techniques compute the PDL value from the device’s
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Jones or Mueller matrices, which are obtained via measurements of Stokes parameters for a set
of prescribed input polarization states [65-67]. The non-deterministic techniques determine the
PDL value by measuring the maximum polarization sensitivity of a device over all possible

input polarization states. The PDL is then computed from:

where Tmax and Tmn denote the maximum and minimum power reflection or transmission

through the device.

4.2 Theoretical Background

4.2.1 Polarization-Scanning Method

The polarization-scanning method (also called the power min/max method) is a non-
deterministic measurement technique [1.2,68]. A polarization controller and a fast power meter
are needed to determine the maximum and minimum changes in power transmission through the
device over a large number of input polarization states. The polarization controller used must be
able to convert a fixed input polarization state into all possible output polarization states,
including linear, circular, and elliptical states. PDL wavelength response measurements are
obtained by using a very stable tunable laser source. The power meter used must have low PDL.
The measurement set-up used for characterizing optical components in reflection is shown in
Figure 4-1. For measurements in transmission, the 3dB optical coupler is removed.

A power calibration procedure is required to remove the PDL contributions of the

polarization controller and other optical components in the set-up. Accounting for the system
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transmission variation, the wavelength dependent PDL of the device of test (DUT) is then

determined according to Equation (4-1) as:

PDL(4;) =10l BTG 10log] mi PTG 4-2
= o — o mi ———— -

where {4, },1=1, 2, ..., M, refer to wavelengths within the wavelength range of interest, { P, }, |
=1, 2, ..., N, refer to the transmission/reflection power at a set of polarization states 1 to N.
P! and P2Y"T denote the transmission/reflection power without the DUT (power calibration)

and with the DUT, respectively. More details regarding calibration issues are given in Section

43.1.

Polarization

Controller 3-dB Coupler

Tunable O D D D C

Laser

PlQ H

Computer Power meter Device Under
Test

Figure 4-1. PDL measurement setup for characterizing a device in reflection using the
polarization scanning method and the Mueller matrix method. The polanization controller
comprises a polarizer (P), followed by a quarter-wave plate (Q) and a haif-wave plate (H).

The complementary output port C of the coupler is terminated to avoid back reflection.
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The polarization scanning method can be time consuming even if an automated polarization
controller and a fast power meter are used. This is especially true for wavelength dependent PDL
measurements in broadband fiber optic components, since a large number of measurements must

be obtained at each wavelength of interest to ensure measurement accuracy.

4.2.2 Jones Matrix Method

The theoretical background for the Jones matrix method has been discussed in chapter 3 and
is also presented in [65]. The Jones matrix method measures the device’s polarization response
to three input states of polarization at a wavelength of interest. The PDL value of the DUT is

then derived from these responses.

The measurement setup used for characterizing optical components in reflection is shown in
Figure 4-2. For measurements in transmission, the 3dB optical coupler is removed. A
polarization analyzer, having a polarization adjuster and a real-time (>1000 samples/s)
polarimeter, is used to set three linear polarization states, measure the Stokes parameters for the
three states, calculate the Jones matrix and derive the PDL value. Wavelength dependent
measurements are accomplished by using a very stable tunable laser diode having a high
resolution.

We assume that the Jones vector X represents the input electric field. In transmission, the
fiber pigtails/cables interconnecting the DUT are represented by their Jones matrices B and F.
In reflection, B and F represent the backward and forward Jones matrices of the 3dB optical
coupler used shown in Figure 4-2, respectively. The DUT is represented by Jones matrix A.

The output field through the optical coupler and the DUT can then be expressed as BAFx. The
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Jones matrix of the coupler and DUT combined is J = BAF, which is obtained from the

measured Stokes parameters for three linear input polarization states at 0, 60, and 120 degrees.

3-dB Coupler

Tunable O Polarization C
Laser Analyzer

Device Under
Test

Figure 4-2. PDL measurement setup for characterizing a device in reflection using the Jones
matrix method. The complementary output port C of the coupler is terminated to avoid back

reflection.

The intensity of an input field x is proportional to the inner product <x, x> = x ’ x, where

x ' denotes the conjugate transpose of vector x; thus the intensity is constant and normalized.
The intensity of the output field is then proportional to the inner product <Jx, Jx>. Measuring
PDL involves finding the extrema of the inner product <Jx, Jx> over all input x. Since <Jx,
Jx> = <J"Jx, x>, the latter represents the field of values of a Hermitian matrix J™J, and
according to [69], the extrema of the field of values of a Hermitian matrix H are given by the
eigenvalues of H. Therefore the maximum and minimum reflected powers can be represented
as 4, (JJ)=S2(J) withi=l, 2, where 1, and 4, are the eigenvalues of J*J, and S, (J) are the

singular values of matrix J. Thus:

T *r 2 2
pDL meas = IOIOg—mﬁ =10 log ._;l(_‘!._ﬂ = 10lo & = ‘Olog S_im (4_3)
| Tmin Ay (3710 ) SZ(BAF)



where J™ denotes the complex conjugate transpose of matrix J, and PDL ., denotes the
measured PDL of DUT combined with the coupler.

In the case of the polarization-insensitive pigtails/cables used for the interconnection of the
DUT in transmission, their Jones matrices B and F are unitary [65]. According to [69], the
singular values of a square matrix are invariant under a unitary transformation. Then Equation

(4-3) becomes:

PDL,,, = 1onog(§§_(l‘ﬂJ = mm%ﬂ} = 1oxog(ﬁ'3‘,,—“’] =PDL ,; (4-4)
sy (BAF) ST (A) A (ATA)

where PDL ,,; denotes the PDL of the DUT. It can be seen from Equation (4-4) that the single-
mode fibers/components interconnecting the DUT will not impair the measurement accuracy as
long as they are polarization independent. This technique can then be used to charactenze
passive optical components even if the absolute phase delay in the fiber connections attached to

the test device is drifting during the measurement.

The Jones matrix method is very fast; only two to three seconds are required for a PDL
measurement at one wavelength. To remove the PDL contribution of the setup, a reference
frame/power calibration procedure is needed. For a device used in reflection, the optical coupler
may introduce measurement errors due to the slight polarization dependence of the coupler and
the power fluctuation introduced by interference effects. More details regarding calibration

issues are given in Section 4.3.1.
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4.2.3 Mueller Matrix Method
The Mueller matrix method is based on exciting the DUT with four input polarization states
(linear horizontal, linear vertical, linear at +45 degrees and circular) and measuring the optical

power transmission at these four states only [66,67]. The incident polarized light, characterized

by the Stokes vector §‘.,,, interacts with the optical component, which is represented by a 4x4

Mueller matrix M. The emerging light, characterized by the Stokes vector S, can then be

expressed as:

m,, m,, m,; m |l S,
S =M -S =|Mu Mp My My S, (4-5)
out " m n m m S
1 32 33 34 2
my mgy mgo om | Sy,

where §,,S,,S,,and S, are defined in Eqns. (3-8a) to (3-8d).
Only the matrix elements of the first row of the Mueller matrix, m,,, m,,, m;; and m,, are

used for PDL calculation because S, represents the total output power:

S, =M 150, +M2Stn +M3S3 +mySy . (4-0)

These four elements can be determined, at each wavelength, by measuring the optical power
at the input of the DUT (power calibration) and the corresponding optical powers at the output
of the DUT for the four polarization states at 0, +45, 90 degrees linear and circular. Then they

can be calculated as:



bDuT our
m(4,)= l(Plt:'al (4) + cha (li)) (4-7a)
2LR(4)  AT(A)
our our
ml.(l,)=l Rcal (li)_PZCd ('1:) (4_‘7b)
i 204 AR
PP (4)
mu(l‘.) = ?ZE.;}-'_(},‘__) - m”(li) (4-7C)
PP
ms(4;) = W‘mn('{i) (4-7d)
where {4, },1=1, 2, ..., M, refer to wavelengths within the wavelength range of interest and

{PS™ P2}, j =1, 2,3, 4, denote the optical power without the DUT and with the DUT,

respectively, at the four polarization states. This power calibration reduces the PDL
contribution from the setup.

The maximum and minimum power transmission are calculated as:

T (A) =m (A) +fmi(A) + mE(4,) + mi(4,) (4-8)

T nn ( ;" ) =m“(/1‘.)— Jmlzz('l:)*-mlz}(;i’u ) + mlz-t('l:) (4'9)

and the PDL of the DUT at each wavelength ( 4, ) is obtained from Equation (4-1).
The measurement setup for the Mueller matrix method for characterizing optical components
in reflection is shown in Figure 4-1 <p48>. For measurements in transmission, the 3-dB optical

coupler is removed. The key instrument in this setup is the polarization controller, which is

w
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comprised of a polarizer, a quarter-wave plate and a half-wave plate. The quarter and half-wave
plates are used to synthesize the four polarization states, while the polarizer is used to ensure
that the input signal is polarized along a fixed orientation. Before the measurements can begin,
the polarizer should be aligned with the incident polarized signal to achieve maximum
transmission through the polarization controller. Wavelength dependent measurements are
obtained using a very stable tunable laser diode having a high resolution.

Similar to the Jones matrix method, the Mueller matrix method is also fast, requiring only a
few seconds per power measurement at the wavelength of interest. For more details on

calibration procedures refer to Section 4.3.1.

4.3 Experimental Results and Discussion

As described in the previous section, we have implemented the polarization-scanning
method. the Jones matrix method, and the Mueller matrix method to measure the wavelength
dependent PDL of passive optical components used in reflection or transmission as shown in
Figures 4-1 and 4-2. A stable wavelength tunable laser diode TUNICS-PRI from Photonetics, a
JDSfitel polarization controller, a HP8509B polarization analyzer, and a HP8153 Lightwave
multimeter with HP81533B Optical Head were used for the measurements. Optical connectors
were used to connect the DUT to the set-up. The polarization controller yields an output signal
that has the desired polarization with a high degree of polanzation.

The fiber cables/pigtails and fiber-optic components in the setups must not be moved
during the measurements to avoid changes in the polarization state passing through these
components. The wavelength was scanned over the wavelength range of interest using an

appropriate step, which depends on the bandwidth of the device. Narrowband, single-channel
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fiber Bragg gratings for dispersion compensation and WDM grating filters for wavelength
add/drop multiplexing have been characterized using a wavelength step of 0.01 nm, while
broadband devices such as long pericd gratings for gain flattening of EDFAs have been

characterized using a 0.2 nm step size.

4.3.1 Calibration Issues
Different calibration procedures are necessary to account for the system PDL and these
depend on the measurement technique we used and on whether we are measuring narrowband or

broadband components.

4.3.1.1 Power Calibration

For measurements using the polarization-scanning method, a power calibration procedure is
required to remove the PDL contributions of the polarization controller and other optical
components in the set-up. We calibrate the set-up for a large number of input polarization states
by measuring the transmission variation through the whole system without the DUT versus
polarization at each wavelength of interest. We then measure the transmission variation through
the whole system with the DUT for the same polarization states at the same wavelengths. A
polarization analyzer was used to monitor the input polarization states to ensure a quasi-random
rotation pattern to uniformly cover the whole Poincaré sphere after a certain scanning time.
Subtracting the system transmission variation, we can obtain the wavelength dependent PDL of
DUT using Equation (4-2).

For the Jones matrix method, a power calibration is needed to account for the polarization

sensitivity of the polarization analyzer. This can be accomplished by applying the internal
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calibration procedure that is provided with the HP§509B polarization analyzer. First, the system
transmission variation is measured with a short polarization insensitive fiber cable and a three-
point reference frame is applied at each wavelength of interest. This is followed by the power
transmission measurements with the DUT at the same wavelengths.

For measurements using the Mueller matrix method, a two-step procedure consisting of a
power calibration followed by a power measurement is performed to obtain the PDL value of
the DUT. First, the optical power is measured without the DUT at the four polarization states to
account for the power variations caused by the polarization controller (the wave plates) from
one polarization state to another. Next, the optical power is measured with the DUT for the same
polarization states. The polarization analyzer was used to display the input polarization states to
the DUT to ensure that the four required polarization states were accordingly set by adjusting
the quarter and half-wave plates of the polarization controller. The PDL of the DUT at each
wavelength is then be calculated using Equations (4-8), (4-9) and (4-1).

Power calibration should be undertaken before a series of measurements. With just one

calibration several devices can be measured one by one.

4.3.1.2 Wavelength Dependent Calibration

Due to the strong wavelength dependence of the polarization components in the
instrumentation, a wavelength dependent calibration must be performed over the bandwidth of
interest. The interval of wavelength calibration, typically a few nanometers, depends on the
accuracy required.

In the case of narrowband devices, such as single-channel dispersion compensation gratings

or WDM grating filters (3-dB bandwidth of about 0.8 nm), the wavelength dependence of the
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system components can be ignored. In the case of broadband devices, such as long period
gratings (bandwidth of about 30 nm), however, the strong wavelength dependence of the system
components must be compensated.

For measurements of broadband fiber devices using the Jones matrix method, a wavelength
dependent calibration was performed to reduce the wavelength dependence in the internal
reference frame of the HP8509B polarization analyzer. In order to acquire an accuracy of 0.02
dB or 0.03 dB in the reference frame, the calibration should be carried out at an interval of 3 or
5 nanometers, respectively. A three-point reference frame is taken at the central wavelength of
one calibration interval, then the DUT is measured over this interval with the chosen wavelength
step. This calibration-measurement procedure is repeated within the wavelength range of
interest.

For measurements using the Mueller matrix method, a wavelength-dependent calibration
was performed to account for the wavelength dependence in the wave plates of the polarization
controller. A wavelength-dependent setting of the half and quarter wave plates in the
polarization controller should be undertaken every 3 to 5 nanometers. Before measurements, the
angles of the polarizer (P), the quarter wave plate (Q) and half wave plate (H) corresponding to
the four required polarization states have to be re-adjusted at an interval of 3 to S nm. A table
with these angular settings is then filled out. The required polarization states are monitored by
the HP polarization analyzer, and in each measurement, the computer looks up the table and
asks the polarization controller to set its polarizer and waveplates accordingly.

The wavelength dependent calibration should be carried out each time before any

measurements are taken.
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4.3.1.3 Measurements In Reflection

To measure a device used in reflection, such as dispersion compensation gratings and WDM
grating filters, an auxiliary optical component, a 3-dB coupler or a circulator, must be added to
the measurement setup, which increases the uncertainty of the measurements. The calibrations
in reflection for the Mueller matrix method and polarization-scanning method are performed
using an optical coupler and/or a gold-coated mirror, as shown in Figure 4-3.

There are two calibration schemes for measurements in reflection. In Scheme 1, the
experimental setup is calibrated at port D. The DUT is then connected to port D, and the
reflected power measured at port C. Here, the measured PDL is the PDL of the DUT combined
with coupler (D — C). In Scheme 2, the experimental setups are calibrated at Port C with a
gold-coated mirror connected to port D. In this case, the PDL of the gold-coated mirror is
introduced into the measurement results. Since the 3-dB coupler and the gold-coated mirror used
have PDLs below 0.02 dB, the difference between the two schemes is very small, within an

accuracy of 0.02 to 0.03 dB.

n 3-dB Coupler in 3-dB Coupler

4>>-< PA PA
PM PM

C

(a) (b)

Figure 4-3. Calibrations in reflection with a 3-dB optical coupler and/or a gold-coated mirror

for the Mueller matrix method and polarization-scanning method. (a) Scheme 1: calibration at
port D of the coupler. The complementary output port C of the coupler is terminated to avoid
back reflection. (b) Scheme 2: calibration at port C with a gold-coated mirror connected at port

D of the coupler. PA: polarization analyzer. PM: power meter. GM: gold-coated mirror.



For the Jones matrix method in reflection, the calibration schemes are similar except that the

power meter is replaced by the polarization analyzer.

4.3.2 Measurement Results

The wavelength dependence of the system PDL for our three experimental setups when used
in transmission over a broad bandwidth is shown in Figure 4-4. Only the transmission mode is
measured because the gratings used in reflection are narrowband. The wavelength-dependent
calibration procedure was repeated every 3 nm over a bandwidth of about 30 nm to obtain an
accuracy of 0.02 dB in the reference frame. It can be seen from this figure that the system PDL
in these setups for the Jones matrix method and the Mueller matrix method are relatively low,
about 0.017 dB and about 0.025 dB on average, respectively. For the polanzation-scanning
method, the system PDL of our setup is much higher, about 0.12 dB, due to the insertion loss

variation with rotation of the polarization controller used.
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Figure 4-4. Measurement results for our setups. The wavelength dependent PDL is measured
using the Jones matrix method (JM), the Mueller matrix method (MM), and the polarization

scanning method (PS).

The wavelength dependent PDL of z chirped fiber Bragg grating, used in reflection as a
dispersion compensator, and a grating filter, used in reflection for WDM add/drop multiplexing,
have been measured using these setups. The results are shown in Figures 4-5 and 4-6
respectively. The measured reflection responses are also shown for reference. It can be seen
that the measured PDL is very high outside the 3-dB reflection bandwidth due to the lower
power level and the large ripples in the reflection response. The typical PDL values within the
3-dB bandwidth of the dispersion compensation gratings are low, varying from 0.01dB to
0.14dB. That is why only the Jones matrix and Mueller matrix methods were used for
characterizing the grating. Due to the high system PDL, the experimental setup for the

polarization-scanning method could not be used (see Figure 4-4).

60



o

]
- -
= R %'12 !§
A R B,

= l
2 T s 2
XX = t,'
& 30 @2
x| 35 O
P o

. .40

1558.4 1558.55 1558.7 1558.85 1559

Wavelength [nm])

Figure 4-5. Measurement results for a dispersion compensation grating. The wavelength
dependant PDL is measured using the Jones matrix method (JM) and the Mueller matrix method

(MM). The system PDL (JM, ref) and the reflection response are shown for reference.
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Figure 4-6. Measurement results for a WDM grating filter. The wavelength dependent PDL is
measured using the Jones matrix method (JM), the Mueiler matrix method (MM) and the

polarization scanning method (PS). The reflection response is shown for reference.
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The typical PDL values of the WDM grating filter are higher within its 3-dB bandwidth,
varying from 0.15 to 0.25dB. Peaks in measured PDL appear slightly shifted on the wavelength
scale due to the tuning repeatability of the laser source, which is +0.005 nm. The 3-dB
bandwidths of the dispersion compensation grating and the WDM grating are small, about 0.6
nm and 0.8 nm respectively, and in this case the wavelength dependence of the setup is
negligible. The wavelength calibration of the setups in reflection for the Jones matrix and the
Mueller matrix methods were performed at the center wavelength only according to Figure 4-3
(a) Scheme 1.

The wavelength dependent PDL of a long period grating used in transmission for EDFA
gain flattening has been obtained using the three setups shown in Figures 4-1 and 4-2. In this
case the 3-dB fiber optic coupler was removed and the device connected directly either to the
polanzation controller and power meter, or to the optical input and output ports of the
polanization analyzer. Figure 4-7 shows the measured wavelength dependent PDL and
transmission response for the long period grating. As observed from Figure 4-7, this grating has
a smooth spectral response. The measurements were performed using a wavelength step of 0.2
nm and no ripples were observed. A slight shift in the minimum PDL compared to that in the
transmission response can be observed due to the tuning repeatability of the laser source, which
is £0.005 nm. For the measured long period gratings with a 3-dB bandwidth of about 30 nm, the
calibration procedure was repeated every S nm, yielding an accuracy of #0.03 dB in the

reference frame.
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Figure 4-7. Measurement results for a long period grating. The wavelength dependant PDL is
measured using the Jones matrix (JM) method, the Mueller matrix (MM) method and the

polarization scanning method (PS). The transmission response is shown for reference.

The range of PDL values generated by the three components characterized in this study is
large and as seen from Figures 4-5, 4-6 and 4-7, the dynamic ranges associated with these
experimental setups are also quite large. Good agreement between measurements obtained using

the different techniques is also found.

4.4 Uncertainty Analysis

Power fluctuations in the setups due to fluctuations in the output power of the laser and the
rotation of the polarization plates in the polarization controller during measurements are the
major sources of PDL errors and must be taken into account. Thermal instabilities may also

affect the accuracy of the measured PDL and increase the uncertainty in the measurement
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results. At least one hour of warm-up time is needed for most instruments to achieve thermal
stabilization. Fiber cables and fiber-optic components in the measurement setups must not be
moved during a measurement to ensure that the polarization transfer function of the components
remains unchanged. Usually a few minutes waiting time is sufficient for the fiber components to
stabilize after they are disturbed. Connector pairs cause reflections at the connector interface and
increase the uncertainty in the measured PDL. Proper care of the connectors and fusion spliced
connections can reduce the PDL uncertainty. To measure a device used in reflection, another
optical component, a 3-dB coupler or a circulator must be added to the measurement setup,
which increases the uncertainty of the measurements. The individual elements in a PDL
measurement setup randomly contribute to the measurement uncertainty. The total PDL
uncertainty is the root sum squared of the individual PDL uncertainties in the setup. In the worst
scenario, the total PDL uncertainty is the sum of the systematic uncertainties and the

measurement uncertainties.

4.4.1 Polarization-Scanning Method

The major sources of uncertainty in the polarization scanning method originate from the
finite scanning time for the polarization controller and the systematic uncertainty. The main
contributors to the systematic uncertainty include the PDL and linearity of the power meter,
fluctuations in the laser’s output power and power fluctuations due to the polarization controller
when scanned in a quasi-random rotation pattern.

The individual uncertainties in our setup are: <0.01 dB laser output power stability over one
hour, 0.1 dB insertion loss vanation with rotation for the polarization controller, 0.005 dB power

sensor PDL, 0.04 dB power sensor linearity, 0.02 dB connector pair PDL, and 0.02 dB optical
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coupler (used in reflection) PDL. The total system uncertainty is the root sum squared of the
individual uncertainties and is 0.11 dB when a connector pair is used or 0.108 dB if connections
are fusion spliced in transmission. In reflection, the 0.02 dB PDL of the optical coupler has to be
added. In the worst case, the total system uncertainty is the sum of the individual uncertainties
and is 0.175 dB when a connector pair is used or 0.155 dB if connections are fusion spliced in
transmission. The PDL of an optical component cannot be measured if the component has a
PDL value less than the relevant worst-case uncertainty.

Ideally, the polarization-scanning method should be performed over all possible polarization
states. In practice, this cannot be the case and an error is introduced due to the finite set of
polarization states generated. To obtain an accurate PDL measurement, a certain scanning time

is needed, which is related to the maximum allowable longitudinal angular step & and

latitudinal angular step y on the Poincaré sphere, as shown in Figure 4-8.

Y
A

O (longitude)

X 71 as

(latitude)

Figure 4-8. Poincaré Sphere of polarization states and angular steps.

The longitudinal angular step 6 determines the number of measurement samples M to be

taken for one circle on the Poincaré sphere: § = 2n/M. The number of measurement circles N is
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related to the latitudinal angular step y via: Yy = n/N. Assuming that the whole sphere is

discretized in steps of & and y, the measurement uncertainty € is then given by:

£ = = (4-10)

where ASand § denote the surface of uncovered area between two steps and the surface of

sphere
the Poincaré sphere respectively. The corresponding total scanning time T, required to cover

the whole surface of the Poincaré sphere is given by:

AL
Tlolal =NMAt = — (4‘1 l)
2¢

where At is the time required to obtain one measurement. If we choose 8=y, then from Equations
(4-10) and (4-11) we see that the measurement uncertainty is proportional to the square of the
angular step on the Poincaré sphere and inversely proportional to the total scanning time. The
larger the angular step, the larger the measurement uncertainty and the shorter the scanning
time.

For instance, to achieve a 0.5% measurement uncertainty, an angular step of 14.4 degrees is
allowed. For a power meter averaging time of A¢ =20 ms, 6.3 seconds total scanning time is

needed for one PDL measurement.
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The minimum angular steps Jminand y.,are given by the product of the polarization

controller’s angular velocity of rotation v and the averaging time of the power meter N : 5, =

Vo = v Ar. The minimum measurement uncertainty is then given by:

2
= 5min Y min - (VA’)
mn 4r 4r

(4-12)

In our measurement setup, v = 36 deg/s for the polarization controller and A: = 20 ms for

the power meter which yields &,,, = 0.72 degrees. The corresponding minimum measurement

in

uncertainty is 0.008%. To achieve this level of uncertainty, 6.5 minutes total scanning time is

needed for one PDL measurement at one wavelength.

4.4.2 Mueller Matrix Method

The major sources of uncertainty in the Mueller matrix method originate from the system
uncertainty and the angular accuracy of the polarization controller and polarization analyzer.
The main contributors to the system uncertainty include the power meter’s PDL (0.005 dB),
fluctuations in the laser’s output power (0.01 dB over one hour) and power fluctuations in the
light passing through the polarization controller. In addition, the larger of the angular
uncertainty of the polarization controller or the angular uncertainty of the polarization analyzer
must be taken into account. Here the polarization analyzer was used to monitor the input
polarization states to the DUT as described in Section 4.3.1. The angular uncertainty is 0.25

degrees for the polarization controller and 1 degrees for the polanzation analyzer.

67



Outputof  Passing through the Polarizer
X Laser of the Pol. Controller

y z P, a0
P, =P, cos’(A8)

oul

Figure 4-9. Power fluctuations induced by the angular uncertainties.

As shown in Figure 4-9, the output power of the polarization controller is related to the

incident power and the angle A6 via:

P

o = Py c08% (A6) (4-13)

m
where A8 (20) denotes the angle between the axes of the input and output of the polarizer in the
polarization controller or the minimum angle step of the polarization analyzer, whichever is
larger, and P,and P, denote the input and output powers into and out of the polarizer
respectively. Taking variations in Equation (4-13):

oP,

out

= 8P, cos *(A0Q) + P,,2cos( AG){~sin(A0)}SA0 (4-14)

where 8A6 denotes the angle uncertainty in axis alignment between input and output light

passing through the polarization controller.
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The relative error in the output power is then obtained by dividing Eq. (4-14) by

(4-195)

The axes should be aligned to give maximum throughput. Since A8 and 5A6 are very small,

we can assume that AG ~ 8A0. Then Equation (4-15) can be approximated as:

(4-15)

In our case, AB = A8 = 1 degree, which yields = 0.137% in output power fluctuation or a

0.012 dB PDL uncertainty.

The total system uncertainty is the root sum squared of the individual uncertainties
mentioned above, and is 0.026 dB with a connector pair or 0.016 dB when connections are
fusion spliced in transmission, 0.036 dB with a connector pair or 0.03 dB when connections are
fusion spliced in reflection. In the worst case, the total system uncertainty is the sum of the
individual uncertainties, and is 0.047 dB with a connector pair or 0.027 dB when connections
are fusion spliced in transmission, and 0.67 dB with a connector pair or 0.47 dB when

connections are fusion spliced in reflection.
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4.4.3 Jones Matrix Method

The major sources of error in the Jones matrix method originate from the power drift of the
laser source and the internal PDL of the polarization analyzer. The PDL of the polarization
analyzer and the system can be reduced by applying power and wavelength calibrations.

The individual uncertainties in the setup shown in Figure 4-2 include a 0.01 dB laser source
stability over one hour, a 0.1 dB polarization dependence of the polarization analyzer, a 0.02 dB
connector pair PDL, and a 0.02 dB optical coupler PDL when the set-ups used in reflection. The
total system uncertainty is the root sum squared of the individual uncertainties mentioned above,
which 1s 0.102 dB with a connector pair and 0.1 dB when connections are fusion spliced in
transmission, and 0.104 dB with a connector pair and 0.1 dB when connections are fusion
spliced in reflection. This is the minimum PDL for this specific measurement setup. With a
three-point reference frame, the internal PDL of the polarization analyzer is reduced to
0.02~0.03 dB.

For a measurement in reflection, another system error comes from the method assumption
that fiber cables and pigtails used for interconnection have no PDL, and thereby their Jones
matrices are unitary. In reflection, a fiber-optic coupler with small PDL (in both directions) is

used. The measured PDL is the combined PDL of DUT and the coupler. The small PDL of the
3-dB optical coupler used in reflection makes B and F non-unitary, which means, PDL _ =

PDL ,.r. Here B and F represent the Jones matrices of the 3-dB optical coupler, in the forward
and backward directions respectively, as defined in Section II A. In order to evaluate the PDL
of the DUT, the Jones matrices, J, B and F, need to be obtained by measuring the Stokes

parameters at three linear input polarization states. Then, the Jones matrix of the DUT are
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calculated using A = B~'JF ', where -1 denotes the inverse of a matrix. We can then compute

the eigenvalues of A™ A and determine PDL ,,; according to Equation (4-4):

PDL ,,, = lOlog{

o 1" yorpy~1" -1 1
MJ - 1010{"’2(F JB B JF_)}, (4-16)

4(ATA) AFEIBTBIFY)

The measurement error and the contribution of other components can be evaluated by

making a large number of measurements of J, B and F at each wavelength, and calculating the
corresponding PDL ., and PDL ,,.. Then the mean variation of the measurement can be

obtained by comparison of PDL ... and PDL , ;. This will be the scope of a future work.
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Chapter §

PMD Measurement Techniques

In this chapter, the wavelength dependency of PMD in fiber gratings and the mean PMD in
optical fiber and devices, such as circulators are characterized. Five measurement techniques are
introduced and two of them, the measurement setups for the Jones matrix eigenanalysis method
and the interferometric method, are implemented, and are discussed, compared and analyzed.

Typical measurement results and an uncertainty analysis are presented.

5.1 Definitions of PMD

Definition |:
The dual-mode nature of singlemode fiber and fiber-optic components gives rise to first
order PMD. According to the first definition, PMD is the time of flight or the mean square

deviation of the time of flight of the two polarization modes.

PMD, =At=2(<t’ >—<t>*)"? =2 1) - QL , (5-1)
f1(t)dr f1(t)ar

where I (t) denotes the time-dependent intensity at the output of the fiber when a short pulse is
launched into the fiber. For polarization-maintaining fibers (PMFs) and many fiber-optic
components, [ (t) has two peaks and Ar is the delay between these peaks. In the case of strong
polarization mode coupling, I (t) has a quasi-Gaussian shape, Ar is its full-width-at-half-

maximum (FWHM), as shown in Figure 5-1, (refer to Section 5.2.1.1 for details) and can be
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expressed in terms of fiber length L, mean coupling length /., and the average modal

birefringence B:

2,2

B~ -
(A7) = T"(2L/1c _14e 2y (5-2)
weak mode coupling strong mode coupling
sfow fast
| > , >
4 AT t

Ar

Figure 5-1. [llustration of the PMD in the case of weak and strong mode coupling.

Definition 2:

For fibers used in communication links, the coherence time of the laser source is usually
larger than the polarnization mode delay defined in definition 1. The output polarization modes
will thus interfere. It can be shown that the interference pattern produces two output pulses, both
are orthogonally polarized and their polarization states are called the PSPs [62, 70] (refer to
Section 3.4 for details on PSP). PMD is then defined as the DGD between these PSPs or the
mean DGD over a large wavelength range of interest.

The DGD 1s wavelength dependent. When the input wavelength/frequency changes, the
output polarization rotates about the PSP axis. According to the second definition of PMD, the

rate of the rotation is a measure of the DGD, given by:

f‘:f T(w)dw
PMD, =<<1(®)>>,= ———, or (5-3a)
W, -,
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PMD, = Ar(w)= 28 (5-3b)
Aw

where Af is the rotation about the PSP axis in radians, and Aw=w, -, is the optical
frequency change.
The relation between the two definitions has been investigated [71,72]). The DGDs

between the PSPs, r(w), are related to the first definition as follows:

I (w),dw .

2 1

For fibers with no/weak mode coupling or with a length less than the coherence length,
(L<<l!,), the DGD, A7 increases linearly with the fiber length. The PMD coefficient is then
expressed as the DGD per unit length

Ar  <<t(w)>>

PMDL«I, = T ———'L'—m (pS m" ) (5-5)
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For long-length fibers (L>>/_) with strong mode coupling, the statistical distribution of the

delay has a Maxwellian distribution [73,74]. The delay Ar increases with the square root of
fiber length, and the PMD coefficient is expressed as the DGD per unit square-root length:

AT << (@) >>,

VL JL

(ps km™""*). (5-6)

Fiber length in the transition region L ~ /, may require analysis methods beyond the scope
of those prescribed here.

The DGD Ar can be averaged over wavelength, time, or temperature, yielding < A7 >,

<At >,,0or < At >, respectively. For most purposes, it is not necessary to distinguish between

these various options for obtaining Az . In a system with several individual sources of PMD, the
total PMD is a statistical phenomenon that can be estimated as the root-sum-square of the
individual PMD elements.

Corresponding to the two PMD definitions, there are two categories of PMD measurement
techniques: time-domain measurements and frequency (spectral) domain measurements. The
first standard PMD definition, i.e., the time of flight or the mean square deviation of time of
flight derived from the time domain principle, is used with the interferometric method [75-78],
and optical pulse method [79]. The second definition, i.e., the DGD between the PSPs, or the
mean DGD derived from the frequency domain, is used with the extrema-counting wavelength
scanning method (also called the fixed analyzer) [80-82], the Jones matrix eigenanalysis method
[70.83.84], the Poincare sphere method [85,86], the SOP method (80], the transfer function

matrix method [87], and the modulation phase-shift method [88,89].
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5.2 Theoretical Background and Experimental Setups

5.2.1 Time-Domain PMD Measurements
5.2.1.1 Interferometric Method

The interferometric method is based on the measurement of the electric-field
autocorrelation of two signals derived from the same wideband source. It directly measures the
time delay using a Michelson interferometer. The interferometer splits the incoming light into
two arms and recombines them at the output. The recombined output intensity is measured when
one of the arms is scanned with the other fixed. The scanning arm produces a differential spatial
length between the two arms, resulting in a time delay.

For a Michelson interferometer without DUT, shown in Figure 5-2, the interference occurs
only when the difference in the lengths of the two arms is less than the coherence length of the
source. An autocorrelation peak appears when the lengths of the two arms are equal. The
amplitude of the photocurrent envelope is displayed as a function of the time delay introduced
by the moving mirror. The width of the response is inversely proportional to the source spectral
width. Therefore a broadband source is needed to shorten the coherence length and sharpen

autocorrelation peak.

]
i |
Broadband '
Source
Detector

Figure 5-2. Michelson Interferometer.
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When a DUT in a weak mode-coupling regime is connected, as shown in Figure S-3, the
input polarized light is split into two polarization modes propagating along the PSP axes. At the
output of the DUT these states recombine with a differential delay between them caused by the
PMD of the DUT. This signal is then split into two arms, and both are reflected by the mirrors
and recombined. When one mirror is scanned, the output response of the interferometer will
have three peaks, a central peak corresponding the autocorrelation peak, two side peaks with the
distance between them corresponding to the time delay due to the PMD of the DUT. When a
broadband source, such as light-emitting diode (LED) is used, the PMD of the DUT, Az, is

simply determined by the spatial length 2 AL between the two side peaks:

AT =~— (5-7)

By inserting a quarter-wave plate in one arm, as shown in Figure 5-3, the incoming and
outgoing light signal from the quarter-wave plate will have 180 degrees phase difference. In the
interferometer, the two signals that are 180 degree out of phase interfere with each other and the
central peak is cancelled. This increases the resolution of the interferometer and lowers the

minimum PMD one can measure.
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Figure 5-3. Experimental setup for PMD measurement: Interferometric method.

For fibers in the strong polarization mode-coupling regime, fibers with PMD much greater
than the coherence time of the source, the envelope of the interferometric response has a nearly

Gaussian shape. One can fit a Gaussian curve onto the interferometric response pulse, given by

2
fix)= M%exp{-——“(x 5) '“2}, (5-8)

T a2

where b is the center of the fit and the mean DGD is then determined by parameter a, the full-
width-at-half-maximum (FWHM) of the fit.

The interferometric method directly provides the measurement of the polarization mode
delay. It is not very sensitive to movement and variations during the measurement and has a
large dynamic range (see Section 5.4 in this chapter for details). However, it does not provide

information about the PSPs.
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5.2.1.2 Optical Pulse Method
Another time-domain PMD measurement method is the optical pulse method. The
experimental setup for the optical pulse method is shown in Figure 5-4. An ultra-short-pulse
source and high-speed detector are required. The measurement accuracy depends on the optical
pulse width. Since the principal states are measured sequentially, the instrumentation must be
extremely stable.
The incident short pulse with respect to the PSP axes of the DUT is launched into the DUT.
The output optical pulse is split into two pulses (fast and slow polarization modes). The
difference in amival time of the two pulses emerging with the corresponding output PSPs is

measured, which is equivalent to the average PMD value.

Opucal Sampling

Pulsed DFB-LD Polanzation Controller Osciloscope
DUT
‘ P Q H
Delay Unit

Figure 5-4. Experimental setup for PMD measurement: the optical pulse method.

5.2.2 Frequency-Domain PMD Measurements

Most frequency domain methods, such as the Jones matrix eigenanalysis, the wavelength-

scanning, the Poincare arc, and SOP methods derive information from the change in output
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polarization state of the DUT as wavelength is changed, and the DGD is calculated from Eqn.

(5-3b).

5.2.2.1 Jones Matrix Eigen-Analysis Method

The Jones matrix eigenanalysis method directly obtains the DGD, Az, between the PSPs
as a function of wavelength. The method is based on the measurement of the
transmission/reflection matrix (Jones matrix) of DUT at a set of equally spaced wavelengths
over the wavelength range of interest [70,84].

As mentioned in Chapter 2, the transmission/reflection properties of a two-port optical fiber
or fiber-optic component can be characterized by its Jones matrix, which relates the input and
output Jones vectors. The Jones matrix can be obtained by measuring polarization responses to
three input polarization states at a specific wavelength, as shown in Figure 3-2. This process can
be repeated over all wavelengths of interest.

According to [62,70], by approximating the derivative of a Jones matrix with respect to

frequency and measuring the Jones matrices at two closely spaced optical

wavelengths<Defintion II, p74>, T(w), T(w + Aw), the eigen-equation (3-18) becomes:

[T(w + Aw)T (@) = (1 +it,Aw)[]§ =0 (5-9)

where r, denotes group delay and y is the output Jones vector of the output signal.

The DGD between the PSPs is then determined by differential time delay caused by the

phase difference between eigenvalues, given by:
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Arg(p, ! py) (5-10)

Ar = lrg.l = r:.2! = Ao »

where 7,,,7,, denote the group delays for the PSPs, Aw is the optical frequency change

corresponding to the wavelength step, p,,p, are the eigenvalues of the product of

T(w + Aw)T ' (w), and Arg denotes the argument function, i.e. Arg(as’®)=6. Here
eigenvectors corresponding to the eigenvalues locate the principal states. For long fiber with
strong mode coupling, the mean DGD value can be obtained by averaging over wavelength.

In order to assure the unambiguous determination of the polarization change produced by
the wavelength step, i.e., the rotation of the output polarization state about the principal state
axis on the Poincare sphere must not exceed m (180 degrees), one requires that A@ < n. The

wavelength step A4 is then bounded by:

ATAL < Z— (5-11)
2c

and at A=1550 nm: AtAA < 4.0 ps nm. The wavelength step is also lower-bounded by the
accuracy requirements of measurement, see Section 5.4.2 for details.

The measurement setup used for charactenzing optical components in reflection is the
same as shown in Figure 4-2. For measurements in transmission, the 3-dB optical coupler is
removed. A polanzation analyzer, having a polarization adjuster and a real-time (> 1000
samples/s) polarimeter is used to set three linear input polarization states, measure the Stokes

parameters for the three states, calculate the Jones matrices at two adjacent wavelengths and
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derive the DGD, i.e., the PMD value. Wavelength-dependent measurements are accomplished
by using a very stable tunable laser diode having a high resolution.

The Jones matrix eigenanalysis method is very fast, two to three seconds for one
measurement of the Jones matrix at one wavelength, and five to six second for one DGD result.
However, the wavelength step for the measurements must be chosen very carefully. For details,

refer to section 5.5 of this chapter.

The wavelength-scanning method, also called the fixed analyzer method, determines PMD
from the measurements of output polarization states as a function of wavelength.

[t is based on the same idea as the JME method, i.e., over an incremental wavelength
change, the rate of rotation around the PSPs as wavelength is changed is a measure of the DGD.
It determines the rate of rotation from the number of peaks and valleys in the transmission

through a polarizer over a relatively large wavelength range.

(@)

Tunable ! E ! (Ei j}g .
Polarimeter

Laser

Polanzer DUT

Broadband (K §§>
() Z Z OSA

Source

Polarizer DUT Analyzer

Figure 5-5. Experimental setup for the wavelength-scanning method.
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The experimental setup is shown in Figure 5-5 (a). With a polarizer, only that portion of
the input signal that is linearly polarized and aligned with the axis of the polarizer can pass
through. A polarimeter can be used to measure the normalized Stokes parameters. The mean

DGD is then determined by extrema counting from [80]:

kNel}ldﬂlNO
<AT>;= . (5-12)
2(/1“0‘, —’l.\'larl)c

and A are the

where N is the number of transmission extrema (peaks and valleys), 4__, crop
endpoints of the wavelength scan, c is the speed of light, and k is the mode-coupling factor that
accounts for the effects of the wavelength dependence of the PSP, k = 1 for non-coupled or
weakly mode-coupled fiber and components or k = 0.824 for strongly or randomly mode
coupled devices.

In an altemative setup, shown in Figure 5-5 (b), a broadband light source is used instead of
a tunable laser, and the polarimeter replaced by an optical spectrum analyzer (OSA). Here a
reference measurement without the analyzer may be required to account for the wavelength
dependence of the optical source output power or the test path insertion loss.

To ensure full resolution of the vanations of output polarization with wavelength, the optical

source width in either setup should satisfy the condition:

22 . (5-13)

A 8vAT




where AA is the spectral width of the source or the resolution bandwidth of the receiver, A is the
nominal measurement wavelength, both in meters, v is the optical frequency in Hz, and ar is
the DGD of the DUT in seconds. In the region of 1550 nm, Eqn. (5-13) becomes A\ [nm] <
1/At [ps].

The scanned wavelength range should be large enough to produce a statistically significant
number of extrema. For measurements near 1550 nm, the wavelength interval required to

generate one cycle (or two peaks) in the output polarization response is given by:

AL _¢ [ps-nm] (5-14)
P7* At [ps]

where £ = 7.8 for non or weakly mode-coupled devices and £ = 6.5 for strongly or randomly
mode-coupled devices.

The wavelength-scanning method is faster than the Jones matrix eigenanalysis method and
casy to implement. It gives only the average DGD, not wavelength-dependence, and 1t is
sensitive to vibrations and launch polarization conditions. Mo information about the principal

states is given and there exists a tradeoff between the spectral width and the wavelength range.

As a modified version of the phase-shift method used for chromatic dispersion
measurements [90,91], the modulation phase-shift method determines the DGD from the

difference in modulation phase between the PSPs.
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The experimental setup for this method is shown in Figure 5-6. In this setup, a network

analyzer is used to generate the RF signal, detect and normalize the phase. A polarization

controller is used to convert the fixed input polarization state to all possible polarization states.

At each wavelength of interest, while the polanzation controller is rotating with a quasi-random

pattern, a modulated lightwave with different polarization states is coupled into the DUT, the

emerging light is detected by an optical detector, and sent to the network analyzer. A computer

is used to collect the phase data, search for the maximum and minimum phase, and calculate the

DGD at each wavelength via:

Ar(A) = o) = bmia(B) g2

360 x f_

(s,

(5-15)

where {4,},1 =12, ..., N, each one refers to the central wavelength of the wavelength step

within the range of interest, f_ is the RF modulation frequency in Hz , ¢, and ¢,

maximum and minimum phase shifts.

Network Analyzer

Computer
Tunable O Polarization
Laser Controller

RF Out RFIn

@
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DUT

are the

min

Figure 5-6. Modified modulation phase-shift method for PMD measurement.
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The modulation phase-shift method is simple and can also be used for PDL measurements
(88, 89]. However, it requires both temperature stability and physical stability. A calibration
procedure may be required to account for the phase noise induced by the instrumentation and

connecting fibers.

5.3 Measurement Results and Discussion

5.3.1 Choosing PMD Measurement methods

All the techniques described in the previous section can be used to measure the mean
DGD in either the time domain or the frequency domain. The Jones matrix eigenanalysis
method can even be used to measure the wavelength dependency of the DGD. Which method is
to be chosen depends on the PMD value of the DUT, the availability of the instrumentation, as
well as the characteristics of each method, outlined below.

The optical-pulse method determines the PMD from the direct measurement of the change
in pulse arrival time, and gives a clear picture of optical pulse broadening. However, it is
crucially dependent on the stability of the instrumentation and the width of the short pulse, and
offers no wavelength dependence information of the PMD. This method is suitable for
measurements in long polarization-maintaining fibers (PMFs) and high birefringent optical
components with large PMD values, not suitable for optical components with small PMD
values, such as dispersion compensation gratings, WDM grating filters, etc.

The interferometric method determines the PMD from the electric field autocorrelation
function using a broadband source and a Michelson interferometer. The mean DGD can be
obtained simply by scanning one of the reflection mirrors. This method has large dynamic

range, and is insensitive to perturbation of the measurement setup. It is suitable for mean DGD
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measurements in PMFs, birefringent optical components, short-fibers (SMF, DSF, etc.), but not
in narrowband optical components such as FBGs.

The Jones matrix method determines the DGD from the measured Jones matrices at two
adjacent wavelengths. It offers information about the PSPs, the wavelength dependency of the
DGD, as well as the mean DGD over the wavelength range of interest. With an appropnate
wavelength step (see Section 5.4.1 for details), this method is suitable for wavelength
dependency as well as mean DGD measurements in optical fibers, wavelength-selective
narrowband devices, such as fiber gratings, as well as other kinds of fiber-optic devices.

The wavelength-scanning (fixed analyzer) method determines the DGD from the random
evolution of the output polarization states as wavelength is scanned. It is suitable for mean DGD
measurements in optical fibers, fiber-optic components, and optical amplifier systems, etc.
However, it offers no information about the PSPs, and the measurement accuracy is affected by
the scanned wavelength range.

The modulation phase-shift method determines PMD at a wavelength from measurements
of the change in modulation phase between the PSPs. The wavelength dependency measurement
can be achieved by using a tunable laser source. It is suitable for measurements in optical fibers
and fiber-optic devices. However, the minimum PMD that can be measured depends on the
background noise of the network analyzer, making it unattractive for the measurement of
devices with ultra-low PMD values.

Based on these facts, in this thesis, two PMD measurement techniques have been chosen:
(a) the Jones matrix eigenanalysis method to measure the wavelength-dependency of PMD in

fiber gratings, as well as the mean DGD in fibers and optical devices, such as circulators; and
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(b) the interferometric method to measure the mean PMD in broadband (non-wavelength-

selective) devices.

5.3.2 Measurement Results

As mentioned above, we have implemented the Jones matrix eigenanalysis method to
measure the wavelength-dependent PMD and mean PMD, and the interferometric method to
measure the mean PMD of passive optical components, used in reflection or transmission as
shown in Figures 4-2 and 5-3. A stable wavelength tunable laser diode TUNICS-PRI from
Photonetics and a HP8509B polarization analyzer were used in the experimental setup for the
Jones matrix eigenanalysis method. The polarization analyzer consists of a polarization adjuster,
three linear polarizers, and a polarimeter. Before the measurements, the polarization adjuster has
to be set to provide roughly circularly polarized light, so that the polarizers never become cross
polarized with respect to the input light.

A LED/Opreal Broadband light source, a Newport PMS00 Precision Motion Controller,
and a HP8153 Lightwave multimeter with an HP81533B Optical Head were used for the
expenmental setup for the interferometric method. Optical connectors were used to connect the
DUT to the set-up.

The fiber cables/pigtails and fiber-optic components in the setups must not be moved
during the measurements to avoid changes in the polarization state passing through these
components, especially for the Jones matrix eigenanalysis method. For the interferometnc
method, the movable mirror on a stage is scanned by the precision motion controller with a very
small step of 0.1 micron. For the Jones matrix eigenanalysis method, the wavelength was

scanned over the wavelength range of interest using an approprate step, which depends on the
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transmission or reflection bandwidth of the device. Narrowband, single-channel fiber Bragg
gratings for dispersion compensation and WDM grating filters for wavelength add/drop
multiplexing have been characterized using a wavelength step of 0.01 nm, while broadband
devices such as long period gratings for gain flattening of EDF As have been characterized using
a 0.2 nm step size.

The wavelength-dependent PMD of a chirped fiber Bragg grating, used in reflection as a
dispersion compensator, and a grating filter, used in reflection for WDM add/drop multiplexing,
have been measured using the setup for the Jones matrix eigenanalysis method, as shown in
Figure 4-2. The results are shown in Figures 5-7 and 5-8 respectively. The measured reflection
responses are also shown for reference. It can be seen that the measured PMD is very high
outside the 3-dB reflection bandwidth due to the lower power level and the large ripples in the
reflection response. The typical PMD values within the 3-dB bandwidth of the dispersion
compensation gratings are high, varying from 0.5 to 10 ps. The repeatability of the measurement
results can be observed in Figure 5-7. The typical PMD values of the WDM grating filter are
much lower within its 3-dB bandwidth, varying from 0.04 to 0.8 ps.

The 3-dB bandwidths of the dispersion compensation grating and the WDM grating are
small. about 0.6 nm and 0.8 nm respectively, and in this case the wavelength dependence of the

setup is negligible. The input circular polarization was adjusted at the central wavelength.

89



VrTrrrn
ool JME, reference 10
354 b1 ga - = = JME data-1
ERLY — - — - JME data-2 -
0 !5y —3¢— Refiection 1o &
’ l!.l s
B s 3
& b 10 §
o 204k "4y ]
g SR e
i 154 - 4 +-208
: (X4 E
sf
.10 3
1
; +.30 &
s%
E Q =it ‘ . . 40
; 1558.1 1558.3 1558.5 1558.7 1558.9
L Wavelength [nm]

Figure 5-7. Measurement results for a dispersion compensation grating. The wavelength-
dependant PMD is measured using the Jones matrix eigenanalysis (JME) method. The system

PMD (JME reference) and the reflection response are shown for reference.
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Figure 5-8. Measurement results for a WDM grating filter. The wavelength-dependent PMD is
measured using the Jones matrix eigenanalysis (JME) method. The reflection response is shown

for reference.
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The wavelength-dependent PMD of a long period grating used in transmission for EDFA
gain flattening has been obtained using the setup shown in Figures 4-2. In this case the 3dB fiber
optic coupler was removed and the device connected directly to the optical input and output
ports of the polarization analyzer. Figure 5-9 shows the measured wavelength-dependent PMD
and transmission response for the long period grating. As observed from Figure 5-9, this grating
has a smooth spectral response. The measurements were performed using a wavelength step of
0.2 nm. For the measured long period gratings with a 3-dB bandwidth of about 30 nm, the input
circular polarization state was readjusted every 5 nm to account for the wavelength dependency

of polarization in the system.
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Figure 5-9. Measurement results for a long period grating. The wavelength-dependant PMD is
measured using the Jones matrix eigenanalysis (JME) method. The transmission response is

shown for reference.
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The PMD of a circulator used in transmission has been measured using the setup shown in
Figures 4-2 and 5-3. In this case the 3dB fiber optic coupler was removed. The measurement
results are shown in Figure 5-10, where (a) shows the wavelength dependence of the PMD in
the circulator obtained from the Jones matrix eigenanalysis method, and (b) shows the
interference pattern obtained by using the interferometric method. In Figure 5-10 (b), it can be
observed that the two peaks obtained are clearly separated. The mean DGD of the circulator
with no mode coupling, can be determined through Eqn. (5-7), giving a mean DGD about 0.072
ps. From Figure 5-10 (a), the mean PMD averaged over wavelength is 0.075 ps. A good

agreement has been obtained between these two methods with a discrepancy of 0.003 ps.
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Figure 5-10. Measurement results for a circulator, (a) using the Jones matrix eigenanalysis

(JME) method, and (b) using the interferometric method.

The PMD of a fiber with a length of about 11.8 km has been measured using the setup

shown in Figures 4-2 and 5-3. In this case the 3dB fiber optic coupler was removed. The
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measurement results are shown in Figure 5-11, where (2) shows the wavelength dependence of
PMD in the fiber obtained from the Jones matrix eigenanalysis method, and (b) shows the
interference pattern obtained by using the interferometric method. In Figure 5-11 (b), it can be
observed that the two main peaks separated are accompanied by sidelobes resulting from some
degree of mode coupling. The mode coupling is not strong enough to justify using a Gaussian fit
to the interference pattern. The mean DGD can also be determined through Eqn. (5-7), where
2AL corresponding the distance between the two main peaks, giving a mean DGD about 0.0217
ps. From Figure 5-11 (a), the mean PMD averaged over wavelength is 0.0229 ps. A good

agreement has been obtained between these two methods with a discrepancy of 0.012 ps.
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Figure 5-11. Measurement results for a 11.8 km spool of fiber, (a) using the Jones matrix

eigenanalysis (JME) method, and (b) using the interferometric method.

The PMD of a fiber with a length of about 24 km has been obtained using the setup shown
in Figures 4-2 and 5-3. In this case the 3dB fiber optic coupler was removed. The measurement

results are shown in Figure 5-12, where (a) shows the wavelength dependence of PMD in the
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fiber obtained from the Jones matrix eigenanalysis method, and (b) shows the interference
pattern obtained by using the interferometric method. In Figure 5-12 (b), strong mode coupling
effects can be observed. One then can use Eqn (5-8) to fit a Gaussian curve into the intensity
response obtained. The FWHM gives a mean DGD of about 0.393 ps. From Figure 5-12 (a), the
mean PMD averaged over wavelength is 0.41 ps. A good agreement has been obtained between

these two methods with a discrepancy of 0.017 ps.
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Figure 5-12. Measurement results for a 24 km spool of fiber, (a) using the Jones matrix

eigenanalysis (JME) method, and (b) using the interferometric method.

5.4 Accuracy and Measurement Error

The major sources of PMD errors have to be taken into account. These sources include the
laser tuning linearity and repeatability and the angle step of the polarizers in the polarization
analyzer for the Jones matrix eigenanalysis method, the scanning step of the precision motion

controller and the spectrum width of the broadband light source for the Interferometric method.
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Thermal instabilities may also affect the accuracy of the measured PMD and increase the
uncertainty in the measurement results. At least one hour of warm-up time is needed for most
instruments to achieve thermal stabilization. Fiber cables and fiber-optic components in the
measurement setups must not be moved during a measurement to ensure that the polanzation
transfer function of the components remains unchanged, especially for the Jones matrix
eigenanalysis method. Usually a few minutes waiting time is sufficient for the fiber components
to stabilize after they are disturbed. Connector pairs cause reflections at the connector interface
and increase the uncertainty in the measured PMD. Proper care of the connectors and fusion
spliced connections can reduce the PMD uncertainty. To measure a device used in reflection,
another optical component, a 3-dB coupler or a circulator must be added to the measurement

setup. which increases the uncertainty of the measurements.

5.4.1 The Jones Matrix Eigenanalysis Method

The major sources of error in the Jones matrix eigenanalysis method originate from the
degree of polarization (DOP) of the light source, the laser tuning linearity and repeatability, and
the angle step of the polarization analyzer.

The spectral distribution of the tunable laser source should be narrow enough to insure that
light emerging from the DUT remains polarized under all measurement conditions. A DOP of 90
% or greater is preferred.

The wavelength step also affects the measurement accuracy. As mentioned in Section
5.2.1, the wavelength step AA is bounded by the unambiguous determination of the output

polarization state over the wavelength step, giving by Eqn. (5-10). A4 also must be larger than a
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certain value in order to obtain a satisfactory measurement accuracy. From Eqn. (5-3b), the

relative measurement error of the DGD can be expressed as:

5Ar=5A0+2éﬂ_.i6M, (5-16)

AT A8 A AL

where &/6A denote the measurement error, SA# is the phase angle error, 6AA is the
wavelength step error.

The second term in Eqn. (5-15) is negligible since the relative error in wavelength is much
smaller than the phase angle error and the wavelength step error. The phase error is determined
by the position repeatability of the polarizer (in the polarization analyzer), which is + 1 degree.

For example, A4 =+0.005nm, JA@ = £1°, AA was chosen to be 0.2 nm for long period

grating measurements, which gave an accuracy of at least 3%.

5.4.2 The Interferometric Method

The major sources of error for the interferometric method come from the coherence time of
the light source, the launched state of polarization, the step resolution of the moving arm.

The coherence time, 7, of an optical source is a measure of the spectral purnity of the laser
frequency over time. In two-path interferometers, the degree to which an optical wave interferes
with a time-delayed portion of itself depends on the coherence time of the wave with respect to

the optical delay. The related concept coherence length /_, is simply the coherence time

c ?

multiplied by the velocity of light: v, =c/n_, where n_, the group velocity index, is I in free

space. The coherence length /_ is given by:
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I, = , (5-17)

where AA_ is the spectral linewidth the source.

The coherence length determines the width of the intensity peaks in the interference
pattern. Combined with the minimum step resolution of the moving arm, it determines the
minimum measurable PMD value, while the maximum measurable PMD value is determined by
the scanning range of the adjustable arm.

The repeatability of the autocorrelation function depends on both input and output states of
polarization of the DUT. For various launch conditions, the corresponding correlation functions
yield to a standard deviation of about 15 % [79].

The step resolution of the moving arm also gives a rise to the instrument uncertainty. The

instrument uncertainty is given by
2
SAT ==6AL, (5-18)
c

where & denotes the measurement error. For example, 3 micron distance scanned for the

adjustable arm used may result in 0.01 ps PMD error.
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Chapter 6
Conclusions

6.1 Summary

The goals of this thesis were to investigate, implement, assess and compare different PMD
and PDL measurement techniques and to measure these quantities in a number of optical
devices including fiber gratings. These tasks were accomplished and are outlined below.

First, an overview of fiber gratings, including theoretical background. fabrication
techniques and their applications in optical fiber telecommunication systems was presented in
order to help the readers fully understand fiber gratings’ properties, behavior, and the
importance of their characterization.

Secondly, three calculational tools, i.e., the Jones calculus, the Mueller calculus, and the
Poincare sphere were introduced to quantitatively describe the interaction of light with optical
devices. They can be used to calculate the polarization properties of the devices, such as PMD
and PDL. A PSP model was also presented, which was used to describe the polarization
dispersion for long fibers.

Then, we have characterized, for the first time, the wavelength dependency of PDL in
three types of fiber gratings commonly used in optical fiber communication systems: chirped
fiber Bragg gratings for dispersion compensation, WDM grating filters for add/drop
multiplexing, and long period gratings for gain compensation. Three measurement set-ups for
the Jones matrix method, the Mueller matrix method, and the polarization scanning method,
have been discussed, implemented, compared and analyzed. Different calibration procedures

were performed to account for the systems’ PDL and the strong wavelength dependency of the

98



setups. Typical measurement results in these fiber gratings and an uncertainty analysis have
been presented.

Five PMD measurement techniques, the interferometric, the optical pulse, the Jones matrix
eigenanalysis, the wavelength-scanning, and the modulation phase-shit methods were
reviewed. Two experimental techniques, i.e., the Jones matrix eigen-analysis and the
interferometric method used to characterize the wavelength-dependent PMD in fiber three types
of fiber gratings, and the mean PMD in singlemode spooled fibers and optical circulators, were
implemented and compared. Typical experimental results were presented, compared, and
discussed. An assessment of accuracy and measurement error was also presented for each of the

techniques applied.

6.2 Suggestions for Future Work

1. Evaluating the measurement error and the PDL contributions by making a large number of
measurements to obtain the forward and backward Jones matrices of the coupler, as well as
the Jones matrix of the DUT combined with the coupler at each wavelength, as mentioned in
Section 4.3.1 and 4.4.3.

3. Using electromagnetic numerical modeling techniques to investigate fiber gratings and other
optical devices will help to validate theoretical predictions, such as reflectivity and
transmission, with the values measured.

4. Development of precise PMD/PDL/chromatic dispersion in-field measurement systems is
necessary to upgrade existing fiber systems.

5. Investigation of the possibility of in-field PMD measurement-compensation systems.
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6.3 Contributions

e For the first time, the wavelength dependency of PDL in three types of fiber gratings
commonly used in optical fiber communication systems have been characterized using
three measurement techniques.

¢ Different calibration procedures have been used and an assessment of measurement
uncertainties has been presented for each of the techniques applied.

e Two methods, JME and IF, have been compared and measurement results agree very

well.
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