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ABSTRACT

This thesis is composed of two main sections.

The first section is the development of an optical fiber sensor. The appli-
cation of optical fibers in the sensing field has boomed in recent years. Based
on the Brillouin scattering effect in the optical fiber, various distributed temper-
ature and strain sensors have been developed and commercialized. In our lab,
we had used a continuous wave pump laser and a pulsed probe laser to obtain
the counter-propagating Brillouin gain/loss spectrum. The two narrow linewidth
diode-pumped Nd:YAG lasers used for the pump/probe beams are locked together
to get the Brillouin spectrum along the optical fibers under test. To reduce the
cost of the system, two distributed feedback lasers have replaced the diode-pumped
Nd:YAG lasers. The offset locking technique and an optical delay line are applied
in order to obtain stable and tunable Brillouin spectrum. In addition, this new
sensor system has been simulated by a Matlab program that considers the distrib-
uted feedback lasers’ broader linewidth compared with that of frequency stabilized
Nd:YAG lasers.

The second section involves research on polarization effects in the optical fiber.
In a high speed optical communication system with polarization mode dispersion
and polarization dependent loss, the measurements usually involve finding four

states of polarization to estimate the complex principle state of polarization vec-



tor. In this thesis it is proven that only three states of polarization are required
to determine the principle state of polarization vector. In addition, polarization
effects in fiber Bragg gratings are investigated in this work. To measure the po-
larization dependent loss of the fiber Bragg grating for the reflection wavelength,
an optical circulator is used. A problem arises since the circulator’s polarization
dependent loss contributes to the measurement result; this effect is often ignored.
In this thesis, a test set has been developed to eliminate this uncertainty effect

through a three-step procedure using the Jones Matrix method.
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CHAPTER 1

INTRODUCTION

A sensor is a device that responds to a physical stimulus (such as heat, light,
sound, pressure, magnetic or electric field, or a particular motion) and trans-
mits a resulting impulse (as for measurement or operating a control) [Source:
Merriam-Webster Medical Dictionary, (©2002 Merriam-Webster, Inc.]. For exam-
ple, a bridge could be monitored with a sensor in order to determine its structural
strain variation with time. By doing so, civil engineers could reinforce the bridge
before it collapses so as to protect people’s lives and property.

The optical fiber has an interesting and useful nonlinear optical effect: Brillouin
scattering. This effect can be utilized to convert ordinary optical fibers into sensors.
Scientists developed the Brillouin scattering based optical time domain analysis
method to make optical fiber based temperature and strain sensors [1]. By sending
pulsed light (probe) and CW light (pump) into opposite ends of the fiber, and
measuring the Brillouin spectrum at each position along the fiber, one can find the
temperature or strain distribution along the fiber-attached structure. The spatial
resolution is determined by the width of the pulse launched into the optical fiber.

There are three major groups in the world working on Brillouin scattering
based optical fiber sensors. The group at NTT uses a counter-propagating light

configuration to obtain the stimulated Brillouin gain spectrum [1]. Its block dia-



Laser 1 AOM Laser 2

Direct Detection

1

Figure 1.1: B-OTDA setup. AOM: acoustic-optical modulator.

gram is shown in Figure 1.1 [9]. The AOM generates pulses from CW laser 1.

The research group at the Swiss Federal Institute of Technology once used
an EOM and microwave generator to generate both pulsed and CW probe ligh-
waves from a single laser source to realize the distributed Brillouin gain spectrum
measurement, and recently they also propose an injection-locking technique to sta-
bilize the relative frequency in the two lasers system [3]. The lower sideband of
the distributed feedback laser is amplified in B-OTDA, and the upper sideband
is depleted. Its block diagram is shown in Figure 1.2, laser 1 is driven by an RF
(radio frequency) signal to generate the pulses.

The research group at the University of Ottawa, headed by Dr. Xiaoyi Bao
and Dr. Liang Chen, uses a similar setup (shown in Figure 1.3) to implement
B-OTDA [2|. The major difference between this setup and the previous one is

that a combination of CW and pulse is used as the probe signal instead of pulse
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Figure 1.2: Injection locking setup. BPF: band-pass filter; Polari.: polarization

controller.

alone. This improvement brings coherent interactions between the pump and probe
beams. The initial experimental results, namely a temperature resolution of 1°C
and a spatial resolution of 10 m for a 22 km long fiber were achieved [4] in the early
1990s when Dr. Bao worked at the University of Kent. Later on, the experiments
at the University of New Brunswick showed 10 cm spatial resolution and 40 - 50
micro-strain accuracy [2]. The recent developments at University of Ottawa will
be introduced in the next chapter.

As shown in Figure 1.3, both lasers launch a CW pump beam, and light from
one laser is modulated by an electro-optic modulator to produce a combined pulsed
and CW beam (Stokes probe). The two beams are launched into the sensing fiber

at the opposite ends of the fiber. Due to the Brillouin amplification, the Stokes
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Figure 1.3: Nd:YAG laser system setup. PD: photodetector; DC: directional cou-
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wave is continually amplified as it travels through the sensing fiber at the expense
of the pump beam; the depletion in CW pump power is measured over a range
of different frequency to create the Brillouin loss spectrum. The use of a pulsed
probe beam allows the system to take separate measurements of the Brillouin
spectrum in different regions along the fiber. Therefore, a 3-D data set in position
(corresponding to time), frequency and power loss is formed. Finally, we obtain
time-domain Brillouin scattering signals and Brillouin spectrums along the optical
fiber at a certain spatial resolution. As the Brillouin shift depends on the effective
refractive index of the fiber, it changes whenever the refractive index of the silica in
the fiber changes in response to local environmental variations (such as temperature
and strain etc.). By monitoring the Brillouin frequency shift along the fiber length,

we can successfully map out the distribution of temperature and strain.

The lasers normally used for this technique are frequency stabilized Nd:YAG
lasers operating at a 1319 nm wavelength (made by Lightwave Electronics, with
model numbers 125-1319-200 and 125-1319-150). The linewidth of this laser is 5
kHz measured over one millisecond, and thus can be ignored when compared to
a Brillouin gain bandwidth of about 35 MHz for standard SMF-28 fiber [1]. In
this system, a beat frequency stability of 1.25 MHz can achieve 1°C temperature
accuracy [4] or 24 micro-strain accuracy [1] [Micro-strain: Strain expressed as parts
of million (ppm)]. However, these Nd:YAG lasers are very expensive which limits
its practical application. In this work, we try to replace them with commonly

available DFB semiconductor lasers and use the offset locking technique to build



a new sensor system. The offset locking technique refers to the frequency offset
locking, which was proposed as a reliable electrical negative feedback technique
for producing a radio frequency signal from a two-semiconductor-laser system [5].
The difference between the beat frequency (of two DFB lasers) and the desired
frequency can be used as an error which would be fed back into one of the laser
current sources in order to change the beat frequency to a stable desired frequency
by forcing the error to zero. In our new sensing system, two NTT Electronics
Corporation produced DFB lasers and a General Photonics Corporation produced
optical delay line are used. The frequency stabilized signal can be tuned in a large
frequency range (about 1 GHz) by applying the optical delay line. This system
has two main benefits over the previous system. One is to reduce the cost of the
lasers themselves by moving the operating wavelength from 1310 nm to 1550 nm,
second is to reduce fiber loss at 1550 nm which can increase the sensing range.

In the following three chapters of Part I, this thesis will introduce the Brillouin
scattering principle, the offset locking technique and the sensor system setup and

simulation. Finally in Chapter 5, there is a brief conclusion for this sensor section.



CHAPTER 2

BRILLOUIN SCATTERING

2.1 Nonlinear Effect and Brillouin Scattering

When light is launched into silica, the interaction occurring between the radi-
ation and material is a combination of linear and nonlinear processes. The linear
responses are measured in terms of the polarization induced in the material by
the input electric field. The linear processes include superposition, reflection, re-
fraction, birefringence and absorption, which are covered by classical optics. The
nonlinear processes include parametric and inelastic processes, which happen when
the input electric field is intense and coherent. Brillouin scattering is one of the
inelastic processes. If the material is an optical fiber, the nonlinear effect will be
large due to the small spot size and very low loss of the fiber (high intensity). If
the material is bulk silica, the nonlinear effect will be small since the intensity is
lower (the light is not guided).

In the linear case, the electric dipole induced polarization under the electric

field can be expressed as [[6], page 12]:

Py = eolxnFEs + x12Ey + x13E>) (2.1)
Py = colxaBe + XaaEy + XozE-)

P, = eo(X31E: + X2 By + Xa3E2)



where g is the electric permittivity of vacuum and x is the linear susceptibility.
One can choose a coordinate system so that the off-diagonal elements vanish, thus

one has:

P, = eoxnbs (22)
P, = eoxakEy
Pz - Z‘:OXZ«}I}-EIz

In general case, the electric dipole induced polarization is expressed as a power

series of the electromagnetic field. It is given by [[8], page 17]:

P =eo(xVE + x®E* + Y® E3) (2.3)

where:

x\D is the linear susceptibility, which is a complex number due to the definition
P = goxME in linear optics. It is related to the refractive index n (n = 1 +
3 Rex(W) [7] and the attenuation coefficient o (@ = £ Im x() [[8], page 33] by
using the definitions € = 1+ x and € = (n + iac/2w). w is the optical angular
frequency.

x? is the second order susceptibility and vanishes in silica fiber because of
symmetry (centrosymmetric);

x'® is the third order susceptibility and leads to four-wave mixing, Raman

scattering and Brillouin scattering among other effects.



The refractive index change induced in the optical fiber by the input optical

field intensity can be written as [[8], page 18]:

(o, |E|2) — n(w) +ns|B| (2.4)

where IE 12 is the optical intensity, n(w) represents the index with no applied optical
field, and ns is the nonlinear index coefficient related to x©®.

Intensity related nonlinear refraction causes two elastic effects: Self-phase mod-
ulation (SPM) in ultrashort pulses or solitons and Cross-phase modulation (XPM)
with two optical input fields. These are elastic effects, so called parametric non-
linear processes, which means that no energy exchanges between the light and the
medium.

There are also inelastic scattering effects which involve molecular vibration or
density vibration of the material. The process can be described in this simple way:
A photon of the incident field (pump) is annihilated to create a lower frequency
photon (Stokes) and a phonon in the lattice of the material to conserve total en-
ergy and momentum. In this process, the optical field transfers part of its energy
to the nonlinear medium. The two possible processes are Raman scattering (op-
tical phonon created) and Brillouin scattering (acoustic phonon created). Raman
scattering involves creation of optical phonons, which happens in both directions
of the fiber. The Raman gain (in optical fibers) has a 30 THz spectral range and a
spectral peak located near 13 THz. The gain coefficient is typically 7x1071* m/W.

The stimulated Raman scattering threshold is defined as the input pump power
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at which the Stokes power becomes equal to the pump power at the fiber output.
Then the pump power required to reach the Raman threshold is about 600 mW
for a fiber with an effective length of 20 km at 1550 nm wavelength [[8], page 303];

where effective length is defined as [[8], page 301]:

1 —exp(—al)

L =
eff o

where a is the fiber loss, a = f& = 2208 — 0461 x 10~°m~".

The Brillouin scattering process under steady-state conditions (applicable for
a CW or quasi-CW pump) can be expressed by the coupled equations [[8], page

360}:

dr.

__dzp = —gpl,ls —al, (2.6)
df

_dZS —gBIpIS +alg

where I is the Stokes intensity (W/m?), I, is the pump intensity (W/m?), Brillouin
gain coefficient gp is typically 6x107* m/W.

Brillouin Scattering (BS) involves creation of acoustic phonons, which happens
mainly in the backward direction of the fiber. It has a less than 100 MHz spectral
range and the Stokes shift is about 11 GHz in optical fiber near 1550 nm. The
stimulated Brillouin scattering threshold is defined as the input pump power at
which the Stokes power becomes equal to the pump power at the fiber output. The
pump power required to reach the Brillouin threshold is about 1 mW at 1550 nm

wavelength for a 20 km effective length fiber [[8], page 361]. This effect can be used
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to design Brillouin scattering based Optical Time Domain Analysis (B-OTDA).

In a multichannel optical telecommunication system, the stimulated Brillouin
scattering limits the channel powers, because part of the channel power can be
transferred to a backward-propagating Stokes wave generated from noise when the
threshold condition is satisfied. However, for non telecommunication applications,

this phenomenon is useful to make fiber lasers, amplifiers and sensors.

Classically, Brillouin scattering is a nonlinear interaction between the pump
and Stokes optical fields through an acoustic wave. The pump field generates an
acoustic wave through the process of electrostriction. [Electrostriction: Property
of all electrical nonconductors, or dielectrics, that manifests itself as a relatively
slight reduction of size, or mechanical deformation, under the application of an
electric field. Reversal of the electric field does not reverse the direction of the
deformation. [9]] The acoustic deformation (wave) in turn modifies (modulates)
the refractive index of the medium. This pump-induced index grating scatters the
pump light through Bragg diffraction. Scattered light is downshifted in frequency
because of the Doppler shift associated with scattering from a grating moving away

at the acoustic velocity v4.

Quantum-mechanically, Brillouin scattering is the annihilation of a pump pho-

ton creating a Stokes photon and an acoustic phonon simultaneously [[8], page

356].

Due to the conservation of total energy and momentum, as shown in Figure

2.1, one has:
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Figure 2.1: Energy level diagram. A molecule is excited to a higher energy state,

then drops to a lower level and releases an acoustic phonon.

E, = Es+Ep (2.7)
hwp = hwg+ hwg
which results in
W = wp —Wg (28)

where subscripts p and s represent the pump and Stokes, B means Brillouin, w is
the optical angular frequency, and wg is the Brillouin angular frequency;

In Figure 2.2, one has:

4 =k — ks (2.9)

where A means acoustic, k is the wave vector, § is the angle between the pump
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Figure 2.2: The graphical illustration of three wave vectors during the Stokes

interaction process.

and Stokes fields.

and

—

\EA} —2lF,

sin(6/2) (2.10)

By the dispersion relation,

Fp

Wp =4 ilZA} ~ 20,4 || sin(6/2) (2.11)

We assume |k, kp

=~ lks. and we know

= 27n/A,. In single mode fibers, for

backward Brillouin scattering (6 = 180°), the Brillouin frequency shift is:

vp =wpg/2m = 2nva/ N, (2.12)

For a Corning SMF-28 optical fiber, using v4 = 5.750 km/s [10] and n = 1.4675

[11] then we have Brillouin frequency vp ~ 12795 MHz for ), = 1319 nm (Nd:YAG
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lasers in our lab) or v = 10860 MHz for A, = 1554 nm (DFB lasers in our lab).

2.2 Brillouin Gain, Threshold and Coupled Intensity Equation

The Brillouin gain spectrum gp(w) characterizes the growth of the Stokes wave.
At the Brillouin frequency wpg, the gain gp has its maximum. The phonon lifetime
T is related to the acoustic damping rate I'g as follows: T = Fgl ~ 10 ns. The
spectral width (about tens of MHz {[8], page 357]) of the gain spectrum is related
to the damping time of acoustic waves. If acoustic waves are assumed to decay

as exp(—I'pt), the Brillouin gain has a Lorentzian spectrum of the form [[8], page

357):

R Y
Pl —wa)? + (T2

95(w) (2.13)

The peak value of the Brillouin gain coefficient occurring at w = wp is found to

be:

2.,7.-2
2nnTp},

9 = gp(wp) = (2.14)

where p, is the longitudinal elasto-optic coefficient and pg is the material density.
The full-width-half-maximum (FWHM) of the Brillouin gain spectrum is Avp =
[p/2n. Typically, g, = 5x107!" m/W. It is 3 orders of magnitude larger than the
Raman gain coefficient.

The inhomogeneity in the fiber core cross section along the fiber length leads

to the broadening of the Brillouin gain bandwidth, which can be as large as 100
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MHz for the 1550 nm spectral region.

The Brillouin spectrum refers to the Brillouin loss spectral profile in the setup
of B-OTDR. It is determined by not only the Brillouin gain spectrum, but also the
frequency spectrum of input pulse.

Above contents are for steady-state conditions and are valid for CW or quasi-
CW pump only, i.e. pulse width Ty >> phonon lifetime Tz, which means that the
spectral width (for a CW pump) Av, << Avg. When Ty < T, or Av, > Avg,
the Brillouin gain is reduced significantly that we are no longer at steady state.
For instance when Ty is less than 1 ns, the Brillouin gain is much reduced to a
level even below that of the Raman gain [[8], page 359].

Let us assume the frequency w, =~ wg and fiber loss o, = ag = a. The
pump and Stokes beams have the same linear polarization direction. Then we

have steady-state coupled equations: Equ.2.6:

If we neglect pump depletion (%If = 0),
I(z) = I,(0)e™* (2.15)

and the Stokes intensity [[8], page 360 is:

I;(0) = I,(L) exp(9pPoLess [Aess — aL) (2.16)

where Py = I,(0)A.yy is the input pump power, A.;; is the effective core area, and
L.s¢ is the effective length in Equation 2.5.

The Brillouin threshold occurs when [12):
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9 PinLess/Acsy =~ 21 (2.17)

The threshold pump power P, is about 1 mW with the conditions: A = 1.55 pm,
Acps = 50 pum?, Los; = 20 km, and gg = 5x 107 m/W.
If the state of polarization is scrambled, then the Brillouin scattering threshold

Py, is increased by 50% and Brillouin gain gp is reduced in that case by a factor

of 1.5 [13].

2.3 Applications of Brillouin Scattering

Since the Brillouin frequency shift depends on the effective refractive index of
the fiber mode, when the local environment changes causing strain or temperature
change then the index will change, and thus we can use Brillouin scattering as a
distributed sensor over a long distance, with the pulse signal timing used to extract
the position information. The experiments are done as follows: one tunable CW
probe and one pulsed pump laser are launched into the two opposite ends of a
fiber. The CW signal is amplified (Vpymp < Vprobe) Or depleted (Vpump > Vprobe)
when the magnitude of the difference of pump and probe frequencies matches the
Brillouin shift.

As a material property (the refractive index of silica varies with both tempera-
ture and strain), the Brillouin frequency has a direct linear relationship with strain

and temperature given by [7]

VB :V30+CT(T—T0)+C€ (6—60) (218)
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where T}, and €y are the temperature and strain corresponding to a reference Bril-
louin frequency vgy. The temperature and strain coefficients, Cr and C., are
material properties representing the temperature-frequency and strain-frequency
coefficients. Cr ~ 1.22 MHz/°C [14]; C, & 0.058 MHz/micro-strain [2] for SMF-28
fiber with a 1.32 um Nd:YAG laser source.

The recently obtained spatial resolution is 15 cm along a single photonic crystal
fiber with Nd:YAG lasers working at 1319 nm wavelength [15], strain resolution is
15 micro-strain in the same condition [15] and temperature resolution is 1 °C with
a spatial resolution of 5 meter for a 32-km single mode fiber[16]. The Brillouin
scattering technique has been applied to detect cracks in carbon fiber reinforced
plastic (CFRP) [17], to measure the strain of a loading test on a bridge [18], to set
a fire alarm [19] and to test strain in a pipeline [20].

The laser performance is very critical to the sensor system. In the next chapter,

I will describe how to achieve offset-locking of two DFB lasers.



CHAPTER 3

OFFSET LOCKING TWO DISTRIBUTED FEEDBACK LASERS

A highly sensitive to temperature and strain, distributed, and cost effective sen-
sor system would be extremely useful for structural monitoring in civil engineering
applications. In our lab, we are trying a distributed Brillouin scattering fiber optic
sensing system working at 1550 nm wavelength using distributed feedback lasers.
DFB lasers are compact in size and are low cost (less than $1000 each), but the
frequency stability is in the range of 1 - 10 MHz. To stabilize the beat frequency
of two DFB lasers at the Brillouin frequency, we use the frequency offset locking
technique with an optical delay line and an electrical feedback circuit [5]. We have
thus converted the 1310 nm sensor system to the 1550 nm wavelength, which is the
most commonly used wavelength region in modern fiber optic telecommunication
systems (low loss).

The difference between the beat frequency (of two DFB lasers) and the desired
frequency can be used as an error which would be fed back into one of the laser
current sources in order to change the beat frequency to a stable desired frequency
by forcing the error to zero, therefore the frequency difference between the two
sources is locked to this desired frequency with high stability. This is called "Off-
set locking technique". In some cases, one source frequency is fixed, for instance
in the case of a local oscillator. In another case, neither of the two source frequen-

cies fixed, and one applies an optical delay line to obtain a frequency difference
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between the two sources [21]. There are phase locked loop circuits [22] and optical
injection locking methods [23] to stabilize the frequency. In this work, we use a P1
(proportional integrating) control feedback circuit to lock the phase difference of

the beat frequency and the desired frequency.

3.1 Semiconductor Laser and Its Frequency Fluctuation

The semiconductor laser emerged in 1970s. It is fabricated based on stimulated
emission of photons through optical transition of electrons in a semiconductor ma-
terial, i.e. GaAs. For achieving the population inversion, usually, the excitation by
current injection is used to produce a large number of electron-hole pairs. Then a
pair of cleaved facets were also made to implement coherent optical wave amplifi-
cation. There are lateral modes and longitudinal modes in a semiconductor laser.
The lateral mode, which has a distribution in the cross section normal to optical
axis, is defined by waveguide structure. The longitudinal mode corresponds to m,
in which 2L = m\, where \ is wavelength and L is length between facets. Nat-
urally, in a continuous oscillation, variations in the injection current and ambient
temperature give rise to a change in the longitudinal mode. To maintain a single-
mode oscillation in a dynamic operation, an optical resonator is needed. This
results in a birth of distributed feedback (DFB) lasers. The DFB laser [Figure 3.1]
is a semiconductor laser developed in the 1980s. The device has a grating written
on the semiconductor substrate, grown in multi-layers by the epitaxial method.
The Bragg reflection grating in the active region suppresses multiple longitudinal

modes and enhances a single longitudinal mode so that the lasing wavelength can
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Figure 3.1: DFB laser structure.

be selected (and have single mode operation). Lasers with different wavelengths

can be manufactured by changing the period of the grating.

The semiconductor laser has a frequency fluctuation coming from the index
fluctuation associated with the carrier fluctuation and the spontaneous emission
to the oscillation mode. As we know, the population inversion in the semiconductor
lasers is realized through the injection of minority carriers with a high energy in the
vicinity of a P - N junction by supplying an external forward current. The current
fluctuation will cause the carrier density fluctuation so that the index fluctuation
induced by the carrier density fluctuation dominates the frequency noise. And
the frequency noise due to spontaneous emission coupling to the oscillation mode

always remains. The noise spectrum can be written by [[24], page 212]:
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Q

<IN
27,5

S,u(wm) & [0 |H (wn)|” + 1] (3.1)

where S, is the noise power spectrum, w,, is the modulation frequency, C; is the
ratio of the number of photons belonging to the same mode as the laser oscillation
mode to the total number of spontaneous emission photons, N is the density of the
minority carriers (electrons in the conduction band), 7, is spontaneous emission
time, S is the photon density over the volume of the resonator, a. is carrier-
induced refractive index change, it is also called a linewidth enhancement factor,
H{(w,,) is the normalized complex transfer function which describes the transfer of
modulation from the current to optical output. Obviously, C; and a, should be
reduced and the laser should be operated with a high bias level (high output power)
in order to reduce the frequency noise. The semiconductor laser’s spectrum has a
finite linewidth which is closely related to the frequency noise from the fluctuation
in the refractive index caused by the fluctuation in the high-density carriers. With
external cavity DFB lasers, one can get a spectral width of a few kHz. Thus, the
fluctuation in the high-density carriers can be compensated.

The semiconductor laser’s linewidth dwe,; can be expressed by [[24], page

224]:

C,N
275

OWgemi = [af + 1] (3.2)

Since . is usually larger than unity, the index fluctuation dominates the

linewidth. The linewidth is inversely proportional to the photon density over the
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Figure 3.2: Beat signal without feedback. The beat frequency is unstable without

feedback circuit.

volume of the resonator. Most common semiconductor lasers have a linewidth of
several MHz to tens of MHz.

In the following system, we use two 20 mW DFB lasers (at 1554.35 nm and
1554.37 nm wavelengths). The spectral width is about 5 MHz, and the frequency
stability over a few seconds is shown in Figure 3.2. When the two lasers are free
running, the beat signal produced is very poor in stability. Thus, in the following
section, I describe in detail how to stabilize this beat note.

Although a temperature controller is used to coarsely control each of the laser’s
output frequencies, only current control is used to adjust laser frequency, because

the frequency response of the DFB laser for current change is much faster than
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DFB laser output frequency vs. input current
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Figure 3.3: Laser frequency vs. input current [25].

that for temperature change. (Verified experimentally by conducting simple tests).
The two lasers were kept at same temperature unchanged, so that we could ignore
any temperature effect. The Laser Diode (LD)’s frequency was tuned by changing
the current only, following the frequency vs. current curve shown in Figure 3.3.
And the current is controlled through an external modulation input signal to the
ILX Lightwave’s LDX-3620 current source.

The configuration of the frequency offset locking system is shown in Figure 3.4.
When two lasers are used for the Brillouin scattering sensor system, a very stable
frequency difference between the two lasers is required. This is referred to as the

frequency set-point AW (the desired beat note frequency to match the Brillouin
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Figure 3.4: Frequency offset locking system. The feedback circuit controls only

one of the lasers (DFB 2). DFB 1, DFB 2: distributed feedback laser 1 and 2;

Mixer: electrical signal mixer; Optical delay: motorized variable optical delay line;

PD 1, PD 2: photodiode 1 and 2.

frequency, for instance ~10860 MHz for the 1554 nm DFB lasers). The feedback

loop adjusts one laser to follow the other laser in frequency w by continuously

adjusting the change in frequency Aw (via current changes) so that the error dw

is at or near zero.

dw = Aw — AW

(3.3)

“Assume that the laser outputs are Eq, sin(wit — ¢;) and Ep, sin(wat — ),
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where Ej, and Ey, are the electrical amplitudes of laser 1 and 2; ¢, and ¢, are the
electrical phases of laser 1 and 2; while w; and w, are the optical frequencies of
laser 1 and 2, respectively. A coupler at the laser outputs sends 95% of the laser
signal to the sensor fiber and 5% of the signal into the feedback loop. The feedback
loop signals are coupled together into one fiber through the use of a 50:50 coupler.
For simplicity, due to the very short fiber length between couplers, we can neglect

the fiber loss. The output from the second 50:50 coupler is comprised of two equal

parts, Y7 and X;:

Yy = Epsin(wit — ¢y) + Epsin(wat — @,) (3.4)
. T ) T
X1 = Egpsin(wit— ¢+ ¢, + 5) + Eozsin(wat — ¢y + ¢y, + ‘2')
where Ey; and Ey, are the amplitudes after passing the couplers; ¢, and ¢, are
the optical phases after going through the couplers; and ¢, and ¢, are the optical

phase differences induced by the path length difference of Y7 and X; for w; and

wy, respectively. The 7 phase shift arises from the second 50:50 coupler.

3.2 Optical Delay Line

Since we can only control Aw implicitly through the feedback control loop, the
optical delay At is used to scale the change of phase AwAt. In the experiments,
a motorized variable optical delay line is used. This device provides precision
optical path length adjustment. Driven by a DC motor with an integrated encoder,

the motorized delay line has a micrometer delay resolution. The device has an
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optical delay range of 600 ps which is corresponding to a 180 mm free space path
length distance. This is the longest optical delay line available in the market. By
conducting frequency sweeping around 10860 MHz, a 925 MHz beat frequency
tuning range was achieved. Through the relationship of (wg + w')to = wo(to + '),
where wy is the reference frequency, tg is the reference time delay, «' is the frequency
range and t’ is the optical delay change, we can draw the conclusion that the longer
the optical delay is, the bigger the frequency range is. This optical delay line has 10
speed settings for changing delay time, from 0.01 ps/sec to 250 ps/sec. The faster
the delay time changes, the less time the test of Brillouin spectrum sweeping needs.
In our setup, 1 ps/sec speed is most often chosen by evaluate the experimental

results.

When signal Y; passes through the optical delay line it experiences a delay of

At, then we have:

Yy = Episinfw(t — At) — ¢,] + Eggsinfwa(t — At) — ¢y (3.5)

3.3 Photodetectors

The photodetector is composed of semiconductor material with a p-n junction,
and converts the optical signal to an electrical signal through the photoelectric
effect. An electron-hole pair will be generated in the material when an incident
photon with energy hv greater than the band-gap energy is absorbed by the mate-
rial. These pairs form a photocurrent I, after applying a reverse-bias electric field.

The photocurrent is proportional to the incident optical power Py, [[26], page 134]:
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where R is responsivity of the photodetector. The responsivity is related to the
incident light wavelength and the quantum efficiency, for our case, it is assumed

to be constant. Therefore:

I, x P (3.7)

When two frequencies, w; and w,, beat together on a photodetector, examining

photodetector PD 1 first (Y path), and knowing that:

sinusinv = %[cos(u — v) — cos(u + v)] (3.8)
1
sinu = 5(1 — cos 2u)
and:
Aw = |wi — ws (3.9)
Ap = ¢ — ¢,
Power o (amplitude)® (3.10)

therefore from Equation (3.7), we can easily obtain:



28

Yy o« [Va)? (3.11)
= {Eg sinfwy(t — At) — ¢,] + Eog sinfws(t — At) — ]}
= E2 sin?jwy(t — At) — ¢,] + EZ sin?[wo(t — At) — ¢o]
| +2FEp; Ega sinfw; (t — At) — @] sinfwa(t — At) — ¢y)
= %E§1{1 — cos[2wi(t — At) — 2¢4]} + %E§2{1 — cos[2wa(t — At) — 2¢,]}
+Ep Egp{cos[Aw(t — At) — A¢| — cos[(w1 + wa)(t — At) — (¢ — )]}
Due to the low pass frequency response of the photo detector, frequencies

higher than 20 GHz are filtered out. Frequency terms wi, ws, and w; + we which

are in the THz range, are filtered off by the photodetector. Therefore,

1

2E§2) + Ep Eoz cos[Aw(t — At) — Ag] (3.12)

1
If we assume photodetector frequency response as Rpc and R 4¢ corresponding

to DC and AC signals respectively; Ipc and I4¢ are the DC current output and

the peak-to-peak AC current output of the photodetector, respectively:

1 1
IDC = RD0(5E31+'2-E32) (313)

Ijc = RacEnEp

Therefore:

Ys & Ipc + Iac COS[Aw(t - At) - Agb] (3.14)
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Similarly, for the photodetector in the X path (PD 2), one has:

X2 X [X1]2

T
2

) X T

= {Eysinjwit — ¢, + @, + =] + Egzsinfwat — ¢y + ¢ + 5]}2
1 1

= §E31{1 — cos|2wit — 2¢; + 2¢, + 7|} + §E§2{1 — cos[2wat — 2¢, + 2¢, + 7|}

+ Eoy Eno{cos|Awt — A + (8, — ¢,)] — cos[(wn +wa)t = (61 — 62) + (9o + ¢) + 7]}

Again, as the detector filters off frequencies higher than 20 GHz, we have:

1 1
Xa X §(E31 + §E32) + Eg1 Epo COS[AWt — A+ (¢, — ¢b)] (3~16)
and:
1o 1.,
IDC = RD0(5E01 + -2‘E02) (317)
Isc = RacEoEp
Finally:
Xy 2 Ipc + Lac cos|Awt — Ad + (¢, — &) (3.18)

3.4 Mixer

The mixer [27] is also called the phase comparator, and is commonly used in
RF (radio frequency) systems for frequency conversion. In Figure 3.5, the voltage

at the secondary side of the LO transformer causes currents to flow through diode
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pair D1 and D2 or D3 and D4, depending on the voltage polarity. The DC voltage
at B (or C) is held at virtual ground potential (V=0) by the voltage divider action
of the conducting diode pair. The diode pairs (D1, D2) and (D3, D4) alternate
conduction, causing the ends of the RF transformer’s secondary winding (B and
C) to be alternately at ground potential, switching at a rate equal to the frequency
of the input signal to the LO port. The instantaneous voltage at the IF port is
determined by: 1) the level and polarity of the instantaneous voltage at the RF
transformer’ s secondary winding; and 2) which terminal of the secondary is at
ground potential at that instant. The output at the IF port contains the sum and
difference of the frequencies of the signals input to the LO and RF ports. If the
RF and LO signals have identical frequencies, then their frequency difference is
zero (DC) which is the desired output for a phase detector. Their sum, which is at
twice the input frequency, can be selectively filtered out if it is not already beyond

the frequency response of the IF port.

By the identity:

1
COSUCOS U = 3 [cos (u + v) 4 cos (u — v)) (3.19)

The V¢ can be expressed as [28]:
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i

Figure 3.5: Double balanced four-diode ring mixer [27]. LO: local oscillation; IF:

intermediate frequecy; RF: radio frequency; D: diode.

4
ViF = VRFCOS(wRFt"I'(bRF)[;

1
- cos(nwrot + ér0)] (3.20)
n=1,3,5...

4 1
= VRF'ﬂ‘_{i[COS(wLOt + wrrt + ¢ro + Orr) + cos(wrot — wrrt + ¢ro — Orr)]
1
+6[cos(3w,;ot + wrrt + 3010 + dpp)t + cos (Bwrot + wrrt + 3d1o — Orp) t]

4.}

or ignoring the higher order terms (> wro or wgr), it can be simplified as:

2
VOUT = ;T-VRF COS[(wLot - wRFt + ¢LO - ¢RF) t] (3.21)

2
= ;T'VRF cos(w't + dro — Orr)

where W' = wpo — WgF.
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Figure 3.6: Typical phase detector response [28].

Figure 3.6 shows how the typical phase detector response curve [28] varies as
cos (A¢ + ), where A¢p = (wro — wgrr)t. Detector response is fairly linear over
A¢ = Z £ 6¢. The range of linear response depends on how much deviation
from linearity can be tolerated. For example, if a 10% deviation from linearity is
acceptable, then the linear response region will extend approximately from A¢ = £
to %’r, ie., 6¢ = £%. A Marki Microwave’s M8-0420 double-balanced mixer was
chosen in our setup. It offers broad RF/LO bandwidths (4 - 20 GHz) and a DC

IF response (0 - 2 GHz) along with three SMA connectors.

In our setup, when two signals, X and Y3, with identical frequency and con-

stant amplitude are applied into the mixer, the result is a DC output voltage
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proportional to the phase difference between these two signals. The phase differ-
ence AwAt is the product of the frequency difference between the two lasers and

the time difference between the signals Y3 and X5. Thus we have:

VOUT = %VRF COS[((JJL()'LL + ¢LO) — (wRFt + QSRF)] (322)
_ %RIAC cos{[Dw(t — At) — Ad| — [Awt — Ad + (6, — &) + d.]}
= %RIAC COS[AwAt + (Cf)a — ¢b -+ ¢C)]

where R is the output impedance of the photodetector, and ¢, is the microwave
phase difference induced by the electrical cable length difference for X, and Y3.
If we define Vpp is the peak-to-peak voltage output of the mixer, where Vpp(Aw, Py, Pr) =

%RI Ac, then we have:

Vour = Vep(Aw, Pr, Pg) - cos|AwAt + (¢, — ¢ + &,)] (3.23)

Now, let us analyze two different cases:
Case 1 — Lock Voyr using the feedback circuit, then [AwAt + (¢, — ¢;)] is
locked too (¢, is constant). By tuning At, then Aw changes over a certain range.
Case 2 — Once the system is locked and also with At fixed, if the laser carrier
frequency has a small fluctuation éw, then using the relation Aw = dw + AW, we

may separate phase (AwAt) into two components: a phase error term (éwAt) and

a phase offset term (AW At).

Vour = Vep(Aw, Py, Pr) - cos[0wAt + AW AL + (¢, — ¢, + &,)] (3.24)
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Since the mixer has a relatively flat frequency response, the following is valid:

Vpp(Au),PL,PR) = VPP(AW, PL,PR) (325)

Therefore, rewrite Vpyr as follows:

Vovr = VPP(AW Py, Pg) - cos{dwAt + [AWAL + (¢, — ¢, + ¢.)]} (3.26)
= Vpp(AW, Py, Pg) - {cos(SwAt) cos| AW At + (¢, — &y, + &)

— sin(SwAt) sin[AWAL + (¢, — ¢y, + 91}

Now set

AWAL+ (8, — 6, + 6 = = (3.27)

Using the condition that dw is very small, this implies that:

VOUT - —VPP(AW, PL, PR) . sin((SwAt) (328)

Thus, there is an almost linear proportional relationship:

Vour o —6w (3.29)

This relationship can be used to provide the compensation information for the

feedback circuit which will now be discussed.
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Figure 3.7: Inverting amplifier: V,,; = —%V}n (p control).

3.5 Feedback Circuit

The operational amplifier (OA) can be set up as an inverting amplifier, refer to
Figure 3.7 for the circuit. This configuration is a basic feedback circuit. There are
several feedback designs: proportional control (P control), proportional derivative
control (PD control), proportional integrating control (PI control), and propor-
tional integral derivative control (PID control). P and PI control are the most
commonly used. A proportional controller [Figure 3.7] has a characteristically fast
rise time. An integral control [Figure 3.8] has the advantage of eliminating steady-
state error. In this work, a PI control was built to provide the feedback signal to

the current input of the DFB lasers.
The feedback loop used in the system [Figure 3.9] reveals three parts:

Part 1 (G1(jw)) is the laser tuning section. From the specification sheet of the
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Figure 3.8: Integration circuit: V,(t) = ﬁlé fot Vin(t)dt + Vo (t = 0).
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Figure 3.9: Block diagram for stablizing the laser frequency.
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DFB lasers, the current source has a tuning transfer function of 100 mA /V in the 0 -
200 mA range. A measurement of the transfer function between an applied voltage
modulation and a resulting frequency output was performed, refer to results in the

table below: [MF—Modulation Frequency(Hz); BF —Beat Frequency (MHz)]

MF | 0.02 | 10 50 100 | 1000 | 2k 5k 10k | 20k | 50k | 100k

BF | 1800 | 1600 | 1550 | 1550 | 1500 { 1350 | 1200 | 1000 | 850 | 600 | 450

The modulation amplitude was set at 20 mV,_,. The shift for the laser
was about 1550 MHz/20mV,_,=77.5x10°Hz/V at low frequency. It dropped to
0.707 of the maximum at roughly 10 kHz when the time constant measured is
RC=1.59x107° s. Thus, the transfer function for the laser in converting voltage

modulation into frequency modulation is given as:

, 7.75 % 1010
Giliw) = T35 59 < 105 2/ V) (3:30)

The second part (Ga(jw)) is the delay line and mixer section. The delay time
and power to the mixer were adjusted to give a response as seen in Figure 3.10: the
slope was 100(mV)/250(MHz)=4.0x1071° (V/Hz) as determined by experimental

measurements. Thus, we have:

Gs(jw) = 4.0 x 1071°(V/Hz) (3.31)
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Figure 3.10: Mixer’s output voltage vs. frequency.

Third part, G3(jw) is the home-made PI Control circuit; shown in Figure 3.11.
Several band-pass filters are used to filter out noise. This circ‘uit was initially built
in NRC (National Research Council, Canada) by Mr. John Bernard.

After applying the PI circuit, one finds that the beat note is stabilized (shown
in Figure 3.12) as opposed to the unstable beat note shown in Figure 3.2 with no

feedback, and also it is tunable.

With the two stable frequency-locked lasers, we next built the sensor system.

The details are described in the following chapter
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Beat frequency stability with feedback circuit
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Figure 3.12: Beat signal with feedback. Beat frequency is stable with the feedback

circuit.



CHAPTER 4
DISTRIBUTED FIBER OPTIC SENSOR SYSTEM BASED ON TWO

DISTRIBUTED FEEDBACK LASERS

4.1 System Configuration

In the last chapter, we showed that the offset locking technique could be used
to stabilize two DFB lasers at the offset frequency. Two DFB lasers (close together
in frequency) produce a beat signal, which is equally divided into two parts. By
comparing the phase difference of these two beams (often one beam passes through
an optical delay line) and using this difference to provide a feedback signal to the
current source of one of the lasers, the frequency of laser follows that of the other
laser resulting in a stabilized beat signal. By tuning the optical delay line, we can
change the beat frequency within a certain range. The Brillouin frequency for 1554
nm light is 10860 MHz. Two lasers can be locked at this offset frequency with a
925 MHz tuning range.

Figure 4.1 shows a block diagram of our system. One of the DFB lasers (pump)
launches a CW pump beam, while the other DFB laser (probe) is modulated by
an electro-optic modulator (EOM) to produce a pulsed beam (Stokes probe). The
two beams are launched into the fiber under test at the opposite ends of the
fiber. Due to Brillouin amplification, the Stokes wave is continually amplified as it
travels through the sensing fiber; the resulting depletion in the CW pump power is

measured over a range of frequency differences to create the Brillouin loss spectrum.
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Figure 4.1: The 1550 nm sensor system setup. TC: temperature control, CC:
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Therefore, the Brillouin loss spectrum and Brillouin spectrum (spectral profile) are
complementary. The use of a pulsed probe beam allows the system to acquire the
Brillouin loss spectrum in any position along the fiber under test. Therefore, a 3-D
data set in position (time), frequency and power (loss) is collected. With analysis,
we obtain time-domain Brillouin scattering signals and Brillouin loss spectrums at
any location along the fiber. The circulator and isolator used in the system play
an important role in stopping lights going back to the laser cavities.

Recall that the Brillouin shift depends on the effective refractive index of the
fiber, and thus it changes whenever the refractive index of the silica changes in re-
sponse to any local environmental variations (such as temperature and strain). By
monitoring the Brillouin frequency shift along the fiber, one can successfully map
out the distribution of temperature or strain. When temperature stays constant,
the strain information can be obtained from Brillouin frequency shift.

Some of the important optical and electro-optic components used in our system

are listed in the following sections.

4.2 Electro-Optic Modulation

We use an electro-optic modulator driven by a pulse generator to modulate
one of the CW lasers to produce successive pulses that are launched into one side
of the fiber under test, thus allowing us to obtain distributed information along
the fiber. The EOM is a very critical component in our distributed sensor system.

The EOM is made from lithium niobate (LiNbO3) which has low optical loss

and a high electro-optic coefficient. The electric-optical coefficient relates the re-
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fractive index of the material changes in response to an applied electric field —
thus one can change the speed of light passing through this medium by applying

a voltage.

Figure 4.2 gives a block diagram of a typical modulator. The input light enters
the modulator and then splits into two paths using an optical beam-splitter. The
upper optical path passes through a length of LiNbOj3 crystal. Light in the lower
path experiences a fixed time delay. After the light travels through these two
separate paths an optical combiner (beam-splitter) merges the two beams, and
thereafter the light travels on one path. By applying an electric field to the crystal,
the material refractive index changes and thus we have a variable time delay. If
the time delay through the fixed fiber (lower path) and the LiNbO3 crystal (upper
path) is equal, the two signals will be in phase (constructive interference) and
result in maximum output when they reach the output optical combiner. When
the applied electric field changes the refractive index in the crystal to delay the light
by half of one wavelength, the two light signals will be out of phase (destructive

interference) and result in minimum output.

In this experiment, a JDS Uniphase Corporation manufactured OC-192, 10
GHz modulator is driven by an Avtech Electro Systems’ pulse generator (model:
AVMP). The pulse generator can produce an amplitude-adjustable pulse with a 5
- 100 ns pulse-width and is triggered by a function generator. For a 2 km fiber,
the repetition rate is set to 20 kHz to make sure there is one pulse in the fiber for

distributed sensors, and the pulse-width is 50 ns.
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Figure 4.2: Typical Lithium Niobate (LiNbO3) optical modulator [29].

4.3 Polarization Scrambler

According to research done by M. Deventer in 1994 [13], the Brillouin gain
differs depending on whether the two beams have identical polarizations or or-
thogonal polarizations. To overcome the polarization dependence of the Brillouin
gain, polarization control (scrambling or depolarization) of the pump beam is re-
quired [30]. This is the reason that a General Photonics Corporation’s PolaRITEIII
dynamic polarization controller is used to scramble the polarization states of the
CW pump beam (see Figure 4.3). This polarization scrambler actively changes
the state of polarization by squeezing the fiber to induce a large birefringence via
the photo-elastic effect [31]. With the photo-elastic effect, an acoustic wave propa-

gating through an acousto-optic material creates periodic changes in the refractive
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[31).

index [[26], page 343]. The effect works over a frequency range of 10 Hz to 12.5

kHz.

4.4 FExperimental Results

Compare the beat signal with feedback operation to the signal without feedback
operation in Figures 3.12 and 3.2. With feedback operation, the standard deviation
of the beat frequency (at 10860 MHz) is 20 kHz over 10 minutes shown in Figure 4.4.
10 minutes is enough for a Brillouin spectrum scanning in our setup. The standard

deviation is the most commonly used measure of spread. It is the square root of
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Figure 4.4: Beat frequency stability. 20 kHz for standard deviation in 10 minutes.

the variance, and the variance is computed as the average squared deviation of
each number from its mean. In Figure 4.5, we demonstrate a 925 MHz continuous

tuning range around the 10860 MHz Brillouin frequency by using an optical delay

line.

Figure 4.6 shows a time-domain Brillouin scattering signal measured at the
Brillouin frequency 10860 MHz for a 1.8 km single mode fiber with 2000 signals
averaged. An average of 1000, 2000, or even more signals is taken to reduce the
noise. The pulse width is set to 50 ns equivalent to 5 m spatial resolution. The
pulse repetition rate is 20 kHz since 20 kHz corresponds to 50 us during which the
pulsed light can travel 20 km (i.e. pulse leaves fiber before next pulse is generated).

This time domain diagram records the intensity of the pump power as a function of
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Figure 4.7: Brillouin gain spectrum at the center of the 1.8 km fiber. The peak

frequency is located at 10857 MHz.
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time (can convert to distance) from when the pulse first enters the fiber to when it
exits the fiber at the far end. Figure 4.7 is the Brillouin spectrum at the center of
the 1.8 km fiber. As can be seen, the peak signal (10857 MHz) corresponds to the
Brillouin frequency of 10860 MHz with a 3 MHz variation at room temperature.
The signal-to-noise ratio (SNR) for this spectrum is about 15 dB. Initially, it was
thought that this low SNR could be caused by the broad linewidth of the DFB
laser which is about 1000 times larger than the stabilized Nd:YAG laser’s linewidth
(SNR for Nd:YAG laser sensor system is 10 - 20 dB higher). In the next section,
the Brillouin gain is simulated with this broad spectral width and it is found that

the linewidth is not the major factor for the low SNR.

4.5 Simulation of Brillouin Scattering

The stabilized Nd:YAG laser has a frequency bandwidth of 5 kHz/ms [32] as
compared with the 5 MHz linewidth of a common DFB laser [25]. Using numer-
ical simulation method, one can examine the effect of linewidth on the Brillouin
gain/loss spectrum.

The coupled wave equations for the steady state Brillouin scattering are given
by Equation 2.6.

The numerical solution for these coupled equations follows:

Assume the length of the fiber under test is LAz, the location along the fiber
where the spectrum is of our interest is given by z = mAz, with Az is the spatial
resoution. We assume Az = 1m, m =0,1,2...L and L = 1000 in this simulation.

First, write a discrete recursive solution to obtain I"* and I in terms of
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the mth values, where p represents pump and S represents Stokes:

I = Az x (=o' — gpI I + I (4.1)

I = Az x(al§ — gpllIg) + I3

Next, apply the input boundary conditions (/X = 0.020(Watt) /[ x {5e~®(meter)]*}

and I3 = 0.001(Watt)/{m x [5e~8(meter)}?}) to solve the coupled equations.

Dr. Bao et al. first suggested a numerical solution in 1995 [33], and in 1998
Dr. Bao and Dr. Chen [34] provided a correction to the solution provided in the
classic text book "Nonlinear Fiber Optics" by Agrawal. Extending this work, we
introduce the linewidth terms into the equations, to better simulate DFB laser

based Brillouin scattering.

Referring to Figure 4.8, consider the incident light as a linear combination of
many incident beams at different frequencies (dealing with intensities instead of
fields here). Now, consider the linewidth of DFB lasers to be N times bigger than

that of Nd:YAG lasers:

b SO NACES M ILHACINC (42)
50 _ oo FEmmon o

Next, using the numerical approximation method, and
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54

lej (2) = I,

we have:
ot m
P Y4 . m
= —aly ZZQBW P s] (4.3)
Az
=1 j=1
m+1l __ 1m
it al™ — E E
AZ gB‘LJ pz
i=1 j=1
_ _linewidth of DFB laser 5 (MHz)
where N = o e oF NA-YAG lesor — 5, — 1000

The Brillouin gain spectrum can be treated as a Lorentzian distribution when
the laser linewidth is much less than the natural linewidth of the phonon. Use
gp ~ 5x107 m/W as the peak value of Brillouin gain (v = vp) at the oscillation
frequency with I'p = 711; = 55(n—< = 20 MHz being the damping rate of the acoustic
waves, and the peak Brillouin frequency is 10860 MHz.

Treat the laser beam using a Gaussian profile, thus the distribution function

is:

[ (v) = Le~*m2(52)° (4.4)

o0

From the identity / e 24y = +/ 2w, one may derive Iy = fln‘lftotal Then the

laser beam distribl;cion is:

7lnd vovg)?
I(v) = ‘/;Vn Tiotae™ 2 (5) (4.5)
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where the laser linewidth év = 5 MHz, and I, is the incident optical intensity.

Now, solve the above equations numerically (refer to code in Appendix C).
The simulation results ( Figures 4.9 and 4.10) show that the pump beam keeps
losing the energy to the Stokes pulse along the fiber through the Brillouin scatter-
ing effect after being launched into the fiber. Meanwhile, the Stokes pulse keeps
gaining power along the fiber from the interaction with CW pump beam (so called
"Brillouin amplification"). The Stokes power starts to grow at its initial position
of Z = 20 meters. The pump power starts to decrease at its initial position of Z
= 0 meter. The full-width-half-maximum (FWHM) of the Brillouin spectrum for
the DFB lasers (75MHz) does not have a big difference with that for the Nd:YAG
lasers (90MHz). Therefore, the linewidth of the laser used does not affect the
Brillouin spectrum. On the other hand, the stability of the laser frequency may
be the critical parameter in the sensor system’s performance. This could indicate
that a 20 kHz frequency deviation over 10 minutes of average time is not sufficient

to allow a 25 dB SNR for the Brillouin spectrum.
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CHAPTER 5

CONCLUSION (PART I)

Over the past two years, this project has successfully applied the offset locking
technique to stabilize the beat signal between two DFB semiconductor lasers and
then used these laser sources to measure Brillouin loss spectrum. In the first year,
the focus was on searching for two stable and tunable DFB light sources. The
sensor system requires a frequency stability of less than 100 kHz over a millisecond
time scale. Thus, two DFB lasers were offset-locked to achieve 100 kHz stability,
but over a longer time period (10 minutes) of averaging. In addition, by applying an
optical delay line, one could tune this beat frequency over a 900 MHz range.Then,
in the following year, the whole sensor system was built using more than 20 optical,
electrical and electro-optic components. The resulting time domain signal and
frequency domain spectrum for a 1.8 km long fiber (SMF-28) were obtained. For
a laser at 1554 nm, with a Corning SMF-28 optical fiber at room temperature, the
Brillouin peak frequency is expected to be at 10860 MHz. The experimental result
was very close at 10857 MHz. However, the SNR was only 15 dB for a 5 m spatial
resolution, not as good as that of the stabilized Nd:YAG sensor system’s over 25
dB SNR. The Brillouin scattering process was simulated under the condition that
the DFB lasers have a much wider spectral width than that of the Nd:YAG lasers.
The results showed that this did not affect the Brillouin spectrum. In future work,

it is recommended that one improves the beat frequency stability of the DFB lasers



to a few kHz in order to increase the SNR of the sensor system.
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Part 11

STUDY OF POLARIZATION

EFFECTS IN OPTICAL FIBERS
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CHAPTER 6

BACKGROUND

Being a low cost medium for transmitting information over long distances, the
optical fiber has played a very important role in the field of modern telecommu-
nications in the past 20 years. In high speed fiber optic communications systems,
polarization mode dispersion (PMD) and polarization dependent loss (PDL) are
very critical effects which are harmful to the system data transmission rate above
10 Gb/s. Much research is under way to find better methods to compensate for
these impairments in the communication system. For instance, the principal states
of polarization (PSP’s) [35] and their differential group delay (DGD) have been
extensively studied to describe the polarization mode dispersion in single mode
fibers. There are a number of techniques [36] [37] [38] [39] to measure the PMD.
However most of these techniques have assumed that the system does not have any
polarization dependent loss or gain (PDL/G). Although the Jones matrix eigen-
value analysis method by Heffner [38] does give a correct DGD value for a system
with PDL/G, utilization of this method requires complete knowledge of both the
input and output state of polarization (SOP) for three independent polarizations.
The complex plane method introduced by Eyal et al.[39] requires the measurement
of three output SOPs as well as their derivatives. Because of their unconventional
representation, it is not straightforward to provide output complex PSP vector

information. In a system with PMD and PDL/G, Gisin and Huttner [40] showed
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that the PSP vector

-

W=0Q+i (6.1)

becomes complex. The normalized output state of polarization (SOP) described

on the Poincaré sphere obeys the following equation of motion [40] [41] [42]:

Uy

=(AxS§-(Ax8) xS (6.2)

Q-|CL
&

where ? is the normalized Stokes vector, w is the angular frequency of the light,
and § is the real part of the complex PSP vector W, while A is the imaginary part
of the PSP vector W. In deriving the above equation of motion it is assumed that
the input SOPs are the same for the entire wavelength. We propose a method that
directly uses this equation of motion to measure the complex PSP vector w. Eyal
et al.[43] first noted this possibility; however they used four SOPs to estimate the
complex PSP vector. We show that only three SOPs are sufficient to determine
w.

In addition, being an important component in optical systems, the fiber Bragg
grating (FBG)’s PDL is also investigated in this part. A FBG can be used as a filter
or as a sensor. It is comprised of an optical fiber with a periodic refractive index
perturbation in the fiber core. It is made by exposure of the fiber to an intense UV
interference pattern, created by either a split-beam interferometer or a phase mask.
A PDL measurement of the FBG over the grating’s reflection wavelength involves

the use of an optical circulator. The optical circulator is a passive device having
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Figure 6.1: An optical circulator’s function. The light comes from A goes to B,
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three or more ports in which input light from one port is coupled only to the next
sequential port in a given direction and is prevented from travelling in any other
direction (Figure 6.1). The circulator is made up of beamsplitters (or called beam
displacers, which seperate the light beam into two perpendicularly polarized light
beams: ordinary light and extraordinary light), waveplates (which provide 445 or
-45 degree rotations depending on the direction of the input light) and Faraday
rotators (Figure 6.2). By a combination of these components, the light from port
A is seperated into O beam and E beam, which pass through the components
between port A and port B and are finally recombined into port B. But the light
from port B will be seperated, displaced and recombined into port C. It cannot
goes back to port A. As we can see, the circulator has many polarization dependent
parts. The circulator has almost the same level of polarization dependent loss as
the typical fiber optic device under test (DUT). In measurements, one usually
ignores the circulator induced PDL since there is presently no method existing to
eliminate it. In this work, there is proposed and demonstrated an experimental
configuration and procedure, based on the Jones matrix method, to eliminate this
PDL successfully in our measurement.

In the next three chapters, we will discuss the following polarization effects: 1)

PMD measurement in an optical system, and 2) PDL measurement of a circulator.



CHAPTER 7

CHROMATIC DISPERSION AND POLARIZATION EFFECTS

7.1 The Physics of Polarization Effects

The refractive index n is dependent on light frequency w, so one has the re-
lation n = n(w); this dependence is called chromatic dispersion (CD). Dispersion
causes significant pulse broadening when a very short pulse propagates through
a fiber, because a short pulse (in time domain) consists of more frequency com-
ponents (obtained via Fourier transform) in spectral domain. These components
have different velocities even in the same fiber dependent on the n(w) function.

One defines the mode-propagation constant as [[8], page 9]:

B(w) = m(@)% = B+ By ~ wo) + 3fale — wo)? + .. (7.1)

where 8,, = (5£),_,,, (m = 0,1,2...).

= \gom

Next, if we refer to n, as the group index and v, as the group velocity, we have:

51 = l = %2 = %(n#—wa—;) (72)

Also the group-velocity dispersion (GVD) parameter is expressed as:

_dg;, 1, .dn  d’n
=1 = Ca tYae)

Ba (7.3)
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This is related to the commonly used dispersion parameter D:

Ad%n

dg 2rc
O Y

D= =-2"
dx 2

(7.4)

In standard fiber, when A= 1270 nm, 3,= 0 so D= 0 and we name this wave-
length as \p, which is called the zero-dispersion wavelength. With different fiber
manufacturing methods, we can shift this zero-dispersion wavelength to 1310 nm
or even to 1550 nm, and even design dispersion-flattened fiber (with reduced wave-
length dependence).

GVD severely limits the data transmission quality when the bit rate exceeds 2
Gb/s for existing telecommunication networks [[26], page 280] (which mostly use
older, unmodified fiber). That is why dispersion management schemes are being
investigated.

On the other hand, since two degenerate orthogonal modes are supported in
a single mode fiber [[8], page 13], the mode propagation constants are different in
the two polarization directions. If n, and n, are the modal refractive indices for x
and y polarization states, then the modal birefringence is B,, = |n, — ny|, and the
beat length is Lg = ﬁ. In reality, all single mode fibers exhibit some modal bire-
fringence because of unintentional variations in the core shape (asymmetries) and
anisotropic stresses along the fiber length. PMD causes the broadening of the op-
tical pulse because of random variations in the birefringence along the fiber, which
is in addition to GVD induced pulse broadening. PMD limits the system perfor-

mance when the single channel bit rate is extended to above 10 Gb/s [[26], page

280] and the use of dispersion management methods cannot completely eliminate
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the PMD induced broadening. Some methods used to reduce the negative effects
involve the use of electrical or optical delay lines to compensate for the first-order
PMD [44] [45]. Higher order PMD compensation in a 40 Gb/s lightwave system
has also being proposed [46] [47]. Also, polarization maintaining (PM) fibers, for
example “Panda” and “Bow tie” designs are used to keep the polarization state
fixed during transmission through the fiber for some applications.

Another polarization related parameter is the Polarization Dependent Loss
(PDL), which is defined as the difference between the maximum and the minimum

insertion losses for all possible input states of polarization (SOPs)[48].

7.2 Mathematical Description of Polarization

To begin, we review the definition originated by G. G. Stokes in the mid 19th
century. He introduced 4 parameters to describe the polarization of light, which

are now called Stokes parameters [[49], page 374].

51 - 2[1 - 2]0
Sg = 2[2 - 2.[0
Sg - 2[3 - 2[0
where Iy, I1, I and I3 are the transmitted intensities when each of 4 polarizers is

inserted in the light path. These polarizers are isotropic, +45° linear, —45° linear

and circular, respectively. And each of these filters will transmit half the incident
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light, the other half being discarded. (Sy, Si,S2,S3) is called Stokes vector. In
 the normalized representation (1,0,0,0) is the totally unpolarized light, (1,1,0,0)
is horizontally polarized light and (1,—1,0,0) is vertically polarized light. For
completely polarized light, it follows that: Sz = S?452+S%. For partially polarized

light, the degree of polarization (DOP) is defined as V = (S? + Sz + 52)1/2/S,.

R. C. Jones invented an alternate method to describe polarized light in the
1940s, called the Jones vector (or Jones Matrix) method [[49], page 376] which
can be easily applied to coherent light if the phase information in the matrix is
presented. The most important point is that the Jones matrix can be used to define
the optical elements preserving phase information. Thus, light passing sequentially
through a number of optical components represented by matrices A;, As, Az, .. .,
can be described as E; = ... A3As A1 E;. (E;- initial amplitude, E;- transmitted

amplitude)

In 1943, H. Mueller devised a novel way to relate the Stokes method to the
Jones matrix method. The Mueller matrix [[49], page 377], which is a 4 x 4
matrix, can be used to describe both polarized and partially polarized light, as

well as coherent and non-coherent light.

The Stokes vector is defined as three dimensional vectors S;, Sy, and Ss; and
moves on the surface of a sphere called the Poincare’ sphere [Figure 7.1]. Points
on the equator represent states of linear polarization, the poles represent right-
hand (north pole) and left-hand (south pole) circular polarizations, and all other

points on the sphere represent elliptical polarization states. If the device under test
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Stokes parameter [51,52,83)
Eltiptical display () 1 Righthand
Circalar

} Polarization

Yerticsl
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-#5-degree * Polarization
Linear
Polarization
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Puolarization

0,10 A5degree

7 Linear

Polarization

Left-hand 0.0
Circular {..)
Polarization

Figure 7.1: Polarization states can be described using an elliptical display, a point

on the Poincare sphere or a set of Stokes parameters [50].
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is an optical component then as the wavelength changes, the component exhibits
different birefringent characteristics, thus the polarization vector traces out a curve,
or arc, on the surface of the Poincare sphere. The vector that goes from the center
of the sphere to the circle represents the component’s principal axis. For long
fibers, i.e. fiber length L (say 5 km) >> beat length (say 10 m), the PMD from
fiber sections combines randomly, and thus the Stokes vector traces out a random
curve that covers the Poincare sphere as the wavelength changes. The rate at
which the vector to the curve changes divided by the rate at which the optical
frequency changes, is defined as the PMD [35].

The relation between the Jones vector (4. exp(i¢,), A, exp(ig,)) and Stokes

vector (Sy, S1, Se, S3) is given as [50]:

So = A+ Al=1 (7.6)
Sy = Al — A2 = cos(2w) cos(2a)
Sy = 2A;A,cos(A) = cos(2w) sin(2c)

Sy = 2A,A,sin(A) = sin(2w)

where E = 1A, exp(ip,) +jA, exp(ig,), A = ¢, — ¢,, o is the azimuth angle of
the polarization ellipse and the ellipticity of the polarization ellipse is tan(w). For

known input SOPs — 0°, 45° and 90°, the measured output SOPs are:

, , (7.7)
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If one defines k1 = x1/y1, k2 = Ta/y2, k3 = z3/ys, ks = (ks — ko)/ (k1 — k3), then

the corresponding Jones matrix is:

kiks ko 7.8)

kg 1

where C is an unknown complex constant introduced by the Jones matrix mea-
surement technique, this constant has no effect on the final PDL calculation.

Using Jones matrix eigenvalue analysis method, one can measure PMD and
PDL [50].

For PMD measurement, one begins with measuring the Jones matrices J; and
Jo at preselected wavelengths A\; and A,. The differential group delay (DGD), A,
for these wavelengths is related to the eigenvalues p; and p, of the matrix product
Ji and Jy. An eigenvalue is defined as a complex constant which satisfies the

following relationship:

pxV=JxV

where J is the Jones matrix being analyzed, and V' is the eigenvector input to J
for which no polarization change occurs during signal transmission.

Thus we have [38]:

PMD, 5 = Arg(pi/ps)/ (w2 — wi) (7.9)

where Arg denotes the argument function.

For PDL measurement (as seen in Figure 7.2), we have [51]:
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Polarizers

> Q0O

I Polarimeter

lOpticaI source

Figure 7.2: The Agilent 8509 Lightwave Measurement System. The PDL infor-
mation is derived from the Jones matrix of the test component [50]. A, B, U, V
represent the Jones matrices for the elements indicated (the component under test,

one test fiber and the two leading fibers, respectively).
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Twin s2(A) B s3(B)

POL =7 " =34 ~ 2B

(7.10)

where A, B, U, V represent the Jones matrices for the elements indicated (the
device under test and the three pigtails), s is the singular value of the matrix, and
T is the optical power transmission coefficient, 1 and 2 refer to two eigenvalues of

the Hermitian matrix.

These mathematical descriptions are used in the following chapters to calculate

PMD and PDL for the data measurements.



CHAPTER 8
POLARIZATION MODE DISPERSION AND POLARIZATION DEPENDENT

LOSS MEASUREMENTS IN OPTICAL COMMUNICATION SYSTEMS

8.1 Equation of Motion

Before we describe the detailed measurement methods, we first discuss a few
interesting facts regarding a combined PMD and PDL/G system. According to the
PSP definition [35] [40], one can easily find the fast and slow state Stokes vectors

from the condition:

= ¢ (8.1)

With the above conditions, the equation of motion is [42]:

Q- Ax S, =5, (8.2)

where ) is a constant. One can solve the above equation to find the following

solutions:

(G-A
A24AZ)

=l

P A2+A2

-

S’;r and gp‘ are not in general opposite to each other on the Poincaré sphere (i.e.

Si:i{ A Q+A( A‘}+/\2—{1—A2QX

(8.3)

Q2—A2+\/(Q2—A2)2+4(§-K>2}

they are not perpendicular in real space) unless



75

OxA=0 (8.4)

ie. (0 and A are parallel or anti-parallel with each other which is very unlikely.
As a result, for a combined system with both PMD and PDL/G any time domain
method measuring the maximum and minimum time delay to determine the DGD
is not the same as the DGD between two PSPs, because one can never launch an
input SOP completely in S’;'f or §p— . Adopting the latter definition [40] [42], DGD

is given by:

Tpep = Re (\/ W W) (8.5)

Closely associated with DGD is another new quantity:

7 = Im (\/W - W) (8.6)

which is called the differential attenuation slope (DAS) and these two terms are

expressed explicitly as follows:
Tpep = A (8.7)

T]ZQ'K/TDGD (88)

n is related to PDL/G, but it is not equal to the true PDL/G of the system, because
the corresponding output Stokes vectors for maximum and minimum loss/gain are

always opposite with each other on the Poincaré sphere.
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Similarly to the second-order PMD case, one can define second-order effects in

the system with PDL/G. Here we introduce two second-order equations:

ad _ dog) + 042
dw dw dw (89)

di _ dAR | pdh
) is a unit vector pointing in the direction of ), and A is a unit vector in the
direction A. Similar to the case of zero PDL/G [43], one can say the term i—gfl
describes a polarization dependent chromatic dispersion (PDCD) and the term
Q%g describes the depolarization chromatic dispersion (DCD). Similarly, one calls
the term 3—3[& the polarization dependent attenuation dispersion (PDAD) and the
term A%i—‘ the depolarization attenuation dispersion (DAD). All these second-order
quantities can be calculated once the complex PSP vectors are obtained.

Next, we describe how to use the equations of motion to measure the real part
of the PSP vector ({}) and the imaginary part of the vector (A). Considering the

identity:

§.-Z=0 (8.10)

one immediately sees that the vector equation of motion gives two independent
components. Therefore one needs to measure three different scans of the output
SOPs as a function of angular frequency w for three distinct input SOPs. Exper-
imentally we can measure the three pairs of output Stokes vectors: S (w+ Aw),
Sy (W); Sy {(w+ Aw), S, (w);and S (w + Aw), S; (w) . For the first measured pair

we get:
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dS; — dSi(w+Aw/?) . S(wt+Aw)-5i(w)
dw — dw ~ Aw

(8.11)

5 N -~ §1(w+Aw)+§1(w)
S1=85 (w+ Aw/2) =~ (31 (w+ Aw) 51 ()]

Repeating the same procedure for the second and third scan pairs; we have the

following coupled equations at angular frequency w + Aw/2,

%Eﬁx_’l—(‘/_\)x—l)xﬁl

A %Eﬁx _’2— (KX —’2) X _’2 (812)
%EQ’X_},—(/—\’X_:;)XS%

\

G- (5+5) = g (82 - 48) - (S )
19 (52 +§3) 5 (% - %%) ' (42 X ~)3) (8.13)
\ Q (514-53) —m(%—%%) (51 X§3>

(. L. L
A < 1 + 2) = —-:———1_;1.5.2 ( 1 %% + 2 %)
N gY) _ 1 5 dS. g ds, .
ﬁ A . (SQ + 3) —_ 1_5:2‘573 ( 2° T_ﬂf‘ + 3 ﬁ) (8 ]‘4)
xN. (& gy _ 1 5 48 g 4§
LA-(51+S3)—1_§1.§3(1'E1+ 3'3‘j)

One can solve the above coupled linear equations to obtain the quantities 0

and A. To have a unique solution, then 5’1, 52 and gg must be non-coplanar. This

can be arranged in the experimental setup.
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Computer

Tunable laser and
photo detector

Switch

Switch

-

Polarization
analyzer

Figure 8.1: The test setup for PMD measurements. The computer controls the

two optical switches simultaneously. 3 lines between the two switches represent 3

states of polarization.

8.2 Experimental Results

We have constructed test equipment based on this new algorithm. Figure 8.1

shows a schematic diagram of the experimental setup; it consists of a HP8164A

light wave measurement system (including a tunable laser and a photo detector),

two JDS Uniphase Corporation’s optical switches (SB and SC models) for polar-

ization control and a HP8509B polarization analyzer.

We have measured DGD [See Figure 8.2] for a fixed EXFO EM550 PMD em-

ulator using both the HP8509B polarization analyzer and our own test setup as

shown in Figure 8.1, and obtained excellent agreement. In Figure 8.3, we show
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—=— by Equation of Motion method

—0O— by Jones Matrix method

T

550 1651 1552 1653 1554 1665
Wavelength {nm)

DGD {ps)
R R S S - et I - - 7= T )
1

Figure 8.2: A comparison of DGD measurements using Jones Matrix eigen-value

analysis and the new experimental method.

the PDL of the same emulator and in Figure 8.4, we plotted the corresponding
DAS (differential attenuation slope). The setup is very simple and gives a direct
measurement of the spectrally resolved complex PSP vector. The measurement
speed is limited by the tuning speed of the measurement laser.

Polarization effects are important, not only in optical systems, but also in
individual optical components. In the next chapter, this thesis will discuss the

measurement of PDL in fiber Bragg gratings.



80

PDL
0.3
0.25 4
0.2 1
[an]
a 014
.
0.05 o
U T T T T T T T v T T T T T T T T T T T T — T
1550 1551 1652 1853 1554 158585
Wavelength {nm)

Figure 8.3: PDL test result for the PDL emulator. As we can see, it is not the

same with the DAS test result in the following figure..

DAS
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Figure 8.4: The differential attenuation slope (DAS) for the same emulator.



CHAPTER 9
MEASUREMENT OF POLARIZATION DEPENDENT LOSS IN FIBER

BRAGG GRATINGS

9.1 The Physics of Fiber Bragg Gratings

The fiber Bragg grating (FBG) was invented by Dr. Hill in the 1970s at
Communication Research Canada (CRC), thus it is also called the Hill grating.
The FBG can be used as both a filter and as a sensor.

A fiber Bragg grating has a periodic structure (refractive index perturbation)
which is formed in the core of an optical fiber by exposure to an intense UV
interference pattern. The grating can be made by using a split-beam interferometer
or a phase mask to form the fringes.

As shown in Figure 9.1, the Bragg condition is [[52], page 96]:

)\B = 2neffA (91)

where the Bragg grating wavelength, Ag, is the free space center wavelength of
the input light that will be back-reflected from the Bragg grating, A is the spatial
period of the index modulation, and n.s; is the effective refractive index of the
fiber core at the free space center waveléngth. The Bragg grating resonance, which
is the center wavelength of the back-reflected light from the Bragg grating depends

on the effective index of refraction of the core and the periodicity of the grating.
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Schematic diagram of a fiber Eragg Grating

Incident light Transmitted light

i 11

] —> {—
A

Reflected light

Figure 9.1: A FBG.

The effective index of refraction, as well as the periodic spacing between the grating
peaks will be affected by changes in strain and temperature. Thus, the FBG can

be used as a sensor as well as a filter.

9.2 PDL and PMD Measurement of FBG

With the development of higher speed and more complicated fiber optic net-
works, more components, such as circulators and FBGs, are now widely used. Most
components have both PDL and PMD [53]. The PDL and PMD characterization
of components is critical for system design and evaluation because both PDL and
PMD limit the data capacity of high-speed fiber optic communication systems.

Two major methods for measuring PDL, the polarization scanning method (PSM)
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Figure 9.2: The configuration for measuring PMD and PDL of a FBG.

and the Jones Matrix Eigenvalue analysis (JME) method have been reported [48].
However, there is no commercially available test method that can characterize the
reflection PDL of a FBG because the circulator (or the coupler) has to be used for
the reflection measurement and the circulator has the same level of PDL that the
FBG has. The PDL value measured by current methods is actually the effective
PDL of the combination of the FBG and the circulator (or coupler). The PDL of
the FBG itself is still unknown. Here we have proposed a method that can measure
the PDL and PMD of the FBG (on reflection) and eliminate the PDL influence of

the circulator.
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Figure 9.2 gives a block diagram of the PDL and PMD measurement for a
FBG. The method is similar to the JME method, but three steps are involved.
For a frequency w, three Jones matrices are measured. Port refers to the port
of the circulator, while Output and Input refer to the output and input of the
polarization analyzer. The three measurement steps are as follows:

1) The Jones matrix, T, for the link Output -> Port 1 -> Port 2 -> Input is
measured. T can be written as 77 = CBA, where A is the Jones matrix of the
fiber cable from Output to Port 1, B is the Jones matrix from Port 1 to Port 2
and C is the Jones matrix of the fiber cable from Port 2 to Input.

2) The Jones matrix, Ty, for the link Output -> Port 2 -> Port 3 -> Input is
measured and can be written as: T, = FED, where F' is the Jones matrix of the
fiber cable from Port 3 to Input, E is the Jones matrix from Port 2 to Port 3, and
D is the Jones matrix from Port 2 to Output.

3) The Jones matrix, T3, for the link Qutput -> Port 1 -> Port 2 -> FBG ->
Port 3 -> Input is measured and can be written as T3 = FEGBA.

Knowing the three Jones matrices 77,7y and T3, the PDL and PMD of the
FBG can be calculated.

Consider the Jones matrix T

T=T,'T:T;' = D'E'F'FEGBAA'B~'C™' = D7'GC™ (9.2)

If the same cable from Port 2 to the Input and Output is used, then D! = C

and Equation 9.2 can be rewritten as:
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T =CGC™ (9.3)

The PDL of the FBG is [48]:

PDL = 10 - logy (i—l)
where \; and A, are the two eigenvalues of G G; they are the same eigenvalues of
T*T because C is a unitary rotation matrix. T+ denotes the complex conjugate
transpose of the matrix T'.
Using similar analysis, the DGD of the FBG can be expressed as [38]:\
Ar = (A8 (01/p))]

T= T (9.4)

where p; and p, are the two eigenvalues of T(w + Aw)T~}(w) and Arg denotes the
argument function (i.e. phase angle).

'The tunable laser used for this experiment is the HP 8164A, the polarization
analyzer used is the HP 8509B, and the circulator is the JDS Uniphase Corpo-
ration’s model CR 5500. Both the tunable laser and polarization analyzer are
controlled with a PC (via a LabView program) through the GPIB bus. The data
is processed and presented using Matlab v6.5.

The FBG used here is made at CRC with a 0.7 nm spectral range (Bragg wave-
length) from 1550.8 nm to 1551.5 nm. Because the maximum PMD of a circulator
is typically 0.05 ps [54], compared to 1 - 10 ps for the PMD of a FBG, we may

assume that the new method won’t cause obvious error in the PMD measurement
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when using a normal JME method.

In order to compare the different results using our new method with those
using the normal JME method for the same FBG, Figures 9.3 and 9.4 show the
PDL measurements results. Keeping the circulator position fixed, measurements
are undertaken when the connector of the FBG is rotated by 0, 60 and 140 degrees
respectively. Figure 9.3 shows the PDL test before eliminating the effect from the
circulator. The maximum uncertainty is around 0.15 dB which is almost the same
as the PDL for a conventional circulator. This means the measurement is incorrect
when one does not consider the PDL of the circulator. Figure 9.4 shows the PDL
test result after using the new measurement method to eliminate the effect of the
circulator. The maximum uncertainty is reduced to 0.05 dB. Comparing these two
graphs, it is clear that the new measurement method characterizes the PDL of the
FBG more accurately.

Note that there are still some uncertainties involved in the new method. For
instance the optical connector used in the experiment has a PDL typically less than
0.05 dB but could have some impact, this error could be eliminated by splicing

fibers (reducing loss 0.00 dB with perfect splicing).
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PDL over FBG’s reflection (without new method)
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Figure 9.3: PDL measurements before using new approach. The PDL values are

between 0.05 to 0.3 dB.
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PIL over FBG ¢ reflection {new method)
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Figure 9.4: PDL measurements using new approach. The PDL values are between

0.1 to 0.24 dB.



CHAPTER 10

SUMMARY (PART II)

In this section of the thesis, research on polarization effects has been performed.
In this field, PMD and PDL effects in an optical communication system and fiber
Bragg grating have been studied. An algorithm and experimental setup to test
the FBG reflection PDL has been proposed which can eliminate the effects of the
circulators; also an algorithm was proposed and a test set was built to measure the
PMD in a PDL and PMD combined system. This reduced the test requirement
from 4 SOP measurements to 3 SOP measurements by using a complex PSP vector
calculation. Note also that the fiber Bragg gratings can be used as strain and
temperature sensors, similarly to the ordinary optical fibers being used as strain
and temperature sensors through the Brillouin scattering effect. Also it should be
pointed out here that the biggest difference between these two sensors is that the
Brillouin scattering sensor is a distributed sensor while the FBG sensor is a single
point sensor. In the future, I hope to continue to contribute to advancing these

Sensors.
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A. ABBREVIATIONS

Acoustic-Optical Modulator

Brillouin scattering based Optical Time Domain Analysis
Carbon Fiber Reinforced Plastic
Continuous Wave

Differential Attenuation Slope

Distributed Feedback

Differential Group Delay

Dense Wavelength Division Multiplexing
Electro-Optic Modulation

Fiber Bragg Grating

Fiber Connection/Physical Contact

Fiber Connection/Angled Fiber Connection
Full Width at Half Maximum
Group—Velocity Dispersion

Jones matrix Eigenvalue

Laser Diode
Operational Amplifier

Optical Time Domain Reflectometer
Polarization Dependent Loss/Gain
Proportional Integrator

Polarization Mode Dispersion



PSP

Nd:YAG

SNR

SOP

Principal State of Polarization
Neodymium-Yttrium-Aluminium Garnet-Laser
Signal to Noise Ratio

State of Polarization
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B. LIST OF SYMBOLS

optical angular frequency
optical frequency
wavelength

electric permittivity of vacuum
susceptibility

refractive index

fiber loss

Stokes intensity

pump intensity

Brillouin gain coefficient
peak value of Brillouin gain
phonon lifetime

damping rate

acoustic velocity

wave vector

temperature

strain

temperature-frequency coefficient

strain-frequency coefficient
transfer function

effective core area
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effective interaction length

electrical vector

polarization vector

principal state of polarization vector
normalized Stokes vector
mode-propagation constant
dispersion parameter

group index

group velocity

modal birefringence

beat length

degree of polarization

differential group delay

differential attenuation slope

Bragg grating wayelength

spatial period of the index modulation

effective refractive index
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C. THE SIMULATION CODE FOR BRILLOUIN SENSOR WITH BROAD

SPECTRAL linewidth BY MATLAB 6.5

%% file name- c://MATLAB6P5/work /chen5MHz.m %%
clear;

format long;

gP=>be-11;

BeatFreq=10860;

DampRate=100;

alpha=0.0461e-3;

deltaz=1;

deltafreq=0.005;

FWHM=5;

%% set parameters %%

freql=10820;

freq2=10900;

fiberlength=—20;

numberoftrial=20;

U=le3;

%% start to calculate %%
Ipinitial=0.020/(pi*(5e-6)~2);%Ip(1)
Isinitial=0.001/(pi*(5e-6) ~2); %Is(fiberlength)

cl=gP*(DampRate/2)"2;
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c2=(DampRate/2)"2;
c3=(sqrt(pi)*log(4)/1e3)"2;
cd4=-4*1og(2);
for x2=freql:freq2;
x2
Ip(1)=Ipinitial;

Ipl(1)=Ipinitial;

Is(1)=Ipinitial;

Is1(1)=Isinitial;

for num=1:numberoftrial;

for m=1:fiberlength-1;

suml1(m)=0;

sum2(m)=0;

for ni=1:1000;

for nj=1:1000;

templ=cl/((x2+(ni+nj)*deltafreq-BeatFreq) ~2+c2)*c3*exp(c4*((0.5-ni/1000) " 2+(0.5-
nj/1000)"2));

sum1(m)=suml(m)+Ip(m)*Is(m)*templ;

sum2(m)=sum2(m)+Ipl(m)*Isl(m)*templ;

end

end

Ip(m+1)=-alpha*Ip(m)-sum1(m)-+Ip{m);



Is(m+1)=alpha*Is(m)-sum1(m)+Is(m);
Ip1(m+1)=-alpha*Ipl(m)-sum2(m)+Ipl(m);
Is1(m-+1)=alpha*Is1(m)-sum?2(m)+Isl(m);
end

if ((Is(fiberlength)+Is1(fiberlength))/2)>Isinitial;
Is(1)=(Is(1)+Is1(1))/2;

else

Is1(1)=(Is(1)+Is1(1)) /2;

end

if abs((Is(fiberlength)+Is1(fiberlength))/2-Isinitial )< U;
break

end

end

%% plot results %%

if x2==BeatFreq;

subplot(2,2,1), plot(Is);

xlabel(’Fiber Position (m)’);

ylabel(’Is (W/m*m)’);

stringl={"Stokes Signal along the Fiber’};
title(stringl);

subplot(2,2,2), plot(Ip);

xlabel("Fiber Position (m)’);
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ylabel("Ip (W/m*m)’);

string2={"Pump Signal along the Fiber’};
title(string?2);

else

end

y2(x2-freql+1)=Ipinitial-Ip(fiberlength /2);

end

x1=freql:freq2;
yl=gP*(DampRate/2)"2./((x1-BeatFreq)." 2+ (DampRate/2) ~2);
subplot(2,2,3), plot{yl);

xlabel('Beat Frequency - 10820 (MHz)’);

ylabel(’gB (m/W)’);

string3={"Theoretical gB Profile’};

title(string3);

subplot(2,2,4), plot(y2);

xlabel("Beat Frequency - 10820 (MHz)’);
ylabel(’'Ip(z=0)-Ip(z=10m) (W/m*m)’);
stringd={"Brillouin Spectrum at 10m along the Fiber’};
title(string4);

%% the end %%
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