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High Speed Fiber Optic Spectrometer
Yongxin Wang

(ABSTRACT)

This dissertation presents the structure, operational principle and mathematical model of
a novel high speed fiber optic spectrometer (HSFOS). In addition, the performance anal-
ysis is conducted and preliminary experimental results are listed and discussed. Such a

spectrometer is highly desired by the ever-increasing applications of fiber optic sensors.

In the recent decades, a variety of fiber optic sensors have been proposed, built and tested.
Compared to their electronic counterparts, fiber optic sensors although still under develop-
ment, are preferred more by certain industrial and medical applications which benefit from
their unique properties such as immunity to electromagnetic interference, ability to with-
stand harsh environments and composition of purely dielectric materials. In recent years,
new fiber optic sensors have been designed for applications where high response frequency
up to a few hundred KHz is required while advantages of high accuracy and large dynamic
range must be maintained. The bottle neck then emerged in the signal demodulation part of
the sensor system. The quadrature phase detection could achieve high demodulation speed
but with small dynamic range, medium accuracy and measurement ambiguity. The white
light interferometry could provide a solution for high accuracy and large dynamic range
measurement without ambiguity because of its absolute measurement nature. However the
signal demodulation speed is limited due to the low spectrum acquisition rate of the existing

spectrometers.

The new HSFOS utilizes time domain dispersion of the sampled incoming light by dispersive
fiber rather than the spatial dispersion employed by traditional spectrometers. In addition
the signal that represents the spectrum of the light is naturally a serial signal which can be
detected by a single detector and recorded by a high speed data acquisition device. Theoret-

ical study of the operation principle is made and a mathematical model for the spectrometer



is developed based on Marcuse’s previous work. One major difference of the new derivation
is that the propagation constant is expanded about the center circular frequency of each
monochromatic light pulse instead of the center frequency of the chromatic light pulse which
makes the physical picture of the chromatic light pulse evolution in a dispersive fiber clearer
and facilitates both the analytical and numerical analysis. The profile of the dispersed chro-
matic light pulse could be treated as the superposition of all the dispersed monochromatic
light pulses. Another major difference is the Taylor’s series of the propagation constant is
not truncated as it is in those previous work, which improves the accuracy of the model.
Moreover, an approximate model is made which could further reduce the computation tasks
in numerical simulations. Performance analysis for accuracy, resolution, speed and noise are
conducted through numerical simulations based on the model and the experimental results.
The sources of two different errors and their effects on accuracy are discussed respectively.
The effects on spectral resolution by the properties of the modulation pulse and the fiber
dispersion are studied. The results indicate that by using a rectangle modulation pulse under
certain conditions, the resolution can be improved. The speed analysis gives that the spec-
trum acquisition rate can reach 1 million frames per second when the spectral width is less
than 100 nm. In the noise analysis, the erbium-doped fiber amplifier (EDFA) is determined
to be the dominant noise source. But by using two EDFAs, the overall signal to noise ratio
is improved by 9.2 dB. The preliminary experimental results for FP sensor and FBG sensor
signal demodulation are presented. The HSFOS for FP sensor signal demodulation achieves
15 nm resolution. By using the oversampling method, the HSFOS for FBG sensor signal

demodulation achieves 0.05 nm spectral positioning resolution.
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Chapter 1

Introduction

1.1 Fiber optic sensors

Sensors are a type of physical device through which information about our surrounding world
that could not be directly measured and recorded, i.e. the measurands, are transfered or
converted to other types of information that could be directly processed, i.e. the output from
the sensor. Fiber optic sensors vary the parameters, such as phase, spectrum and polariza-
tion, of the light propagating in the optical fibers according with the target measurands,
including physical and chemical parameters. Two categories of fiber optic sensors, intrin-
sic and extrinsic, have been developed during the past three decades due to their unique

properties:

e Immunity to electromagnetic interference

Resistance to harsh environments

Outstanding chemical stability

Possibility of miniaturization

Capability for distributed sensing
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Figure 1.1: Structures of different interferometers

e Composed solely of dielectric materials

Intrinsic fiber optic sensors utilize the optical fiber as the sensing element which reacts with
the measurands whereas extrinsic ones just transmit the light signal through the optical fibers
and let other parts in the sensor vary the light properties according to the measurands. One
example of intrinsic fiber optic sensors is the Fabry-Perot (FP) interferometric temperature
sensor developed in our laboratory based on measuring the temperature induced expansion
of the optical fiber within the FP cavity [1]. For the extrinsic ones, the diaphragm based

pressure sensor for jet engine measurement designed in our laboratory is a good example [2].

Many principles and structures could be applied to build fiber optic sensors. For those sen-
sors based on light interference, interferometers of different types: Michelson, Mach-Zehnder,
Sagnac, or FP could be formed for various measurement purposes as shown in Fig.1.1. Among

them, the FP interferometer is widely used due to its advantages of simple structure and



small size. In addition, the selection of the cavity and the reflection surfaces is flexible which
accommodates the achievement of detecting different measurands with different frequency
responses. For example, in a diaphragm based fiber optic FP sensor, when pressure is the
measurand, the diameter of the diaphragm could be increased and the thickness could be
reduced to achieve higher sensitivity while at the same time lowering the interference from
the external surface of the diaphragm which introduces a temperature dependent noise. Un-
der this condition, the two reflection surfaces are the fiber end and the inner side of the
diaphragm and the cavity is the space between the two surfaces. When temperature is the
measurand, through increasing the thickness and reducing the diameter of the diaphragm
together with shortening the length between the fiber end and the diaphragm, high sensi-
tivity to temperature is realized. The interference from air cavity with pressure dependence
is minimized. Under this condition, the two reflection surfaces are the two sides of the di-
aphragm and the cavity is formed by the diaphragm. The first three types of interferometers
have polarization induced fading due to the two beams which form the interferogram going
through different optical path or through the same optical path but in different directions.
The FP interferometers have low polarization induced fading due to the fact that the FP
cavity is very short, e.g. several tens of micrometers. This cavity is the only difference
between the optical paths of the two light beams interfering with each other. However, the
extrinsic FP sensor suffers the fading caused by the high coupling loss and imperfection of

the reflection surfaces induced intensity mismatch of the two beams.

In the Michelson, Mach-Zehnder, and FP interferometers based fiber optic sensors, the mea-
surands vary the optical path length of the sensing arm (for Michelson and Mach-Zehnder
interferometers) or the cavity length (for FP interferometers) in the sensor thus the difference
between the optical paths through which the two light beams travel is changed such that
the interferogram from the sensor is then changed which is seen as the output of the sensor
corresponding to the measurands. Fiber optic sensors based on Sagnac interferometers are
unique. The two light beams travel through the same optical path but in opposite directions.

Mostly, they form a special group of sensors, fiber optic gyroscopes, which detect angular



velocity through Sagnac effects.

Fiber grating sensors including fiber Bragg grating (FBG) sensors and long period grating
(LPG) sensors are usually made of photo-sensitive optical fibers. Their fiber cores have pe-
riodically varying reflective indices along the fiber which form the grating. By using masks,
the manufacturing process is easily repeated with high precision which is one advantage
of fiber grating sensors over other fiber optic sensors. They are good for strain and tem-
perature measurement. By coating fiber grating sensors with magnetostrictive materials or

electrostrictive materials, new sensors are made which could detect magnetic or electric field.

Other effects could also be used to make fiber optic sensors. For example the scattering
such as Rayleigh scattering, Brillouin scattering, Raman scattering. They are often applied
for distributed sensing where the optical fiber without any manipulation is the sensor, and
intensity or the spectrum of the scattering from each point of the fiber reflects the strain or

temperature at that point.

In the last decade, several high performance fiber optic sensors have been developed for
new applications in which no sensors were available before. The fiber optic FP sensor for
partial discharge detection could be put into high voltage power transformers for the partial
discharge detection which is critical for safe operation of the transformers [3]. The diaphragm
based pressure sensor could be put into jet engine to test the static and dynamic pressure
inside the engine which is a great help for the manufacture to design and optimize the engine
[2]. In tests for both applications, the fiber optic sensors worked well. In contrast, the harsh
environments with severe electromagnetic interference and very high ambient temperature
cause unacceptably low signal to noise ratio of the output signal from those traditional
electronic sensors, or even the failure of the sensors. To further improve the results, the two
applications require the sensors and the signal processing system have high response speed
which should be at least 100 KHz while at the same time achieving large dynamic range and

high accuracy. However the existing signal processing system can not meet these needs.



1.2 Signal processing for fiber optic sensors

This section will be focused on signal demodulation of fiber optic FP sensors and FBG sen-
sors. For FP sensors built with single mode fibers, the signal processing methods can be
divided into two types, the relative demodulation methods and absolute demodulation meth-
ods. The former includes the traditional phase demodulation method known as the fringe
counting method and the intensity demodulation method known as the quadrature phase
detection. For the fringe counting method, a monochromatic light source with wavelength
Ao is used to illuminate the FP sensor. The intensity of the output light signal from the
sensor is a function of cavity length d expressed as:

4rd
I(d) = I, cos (}\L + 900) + Iy, (1.1)
0

where I, is the amplitude of the AC part in signal, I; is the constant DC part in the signal,

and g is an arbitrary initial phase which is treated as a constant for a specific sensor.

Since the intensity of the light signal is not a linear function of the cavity length in each
period, the detector in the signal demodulation system ignores the amplitude information
and only counts the number of the periods encountered during the variation of the cavity so
that the relative cavity length change is determined with a resolution of half the wavelength.
For the purpose of resolution improvement, a frequency multiplier circuit is added behind
the detector so that a signal with n times the frequency of the signal from the detector is
acquired. Thus the resolution of the demodulation becomes é\—g This method can achieve a
good resolution with a large dynamic range (the dynamic range only limited by the capacity
of the counter in the system), but the results merely provide the information of the relative
FP cavity length change which only indicates the amount of change in the measurand. Cali-
bration could be used each time after the instrumentation unit is turned on to set a reference
point to the demodulation system. Then the absolute cavity length could be acquired for the
following measurements. However this is not convenient for many applications. In addition,

the direction of the cavity length change can not be determined through the demodulation
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Figure 1.2: Principle of quadrature phase detection method

process. Additional information about the direction should be input to the system in order

that correct results could be Obtained.

The principle of the quadrature phase detection method is shown in Fig.1.2(a). When this
method is applied, the FP sensor is usually illuminated by a wide band light source. The
fringe from a tunable filter is placed in front of the detector. The Q-point is located at the
center of the linear region within one period of the fringe by tuning the center wavelength of
filter Ag. The intensity of the light signal falling on the detector still has the same expression
given in Eq.(1.1). By the linear approximation, Eq.(1.1) becomes:

4]
I(d) ~ +—2
(@) ~ +27

Ad + Iy, (1.2)
Q

where Ad = d—dy, dy is the cavity length within the linear region where cos (%i + 4,00> = 0.

It is obvious that the dynamic range of this method is limited to a small range determined
by — (3 +£) Ao < d < (3 — £2) Ag and the slope of the linear region is %. Both the
linear region and the slope are functions of the wavelength A\g. The measurand does not
consider the dynamic range limitation and may cause the situation presented in Fig.1.2(b).
At this time the intensity difference due to the cavity length varying caused by the fringe

shift is the same value as the one in Fig.1.2(a). Under this circumstance ambiguity appears

which could not be corrected within the system. To prevent the ambiguity from happening,
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Figure 1.3: Block diagram of white light interferometry system

the sensitivity of the sensor needs to be reduced for the measurand with large dynamic
range which on the other hand lowers the accuracy of the measurement. In addition, the
approximation in Eq.(1.2) introduces distortion to the demodulation results. To reduce the
distortion, the dynamic range should be limited to an even smaller region which further
makes it difficult to solve the trade off between the accuracy and dynamic range. However
the quadrature phase detection method is the only high speed demodulation method which
could achieve up to several hundred KHz response before the development of the high speed
fiber optic spectrometer (HSFOS). So it has been widely used in many applications where

high speed demodulation is more important than large dynamic range and high accuracy.

The absolute demodulation method for fiber optic FP sensors is usually related to white
light interferometry. In such a system, a wide band light source illuminates the sensor.
One spectrometer is used to record the fringes from the sensor. For the ideal situation, the
intensity is a function of both wavelength A and the cavity length d, and can be expressed

as:

drd
I(d, \) = I, cos (% + 900) + I, (1.3)

which is quite similar to Eq.(1.1). This result is derived based on two assumptions. First,
the two reflection surfaces at both ends of the FP cavity are in perfect parallelism. Second,

the light reflected from the two surfaces are plane waves. Then the absolute cavity length is



determined through tracing the position of one valley or peak in the sensor fringes:

d = % (n-22) (1.4)
or
d= 1(2 +1—%), (1.5)

where the )\, is the wavelength of the valley or peak and the nonnegative integer n is the order
number of the valley or peak which could be found through calibration before measurement

or from other low accuracy results of d. The relative error of the peak tracing method is:

Ad|
| =

The absolute cavity length could also be obtained by measuring the wavelength of the two

A, (1.6)

adjacent valleys or peaks, or one pair of adjacent valley and peak:

Ak
= — 1.
or
An Ak
PV} e

where k is also a nonnegative integer which represents the order of the valley or peak; A,
and A\ are the wavelengths of the two adjacent valleys or peaks, or the valley-peak pair. The
relative error for the method is:

VY ESY
A — Me) An s

AN, (1.9)

where AX = A\, = AX;. Due to the difference of the two wavelengths A\, — A\ in the

VAN | pofore A in Eq.(1.9), |+ ik

denomlnator Of the Coefﬁment m m

is much

in Eq.(1.6), especially when the FP cavity length is long which corresponds

larger than ’/\i
to small difference between A\, and A;. So the two points interrogation method has larger

errors than the valley /peak tracing method. In practice, the two methods are often combined
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in which the two point interrogation method determines the rough cavity length of the FP
sensor and further the order of one valley or peak in the fringe. Then the valley /peak tracing

method provides the high accuracy cavity length values [4].

The value of ¢ in both Eq.(1.4) and (1.5) has been found not to be a constant [5]. Moreover
the results from Eq.(1.6) and (1.7) always have certain kind of errors. The reason behind the
phenomena is the errors introduced by the assumption. The light out of a single mode fiber
is no longer a plane wave. In addition, there is often a small angle between the two reflection
surfaces which also contributes to the deflection of the results from the ideal ones. Some
researchers did comprehensive investigations on this topic and one fitting method is made
which could generate more accurate results than the above valley peak tracing methods.
Owing to the absolute measurement nature, the white light interferometry has already been
used as a high performance signal processing method for fiber optic sensors which provides
both large dynamic range and high measurement accuracy. However, the speed is restricted

by the low speed of the existing spectrometers or optical spectra analyzers (OSA).

For fiber optic FBG sensor signal processing, the structure of the signal demodulation system
is the same as presented in Fig.1.3. The only difference is the data processing method. In a
spectrum from FBG sensors, the reflection peak position is directly related to the measurand.
Normally, through measuring the peak position with a spectrometer whose spectral resolution
is high enough to resolve the peak, the measurand is determined. Existing spectrometers do
have the capability to accurately measure the position of the FBG reflection peak. The only
bottle neck of the system is also the speed.

In general, fiber optic sensors are widely used in industrial and medical applications. With
the increasing applications, more demands on higher speed arise. Current signal demod-
ulation systems could not achieve high speed, high accuracy and large dynamic range at
the same time which limit the applications of those inherently high performance fiber optic

SEensors.



1.3 Scope of the dissertation

Although high performance sensors have been developed in the past decade. The old signal
demodulation system with either high speed but small dynamic range and low accuracy or
with large dynamic range and high accuracy but low speed could not meet the demand from
many applications. The goal of this dissertation is to design and test the new HSFOS and
the signal demodulation system based on it. The research work of the dissertation is focused

on the following issues:

e Develop a novel operational principle and structure for the HSFOS.
e Conduct theoretical analysis of the proposed system

e Build a prototype and carry out preliminary experiments to prove the feasibility of the

design and demonstrate the capability of the HSFOS

The remainder of the dissertation is organized as follows: Chapter 2 provides a brief review of
optical spectrometers. In Chapter 3, the operational principle of the HSFOS is presented first.
Then a mathematical model is derived and a few simulation results are given. Chapter 4 deals
with the performance analysis of the HSFOS. The analysis is conducted comprehensively in
four aspects including accuracy, resolution, speed and noise. In Chapter 5, the preliminary
results from the prototype HSFOS are listed. The new spectrometer is configured for both FP
and FBG sensors signal demodulation. Finally in Chapter 6, a summary of the dissertation

and suggestions for future works are provided.
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Chapter 2

A brief review of optical

spectrometers

An optical spectrometer is an instrument which has long history and wide applications. It
measures the light properties over certain region of electromagnetic spectrum. The inde-
pendent variable during the measurement is the wavelength of the light or unit in direct
proportion to the photon energy of the light, such as frequency, wavenumber or electron
volts. Each of these units has a reciprocal relationship to the wavelength. The measurement
results are usually the intensity of the light expressed as a function of the wavelength or

frequency [6].

2.1 Different structures of spectrometers

From the perspective of operational principle, spectrometers could be grouped into two
categories. One is based on monochromators or dispersive components; the other is based
on wavelength dependent modulation devices. The simplified structures of both types are

shown in Fig.2.1. For the first category, usually slits or masks with specially designed shape
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Figure 2.1: Simplified structures of optical spectrometers
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or pattern is put at the entrance or exit or both places. If a dispersive component is used
in the spectrometer, the incoming light is dispersed by that dispersive component and a
spatially distributed pattern is generated at the exit. This pattern is the spectrum of the
incoming light produced by the spectrometer or a group of coded signals which carry the
information of the spectrum. For the former, by using a single detector to scan the pattern
or by using an array detector to detect the pattern or a piece of film to record the pattern,
the spectrum is acquired. For the latter, decoding is needed before or after the recording
of the pattern in order to recover the spectrum. If a tunable monochromator is used, the
output of the spectrometer is a narrow band light selected by the monochromator from the
light that enters the spectrometer. A detector is placed at the exit of the spectrometer. By
tuning the monochromator and at the same time recording the output signal of the detector,

the spectrum of the incoming light is measured.

In the second category, a wavelength dependent modulator is put into the spectrometer.
Usually it is an interferometer and the spectrometer is called a Fourier transform spectrom-
eter. The type of the interferometer can be Michelson, Mach-Zehnder, or Fabry-Perot (FP).
Incoming light from the entrance is first modulated by the interferometer to generate an
interferogram. If the two beams which interfere with each other are parallel, by moving one
mirror in the direction normal to the mirror, an interferogram is acquired point by point
through one detector at the exit. If the two beams which interfere with each other are not
parallel, a spatially distributed interferogram is generated at the exit. It can be scanned
by a single detector point by point or recorded by an array detector which captures the
whole pattern at one time. After the acquisition, computing the Fourier transform of the

interferogram reveals the spectrum of the incoming light.
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2.2 Dispersive component based spectrometer

2.2.1 Spectrometer using prisms

The history of spectrometers using prisms as dispersive components can be traced back to the
late seventeenth century when Newton realized that prisms have the capability to disperse
visible light [7]. Until now, prism based spectrometers are still in use. When a prism is used
as shown in Fig.2.2, the parallel light from the collimating lens reaches one of the surfaces
of the prism with an angle. After the light goes through the prism, different wavelengths \;

and Ay are focused at different points by the second lens as shown in the figure.

The selection of material for making the prism is of great importance to this type of spec-
trometer. First, the material must be transparent to the light being analyzed otherwise no

light inputs the detector thus no spectrum is generated. Second, the derivative of the refrac-

dn
y dn?

tive index n to the wavelength A should be properly chosen, together with choices of the
light incident angle, the size of the prism and the focal length of the lens behind the prism
in order that the resolution requirement of the spectrometer can be fulfilled. For glass, the
transparent wavelength can be as low as 400 nm; quartz, including both the crystalline and
fused form, transmits visible and ultraviolet light and the transparent wavelength can be as

low as 185 nm [7]. Both the glass and quartz prisms are transparent to the infrared and can
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be applied in infrared spectrometers.

Prism based spectrometers have simple structure and low fabrication cost, but the tradeoff

between resolution and the sensitivity limits their applications. The derivative of the refrac-

tive index, %, increases rapidly when the wavelength A approaches the material’s absorption
region in spectral domain. The transparent spectrum range of the material also limits appli-
cations of the prism. Moreover, the prism material in certain spectral ranges is hygroscopic
and needs a moisture-free environment which causes inconvenience for applications [7]. Due

to these reasons, they are replaced by grating based spectrometers.

2.2.2 Spectrometer using grating

In a grating based spectrometers, the component for generating the spatially dispersed light
pattern is a grating. There are two types of gratings that can achieve the dispersion task,
i.e. transmission type gratings and the reflection type gratings. Since the reflection type
gratings introduce lower loss to the optical path of the spectrometers than the transmission
type gratings and their operational spectrum range is less limited by material properties,
they are the most common gratings used in spectrometers. In addition, the spectrometers
in which transmission gratings are used often require a long optical path [7]. This enlarges

the size of the spectrometers that is not preferred by some applications.

Rowland developed the theory for diffraction gratings around 1893 [7]. A reflection type
grating is formed by many equally spaced parallel grooves. Their widths are comparable to
the wavelength of the light to be dispersed. Fig.2.3 shows the cross section of a diffraction
grating. In the figure, d is the distance between two adjacent grooves which is called the
grating constant, € is the blaze angle. By properly designing this angle, up to 90% of the light
intensity can be concentrated to the selected diffraction order in the diffraction pattern. This
property of the grating was first realized by Wood in 1910 [7]. It helps to largely improve the
interferometer’s sensitivity so that they can be applied in the situations where the incoming

light intensity is very low. The planar shape is not the only shape for diffraction gratings.
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Figure 2.4: Structure of Ebert-Fastie type configuration [7]

Some researchers also use concave gratings in the spectrometer for the research in astronomy

to improve the sensitivity of the spectrometer [16][17].

Two structures are usually used in grating based spectrometers. They are the Ebert-Fastie
type and the Czerny-Turner type configuration which are shown by Fig.2.4 and Fig.2.5
respectively. Many spectrometers have been developed based on these two configurations

since the 1950s [8]~[15].

The Ebert-Fastie type configuration was first introduced by Ebert in 1889. In 1952, Fastie

further improved it. As shown in Fig. 2.4, the entrance slit and exit slit are both placed at
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Figure 2.5: Structure of Czerny-Turner type configuration [7]

the position that has a distance, d;, equals to the focal length of the concave mirror. The light
from the light source with spectral components of different wavelengths goes through the
entrance slit and reaches the concave mirror. Then the grating is illuminated by the parallel
light beams from the concave mirror. At last, the concave mirror focuses the dispersed light

beam from the grating to the exit slit for detection [7].

The Czerny-Turner type configuration could be seen as a variation of the Ebert-Fastie type.
The structure was first described in 1930. As shown in Fig.2.5, the main difference between
the Czerny-Turner type and the Ebert-Fastie type is that the single concave mirror in the
latter is replaced by two separate mirrors in the first one. The two concave mirrors have the
same focal length. The purpose of using two separate mirrors instead of one single mirror
is to reduce optical aberrations so that the resolution of the spectrometer is limited only by

grating imperfections [7].

The gratings used in the spectrometers are not restricted to those which are machined to
special shape from raw materials. Sometimes researchers use the materials with inherent

periodic structures, e.g. a crystal which has special crystal lattice, as grating. One example
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is the spectrometer for the x-ray spectrum measurement, where a Bragg crystal is used as a

grating to disperse the incoming x-ray radiation [18][19].

2.2.3 Spectrometer using interferometer

An interferometer could act as a dispersive component in a spectrometer [7][20]~[22]. If a
parallel beam of monochromatic light reaches an interferometer with incident angle 6, then
an interference pattern similar to the diffraction pattern generated by grating is formed after
the interferometer which consists of parallel lines. Whenever the condition 2-n-d-cosf = m-\
is met, one constructive interference line appears. In this equation, n is the refractive index of
the material placed between the two mirrors of the interferometer, d is the physical distance
between the two mirrors or their images, 6 is the incident angle of the light beam to face
of the mirror and m is the order of the interference lines in the pattern. If the wavelength
range of the incoming light is narrower than the free spectral range of the interferometer,

the pattern of each specific order forms the spectrum of the incoming light.

2.2.4 Resolution improvement

To improve the resolution of the prism and grating based spectrometers, a Littrow type
configuration shown in Fig. 2.6 is often used by researchers [23]|[24]. This structure was
originally utilized by Littrow in 1862 [7]. The idea is to allow the light to be dispersed
to pass through the same dispersive component twice to obtain higher dispersion so that
resolution is improved. As shown in Fig. 2.6, the incoming light from entrance slit first
reaches the paraboloid mirror (mirror 1). Here the purpose of using paraboloid is to reduce
optical aberrations. Then the beam is converted to a parallel beam and reflected onto the
prism. The light from the prism goes to the planar mirror (mirror 2) and is reflected back to
the prism. Once more the beam passes through the prism. At last the beam reflected by the

paraboloid mirror and the planar mirror (mirror 3) and falls on the detector. Other structures

18



y) @ Detector
Mirror 3 % 4 Mirror 1
Incoming E

light >

A &2,

Entrance slit

Mirror 2

Figure 2.6: Littrow type configuration [7]

with the multiple pass ideas similar to the Littrow configuration have also been developed
[25][26]. For grating based spectrometer (including transmission type and reflection type
gratings), there is another method that can be used to improve the resolution, i.e. choosing
the high order portion of diffraction pattern as the output of the spectrometer. Properly

designed slits at entrance and exit are also important for getting high resolution [27].

2.2.5 Speed improvement

To improve the speed of the dispersion component based spectrometer, high speed detectors
are needed. The fast developing semiconductor industry now is able to provide photode-
tectors with response speed up to several GHz (This is for single detectors. The speed of
array detectors can hardly reach that level). The second step is reducing the time used
during detection of the dispersed pattern or the spectrum. For those spectrometers which

use a single detector, the problem is how to increase the scan speed i.e. how to increase the
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relative movement speed between the dispersed pattern and the detector. Many structures
have been proposed since the 1960s. The most popular method is using high speed rotating
mirrors or vibration mirrors to projects the dispersed light to the detector [9]~[12][28]~[31].
This structure is able to achieve an acquisition speed up to 20,000 frames of spectra per

second.

Before array detectors such as CCD and photo diode array appeared, there was a special
component used in spectrometer: the television camera tube. This component gets the image
that falls on the target in the front of the tube by scanning the target using an electron beam
controlled by a high voltage saw-tooth signal. The spectrometer which equipped with this
tube is called electronic scanning spectrometer [32][33]. Typically, this kind of spectrometers

can reach a acquisition speed up to 1000~10000 frames per second.

As soon as array detectors had been developed, they were applied in spectrometers to improve
the speed. Most of them were made of silicon due to the semiconductor process and were
suitable for the applications with wavelength shorter than 1100 nm. Their speeds are still
being improved. Currently the typical acquisition speed of the spectrometer using an array

detector is 100~1000 frames per second.

2.2.6 Efficiency improvement and multiplex capability

In a real spectrometer, the detector generates noise whether a signal falls on it or not.
This eventually limits the spectrometer’s ability to detect weak incoming light. For those
spectrometers which use dispersive components, the design of the slit at the entrance and
exit determines the efficiency of the instrument. A wider slit lets more light energy reach
the detector. However, this lowers the spectral resolution. To solve the tradeoff between
efficiency and resolution, spectrometers with masks at the entrance or exit or both have

been developed.

The Golay spectrometer was developed by Golay in the early 1950s [34]. The Grill spec-
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trometer was developed by Girard, Stewart and Mertz in the early 1960s [34]. The former
uses complementary mask groups at the entrance and exit and two detectors are placed
behind the exit masks. The common mode signal from the two detectors is generated by
those spectral components in the dispersive pattern not directly facing the exit masks. The
differential mode signal is generated by the spectral components in the dispersive pattern
directly facing the exit masks. By calculating the difference between the signals from the

two detectors, the intensity of certain spectral components can be acquired.

The Grill spectrometer has special designed masks whose autocorrelation function have a
peak at the origin and small value elsewhere [34]. Although all the wavelengths in the
incoming light are modulated by the same mask, the differences in the spatial shifts between
different wavelengths induced by the dispersion element results in only one wavelength being
detected at each position after the autocorrelation. Several spectrometers based on this

structure were developed since the 1960s due to its high efficiency [35][36].

In both the Golay spectrometer and the Grill spectrometer, each time only one wavelength
is modulated. They only increase the energy falling on the detector, but do not have the
ability of multiplexing. Mask spectrometers which have multiplexing capability are the Mock
interferometer spectrometer and the Hadamard spectrometer. The Mock interferometer
spectrometer built by Mertz during the 1960s using two circular disks called Ronchi grids
each of which consists of alternate open and closed slits. These disks rotate synchronously
around different centers. The slits on the two disks remain parallel during the rotation.
Then the light with different wavelengths is chopped at different frequencies. Analysis of the
signal spectrum from the detector provides the spectrum of the light [34].

It was realized independently by Ibbett et al, Decker and Harwit that the optical spec-
trometers based on Hadamard optical coding have the advantage of multiplexing [37]. The
Hadamard spectrometer modulates the light of different wavelengths with different codes
made from the rows of Hadamard matrix or S matrix. Through computing the scalar prod-

uct of the group of modulated results with the corresponding matrices optically or by using
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a computer, the spectrum of the light is acquired. The idea is similar to the code division
multiple access (CDMA) technology applied in modern communication system which uses
orthogonal codes to realize multiplexing. Because of their high efficiency and multiplexing
advantage, Hadamard spectrometers are well developed and widely used since the 1960s

[38]~[44].

2.3 Monochromator based spectrometer

A monochromator has the capability to select part of narrow band radiation from a wide
band incoming light signal. Spectrometers based on monochromators utilize this property to
measure the light intensity of different wavelengths. By tuning the transmission or reflection
band of the monochromator and at the same time recording the results, a spectrum of the
incoming light is acquired. The wavelength selectivity of the monochromator determines the

resolution of the spectrometer.

In this type of spectrometer, the monochromator can be either a tunable one or a group of
fixed filters. If a single detector is used, the filter group or the detector is mounted on a mov-
ing part to achieve the scan in order to detect the spectrum. If an array detector is used, both
the filter and the array detector are fixed. By means of electronic scan proceeded in the array
detector, the spectrum is detected. Spectrometers with a monochromator array are usually
for those applications where the spectral resolution is not of great importance but simple
structure and low cost are preferred. For high resolution applications, an interferometer can

be the monochromator.

The type of interferometer can be Michelson, Mach-Zehnder, Sagnac or Fabry-Perot. How-
ever considering the simplicity of the structure, compact size and rapid scan capability,
researchers often use FP interferometer. The transmission wavelength is tuned by means of
changing the optical path length (cavity length) between the two mirrors of the FP interfer-

ometer. T'wo methods are available for varying that optical path length. One is mechanically
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changing the space between the two mirrors [45]; the other is changing the refractive index
between the two mirrors [46][47]. The former is realized by thermal tuning or by attaching
one or both mirrors on piezoceramics and applying different voltages to them. The latter is
achieved based on the Kerr effect by putting one piece of electro-optic material between the

two mirrors and applying different voltage on it.

2.4 Fourier transform spectrometer

The interferogram from an interferometer records the superimposed light signals of all the
different wavelengths projected on a detector. The spectrum of the light is able to be
recovered from the Fourier transform of the interferogram. This gives the interferometry the
multiplex advantage when it is used in spectroscopy. P. B. Fellgett first pointed this out in
his Ph.D. dissertation in 1952 [48]. The boom of Fourier transform spectrometers however
arrived in the late 1960s, after two important achievements. One is the development of more
powerful digital electronic computers; the other is the algorithm for fast computation of
Fourier transform which is usually called FFT algorithm introduced by Cooley and Tukey.
The type of interferometer used in Fourier transform spectrometer can be Michelson, Mach-

Zehnder, Sagnac or FP.

In their early stages of development, Fourier transform spectrometers were built mostly based
on Michelson interferometer to generate a time varying interferogram. In the spectrometers,
the two mirrors which form the interferometer or their images are kept parallel which is
critical to the accuracy of the results. The position of one mirror is fixed. The other mirror
is mechanically moved along the normal direction of the mirror to achieve the scan thus a
time-varying interferogram is produced. A single detector is used to record the interferogram
produced during the scan [49]~[54]. In reality, these Fourier transform spectrometers can
hardly keep the two mirrors or their images parallel during a long distance scan. As a result,

only a limited scan range for the mirror can be achieved which ultimately put a limitation
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on the spectrum measurement range and spectral resolution of the spectrometers. Some
researchers use a cat’s eye reflector to improve the performance [55]. But this method can
not completely solve the problem. Mechanical scanning also has other problems. First, the
structure is complex which increases the cost but may not improve the performance; second,
the scan speed is low which reduces the speed of the spectrometer; third, the size of the
spectrometer is large which is not preferred in certain applications. As a solution to the

problems, some researchers developed so called static Fourier transform spectrometers.

There are two different ways to build a static Fourier transform spectrometer. The first one
still uses an interferometer with two mirrors, but the two mirrors or their images are no
longer parallel. Instead, one mirror is tilted such that there is a small angle between the two
mirrors or their images. Then a spatial distributed interferogram is generated [56][57]. The
second one uses birefringence components, e.g. the Wollaston prism, to generate the spatial
distributed interferogram [58]~[61]. Then an array detector records the spatial distributed
interferogram. Here the use of an array detector, e.g. a CCD, also helps to improve the
speed of the spectrometer. Interferometer and birefringence components are not the only
device used to get interferogram in Fourier transform spectrometer. Diffraction gratings can

also be put into Fourier transform spectrometer to achieve the same function [62].

2.5 Other types of spectrometers

2.5.1 Time-resolved spectrometer

Time-resolved spectrometer is a new type of spectrometers which have been developed since
the 1980s [63]. It is capable of recording a varying spectrum over a time interval span from
several minutes to a few picoseconds or even several femtoseconds. The spectrometers are
widely used to study transient phenomena such as plasma, chemical and biochemical reac-

tions. For those applications that require only low time resolution down to 1 ms, spectrome-
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ters with traditional structures such as rapid scanning or ultra-rapid scanning spectrometers
are used. When higher spectral resolution is needed while the time resolution requirement
kept the same, the rapid scanning or ultra-rapid scanning Fourier transform spectrometers

are chosen.

When higher time resolution is required, the step-scanning spectrometer or the stroboscopic
sampling spectrometer, each of which is a variation of the Fourier transform spectrometer,
are used. In each scan, these spectrometers only sample part of the interferogram. The
signal sampling during the scans are arranged in a certain order. For the step-scanning
spectrometer, the movement of the scanning mirror is divided into equal spaced steps. At
each step, the scanning mirror stops for short interval, during which the event is repeated
and the interference optical signal is converted to electric signal and sampled by high speed
analog-to-digital converter (ADC) [63][64]. For the stroboscopic sampling spectrometer, the
mirror continuously scans, at the same time high speed ADC samples the signals. The data
sampling procedure is synchronized with the scan. There is a different time delay between
the beginning of the repeatable event and the starting of scan each time when a new scan
starts. A whole interferogram is recovered by reorganizing the data after multiple repeated
scans. The time resolution of both spectrometers highly depend on the speed of the ADC
[63]. To further improve the time resolution, the pulsed-asynchronous sampling spectrometer
can be used. In this kind of spectrometers, the sampling is no longer synchronized to the
scan of the mirror. Instead, the interferogram for each time point within the time span of
the event is continuously sampled until the whole interferogram is digitized by the ADC
controlled by the synchronization signal from the interferometer. Then the interferogram is
replaced by that of the next time point. This largely reduces the speed requirement to the
ADC. However, the acquisition time of one interferogram is much longer than step-scanning
and stroboscopic sampling spectrometers. For this reason, a multi-channel structure was

developed for this kind of spectrometer to improve the acquisition speed [63][65].

If a structure other than the Fourier transform spectrometer is used, for example a struc-

ture with a dispersive component, an optoelectronic streak camera can be put into the
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time-resolved spectrometer to reach a time resolution similar to the asynchronous sampling
spectrometer. The basic principle of the optoelectronic streak camera is described as fol-
lows. The photons of the light with certain wavelength in the instantaneous spectrum are
first converted to electrons at the target in the front of a cathode ray tube (CRT). Then
these electrons pass through a time dependent electric field normally formed by high voltage
saw-tooth signal, which deflects these electrons in the CRT to form a spatial distributed pat-
tern on a phosphor screen located on the other side of the CRT. The electrons corresponding
to the photons arriving at the streak camera at different time point have different position in
that pattern. At last the pattern corresponding to the time varying signal is recorded by an
array detector. Thus by the photon-to-electron conversion and the time varying deflection

of the electrons, fast time varying light signal of certain wavelength is measured [66].

There is an assumption when operating the time-resolved spectrometer with structures other
than the traditional rapid scanning or ultra-rapid scanning spectrometers, that is the spec-
trum or the event to be analyzed is able to be repeated and each time the result is identical.
Although those spectrometers have very high time resolution, they do not have the capabil-
ities to catch and analyze the events that only happen once or the events can not be well
controlled and repeated e.g. the fast varying fringes from a FP pressure sensor which is
put into a jet engine to measure the dynamic pressure. In short, they are not suitable for

non-repeatable phenomena analysis.

2.5.2 Heterodyne spectrometer

The heterodyne spectrometer is a powerful tool to analyze and characterize the spectrum
with extremely narrow spectral width [67]~[70]. The structure and the operational principle
of a heterodyne spectrometer is similar to a electronic spectra analyzer. One tunable light
source usually a tunable laser is used as a local oscillator. The incoming light meets the
light from the local oscillator at the detector. Due to the nature of the existing electronic

photodetector, only the intensity of the light signal is converted to an electric signal which
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is intrinsically a nonlinear procedure. Thus the two light signals are mixed or beaten at
the detector. Results from the narrow bandwidth of the electronic devices compared to the
light frequency, only the low frequency part in the beat signal, i.e. the signal with frequency
differences between the two light signal is received and amplified for further analysis. At
last, through the spectrum analysis of the electric signal by using electronic spectra analyzer
or by using FFT, the detailed structure of the light spectrum is recovered. The spectral
resolution of the spectrometer could be several orders higher than all other spectrometers.
However it is not suitable for fiber optic sensor signal processing because the measurement

range is narrow and the speed is low.

2.5.3 Correlation spectrometer

The correlation spectrometer is based on calculating the correlation between the spectrum
to be analyzed and the reference one already known. It is good for those applications when
species or chemical material need to be quickly identified. There are two types of correlation
spectrometers. One uses a target material contained in a cell to make the reference spectrum;
the other uses a diffraction grating to generate the reference spectrum. To improve the
flexibility, some new technologies have been introduced to the correlation spectrometer.
The most useful one is the variable-element grating in which by apply different voltage to
different elements in the grating, the properties of the grating can be modified such that
different diffraction pattern is generated which represents the spectrum of different target

material [71].

27



2.6 Summary

As one kind of optical instruments used for light properties measurement, spectrometers
can be roughly divided into two types from the perspective of structure. One is based on a
dispersive element to form a spatially distributed pattern which represents the spectrum of
the light, or a monochromator which is used to filter the incoming light according to wave-
length; the other is Fourier transform spectrometer which acquires spectrum by calculating
the Fourier transform of the interferogram. To improve the performance of the first type in
the aspects of spectral resolution, efficiency and multiplexing capability, different methods
have been developed. To improve the speed, different spectrum detection mechanisms have
been used. Fourier transform spectrometers have high spectral resolution and can achieve
high time resolution when certain sampling sequences are used. However their speed is usu-
ally low. The most promising way of speed improvement for both type spectrometers is using
an array detector, e.g. a CCD, to record the spectrum or the interferogram. But, due to the
semiconductor fabrication process and the availability of the semiconductor materials, the
operational wavelengths of these devices are usually shorter than 1100 nm. Thus normally
the spectrometers with an array detector are not suitable for high speed signal demodulation

of the fiber optic sensor operated at 1310 nm and 1550 nm.
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Chapter 3

Operation Principle

In this chapter, the structure of a new high speed fiber optic spectrometer (HSFOS) is
presented first. The operation principle of the spectrometer and the functions of different
components in the spectrometer are described in detail. Then a mathematical model for the
proposed spectrometer is developed. In addition, an approximate model is given for reducing

the computation task in numerical simulations.

3.1 Structure of the HSFOS

As mentioned in the previous chapter, during the past decades, several spectrometry tech-
nologies have been developed and different types of spectrometers have been built for various
applications. For those transient spectra which can be produced from repeatable experi-
ments, time-resolved spectrometers can achieve an extremely high time resolution down to
femtoseconds. The experiment are repeated thousands of times or even more. Each time
only a small part of the information of one single frame spectrum is acquired. Moreover,
each of the experiment lasts a long time, e.g. several milliseconds. Thus to complete the

acquisition of one frame spectrum takes a very long time. For the circumstances such as fiber
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optic sensor signal demodulation, their performance can hardly meet the ever-increasing re-
quirements. Spectrometers equipped with an array detector may be suitable for high speed
applications at wavelengths shorter than 1100 nm. However they can hardly record the sig-
nal from fiber optic sensors operated at 1310 nm or 1550 nm. New high speed spectrometers

for fiber sensor signal processing with are pursued.

With the results from comprehensive research on optical fiber dispersion, high speed optical
modulators and detectors, and ultra high speed analog to digital converters (ADC), building a
new type high speed spectrometer using time-domain dispersion instead of spatial dispersion
becomes feasible. Some researchers have experimentally demonstrated the possibility of
recording optical spectrum using dispersive fiber [72][73]. Others have used the same method
to measure the absorption spectra of chemicals with better results by using supercontinuum
which might be the best high power wide band light source currently available [74]~[78].
In addition, high speed optical modulators and detectors with speeds of 40 Gb/s are now
commercially available. Ultra high speed ADCs with speeds of greater than 100 G\S/s are
reported [79]~[83] and 60 G'S/s high speed ADCs are commercially available. The HSFOS
developed for fiber optic sensor signal processing combines high speed time domain sampling
of light signal based on high speed modulation, time domain light signal dispersion, high
speed light signal detection and high speed data acquisition. Theoretically, it can achieve

an acquisition speed of at least 1 million frames of spectra per second.

Dispersive fiber

Modulator

Incoming O/E High-speed
light C> converter | | DAQ Computer
_/\ Sample pulse

Figure 3.1: Operation principle of the HSFOS [84]
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Figure 3.4: The third operation step: spectrum recover

The operation principle of the HSFOS is illustrated in Fig.3.1. In all the block diagrams
presented in this dissertation, for clarity, the optical paths are drawn using black lines and
the electric paths are drawn using blue lines. The incoming light to the HSFOS is first
modulated by a series of narrow pulses with a fixed pulse width and repetition rate from
the pulse generator through the modulator to form the time domain samples of the light,
each of which will finally form one frame of spectrum. These samples go through a span
of dispersive fiber to achieve the time domain dispersion. Fach dispersed light pulse signal
has a profile representing the spectrum of the incoming light. Then the optical to electric
(O/E) converter turns the dispersed light signals into electric signals and the high speed data
acquisition device (DAQ) samples and digitizes the signals and sends the data to a computer
for spectrum construction [84]. The details of the three operation steps are presented in
Fig.3.2~Fig.3.4 respectively. The dispersive fiber in Fig.3.3 is assumed to have a positive
dispersion. For clarity, in all the three figures, the light signals at each operation step are

shown in two types of plots. One is for presenting the spectrum of the signals; the other is
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for providing the time domain information of the signals.

3.2 Mathematical model

Ignoring the fiber nonlinearity, the whole process presented in the previous section can be
mathematically modeled as follows. The field £(0,¢) and the intensity /(0,¢) of the incoming
light are described as
E(0,t) = A(t) exp (jwot) (3.1)
and
1(0,8) = |E(0,)|* = E(0,)E*(0, 1), (32)
where A(t) is the complex amplitude which determines the spectral profile of the incoming
light, and “ * ” denotes complex conjugate. The complex amplitude, A(¢), is assumed to be

a stationary random process. So we have the temporal autocorrelation function of A(t) as
R(t =) = (A A(t) , (3:3)

in which the angle brackets “()” indicate the ensemble average. The spectrum of the field is

1 [t

F(0,w) E(0,t) exp(—jwt)dt, (3.4)

:% N

and the spectral density function P(0,w) is then expressed as
P0,w) = F(0,w)F*(0,w)
1 +oo +oo
* / . / /
= W/—oo /_OO E(0,t)E*(0,t") exp[—jw(t — t')]dtdt’. (3.5)
Substititing Eq.(3.1) into Eq.(3.5), using Eq.(3.3) and defining u =t — t, the power density

function now becomes

PO,w) = i/ h R(u) exp(—j(w — wo)u)du. (3.6)

27 J_o

For intensity modulators, define My(t) as the intensity modulation signal, and mqg(t) is

the square root of the modulation signal; for amplitude modulators, define my(t) as the
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modulation signal. The modulated electric field of the incoming light F,,(0,¢) and the
spectrum of the field F,,,(0,w) are

Epn(0,£) = mo(t) E(0, 1) (3.7)
and
1 [T
F,(0,w) = gy mo(t)E(0,t) exp(—jwt)dt
™ — 0o
+oo
= / F(0,0") folw — w')do’ (3.8)
respectively, with spectrum of the modulation signal
1 [T
folw) = %/ mo(t) exp(—jwt)dt. (3.9)

The electric field after propagating through a distance L in the dispersive fiber with propa-

gation constant 3 can be expressed as

+oo

En(L,t) = /+°0 Fou(L,w) exp(jwt)dw = / F,(0,w) exp(j(wt — BL))dw. (3.10)

—00 —00

Therefore, the profile of the dispersed light signal is

s(t) = (En(L,t)E" (L, 1))
- / | R0 F0.0)
x exp{j[(w—wt— (8- )L} dwdw (3.11)

which is expressed in terms of the autocorrelation function of the dispersed electric field.

Following Marcuse’s previous work [85]~[87], and using the relation
(F(0,w)F*(0,w")) = P(0,w)d(w — '), (3.12)

together with Eq.(3.8), the autocorrelation function term in Eq.(3.11) can be rewritten in

the following form
+oo

(F(0,w)Fx(0,0) = /_ P(0,0") folw — ") fi (W' — &")dw". (3.13)

[e.e]

34



Thus the profile of the light signal, s(t), after propagation through the dispersive fiber is
given by

st = [ Pow

(e 9]

+00 2

folw —wexp{j[(w—ut—(8—0)L]}dw| dw'. (3.14)

—0o0

The propagation constant F(w) in the above equation could be expanded in a Taylor series

about the circular frequency w’

B(w) = Z ﬁmﬂ(;;) )(w — W)™ (3.15)
m=0 ’
where
dm
b= (M=0,1,23,.). (3.16)

In the previous work, the propagation constant is usually expanded around the circular fre-
quency wgy which is the center circular frequency of the chromatic light pulse, which means
the whole chromatic pulse is treated as one package. This results in a complicated mathe-
matical expression for the light signal profile s(¢) and makes the numerical simulation more
difficult under the conditions when the spectrum does not have a Gaussian profile, or the
pulse is not a Gaussian pulse. The advantages of using the center circular frequency of each
monochromatic light pulse, &', instead of wq is that, as shown later in this section, a clearer
picture of how the chromatic light pulse dispersion in the dispersive fiber can be formed and
a more concise expression can be acquired that facilitates both the analytic and numerical

analysis. From Eq.(3.15) we have

Alw) = BW) = (w = )Ai1(W) + y(w, o) (3.17)
where .
Y(w,w') = Z 672(; )(w — )™, (3.18)

In Eq.(3.17), £ (w') is related to the group velocity of the monochromatic light at w’. Sub-
stituting Eq.(3.17) into Eq.(3.14), we obtain

s(t) = /_ OOP(O,w’) 3 Oofo(w—w')
xexp{j[(w—u)(t—pFW)L) —vy(w, )]} dw| du'. (3.19)
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Let w” = w — &', then

1(w,w') = D", ) = ni Bnl) g (3.20)
Define :
F(L ") = fole") exp(—jT(", ) L), (3.21)
) = Br() . (3.22)
Eq.(3.19) now becomes
st= [ p0.a | [ H e G (=t b . (323)

It should be noticed that f(L,w”,w’) in Eq.(3.23) is the spectrum of a monochromatic light
modulated by pulse signal mg(t) and then dispersed by the dispersive fiber. The term t4
in Eq.(3.23) is the group delay of this broadened light pulse and is a function of circular
frequency w’ which is the center circular frequency of the light pulse. With the following
relations

W'(ta) = ;1 (W), (3.24)

dtg dtgy

T (W) Ba(w)L

where ¢! (w') represents the inverse function of the function ¢;(w’) and the dot over ¢4 in

do’

(3.25)

Eq.(3.25) represents derivative. Defining

+o0o
m(L,t,tq) = Jo(L, " tg) exp {ju" (t — tq)} dw”, (3.26)
M(L,t,tg) = |m(L,t,tg)* (3.27)

where fi(L,w" ty) = f(L, 0", "), Eq.(14) becomes

s(t) = / :o g;(?td t)ﬂgM(L, £ 10)dta (3.28)

with Gy(tq) = Po(w'), and P,(0,t4) = P(0,w’). Setting

_ P(0,ty)  P(0,u)
~ Bu(ta)L  Ba(w)L’
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Eq.(3.28) could be rewritten as

s(t) = /_ T B0 ) ML £ t)dt . (3.30)

o0

Till now, no truncation for the Taylor’s series of the propagation constant has been made
which is another difference between the new model and the results from the previous work.
This improves the accuracy of the model. In the past work, only the terms with an order
not higher than 3 or 4 in the Taylor’s series were kept. In the above equation, s(t) is given
as an output corresponding to the input P, (0, ;) from a linear time variant (LTV) system
whose impulse response is described by M(L,t,t;). The input signal P,(0,t,;) is directly
related to the light spectrum to be measured through Eq.(3.29). The function M (L,t,t,),
which represents the shape of the monochromatic light pulse broadened by the dispersive
fiber and is a function of ¢4, shows that at different time points ¢4 or equivalently at different
circular frequencies or wavelengths, the broadening of the monochromatic light pulse could
be different. Moreover the I'(w”,w') term defined in Eq.(3.20) determines the broadening of
the pulses according to the circular frequency w’. The group delay for each monochromatic
light pulse ¢4 defined in Eq.(3.22) is also related to the circular frequency w’. Thus the output
of the spectrometer s(t) could be treated as the superposition of all the frequency-dependent
broadened and delayed monochromatic light pulses whose wavelength before modulation is in
the spectral range that the spectrometer handles. Under ideal conditions, the spectrometer
has unlimited spectral range then the output becomes the superposition of all the frequency-
dependent broadened and delayed monochromatic light pulses centered within the spectral

width of the chromatic incoming light.

If all the f,,(w') terms in Eq.(3.18) are substituted with f,,(wy) where wy is the center
circular frequency of the chromatic light pulse, that is using the shape of the broadened
monochromatic light pulse centered at circular frequency wy to approximate the shapes of

all broadened monochromatic pulses centered at different frequencies, Egs.(3.20), (3.21),

(3.26) and (3.27) become

m)!

LLy(w") = i Bonleo) ym, (3.31)
m=2
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F(L,w") = fo(w")exp(—jT,, (W")L), (3.32)
+00
m/(L,t —tq) = f (L, w")exp(ju” (t — tq))dw", (3.33)

—00

and

M/ (Lt —tg) = |m/(L,t — t4)|? (3.34)

respectively, and Eq.(3.30) thus becomes

S(t) = /_ T B0 )M (Lt — 1)t (3.35)

o0

which is a convolution of P,(0,t4) and M'(L,t), i.e.

s'(t) = P,(0,t) « M'(L,1). (3.36)

Now the system described in Eq.(3.36) is a linear time invariant (LTT) system and M'(L, ) is
the impulse response of the system. This approximation provides a simpler way to explain the
operation principle of the spectrometer. Further, this model largely reduces the amount of
computation task when the numerical simulation for spectrum and modulation with complex

shape or profile is required.

Since for a specific dispersive fiber, time ¢ and wavelength A\ are related by

2mce

t= (5L, (3.37)

the profile of the dispersed chromatic light pulse s(¢) in Eq.(3.30) and s'(¢) in Eq.(3.36) can

also be expressed as functions of wavelength

S)\()\) = /+OO Pn(O, td)M)\(L, /\, td)dtd, (338)

o0

s (A) = Pur(0, \) % ML(L, \), (3.39)
where My (L, A, tg) = M(L,t,t4), M\(L,\) = M'(L,t), and P\(0, ) = P,(0,).

The output s)(A) in Eq.(3.38) is the spectral density function of the incoming light acquired
by the spectrometer. Thus by acquiring the output s(t), the spectrum can be determined.
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In the remainder of this section, a few numerical simulation results based on the accurate
model are presented. In these simulations, the dispersion property of the fiber is similar to
standard SMF-28 single mode fiber and the highest order of propagation constant derivative
Om is set to 3. The results are acquired by using two types of pulses with different shapes,
including the Gaussian and rectangular shape, as the modulation pulses. In Fig.3.5(a) and
(b), the shapes of the original and dispersed pulses are plotted. In Fig.3.5(c) the fiber
dispersion property in the wavelength range from 1260 nm to 1660 nm is shown. Both the
Gaussian and rectangular modulation pulses have a pulse width of 0.1 ns measured at the %
intensity position. Fig.3.6 illustrates the results when a Gaussian pulse is used. In Fig.3.6(a)
and (b), the light spectrum to be measured P, (0, \) is a calculated FP cavity fringe resulted
from a cavity length of 73 um. In Fig.3.6(c) and (d), the light spectrum to be measured
consists of two Gaussian spectra. One has a spectral width of 3 nm centered at 1536 nm;
the other has a spectral width of 6 nm centered at 1560 nm. In Fig.3.6(e) and (f), the
spectrum to be measured has two spectral lines that are located at 1536 nm and 1560 nm
respectively. Fig.3.7 shows the corresponding results when rectangular modulation pulse is

used. The three spectra of the incoming light are the same as used in previous simulations.
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3.3 Summary

In this chapter, the operation principle of the HSFOS is presented and an accurate math-
ematical model is developed. Under two assumptions, i.e. ignoring fiber nonlinearity and
assuming that the complex amplitude of the light field is a stationary random process, it
precisely describes the relationship between the optical spectrum of the incoming light and
the profile of the dispersed time-domain signal. In the derivation, the propagation constant
is expanded at the center circular frequency of each monochromatic light pulse and no trun-
cation is made for the Taylor’s series of the propagation constant. These are the two major
differences from the previous work by Marcuse. This model and the conclusions derived from
the analysis help to develop a clear picture of both the operation principle of the HSFOS
and the profile evolution of the chromatic light pulse in dispersive fiber. Further, it provides
an easier and more accurate way to achieve numerical simulation when the incoming light
has a complex spectrum shape other than Gaussian type and the pulse has a shape different
from Gaussian. The output of the spectrometer can be treated as the superposition of all the
frequency-dependent broadened and delayed monochromatic light pulses whose wavelength
before pulse modulation is in the spectral range that the spectrometer handles. The spec-
trum of the incoming light can be recovered through experimentally acquiring the output of
the O/E converter which is in proportion to the profile of the dispersed light signal s(t). In
addition to the accurate model, an approximate model is also developed which provides an
even simpler way to understand the underlying principle of the proposed spectrometer and
reduces the computation task when numerical simulations need to be conducted. At the end
of the chapter, a few simulation results based on the accurate model are presented. These

examples demonstrate the capabilities of the developed model.
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Chapter 4

Performance Analysis

This chapter presents the performance analysis for the HSFOS. The analysis is conducted
in four different aspects. They are accuracy, resolution, speed and noise. The accuracy
analysis and most of the resolution analysis are carried out through numerical simulation.
In the simulations, three fibers with arbitrarily selected dispersion properties are used. For
all the fibers, the derivatives of the propagation constant § with orders higher than 3 are
ignored. The value of the group velocity dispersion (GVD), the second order dispersion [,
the dispersion parameter D and the dispersion slope S at 1550 nm are listed in Table 4.1.
D and S are defined by:

2re
and
dD
—— 4.2
S=1 (4.2)

respectively. The first fiber has very large f5; the second fiber has a dispersion property
similar to standard single mode fiber; the third fiber has constant GVD. The pulses used
in the simulations are Gaussian pulses and rectangular pulses with pulse widths from 0.03
ns to 10 ns measured at 1/e intensity point. The reason for choosing these two pulses is
that Gaussian pulses are the most common pulses used in theoretical analysis whereas the

rectangular pulses have a pulse shape similar to the pulses from the pulse generator used in
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Table 4.1: Fiber dispersion properties used in simulation

Fiber B s D S
index No. | (ps?/rad - Km) | (ps®/rad® - Km) | (ps/nm - Km) | (ps/nm? - Km)
1 -295 25.5 466 15.1
2 -22.5 0.128 17.6 0.0559
3 -12.8 0 10.0 0.0133

our experiment. Using Gaussian pulses often leads to a simple analytical result which will
be helpful to understand the underlying principles of the phenomena. Choosing rectangular
pulses will connect the theoretical analysis with results from our experiments. Moreover,
comparing the simulation results using both types of pulses will result in a more compre-
hensive understanding of the operational principles of the spectrometer and the relationship
between the important parameters of the spectrometer such as the initial light pulse width,
the spectral resolution and the speed. Further, comparing the results from different pulse
types can reveal the effects of pulse shapes on the performances. To facilitate the analysis
in the simulations, a calculated FP interferometric sensor spectrum with cavity length of 73
um (shown in Fig.4.1(a)) and a calculated Gaussian spectrum with spectral width of 10 nm

centered at 1550 (shown in Fig.4.1(b)) are used as the spectra to be measured.

Before starting the analysis, one important point should be made clear: the definition of the
pulse width. There are two types of pulse widths often used in scientific research works. One
is the full width at half maximum (FWHM) of the pulse, Trw gas; the other is measured at
the 1/e maximum of the pulse, 27y. Fig.4.2 illustrates the shapes of the modulation pulses
and the corresponding light pulse and different pulse width definitions for Gaussian and
rectangular pulse. In the figure, Ty is the FWHM width of the modulation pulse width.
For Gaussian light pulse the two can be related by:
Trwuy = 2+/In(2)Ty. (4.3)

For a rectangular modulation pulse and its corresponding light pulse, the relation between
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FP sensor spectrum, FP cavity length 73 zm

Gaussian Spectrum, width 10 nm at 1550 nm
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Figure 4.1: Calculated spectra used in performance analysis
T'x0, To and Try g could be expressed as:
1 1
Trwam = Tao (1 + (5 - \/;)(OL + OR)) ) (4.4)
Tao (1+ (4 = \/1(Co +Cr))
Ty = , (4.5)
2
2Ty (14 (3 — /D01 +Cn)
(4.6)

where Cf, =

Trwum = (1_|_(%—\/g)(CL+CR)) ;

7, Cr = 72, and Tag = 2T, = 2Tk
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4.1 Accuracy

In the following analysis, two types of errors are investigated. The first one is the inherent
error. This error is caused by the operating principle of the spectrometer itself and it
determines the accuracy of the spectrometer. The second one is the model error. This error
is generated during the approximation from the accurate model described by Eq.(3.30) to
the approximate model presented in Eq.(3.36) and it affects the accuracy of the analysis

based on the approximate model.

4.1.1 Inherent error

The inherent error A; is defined as the difference between the normalized result from the
spectrometer expressed in Eq.(3.38) and the true spectral density function Py (0, \):

A, = ( /_ +°° Po(0, ) Ma(L, A, td)dtd> — P\(0,)) (4.7)

o0 normalized

where Py(0,A) = P(0,w).

Two reasons cause this error. The first one is from the frequency dependent modulation of
spectrum Py(0,w’) by (Ba(w')L)~! expressed in Eq.(3.29). This can be explained as the non-
uniform distribution of the pulses resulting from the nonlinearity of 5;(w’). As discussed in
the mathematical model, the output of the spectrometer s(t) or s)(A) could be described as
the superposition of all the non-uniformly broadened and delayed monochromatic light pulses
whose corresponding wavelengths before the pulse modulation are in the spectrometer’s
spectral range it handles. The location of each dispersed monochromatic light pulse in the
time domain is determined by its group delay (1 (w’) L. Therefore s(t) or s)(\) has a relatively
larger value where the density of the pulses is higher. In Fig.4.3 the simulated outputs sy (\)
with three fibers for an incoming light with a flat spectrum which has a constant spectral
density function are presented. The figure indicates that even for a flat spectrum, the output

of the spectrometer may not be constant at different time or wavelength points. The shape
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Figure 4.3: Spectrometer output s,(A) corresponding to a spectrum with constant spectral

density

of the curve is mainly affected by the dispersion property of the fiber. This part of the error
in A; caused by this reason can be partially corrected through amplitude normalization. The
correction will have better results where the higher order dispersion parameters are smaller
and the width of the broadened monochromatic light pulse is narrower. The second cause of
the inherent error is directly related to the broadened pulse width. Each of the broadened
pulses has a finite pulse width which causes blur in the output by the superposition of the
pulses due to the convolution nature of the output from the spectrometer. This part of error

can not be corrected by normalization.

All the above analysis is confirmed by the numerical simulation results presented in Fig.4.4~
Fig.4.7 and Appendix A. The error A; in the normalized simulation results (normalized re-
sults of Eq.(3.38)) using the accurate model are presented in those figures. They indicate
that A; could not be completely canceled out through normalization. The error is larger
when the fiber has larger higher order dispersion. This phenomenon is due to the first part
of the error. In addition, when the broadened pulse has a narrower pulse width in the time
domain, less error is introduced to the results. This is the effect of the second part of the

error. When a 1ns pulse is used (the situation in Fig.4.4(a)(c)(e)~Fig.4.7(a)(c)(e)), the
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corresponding broadened pulse width is Ins; when a 0.1ns pulse is used (the situation in
Fig.4.4(b)(d)(f)~Fig.4.7(b)(d)(f)), the corresponding broadened pulse width is 0.11ns. The
errors in the results shown in Fig.4.4(b)(d)(f)~Fig.4.7(b)(d)(f) are smaller than the cor-
responding ones in Fig.4.4(a)(c)(e)~Fig.4.7(a)(c)(e). Moreover, for each simulation result,
A; will have relatively higher value where the spectrum to be measured has a dramatical
change. This phenomenon also results from the second part of the error. More results by
using different pulse widths provided in Appendix A also give similar results which prove
the conclusion made above. All these can be seen clearly in a generalization plot of errors
provided in Fig.4.12. All the simulation results also indicate that the pulse shape does not
have a large contribution to A; and its effects should be categorized to effects of the second

part of Ay, the pulse width induced error.

In addition to the above analysis, the GVD of the fiber used in the system should not have
different signs in the measurement range i.e. the (3; of the fiber is monotonously increasing
or decreasing in order that lights with different wavelengths are delayed according with the
increase or decrease of light frequency or wavelength, and the modulation pulses should have
a spectral width not comparable to the frequency of the light so that the shape of the light
pulses are not severely distorted or destructed after broadening. Only under these conditions,
the measurement results, sy(\) from the spectrometer can truly represent the spectrum of

the incoming light.

20



Fiber 1 result, 2To =1 ns

-0.027

1570

(a)

1560
Wavelength (nm)

1530 1540 1550

Fiber 2 result, 2To =1 ns

1540 1550 1560 1570

Wavelength (nm) (c)
Fiber 3 result, 2To =1 ns
0.02f ‘ ‘ ‘
0.01}
~
=
O L
N
5
-0.01}
-0.02t ‘ ‘ ‘ ]
1530 1540 1550 1560 1570
Wavelength (nm) ()

Figure 4.4: Simulation results of the inherent error A; (Gaussian pulse, FP spectrum, DL =

Ins/mn)

o1

x10°

Fiber 1 result, 2T, = 0.1 ns

1530 1540 1550 1560 1570

(b) Wavelength (nm)

X 10-3 Fiber 2 result, 2T, =0.1 ns

3F ‘ ‘ ‘
[N
-
<
N
<

1530 15‘40 1550 1560 15‘70
(d) Wavelength (nm)
X 10_3 Fiber 3 result, 2T, =0.1 ns

1560 1570

Wavelength (nm)

1550

1540



x10°

Fiber 1 result, 2To =1 ns

1540 1550 1560 1570

Wavelength (nm) (a)
x10° Fiber 2 result, 2T, =1 ns

1540 1550 1560 1570

Wavelength (nm) (c)
Fiber 3 result, 2To =1 ns

x10°

1550 1560 1570

1540
Wavelength (nm)

Figure 4.5: Simulation results of the inherent error A; (Gaussian pulse, Gaussian spectrum,

DL = 1ns/mn)

52

A (AU)

(b)

A (AU)

(d)

x10™

Fiber 1 result, 2T, = 0.1 ns

1530 1540 1550 1560 1570

Wavelength (nm)
X 10-4 Fiber 2 result, 2T, =0.1 ns

1540 1550 1560 1570

Wavelength (nm)
X 10_4 Fiber 3 result, 2T, =0.1 ns

1540 1550 1560 1570

Wavelength (nm)



Fiber 1 result, 2To =1 ns

0.05
0.04
003
= 0.02
o1t
o
-0.01}
-0.02
1530

1570

(a)

1540 1550 1560

Wavelength (nm)

Fiber 2 result, 2To =1 ns

1570

(c)

1540 1550 1560

Wavelength (nm)

Fiber 3 result, 2To =1 ns

1570

(e)

1540 1550 1560

Wavelength (nm)

Figure 4.6: Simulation results of the inherent

DL = 1ns/mn)

93

x10°

Fiber 1 result, 2T, = 0.1 ns

[N
-
<
N
<
1530 1540 1550 1560 1570
(b) Wavelength (nm)
X 10-3 Fiber 2 result, 2T, =0.1 ns

1540 1550 1560 1570

(d) Wavelength (nm)
X 10_3 Fiber 3 result, 2T, =0.1 ns

1550 1560 1570

1540
Wavelength (nm)

error A; (rectangular pulse, FP spectrum,



x10° Fiber 1 result, 2T, =1 ns
6f ' ' '
- ~
= D
< <
< g
1530 15&0 1550 1560 1550
Wavelength (nm) (@) (b)
x10° Fiber 2 result, 2T, =1 ns
- ~
s s
< <
< g
1530 15&0 1550 1560 15}0
Wavelength (nm) (© (d)
x10° Fiber 3 result, 2T, =1 ns
~
=
<
e,
1530 15&0 1550 1560 1550
Wavelength (nm) © ©®

x10™

Fiber 1 result, 2T, = 0.1 ns

1540 1550 1560 1570

1530
Wavelength (nm)
X 10-4 Fiber 2 result, 2T, =0.1 ns

1540 1550 1560 1570

1530
Wavelength (nm)
X 10_4 Fiber 3 result, 2T, =0.1 ns

1570

1560

1540 1550

Wavelength (nm)

Figure 4.7: Simulation results of the inherent error A; (rectangular pulse, Gaussian spec-

trum, DL = 1Ins/mn)

o4



4.1.2 Model error

The model error A, is generated during the derivation of the approximate model as presented
in Eqgs.(3.32)~(3.36). The error is defined as the difference between the normalized results
from Eqs.(3.39) and (3.38):

+oo

Po(0, ta) Ma(L, A, td)dtd) . (4.8)

normalized

AQ = (P”A(()? /\) * M)\<L7 )\))normalized - (/

This error is caused by using the broadened pulse centered at circular frequency wy to
approximate all other broadened pulse centered at circular frequencies other than wy as
described in Eq.(3.32). A, from the approximate model (normalized results of Eq.(3.39))
are presented in Fig.4.8~Fig.4.11. They indicate that results from the approximate model
are closer to the results from the accurate model when the broadening of the pulse or the
higher order dispersion is small. Especially when GVD is constant, the approximated model
becomes the accurate model and the error Ay reduces to 0 (The situation when fiber 3
is used). In addition, the convolution nature also makes A, relatively higher value where
the spectrum has a dramatic change. Moreover, in all the simulation results presented in
Fig.4.8~Fig.4.11, the errors from the approximation A, are much less than the corresponding
errors A;. This could be explained as follows. The pulses used in the simulation have a
negligible spectral width comparing to the light frequency. The pulse broadening is then
less determined by those higher order dispersions parameters. So in the spectral range that
the spectrometer handles, the monochromatic light pulses with different wavelengths can be
treated as uniformly broadened. When narrower pulses are used, Ay may become equal or
larger than A;. This can be seen in additional simulation results provided in Appendix A
and in the generalized plot of the errors shown in Fig.4.12. All the simulation results also
indicate that the pulse shape does not have a large contribution to A,. Its effects should be

categorized to effects of pulse width too.
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4.2 Resolution

In this section, one analytical results of spectral resolution is first provided with the Gaussian
modulation pulses and under the condition of neglecting the higher order dispersion. The
effects of different parameters such as the pulse width and the amount of dispersion on the
spectral resolution are discussed. Then the results from numerical simulation are presented
and the results from both the methods are compared. Further, the effect of pulse shape is

investigated.

4.2.1 Analytical results

The spectral resolution of a spectrometer is usually defined by the minimum wavelength
difference between two adjacent peaks with the same intensity in one spectrum, which can
be separated by the spectrometer. As shown in Fig.4.13, two spectral components with
different wavelengths located at A\; and Ay respectively. The spectrum of the light with the
two components is the superposition of the two single spectra. In the following analysis, the
pulses are first assumed to be Gaussian type in order to derive an analytical result. The
spectral resolution limit is defined by the wavelength difference between the two pulses when

their 1/e intensity points are overlapped.

The analytical estimation of the spectral resolution can be conducted as follows. The modu-

lation signal mg(t) is a Gaussian pulse with a width of 27 measured at 1/e intensity point:

malt) = exp (<572 ) (19)

The origin of the time axis is located at the center of the pulse. From Eq.(3.9), the spectrum

of the modulation signal is

folw) = f;_wexp (-“’22%2 ) . (4.10)

For the purpose of simplicity, ignoring the derivatives of the propagation constant § with

orders higher than 2, the spectrum of the dispersed light pulse can be derived from Eq.(3.21).
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Here we should notice that, since [3; becomes constant, f(L,w”,w’) is no longer a function

of w’ and it becomes f'(L,w"):

f(Lw") = \;;_Wexp (_w” L2 <°;0)L - TO)) (4.11)

where wy is the center frequency of the light pulse and fGy(wy) = fa2(w’). Then the field of

the broadened monochromatic light pulse is expressed as:

t2
14 L2l 2T (1 -+ 22t )
and the shape of the broadened pulse is:
, 1 t?
M'(L,t) = exp | — . (4.13)

2
\/1+ (52(4:1)0) >2 T (1+ <ﬂ2(wo) ) )

In Eq.(4.13), the origin of the time axis is also located at the center of the pulse. The half

width of the broadened pulse is expressed as:

T = TO\/l + <62(T“;§)L)2. (4.14)
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Figure 4.14: Relationship between spectral resolution, pulse width and dispersion DL

According to the spectral resolution criterion mentioned above, the spectral resolution of the

spectrometer at wavelength \g can be estimated by

(R

where
D(%o) = —QA—W%C@(WO) (4.16)
and
Dp(Ao) = D(ho) L (4.17)

are the dispersion parameter of the fiber at wavelength )y and the total amount of dispersion
introduced by the dispersive fiber, respectively. In the above equations, c is the speed of

light in vacuum. The spectral resolution ry in Eq.(4.15) has its minimum:

020 (4.18)
Tam = :
A mc|Di(Mo)]
at
Ao
T = e |Dr (o)l (4.19)
e
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The above analysis indicates that for a specific wavelength \g the spectral resolution is de-
termined by the total amount of dispersion Dy (\g) of the dispersive fiber and the initial
width 27§ of the light pulse. When the amount of dispersion is fixed, there exists an optimal
pulse width at which the best spectrum measurement resolution is achieved as shown by
Fig.4.14(a). This is so because the output pulse broadening caused by the inherent band-
width of the modulation pulse and the GVD of the dispersion element is dominant when
the pulse is sufficiently narrow. Whereas the broadened pulse width due to the initial pulse
width is dominant when the pulse width is larger. Fig.4.14(b) shows the relationship be-
tween the spectral resolution and the total dispersion of the fiber for different pulse widths.
It is indicated that, for each fixed initial pulse width 275, the value of the spectral resolution
decreases rapidly when the dispersion is smaller than the value determined by Eq.(4.19).
The relation between the best spectral resolution and the corresponding initial pulse width
2Ty is illustrated in Fig.4.15(a). In Fig.4.15(b), the best spectral resolution is presented as

a function of the dispersion.
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4.2.2 Numerical results

In this subsection, the higher order dispersion parameters are no longer ignored. As a result,
the profile of the dispersed light pulses can only be acquired through numerical simulation.
The numerical analysis results using Gaussian pulses and rectangular pulses are presented
in Fig.4.16 and Fig.4.17, respectively. The fiber used in the simulation is fiber 2. Other
simulation results using fiber 1 and fiber 3 are listed in appendix B. The analytical results
are also plotted in both figures for the purpose of comparison. The rectangular pulses used
in the simulation have a shape close to the pulse used in the experiments. Fig.4.16 and other
results listed in Appendix B which uses Gaussian pulses show that the differences between
the analytical results and the numerical results are negligible. This can be explained as
the pulse widths used in the analysis are still large such that their spectral width are not
comparable to the light frequency. Under this condition, the higher order dispersion has little
effects on the light pulse broadening. So the analytical results can provide good direction

for resolution analysis when the Gaussian pulse width is greater than 0.03 ns.

Fig.4.17(a) indicates that for a given dispersion value, these rectangular pulses can realize a
better resolution value than Gaussian pulses at certain pulse widths. When the pulse width
is less than a specific value, the spectrometers using rectangular pulses have worse resolution.
But as the pulse width increases, these spectrometers can achieve a better resolution in a
small region. If the pulse width keeps increasing, their resolution becomes equal to those
using Gaussian pulses. Fig.4.17(b) shows that for a fixed pulse width, the rectangular pulses
can help the spectrometers to provide better resolution in a small dispersion value range.
When the amount of dispersion is larger than the value in the range, Gaussian pulses can
yield a much better resolution. When the dispersion is less than that value, both types of
pulses give the same resolution. To further investigate the effects of the pulse shape on the
spectral resolution, rectangular pulse with the same width but different C';, and Cg are used

to conduct more simulations. The results are presented in Fig.4.18 and Fig.4.19.
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Figure 4.16: Simulation results of the spectral resolution when Gaussian pulses are used
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Figure 4.17: Simulation results of the spectral resolution when rectangular pulses are used(1)
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Figure 4.19: Simulation results of the spectral resolution when rectangular pulses are used(3)
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Fig.4.18 shows that the rectangular pulses with sharper edges (C, = Cr = 0.1) achieve the
best resolution value for a given amount of dispersion which is less than half of the best
resolution value that the Gaussian pulses can achieve with the same dispersion. Fig.4.19
illustrates that the two asymmetric rectangular pulses provide the same results no matter
whether the sharper edge is the rising edge or the falling edge. One thing that should be
noticed is the reason that the rectangular pulses can improve the spectral resolution is not
chirp, but that they have special spectrum structures. This can be proven by changing the
sign of the fiber dispersion. If the resolution advantages are caused by chirp, the resolution
would not be the same under the same absolute dispersion value with a different sign. In
Fig.4.20(a) and (b), the dispersion properties of fiber 2 and fiber 2A are presented. The
absolute dispersion values of fiber 2A are the same as those of fiber 2. The only difference
is the sign of the dispersion. In Fig.4.20(c) and (d) the results for rectangular pulses (Cf, =
Cr = 0.33) are given. Although the fibers are different, the resolution results are the same.
For the results shown in Fig.4.20(e) and (f), the pulses used are still the same rectangular
pulse. Linear chirp is added to the pulses and the chirp parameter C' is set to 1. When the
chirp has the same sign as the dispersion value, the resolution is worse; when the chirp has
a different sign as the dispersion value, the resolution becomes better. These results confirm
the above conclusions. When the light pulses travel through a dispersive fiber, the Gaussian
pulses are continuously broadening (when there is no chirp); whereas the rectangular pulses
will have some narrower pulse widths compared to the initial pulse width at certain places
due to the reconstruction of pulse through harmonic superposition. This can be seen clearly
in Fig.4.21 (the initial pulse widths are all 0.1 ns). In general, properly choosing pulse shape

for a certain pulse width and amount of dispersion will give better resolution.
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Figure 4.20: Resolution achieved by pulses with and without chirp
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4.3 Speed

In this section, the analysis of speed is based on the ideal conditions. In a real spectrometer,
the speed is not only limited by the parameters used in the following analysis, but also
related to many other conditions e.g., the performance of the DAQ and the processing speed
of the computer. For the purpose of simplicity, only Gaussian pulses are used in the analysis
so that analytical results can be derived and the relationship between speed and such major

parameters as pulse width, amount of dispersion and resolution can be revealed.

The speed of the spectrometer is defined as the number of spectrum frames acquired per
unit time. It is mainly determined by the width of the broadened chromatic light pulses in
the time domain. The time interval between two consecutive pulses must be larger than this
pulse width; otherwise measurement error could be introduced by the overlap between two
consecutive pulses. Three parameters affect the width of the broadened output pulses. They
are: the width of the spectrum to be measured, the amount of dispersion introduced by
the dispersive fiber, and the properties of the modulation pulse. For a Gaussian pulse, the
intensity at ¢t = 37T, decreases to 10~* of the peak intensity. The width of the chromatic
light pulse measured at the 10~ intensity point can be roughly estimated by

T, = ANDL(\o) + 6T, (4.20)

where T is the output pulse width and A\ is the -3 dB spectral width of the incoming light.
The maximum speed is defined as the speed at which the 10~* intensity points of the two

adjacent output pulses are overlapped. Therefore the maximum speed is estimated by

-1

1 T\’ A\
fm_i_ AA+6\/(DL()\O>> + (%C"TO) D) | - (4.21)

When the half initial pulse width T equals the value presented in Eq.(4.19), the best spectral

resolution is reached for a given dispersion value. Fig.4.22(a) illustrates the maximum speed

as a function of the spectral width when the best spectral resolution for each dispersion value
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Figure 4.22: Relationships between the maximum spectrum acquisition rate, the spectral

width and the spectral resolution

is reached. The best spectral resolution of 0.32, 0.18, 0.10, 0.06 and 0.03 nm correspond
to dispersion value of 0.1, 0.3, 1, 3 and 10 ns/nm, respectively. In the Fig.4.22(b), the

relationship between the maximum speed and the best resolution is presented.

Fig.4.22(a) indicates that the maximum speed decreases as the spectral width increases or
as the total amount of dispersion increases. For all five dispersion values, the measurement
speeds are above 10° frames/s when the spectral widths are less than 100 nm. Fig.4.22(b)
shows that there is a tradeoff between the best achievable spectral resolution and the max-
imum measurement speed. In addition, for each spectral width, a highest value of the
maximum measurement speed exists. On the left side of each curve relative to its highest
value, the increase of the dispersion which results in the spectral resolution improvement
lowers the maximum measurement speed; on the right side of each curve to its highest value,

the pulse broadening causes the decrease of the maximum measurement speed.
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4.4 Noise

In the HSFOS, the main noise sources are the O/E converter, the DAQ (the oscilloscope
used in the experiment) and the erbium-doped fiber amplifier(EDFA). EDFAs are used to
compensate the loss in the optical path. The following analysis is based on experimental
results and the contribution of each noise source is determined. The block diagrams of the
two setups used in the experiments are shown in Fig.4.23 and Fig.4.24 respectively. The O/E
converter used is a HP 11982A which has a bandwidth of 15 GH z and a responsivity greater
than 200 V/W (The nominal resopnsivity is 300 V/W). The oscilloscope is a Lecroy LC
574A whose bandwidth is 1 GHz. The output impedance of the O/E converter and the input
impedance of the oscilloscope are both 50 €2. 50 Km SMF-28 single mode fiber is used as the
dispersive fiber. The 10 Gb/s modulator is from JDSU which is based on a Mach-Zehnder
interferometer and has an extinction ratio of 20 dB and a V; of 6 V. For each setup, the
experiment is conducted through several steps. In each step, a certain device is turned on or
off. The noise voltage is acquired by measuring the standard deviation of the voltage signal
through the build-in function of the oscilloscope. Each result is derived from 1000 repeated
measurements. All the operation steps and the corresponding results are listed in Table 4.2
and Table 4.3. In the tables, the “on” of the modulator is defined as the status that its
insertion loss reaches the minimum; the “off” of the modulator is defined as the status that
its insertion loss reaches the maximum. In the following analysis, shot noise, thermal noise
and amplifier noise in the O/E converter are calculated separately. The definitions for shot

noise and thermal noise are listed in Eq.4.22 and Eq.4.23 respectively [89].

02 = 2q(RP,;, + 1) Bw = 2q(I, + 1;) Bw, (4.22)
4kpTB
o2 = kT Bw (4.23)
Rp

In the above equations, ¢ is the electron charge, R is the responsivity of the photo detector,
P, is the incident optical power, I, is the photocurrent, I, is the dark current of the detector,
By is the signal band width, kg is the Boltzmann Constant, 7" is the absolute temperature,

and Ry, is the load resistance.
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Table 4.2: Noise measurement results using experiment setup 1

Step 1 | Step 2 | Step 3 | Step 4 | Step 5
1550 nm Laser off off off on on
(output power (miV)) - - - (20) (20)
Attenuator attenuation (dB) inf inf inf 10 10
EDFA 1 off off on on on
(gain (dB)) - - (21) | (21) | (21)
Polarization stabilizer off off on on on
modulator status off off off off on
O/E converter off on on on on
Oscilloscope on on on on on
Noise amplitude (mV’) 0.22 0.30 0.30 0.30 0.48

Table 4.3: Noise measurement results using experiment setup 2

Step 1 | Step 2 | Step 3 | Step 4 | Step 5 | Step 6
1550 nm Laser off off off off on on
(output power (mWW)) - - - - (20) (20)
Attenuator attenuation (dB) | inf inf inf inf 10 10
EDFA 1 off off off on on on
(gain (d4B)) s ey ey | e
Polarization stabilizer off off off on on on
modulator status off off off off off on
EDFA 2 off off on on on on
(gain (d4B)) - e | e | e | @
O/E converter off on on on on on
Oscilloscope on on on on on on
Noise amplitude (mV’) 0.22 0.30 0.30 0.30 0.35 23
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In order to conduct estimation, we assume the responsivity of the photo detector is 0.8 A/WW
and the load resistance in the O/E converter is 300 Q. For setup 1, at step 1, only the

oscilloscope is on. The noise of the oscilloscope is calculated as

g

,  (022x107
osc — 50

2
) =1.936 x 107 A2

In step 2, both the oscilloscope and the O/E converter are turned on, then

5 5 0.3 x107*
Oosc + UO/E = T

2
) =3.6 x 1071 A2,

0o/ = 3.6 x 1071 —1.936 x 107" = 1.664 x 10~ A%,

From Eq.4.23,
o, Akp x 300 x 10°

=552 x 107A2,
t 300

Since in this step, no light source is turned on, the shot noise in the O/E converter is caused
by the dark current. Knowing that the amplitude of the voltage signal is 0.8 mV/, this part

of shot noise is

0.8 x 1073

10° ~ 8. 1071642,
20 0% ~ 8.53 x 10

02, =2x1.6x107" x
Then the amplifier noise is
aﬁmp = aé/E — O’?ld — 0}~ 1.66 x 10711 A%

At step 5, the amplitude of the voltage signal is 20 mV'. Now the part of the shot noise from

the input optical power is:

(20 — 0.8) x 1073
300

Thop =2 % 1.6 x 1071 x x 107 = 2.048 x 1071 A2,

We assume both oscilloscope noise and the amplifier noise do not depend on the amplitude

of the signal, then the noise of the EDFA is

0.48 x 1073\
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Table 4.4: Noise analysis results for experiment setup 1

Noise name Symbol | Noise level

Oscilloscope build-in amplifier and ADC noise Un,.. 0.22 mV
O/E converter detector shot noise due to light signal Un.o, 42.9 pVv
O/E converter detector thermal noise Un, 70.5 pV
O/E converter Detector shot noise due to dark current | U, 8.76 uV
O/E converter build-in amplifier Unamp 0.2 mV

Noise from EDFA Unppra | 0.370 mV

Table 4.5: Noise analysis results for experiment setup 2

Noise name Symbol | Noise level
Oscilloscope build-in amplifier and ADC nise Un,.. 0.22 mV
O/E converter detector shot noise due to light signal Un.o, 0.51 mV
O/E converter detector thermal noise Un, 70.5 pV
O/E converter Detector shot noise due to dark current | U, 8.76 pV
O/E converter build-in amplifier Unamp 0.2 mV
Noise from EDFA Unpppa 23 mV
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To make the results easier to read, the equivalent noise levels at the oscilloscope input from
different noise sources are converted to voltage and listed in Table.4.4. Using the same
method, the equivalent noise levels at the oscilloscope input in experiment setup 2 are also

calculated and the results are listed in Table.4.5.

The above analysis indicates that the noise from the EDFA is dominant in both cases. The
noise from the oscilloscope and the amplifier in the O/E converter have almost the same
contributions to the total noise level. The shot noise and thermal noise of the detector in
the O/E converter are negligible compared to the three high level noises. The signal to noise

ratio for setup 1 is

20 x 1073
NRy =201 ——— | ~ 32.4dB
SNI = 20log (0.48 X 103> s !
the signal to noise ratio for setup 2 is
2.75
SNRy, =201 ———— | &~ 41.6dB.
2 o8 <23 X 10—3)

This indicates that although the total noise level of setup 2 is much higher than setup 1, the
signal to noise is improved by 9.2 dB through using one additional EDFA in the experiment.
The reason for the signal to noise ratio improvement is explained as follows. The signal to
noise ratio is better than 41.6 dB at the input of the O/E converter before adding the second
EDFA. But the noise from the O/E converter and the oscilloscope have noise levels which
are comparable to the signal level at this moment. The EDFA has a better noise figure
than that of the O/E converter and the oscilloscope and the signal level improvement results
from adding the second EDFA reduces the percentage of the contributions from the O/E
converter and the oscilloscope to the total noise level of the system. Further optimization of

the experiment setup may result in even better overall signal to noise ratio.
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4.5 Summary

In this chapter, the effects of various parameters such as the pulse width, pulse shape, and
dispersion property of the fiber, on the accuracy, spectral resolution and spectrum acquisition
speed of the HSFOS are thoroughly investigated through analytical and numerical methods.
To ensure that the dispersed chromatic light pulse has a profile that could represent the
spectrum of the incoming light, two requirements have to be fulfilled. One is the GVD of the
fiber used in the spectrometer should not have different signs in the spectral range i.e. the
[, of the fiber is monotonously increasing or decreasing. The other is that the modulation
pulse should have a spectral width not comparable to the frequency of the light so that the
shape of the light pulse has no severe distortion or destruction after broadening. To reduce
the measurement error, the width of the broadened pulse should be decreased and the results
should be normalized. In addition, fiber with small higher order dispersion should be chosen.
To improve the spectral resolution, the combination of the initial pulse width, the amount of
dispersion and the pulse shape should be properly chosen. Under certain pulse widths and
dispersion values, rectangular pulses could achieve better spectral resolution and the reason
is not chirp but the pulse reconstruction through harmonic superposition. Further the noise
from different noise sources are analyzed based on experimental results. The dominant noise
source is the EDFA. The additional EDFA used in the experiment improves the overall signal

to noise ratio.
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Chapter 5

Experimental Results

In this chapter, the timing method for the HSFOS is introduced at the beginning. Following
that the experimental results of the proposed HSFOS are presented in two separate sections
for two different types of fiber optic sensors, FP sensors and FBG sensors. The HSFOS is
configured in different ways due to different fibers used to achieve the time domain dispersion.
For each fiber, the dispersion property of the fiber is tested before the HSFOS is used to
record the sensor spectrum. Then the signal demodulation results for corresponding sensors
using the HSFOS are provided. Discussion based on the results is made at the end of each

section.

5.1 Timing method in the HSFOS

Timing is the procedure through which the length of a period of time is measured or the time
point when an event occurs is determined. Timing or a timing method is critical to those
devices whose output or operation is related to acquisition of time information. Since the
operational principle of the HSFOS is dispersing the sampled incoming light in time domain

rather than spatially dispersing the incoming light signal as in conventional spectrometers
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to produce the spectrum. The dispersed light signals usually have a short length in the time
domain (several nanoseconds to several tens of nanoseconds) of which the occurrence time of
each data point represents one specific wavelength in the spectrum of the incoming light, the
timing method becomes critical for the spectrometer to generate accurate results. Especially
in the third section, where the HSFOS is used to demodulate the signals from FBG sensors,
the quality of timing has a direct impact on the quality of the demodulation results. Both the
timing accuracy and precision should be considered. In the HSFOS, the accuracy of timing
related to the fiber dispersion property measurement and the timing accuracy of the devices
used in the system for the purposes of delay, signal conditioning, time measurement and
data acquisition. The latter is determined only by the performances of the device. Accurate
dispersion property data of the fiber can be acquired from the manufacturer or by using
special dispersion measurement tools. In our experiments, the fiber dispersion measurement
is conducted based on the available equipment in our laboratory. Obtaining the average of
a large number of measurements e.g. average of 1000 measurements, high accuracy could be
achieved. In the HSFOS, since each time point only relates to one wavelength, the timing
accuracy could be improved by using a light signal with known spectrum to calibrate the
results. The precision of the timing in the HSFOS is determined by the timing precision of
the equipment used, which includes both the long term and short term timing stability, and
the method for the signal processing. The long term timing stability is affected by the drift
of the equipment and the short term timing stability is usually called timing jitter and is
related to the noise in the equipment. The signal processing method is investigated in this

section.

Fig.5.1 shows the block diagram of the experiment setup. A 1550 nm SLED with an output
power of 1 mW is used as the light source. This setup is similar to the experiment setup for
FP sensor signal demodulation except that the sensor is replaced by a cleaved fiber end so
that the light of any wavelength from the light source is reflected back. The purpose of using
a SLED is that the dispersed chromatic light pulse signal has the same width in time domain

as the signal when a sensor is connected. This helps to decide the amount of time delay
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between the synchronizing signal and the starting point of data sampling in the oscilloscope
in order that the whole dispersed light pulse signal can be recorded without any cropping.
The modulator used is a JDSU 10 Gb/s modulator with an extinction ratio of 20 dB and
the V; is 6 V. The O/E converter is a HP 11982A and the oscilloscope is a Lecroy LT 342
(bandwidth: 500 MHz). In Fig.5.2, the block diagram of the pulse generator is illustrated.
The generator consists of one pulse generation core, two buffers and one power amplifier.
The pulse generation core outputs one low power pulse each time it is triggered by the trigger
signal from a signal source. The two buffers are used to isolate the pulse generation core
from the synchronizing signal output port and the power amplifier so that the performance
of the circuits in the core is not affected by other circuits. The pulse generator can output
narrow pulses with pulse width from 6 ns to 18 ns (Trwma). The design minimized the

delay time drift, Aty , between the synchronizing signal and high power pulse signal.

In this experiment, 6.1 ns (Trwgy) light pulses are used. The trigger signal is a 1 MHz
square wave at TTL logic level. Fig.5.3 presents the oscilloscope’s display of the sampled
signals. The signal in channel 1 is the synchronizing signal and channel 2 displays the electric

signal from the O/E converter which represents the profile of the dispersed light signal. In
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Fig.5.3, each synchronizing pulse in channel 1 is followed by a pulse in channel 2. Although
the two pulses from different channels have the shortest distance between them in the time
domain, they may not be related i.e. the pulse in channel 2 following the pulse in channel 1
may not be the corresponding pulse of that pulse in channel 1. Each time the pulse generator
is triggered, it generates two pulses. One is the synchronizing pulse for the oscilloscope to
synchronize the signal sampling in channel 2. The other is the high power pulse that is used
to drive the modulator so that the incoming light is sampled and a light pulse (the sample
of the incoming light) is formed. Then this light pulse dispersed by the dispersive fiber and
the O/E converter converts the dispersed light pulse into electric pulse and sends the electric
pulse to channel 2 of the oscilloscope for sampling. This pulse in channel 2 is thus defined
as the corresponding pulse of that synchronizing pulse. The synchronizing pulse in channel
1 is defined as the corresponding synchronizing pulse of this pulse in channel 2. Because
of the large delay introduced by the dispersive fiber, the corresponding pulse in channel 2
of each synchronizing pulse in channel 1 is usually far behind that synchronizing pulse in
time domain. For the experiment setup presented in Fig.5.1, the corresponding pulse of the
synchronizing pulse circled by red line is the 26th pulse behind it as shown Fig.5.3(b) (The
pulse circled by blue line).

The time delay between each synchronizing pulse in channel 1 and the pulse behind it in
channel 2, t,4,,.,, is the sum of the follows: the delay from the power amplifier in the pulse
generator, tq,, , the delay of the modulator, ¢4, , the delay introduced by the dispersive fiber,
tdsie,, the delay in the O/E converter, tg4, /> the delay in the oscilloscope, t4,,,, and the

periods of the trigger signal, Myinges X Tirigger, and can be expressed mathematically as:
bayorar = Cdpy T tdp + Ldgiper T o) + Ldose T Mpinde X Tirigger, (5.1)

where T},ig4er 1S the period of the trigger signal. The number of the periods, myindes, is deter-
mined by the index difference between the synchronizing pulse before the pulse in channel 2
and its corresponding synchronizing pulse. Only the delay between the synchronizing pulse

and its corresponding pulse will not be affected by the periods of the trigger signal. The
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Figure 5.4: Timing jitter measurement results

time delay drift Atg, ,,, is defined as:
Ata,,, = Atg,, + Ata,, + Aty + At + Mpinder X ATbrigger, (5.2)

where Aty is the time delay drift of the power amplifier in the pulse generator; Aty,, is
the time delay drift of the modulator; Atg, . is the time delay drift of the O /E converter;
Atg,,, is the time delay drift of the oscilloscope; and AT},.q4¢, is drift of period in the trigger
signal. The timing jitter dt4, , , is defined as:

5tdt0tal = \/5t§pg + 6t(21m + 6tZO/E _'_ 5t£21030 + mpindez X 67—3’7:998’(‘7 (53>

where 0tq,, is the timing jitter between the synchronizing signal and the high power pulse
signal from the pulse generator; otg,, is the timing jitter in the modulator; dt4,,, is the
timing jitter introduced by the O/E converter; dt,4, . is the timing jitter introduced by the

oscilloscope; and 07},igger is the trigger signal timing jitter in one period of the trigger signal.

From Eq.(5.2), the drift of the time delay could be reduced by using the corresponding syn-

chronizing pulse to synchronize the sampling of the pulse in channel 2. Under this condition,
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Mypindez €quals 0. Moreover, since the drift is a slow process, using online calibration i.e.
using a known spectrum to calibrate the spectrometer before each spectrum measurement
will largely reduce its effects. Eq.(5.3) indicates that using the corresponding synchronizing
pulse to synchronize the sampling can also reduce the timing jitter. For further reducing the
timing jitter, high performance equipment with lower timing jitter should be chosen. The
delay time measurement results are shown in Fig.5.4. Each data point is acquired based on
1000 measurements. The difference between average and minimum, the difference between
maximum and the average and the standard deviation of the measurements are plotted in

Fig.5.4. The results confirmed the above analysis about timing jitter.

5.2 HSFOS for FP sensor signal processing

5.2.1 Fiber dispersion property measurement

Since the HSFOS uses time domain dispersion instead of spatial dispersion, the dispersion
property of the fiber used in the spectrometer is important for recovering the spectrum of
the incoming light from the profile of the dispersed light pulse. In the HSFOS developed for
FP sensor signal demodulation, a spool of 5.5 K'm dispersion compensation fiber (DCF) is
used. The total amount of dispersion introduced by the DCF is about 500 ps/nm around
1550 nm and the insertion loss of the fiber is 6 dB. The block diagram of the experiment

setup is shown in Fig.5.5.

In the experiment setup, one tunable laser is used as the light source. The output wavelength
of the laser is tuned from 1530 nm to 1570 nm with a step of 5 nm. The modulator is a JDSU
10 Gb/s modulator (extinction ratio: 20 dB, V,: 6 V), the O/E converter is a HP11982A,
and the oscilloscope is a Lecroy LT 342. For each data point, the time delay between the
synchronizing pulse and its corresponding pulse from the output of the O/E converter is

measured 1000 times and the result is the average of the measurement data. The results
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and the processed data are provided in Fig.5.6. In Fig.5.6(a) both the experimental results
and fitting results are presented. The polynomial fitting method is chosen with the highest
order of 3 which corresponds to the 4th order of the propagation constant derivative in its
Taylor’s series. The reason for using polynomial fitting is that the propagation constant of
the fiber can be expanded using Taylor’s series. The results are used in the next subsection
for FP sensor spectrum recovery. The first and second order derivatives of the propagation
constant 3; and (s are calculated based on the fitting results and are plotted in Fig.5.6(b)
and (c) respectively. The dispersion property D is illustrated in Fig.5.6(d). The numerical
simulations made in the next subsection use the results shown in Fig.5.6(b)(c)(d) to generate

comparable results to facilitate the experimental results investigation.
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5.2.2 FP sensor spectrum measurement

The block diagram of the HSFOS for FP sensor spectrum measurement is given in Fig.5.7(a).
In this setup, a 1 mW 1550 nm SLED is used as the wide band light source. The modulator
is a JDSU 10 Gb/s modulator (extinction ratio: 20 dB, V;: 6 V). The model of the O/E
converter and the oscilloscope are HP11982 and Lecroy LT342 respectively. One EDFA is
used to compensate the loss in the DCF and the polarization stabilizer. To evaluate the

performance of the HSFOS, one reference system based on an OSA (ANDO AQ 6315A) is
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used and the block diagram is shown in Fig.5.7(b). Two FP sensors with nominal cavity
lengths of 63.326 pm (named sensor 1) and 73.812 um (named sensor 2) are used. The sensor
structure is provided in Fig.5.8. The initial width of the light pulses in the experiment is 6.1
ns (Trwmar) and the repetition rate of the pulses is 1 MHz. Each measurement result is the
average of 100 samples acquired by the oscilloscope. So the HSFOS in this experiment has
an equivalent spectrum acquisition rate of 10000 frames of spectra per second. The fringes
of the two sensors directly from the oscilloscope are plotted in Fig.5.9(a)(b). The normalized
results are plotted in Fig.5.9(c)(d). The recovered spectra of the two FP sensors using the
time-wavelength relationship acquired in the previous subsection are shown Fig.5.10(a)(b).
For the purpose of comparison, the spectra of the two sensors measured by the reference
system with two different spectral resolution settings i.e. 0.5 nm and 10 nm are provided in

Fig.5.10(c)(d).

The sensor spectra recorded by OSA with 0.5 nm spectral resolution is closer to the ideal
spectra of the sensors. The spectra recorded by the HSFOS are closer to that recorded by
the OSA with resolution setting equals to 10 nm. The main difference between the results
from the two spectrometers is that the spectra produced by the HSFOS have distortion at
both ends of the spectra. The distortion is due to that the spectral width of the spectrometer
is equal to the spectral measurement range. Because of the convolution nature of the spec-
trometer output expressed in Eq.3.30, the limited spectral width generates errors at both the
upper and lower boundaries of the integration. If the spectral width has sufficient margin

on both side of the spectrometer measurement range, the distortion would not be displayed
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in the results. To further explain the cause of the distortion, the operational principle of
the HSFOS should be discussed again. As mentioned in previous chapter, the output of
the spectrometer is the superposition of both frequency dependent broadened and delayed
monochromatic light pulses centered in the spectral width of the spectrometer. This can
be expressed using Fig.5.11. In this figure, the blue line represents output from the spec-
trometer under the condition when the spectral width of the spectrometer is much greater
than the measurement range; the red line corresponds to the situation when the spectral
width is equal to the measurement range. The monochromatic light pulses centered in the
spectral measurement range are drawn using dark gray lines. The pulses centered outside
the measurement range but still in the spectral width of the spectrometer are drawn using
light gray lines. When the spectral width is much greater than the measurement range, all
the light pulses will together form the output for not only the part within the measurement
range but also the part outside the measurement range. No distortion occurs within the
measurement range. When the spectral width is equal to the measurement range, the part
of output within the measurement is changed. The contributions to the output within the
measurement range from those light pulses centered outside measurement range no longer
exist. This results in the distortion on both ends of the output. Normalization can not
correct the error caused by this distortion. The results displayed in Fig.5.10 indicates this.
To confirm the above analysis, numerical simulations using rectangular modulation pulses
(Cp = Cgr = 0.33) with 7.07 ns (Ta0) pulse width which corresponds to 6.1 nm (Trwma)
light pulse and the fiber dispersion property from the measurement made in previous sub-
section for the DCF are conducted. The results for the two FP sensors are presented in

Fig.5.12.

The red lines in Fig.5.12 show the situation when the spectral width equals to the measure-
ment range. The distortion in the simulation results has exactly the same characteristics
as that of results from the experiment. For sensor 1 fringe, the two valleys at both ends of
the spectra disappear; for sensor 2 fringe, the first peak to the left disappears and the first
peak to the right shifts to right. Moreover, in the results from both the experiment and the
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simulation, the distorted fringe curves have similar shapes at both ends of the measurement
range. The simulation results plotted in light blue lines show the situation when there is a
margin on both ends of the the measurement range. The width of the margin is determined
as follows. First, the half widths Tj of the broadened pulses at the wavelengths equal to
either end of the measurement range are estimated. Then wavelength ranges corresponding
to those T} at both ends of the measurement range are calculated using the dispersion at
corresponding wavelengths. These are the margin used for the simulations mentioned above.
The margin calculated in this way is the smallest one for canceling the distortion. The results
plotted using dark blue lines in Fig.5.12 present the situation when the size of the margin
is much greater than the smallest value. All these results prove that the analysis about the

distortion at both ends of the spectra is correct.

Another type of distortion in the results shown in Fig.5.10 is that in each sensor fringe the
depths of the valleys are not equal and the heights of the peaks are not the same. Under the 10
nm resolution setting, the results from the OSA also have similar distortion. Whereas in each
sensor fringe recorded by the OSA with better resolution, the valleys have the same depth
and the peaks have the same height. This type of distortion is caused by the operational
principle of the spectrometer due to their convolution nature. The distortion is actually
the first type error analyzed in the previous chapter. Moreover, for a FP sensor fringe,
the widths of valleys and peaks vary with wavelength. At short wavelengths, the widths are
smaller. If the spectrometer has constant spectral resolution in the whole measurement range
and the value of the resolution is comparable to the widths of those valleys and peaks, the
valleys and peaks will be blurred more at shorter wavelengths. For a real spectrometer, its
resolution is not constant but a function of wavelength which is determined by the property
of the dispersion element. The calculated spectral resolutions of the HSFOS at different
wavelengths using two different pulse widths are plotted in Fig.5.13. The second pulse width

corresponds to 0.5 nm resolution at 1550 nm.

Fig.5.13 tells us the resolution of the HSFOS becomes worse at shorter wavelengths for both

pulse widths with the DCF used in the experiment. This makes the distortion more severe
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at these wavelengths. To reduce this distortion, the resolution of the spectrometer should
not be comparable to the widths of the valleys and peaks in the spectrum. The simulation
results of FP sensor spectra using different pulse widths are presented in Fig.5.14 which
confirm the above analysis. The valleys and peaks have the same depths and heights in the

results when the spectral resolution is 0.5 nm.

The resolution test for the HSFOS is also conducted experimentally. The experiment setup
is presented in Fig.5.15. In the setup, two lasers, one tunable laser and one 1550 nm laser,
are used as the light sources. The experimental results are provided in Fig.5.16 and 5.17
with the simulation results using a pulse with similar characteristics (Trpwgy = 6.1 ns,
Cp, = Cr = 0.33) and the dispersion property of the DCF. As illustrated in Fig.5.13, the
HSFOS should have a resolution of 13.4 nm at 1550 nm. However the resolution tests show
that the real resolution is 15 nm at 1550 nm. In the results shown in Fig.5.16(a) and (c),
the HSFOS can resolve two light signals with wavelength difference of 14 nm. But the two
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Figure 5.16: Resolution test results

light signal are almost merged together. To make the results more reliable, the resolution
is determined to be 15 nm. The difference is caused by the distortion in the pulse shape
introduced by the EDFA. In Fig.5.16 and 5.17, when the two pulses which represent two
light signals with different wavelengths get closer, the distortion becomes more severe. This

makes the valley between the two pulses flat which ultimately results in worse resolution.
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5.3 HSFOS for FBG sensor signal processing

5.3.1 Fiber dispersion property measurement

In this section, another HSFOS is configured for FBG sensor signal processing using standard
single mode fiber (SMF-28). To test the dispersion property, 25 K'm fiber is used which can
provide about 425 ps/nm dispersion and introduces 5 dB insertion loss. The block diagram
of the test setup is shown in Fig.5.18. One tunable laser is used as the light source in the
experiment. In the experiment, the wavelength is tuned from 1530 nm to 1568 nm with a
step of 2 nm. The modulator used in the setup is a JDSU 10 Gb/s modulator (extinction
ratio: 20 dB, V;: 6 V). The O/E converter is a HP 11982A and the oscilloscope is a Lecroy
LC 574A. Because the delay introduced by the 25 Km fiber is about 121 ps which is much
larger than the delay that the oscilloscope can generate under high timing resolution setting,
the delay measured is not between the synchronizing pulse and its corresponding pulse from

the O/E converter. Instead, the delay between the synchronizing pulse and the first pulse
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following it from the O/E converter is measured. This causes higher timing jitter in the
measurement results which directly increases the standard deviation. Moreover, the first
derivative of the propagation 3; can not be acquired directly from the results. The value
for 3 is an estimated value. But the GVD can still be determined directly from the results
because there is only a constant difference between the two delays, i.e. the delay between the
synchronizing pulse and its corresponding pulse from the output of the O/E converter and
the delay between the synchronizing pulse and the first pulse following it from the output
of the O/E converter. A constant has no effects on the derivative of the results. The result
of each data point is based on 1000 measurements. The results and the processed data are
provided in Fig.5.19. In Fig.5.19(a) both the experimental results and fitting results are
presented. The fitting method is 3-order polynomial fitting. The first and second order
derivatives of the propagation constant 3; and (3, are calculated based on the fitting results
and are plotted in Fig.5.19(b)(c) respectively. The dispersion property D is illustrated in
Fig.5.19(d).

102



Time (u9)

B, (ps*/rad” Kmy)

4.8728
650( 4.8727
'S 48726
645¢ _ﬁ 4.8725
S 48724
(%2}
640+ 3. 4.8723
N
o 4.8722
635 4.8721
1530 1540 1550 1560 1570 12 1205 121 1215 122 1225 1.23
Wavelength (nm) (@ (b) Circular frequency (10" rad/s)
(¢) (d)
19— ‘
185
-20
18
S
-21 e 17.5+
e
-22 £ 17t
[72]
S 165
-23 A '
16}
-24
‘ ‘ ‘ ‘ ‘ ‘ ‘ 155} ‘ ‘ ‘ E
12 1205 121 1215 122 1225 1.23 1530 1540 1550 1560 1570
Circular frequency (10" rad/s) Wavelength (nm)

Figure 5.19: SMF-28 dispersion property measurement results
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5.3.2 FBG sensor signal processing

In order to get better results for sensor signal demodulation, a higher dispersion value is
needed in the experiment. The block diagram of the experiment setup is shown in Fig.5.20(a).
50 Km SMF-28 fiber are used in the experiment. In the setup, the 1550 nm SLED acts as
the broad band light source. In addition, one JDSU 10 Gb/s modulator (extinction ratio:
20 dB, V;: 6 V), one HP11982A O/E converter and one Lecroy LC574A oscilloscope are
used. The pulse width from the pulse generator is 6.1 ns (Trwma). The repetition rate
is 1 MHz. The oscilloscope is set to do continuous average and each result is the mean

of 32 measurements. The equivalent spectrum acquisition rate is 30000 frames per second.

104



To evaluate the performance of the system, a reference system is used which is based on a

component test system (CTS, Micron Optics Si 720) as shown in Fig.5.20(b).

In applications of FBG sensors, measurands affect the grating constant of the sensor which
results in reflection peak wavelength shift. FBG sensors produce a reflection light signal
with narrow spectral width e.g. 0.1 nm. To demodulate the signals from a FBG sensor,
usually a high resolution spectrometer is needed which should have the spectral resolution
adequate to resolve the reflection peak in the sensor spectrum. Among the commercially
available spectrometers, the best spectral resolution is normally down to 0.01 nm. However
high resolution is usually not necessary because the measurand only relates to the position
of the peak not the shape of the peak. So a spectrometer with the capability of accurately
positioning the peak is enough. Moreover, spectrometers with higher spectral resolution are
costly. A HSFOS having this kind of high resolution could even cost more. In this section
a new method using a low resolution HSFOS to demodulate FBG sensor signal is presented

through over sampling the signal from the O/E converter.

In order to get a clear view of the principle of the method, the difference between two con-
cepts, spectral resolution and spectral positioning resolution, should first be clarified. The
spectral resolution is used to describe the ability of a spectrometer to distinguish two ad-
jacent peaks of two spectral components with the same intensity but different wavelengths
in one spectrum. The spectral positioning resolution is a measure of a spectrometer’s capa-
bility to positioning certain spectral component in a spectrum. For the FBG sensor signal
demodulation, the most important thing is to achieve a high spectral positioning resolution
which is critical for the accuracy of the demodulation rather than high spectral resolution
which can provide a clear view of the reflection peak. In most spectrometers, the value of
the spectral resolution and the spectral position resolution are highly related or even equal.
However in the new spectrometer the spectral positioning resolution can be much higher
than the spectral resolution. As shown in Fig.5.21(b), the signal from the O/E converter
(shown in Fig.5.21(a)) is sampled by the DAQ or oscilloscope. The pink samples of the

signal have a sample rate more than twice the highest harmonics in the signal. According
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to the sampling theorem, under ideal conditions, the signal can be recovered from these
samples without any information loss. If the blue samples are added, the fidelity of the
sampled signal may not be improved. In reality, the amplitude resolution of an DAQ is a
finite number which is determined by the bits of the ADC. More samples do provide more
information which can improve the fidelity of the sampled signal. Higher sample rate also
helps to positioning the signal with higher resolution and accuracy. One simple example is
shown in Fig.5.21(c) and (d). In Fig.5.21(c) the leading edge of a pulse is sampled by a DAQ
with only one bit amplitude resolution. It is obvious that under this circumstance the higher
the sample rate the more accurately the edge can be located. Normally the DAQ will have
more than 1 bit resolution, the amplitude information combined with the high sample rate
will further improve the positioning resolution. In Fig.5.21(d), a DAQ with 2 bits resolution
and the same sample rate can achieve a positioning resolution that is 3 times that the DAQ
in Fig.5.21(c) achieves. For a real DAQ, the amplitude resolution is at least 8 bits which will
have a positioning resolution 254 times higher than that of the 1 bit DAQ if the same sample
rate is used and the amplitude of the signal fill the whole amplitude measurement range of
the DAQ. This is the best results the 8 bits DAQ can get. Due to the lower amplitude of the
signal and the noise, the effective bits of 8 bits DAQ may only be 4 to 6 bits. The positioning
resolution improvement comparing to the 1 bit DAQ is 14 to 62 times. So if the sample rate
is 2 GS/s and the number of the effective bits is 6, the highest positioning resolution in time

domain is 8 ps.

In the experiment, a FBG strain sensor is used. The wavelength of the reflection peak is
measured using the reference system illustrated in Fig.5.20(b). The positions of the corre-
sponding light pulse in time domain is measured by the HSFOS. The sample rate of the DAQ
(the oscilloscope) is 2 GS/s and the amplitude resolution is 8 bits. The strain is applied so
that the wavelength of the reflection peak varies from 1541.50 nm to 1542.05 nm with a step
of 0.05 nm. The experimental results are plotted in Fig.5.22. Each data point is the average
of 100 measurements. The results clearly indicates that the HSFOS can achieve a spectral

positioning resolution of 0.05 nm which is already enough for many FBG sensor applications.

106



UO/E A

(a)

Upaoy

Upaoy

Sl
UDAQ3 A .

2

1

i 11]

Figure 5.21: Over sampling of the signal

0
o
©

0
o
\l

0
o
o

o)
al
N

0
o
w

85.2¢
154

Peak position in time domain (ns)
[o¢]
ol
al

1.5 1541.6 1541.7 1541.8 1541.9 1542

Peak position in spectral domain (nm)
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5.4 Summary

In this chapter, the timing method of the HSFOS is discussed. Sampling the corresponding
pulse of each synchronizing pulse could cancel the effects from the trigger signal on the
drift and timing jitter of the system. To further improve the timing performance of the
system, higher performance equipment is required. In the second section, the experiment
setup for FP sensors signal demodulation is given and the spectra from two FP sensors with
different cavity lengths acquired by the HSFOS are provided. Distortion in the output of the
HSFOS is investigated. In addition, the spectral resolution of the HSFOS is tested. A 15
nm resolution is achieved by the setup. Numerical simulations based on the mathematical
model developed in the previous chapter are made and compared with the experimental
results. Both the experiment and simulation results support the conclusion presented as
follows: To reduce the distortion at both ends of the spectrum, the spectral width of the
spectrometer should be larger than the measurement range and sufficient margin should be
made on both ends of the measurement range. To reduce the spectral resolution induced
distortion, the value of the resolution should not be comparable to the narrowest valley or
peak in the spectrum. At last, the method of using the low spectral resolution HSFOS to
demodulate the FBG sensor signal is presented. The experiment result indicates that the
HSFOS used in the experiment can achieve a 0.05 nm spectral positioning resolution which

makes it capable for FBG sensor signal processing.
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Chapter 6

Summary and future work

A high speed fiber optic spectrometer for fiber optic sensor signal processing is proposed
and demonstrated in this dissertation. The operational principle for the novel spectrometer
is presented through both graphical and mathematical descriptions. Systematic analysis
of major system parameters based on a developed mathematical model and experimental
results is conducted. Preliminary signal demodulation results for both FP interferometric

and FBG sensors are demonstrated.

6.1 Summary of the current work

6.1.1 Summary and conclusions

Fiber optic sensors are demanded by more applications in recent years, but the low speed
of the current white light interferometry and the small dynamic range and ambiguity from
the existing quadrature phase detection demodulation places a barrier to the intrinsically
high capable sensors. The HSFOS proposed has the capability to achieve at least 1 million
frames of spectra per second through time domain sampling and dispersing the incoming

light together with high speed data acquisition. The white light interferometry with the
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HSFOS can maintain the merits of the absolute measurement nature of high accuracy and

large dynamic range while obtaining the high acquisition speed.

The mathematical model developed is based on Marcuse’s previous work but derived in a
different way. In the previous work, researchers usually expand the propagation constant at
the center circular frequency wq of the whole chromatic light pulse. This results in complex
analytical results and the physical picture of the light pulse evolution is not clear. In these
analytical results, the Taylor’s series of the propagation constant must be truncated to the
third or fourth order so that the derivation of the profile of the dispersed chromatic light pulse
could be made. For numerical analysis, the computation tasks are thus heavy. In the newly
developed model, the Taylor’s series is expanded at unfixed points, i.e. the center circular
frequency of each monochromatic light pulse w’ rather than wy so that the profile of the
dispersed chromatic light pulse can be derived without any approximation in the propagation
constant. Moreover, a clearer physical picture of the light pulse dispersion is formed. The
profile of the dispersed chromatic light pulse could be treated as the superposition of all the
frequency dependent delayed and broadened monochromatic light pulses. Thus the output
of the spectrometer is expressed in the form of LTV system output and can be analyzed
through the well established linear system theory. In addition, one approximate model in
the form of the LTT system is derived from the accurate model under the assumption that all
the monochromatic pulses are uniformly broadened which provides a simpler mathematical
expression and physical picture. Further, the new model simplifies the programming for the
numerical simulation and largely reduces the computation tasks especially through using the

approximate model.

The performance analysis is conducted in four aspects: accuracy, resolution, speed and noise.
The accuracy is evaluated using the mathematical model. Two types of errors affecting the
accuracy are investigated. Numerical simulation results are provided to support the con-
clusions. The first type of error is due to the operational principle of the spectrometer.
Normalization could help to reduce the error but not to totally cancel it. The error in the

normalized results can be dramatically reduced when the widths of the broadened monochro-

110



matic pulses are no longer comparable to the narrowest valley or peak in the spectrum. The
second type of error is from the approximation made for the simplified model. When the
initial light pulse width is narrow or large higher order dispersion exists, the broadening of
the monochromatic light pulses is more frequency dependent. The difference of the light
pulse broadening at different frequency is no longer negligible. To reduce this error, fiber
with smaller higher order dispersion is preferred. If the spectral resolution requirement can
be met, a wider pulse width and a lower dispersion are preferred. The analysis of the spec-
tral resolution is through both analytical and numerical methods. Different pulse shapes
and widths are used. For each fixed dispersion value, one optimal initial pulse width exists
which can realize the best resolution. Rectangular modulation pulses with sharper edges
achieve the best resolution which is half the value from Gaussian pulses with the same initial
pulse width. This is due to the special spectral structure of the rectangular pulse. After a
certain amount of dispersion, the reconstruction of the pulse through the superposition of
the harmonics form a pulse with pulse width narrower than its initial value. It should be
noted that this is not the effect of chirp. The speed analysis is simplified by assuming that
the pulse is Gaussian and the Taylor’s series of the propagation constant is truncated to
the second order. The results indicate that there are tradeoffs between the speed and the
spectral width of the spectrometer and between the speed and the resolution. However when
spectral width is 100 nm and the resolution is 0.03 nm, theoretically a 1 million frames per
second acquisition speed can still be achieved. The noise analysis is done using the exper-
imental results. Although the EDFA is the dominant noise source, the introduction of the
second EDFA in the setup still improve the overall signal to noise ratio by 9.2 d B. This is so
because the contributions from the O/E converter and the oscilloscope are largely reduced.

They are two main noise sources before adding the second EDFA.

The experimental results demonstrate the capability of the HSFOS for FP interferometric
and FBG sensor signal demodulation. For FP sensors, the HSFOS could record FP sensor
fringe at an equivalent speed of 10000 frames per second with the quality close to the one

from the OSA when the resolution setting of the OSA is 10 nm. The spectral resolution
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of the HSFOS in the experiment is 15 nm. For FBG sensors, a new signal demodulation
method using the low spectral resolution HSFOS is presented. By doing over sampling of
the dispersed FBG sensor light signal, the spectral positioning resolution of the HSFOS
becomes much higher than its spectral resolution so that the position of the reflection peak
of a FBG sensor can be accurately determined. In the experiment, the HSFOS can resolve a
change of 0.05 nm in the spectral position of the FBG sensor reflection peak at an equivalent
speed of 30000 frames per second. In contrast, the traditional spectrometers typically have a
speed of less than 100 frames spectra per second. In summary, the experiments have clearly

demonstrated the feasibility of the HSFOS for fiber optic sensor high speed signal processing.

6.1.2 Major contributions

The major contributions of this dissertation are as below

e For the first time a high speed fiber optic spectrometer for high speed fiber sensor

signal processing are proposed and its feasibility is experimentally demonstrated.

e A mathematical model is derived through expanding the propagation constant at the
center circular frequency of each monochromatic pulse and no truncation of the Taylor’s
series of the propagation constant is made in the derivation. The result from the
model is presented in the form of a LTV system output. The model provides an easier
and more accurate way for both analytical and numerical analysis. In addition, a
clearer physical picture for chromatic light pulse profile evolution in dispersive fiber is

presented.

e An approximate model is developed with the output expressed in a convolution form

which represents the output of a LTT system. This model further facilitates the analysis.

e The performance of the HSFOS in accuracy, resolution, speed and noise are investi-

gated.
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e A new method for high resolution interrogation of FBG sensors based on the HSFOS

is developed. The spectral positioning resolution is improved through over sampling.

e About 10000 lines of codes, including Matlab language, Visual Basic, C language for
DSP, have been programmed for signal processing and numerical simulations. Several
new signal processing algorithms have been developed and are used not only in the
HSFOS project but also adopted in the lab which facilitate the work of other CPT

researchers.

6.2 Suggestions for future work

The research conducted exploits new areas for fiber optic sensor signal processing. To further
the research, future work is suggested as follows to enhance the performance of the HSFOS

and extend its applications.

¢ Resolution improvement

The resolution of the HSFOS is determined by the following factors:

1. The amount of dispersion introduced by the dispersive fiber.

2. The pulse width of the pulse generator.

The current dispersive fiber used is a DCF or normal single mode fiber (SMF-28).
These standard fibers cannot provide high dispersion with low insertion loss. EDFAs
could help to compensate the loss at the expense of a limited spectral width, additional
noise and distortions to the output of the spectrometer. New fibers may be chosen as
better solutions. One of them is photonic crystal fiber (PCF). Some researchers have
reported very high dispersion up to 10000 ps/nm - km realized by PCF [90][91]. This
should be a possible way to enlarge the dispersion. On the other hand, the pulse
width should be reduced. The current pulse generator is built based on the available

electronic components in our laboratory from which the narrowest pulse width is 6 ns
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(T'40). A new pulse generator should be built or bought to provide 0.1 ns pulse width

such that the resolution could be improved to 0.3 nm or better.

Signal to noise ratio improvement

The loss in the dispersive fiber and low output power of the current light source result
in a low signal to noise ratio before an EDFA is used. The EDFA can compensate
the loss and the low power of the light source but at the same time limits the spectral
width and introduces additional noise and distortion. The current light source is a
1550 nm SLED which has a 1 dBm output power. Now some commercially available
SLEDs have an output power up to 20 d Bm which might be a good choice. In addition
other light sources may also be considered, e.g. supercontinuum. On the other hand,
the responsivity of the current O/E converter is too low (less than 300 V/WV) so that
the high noise level of the oscilloscope lowers the overall signal to noise ratio of the
system. One possible solution is to add one high gain low noise post amplifier between

the O/E converter and the oscilloscope.
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Appendix A

Numerical simulation results for

accuracy analysis

In the following figures, the numerical simulation results for the inherent error A; are listed
in Fig.A.1~Fig.A.12. The results for model error A, are listed in Fig.A.13~Fig.A.24.
The following table presents the conditions of those simulations. In Fig.A.19(a)(b) and
Fig.A.22(a)(b), large simulation errors occurred in the left part of the curves due to the zero

point of (5 at 1520 for fiber 1 nm combined with the wide pulse width in the simulations.
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Table A.1: The conditions for the numerical simulation

Figure index | Error type Spectrum type Pulse type
A1~A3 Aq FP spectrum Gaussian
FP cavity length: 73 um
AA4~A.6 Aq Gaussian spectrum Gaussian
10 nm, centered at 1550 nm
A7T~A.9 Ay FP spectrum rectangle
FP cavity length: 73 um | Cp = Cr =0.33
A.10~A.12 Aq Gaussian spectrum rectangle
10 nm, centered at 1550 nm | C, = Cr = 0.33
A1~A3 AV FP spectrum Gaussian
FP cavity length: 73 um
A4~A6 JAV) Gaussian spectrum Gaussian
10 nm, centered at 1550 nm
A7T~A9 AV FP spectrum rectangle
FP cavity length: 73 yum | Cp, = Cr =0.33
A.10~A.12 Ay Gaussian spectrum rectangle
10 nm, centered at 1550 nm | Cp, = Cr = 0.33
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Figure A.4: Numerical simulation results of the inherent error A; (Gaussian pulse, Gaussian

spectrum, DL = 1ns/mn)
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Figure A.5: Numerical simulation results of the inherent error A; (Gaussian pulse, Gaussian

spectrum, DL = 1ns/mn) (continued)
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Figure A.6: Numerical simulation results of the inherent error A; (Gaussian pulse, Gaussian

spectrum, DL = 1ns/mn) (continued)
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Figure A.7: Numerical simulation results of the inherent error A; (rectangular pulse, FP

spectrum, DL = 1ns/mn)
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Figure A.8: Numerical simulation results of the inherent error A; (rectangular pulse, FP

spectrum, DL = 1ns/mn) (continued)
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Figure A.9: Numerical simulation results of the inherent error A; (rectangular pulse, FP

spectrum, DL = 1ns/mn) (continued)
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Figure A.10: Numerical simulation results of the inherent error A; (rectangular pulse, Gaus-
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X 10-3 Fiber 1 result, 2To=1ns X 10-4 Fiber 1 result, 2T, = 0.3 ns
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Figure A.11: Numerical simulation results of the inherent error A; (rectangular pulse, Gaus-

sian spectrum, DL = 1ns/mn) (continued)
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Figure A.12: Numerical simulation results of the inherent error A; (rectangular pulse, Gaus-

sian spectrum, DL = 1ns/mn) (continued)
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Figure A.13: Numerical simulation results of the model error Ay (Gaussian pulse, FP spec-

trum, DL = 1Ins/mn)
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Figure A.14: Numerical simulation results of the model error Ay (Gaussian pulse, FP spec-

trum, DL = 1Ins/mn) (continued)
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Figure A.15: Numerical simulation results of the model error Ay (Gaussian pulse, FP spec-

trum, DL = 1Ins/mn) (continued)
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Figure A.16: Numerical simulation results of the model error A, (Gaussian pulse, Gaussian

spectrum, DL = 1ns/mn)
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Figure A.17: Numerical simulation results of the model error A, (Gaussian pulse, Gaussian

spectrum, DL = 1ns/mn) (continued)
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Figure A.18: Numerical simulation results of the model error A, (Gaussian pulse, Gaussian

spectrum, DL = 1ns/mn) (continued)
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X 10-7 Fiber 1 result, 2T, =10 ns X 10-6 Fiber 1 result, 2T, =3 ns
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Figure A.19: Numerical simulation results of the model error Ay (rectangular pulse, FP

spectrum, DL = 1ns/mn)
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Figure A.20: Numerical simulation results of the model error Ay (rectangular pulse, FP

spectrum, DL = 1ns/mn) (continued)
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Figure A.21: Numerical simulation results of the model error Ay (rectangular pulse, FP

spectrum, DL = 1ns/mn) (continued)
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Figure A.22: Numerical simulation results of the model error A, (rectangular pulse, Gaussian

spectrum, DL = 1ns/mn)
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Figure A.23: Numerical simulation results of the model error A, (rectangular pulse, Gaussian

spectrum, DL = 1ns/mn) (continued)
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Figure A.24: Numerical simulation results of the model error A, (rectangular pulse, Gaussian

spectrum, DL = 1ns/mn) (continued)
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Appendix B

Additional numerical simulation

results for resolution analysis

In the following simulation, three fibers with arbitrarily selected dispersion properties are
used. The dispersion properties are listed in Table.4.1. The pulses used are Gaussian pulses
and rectangle pulses. For the rectangle pulses, C, = Cr = 0.33. All the spectral resolution

value calculated at 1550 nm.
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Figure B.1: Numerical simulation results of spectral resolution for Gaussian pulses
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Figure B.2: Numerical simulation results of spectral resolution for rectangular pulses
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