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ABSTRACT

Fiber Bragg grating (FBG) is a key component in the optical sensing field. The unique
advantages of FBG sensors make them the preferences for the applications that
normal electrical sensors are unworkable. However, the complexity and cost of the
sensing systems have limited the applications of FBG sensors. Various multiplexing
and interrogation schemes have been explored to enhance the competitiveness of FBG
sensing systems in the global sensor market. This thesis presents a number of
techniques that may simplify the FBG sensor detection systems.

Code division multiplexing (CDM) is one multiplexing technique for Bragg
grating sensor systems. It uses the orthogonal property of codeword to resolve the
reflections from the different grating sensors in a serial array. This enables the
advantages of time division multiplexing (TDM) technique to be maintained and at
the same time overcomes some limitations of current TDM schemes. However, many
aspects related to the application of CDM in fiber sensor systems including code
design, optimum system architecture and system performance were not investigated.
In this thesis these problems are addressed through investigating the use of code-
division multiplexing method for a proposed optical fiber sensor system. Effort has
been made to study the performance of CDM technique for FBG sensor multiplexing.

Tunable laser is a useful component for optical sensor interrogation. However,
the drawbacks of high cost, low tuning speed and poor tuning repeatability have

limited the usefulness of tunable laser in the practical sensing systems. In this thesis,



two wavelength tuning schemes are proposed to improve the performance of tuning
sources for the FBG sensor interrogation systems.

For applications that large tuning range is not required, vertical cavity surface
emitting laser (VCSEL) driven in a special way can be used as a narrow band tuning
laser source. The tuning properties of VCSEL as a wavelength tuning source are
studied in this thesis. It is applied to a tilted FBG vibration sensing system for fast
vibration detection. Experimental results show that the coupled power is about 15dB
larger than the broadband ASE source and a better system performance is obtained.
Vibration measurement up to 200Hz has been achieved.

Another approach to achieve wavelength tuning light source for sensing
applications is using a modulated laser pulse sequence to feed into a loop with single-
sideband (SSB) modulator. The wavelength of pulse will shift after every loop. A
series of pulses can be generated at the output port of the 3dB coupler and can be used
as a wavelength tuning source to interrogate the wavelength shifts of the FBG sensors.
The advantages of this scheme are stable wavelength output, high accuracy and easy
tuning range adjustment by using different optical band pass filter. Its performance in

a FBG sensing system is evaluated.
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Chapter 1 Introduction

Chapter 1 Introduction

Optical fibers have revolutionized the way we communicate. Over the past 40 years,
optical fiber communication industry has experienced an explosive growth. High
performance and reliable fiber links with tens of terabit per second data rate per fiber
have been built all over the world to form an amazing information superhighway.
Benefitted from the development of optical fiber communication technology,
optical fiber sensor technology [1-5] has also developed rapidly. During the early
stage of fiber sensing technology development, most researches were focused on the
markets that traditional sensor technology had been proven unsuitable. But the
situation is changing with the fallen optical component price and the improvement of
component quality. These changes have greatly increased the competitiveness of
optical fiber sensors to traditional sensors and applications for optical fiber sensors

have been developed in various areas.

1.1 Optical Fiber Sensors

Optical fiber sensing technology is, compared with optical fiber communication
technology, a highly specialized, niche technology that typically takes long research
and development times. Optical fiber sensor was first demonstrated in mid 1960s and

developed rapidly in the following years [2]. In the 1970s, the most successful one



Chapter 1 Introduction

probably was the optical fiber gyroscope which was first reported in 1977 and then
turned into an industry instrument in the mid 1990s. From 1977 to 1979, sensitivity of
fiber acoustic sensors had been improved by about 100dB so that many of these
sensors rival or surpass the performance of previous electroacoustic sensors. Fiber
sensor for magnetic, acoustic, pressure, temperature, strain, acceleration, rotation,
linear and angular position, fluid level, torque, photoacoustic, current, humidity and
chemical measurements have since been investigated extensively.

The numerous types of fiber sensors can be loosely grouped into two basic
categories as extrinsic sensors and intrinsic sensors. The main difference between
extrinsic and intrinsic sensors is that whether the light keeps within the fiber at all
times. For extrinsic sensors, a sensing region that modulates one of the light
properties is placed between two fibers to reflect an environmental parameter. The
light needs to go out from one fiber and then propagate to another fiber after the
sensing region. In contrast, the light keeps in the fiber all the time for intrinsic sensing.
Only environmental parameters that affect the light properties in the fiber can be
measured. These light properties include optical delay, optical intensity and spectral
properties. Usually the extrinsic sensors are used in biomedical and chemical

measurements and intrinsic sensors are used in physical measurements.
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1.2 Optical Fiber Sensing Technologies

There are many technologies developed for optical fiber sensing, and some
approaches have been well studied and emerged into at least one commercial
application. Dual path interferometer, Faraday rotation, spectroscopy and distributed
measurement are the four major approaches that make great contributions to fiber
sensing field.

Dual path fiber interferometer was the earliest intrinsic sensing technology to
be thorough studied and developed. It measures the different delay between the signal
arm and the reference arm in the interferometer. The resolution of this delay can be
better than10 radians. And the signal can be detected it with optical powers about
1mW in a 1Hz bandwidth. The inherently balanced nature of the interferometer gives
this remarkable sensitivity. Resolution around 1 micro radian can be achieved with
careful engineering even in the configurations with less “perfect” balance such as the
Michelson or Mach-Zehnder. One successful application of dual path interferometer is
the optical fiber gyroscope.

Faraday rotation is well known as a magneto-optical phenomenon. The
magnetic field along the direction of propagation will cause a linear rotation of
polarization in the plane. This forms the basis of a successful current monitoring in
single mode fiber. The typical use of optical fiber current sensor is to monitor the
carrying currents of electrical power systems in the order of 100A. The electrically

passive operation of the sensor system makes it electrical isolation in the current
3
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measuring point and enhances the safety of power systems.

Optical fiber spectroscopy normally uses the fiber to illumination a remote
sample and collects the reflection of light for analysis. There are two dominant
formats in fiber based spectroscopy sensing. The first one uses broadband
illumination and is mainly targeted on liquids and solids measurements and is
frequently referred as optrode. The second one utilizes narrow band precisely
controlled wavelength light source as input, typically focuses on measurements of gas
absorption lines and is referred as gas spectroscopy.

Distributed sensing is a promising technology as multiple points can be sensed
in one single fiber. The fully distributed sensing is based on the intrinsic effect of
scattering. A specified environmental parameter can be detected continuously along
the fiber line. And optical time domain reflectrometry (OTDR) is the widely used
method for checking the connections of optical networks. Quasi-distributed sensing is
to splice several sensors together to form one fiber sensor array and usually called
multiplexing. The capability of multiplexing is one of the most important properties

for optical sensors.

1.3 Research Motivation

Optical fiber sensors have been studied intensely for more than 40 years and their
applications are developed rapidly in various areas in recent years. Initially, most of

the fiber sensors remained at laboratory-based prototype stage and less commercial

4
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successes have been achieved because their conventional electro-mechanical sensors
counterparts are well established and have proven reliabilities and relatively low
manufacturing costs. Only a few applications were applied successfully to the field
that depended heavily on the inherent advantages of fiber sensor to offset the major
disadvantage of high cost. In recent years, the manufacturing costs of fiber sensors
and their basic component sets such as light sources and detectors are decreasing and
more fiber sensors are implemented in industrial applications as competitive products.
The inherent advantages of fiber sensors include EMI immunity, electrically passive
operation, large bandwidth, high sensitivity, and large-scale multiplexing capability.
The promising utilization of optical fiber sensors plays an important role in various
areas include civil engineering structural monitoring, textile structural composites
monitoring, railway, spacecraft, marine, nuclear and medical applications.

Fiber Bragg grating (FBG) represents a key element in the established and
emerging fields of optical fiber sensing. FBG has been considered an excellent sensor
element for quasi-static and dynamic measurements. For example, it can be used to
detect the change of strain, temperature or pressure. The measurand information of
FBG is usually wavelength encoded. This characteristic makes it self-referencing and
independent to amplitude fluctuation causing by source power change or connector
losses. The interrogation method of FBG sensor system is important with emphasis on
the accuracy, resolution, and detection speed. For practical applications of FBG sensor,

special requirements are required for certain sensor systems. These include high speed



Chapter 1 Introduction

interrogation, long-distance or quasi-distributed sensing, etc. The capability of
multiplexing makes the FBG sensing applications much more attractive than other
types of optical fiber sensors. Various multiplexing techniques are studied and
developed to share the expensive optical components to cut down the cost.

In this thesis, we investigate the code division multiplexing based FBG sensor
system which has its own advantages over the previously proposed FBG sensor
systems. In addition, two approaches to generate wavelength tuning signals for
sensing applications have been studied. One is driving a vertical cavity surface
emitting laser (VCSEL) with ramp current to produce a narrow wavelength tuning
source, another is utilizing single-sideband modulator in a loop to produce series of
wavelength shifted pulses. A VCSEL based tiled FBG vibration sensing system has

been studied and demonstrated.

1.4 Scope of Thesis

This thesis is structured as follows:

In chapter 2, the basic concepts of fiber Bragg grating (FBG) are reviewed
including the development history, the fabrication, the optical properties, and their
responses to some physical parameters including temperature and strain which make
them the promising candidates in many sensing areas. The multiplexing techniques

and the interrogation techniques for FBG sensors are also discussed.
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In chapter 3, the detail literature reviews of CDM based FBG sensor systems
are given. The proposed CDM based FBG sensing system is described and discussed.
The code sequences with length of power of 2 are constructed and some rules for code
sequences of even length are derived. A thorough theoretical analysis is then given. A
20-sensor array experimental setup gives results close to those obtained through
theoretical analysis. Finally problems encountered during the experimental
investigation are discussed.

In chapter 4, an interrogation system using a VCSEL as light source is
proposed. Using saw tooth signal to drive the VCSEL input current, a continuous
spectrum tuning range of 2nm can be obtained. Relationship between wavelength
tuning range and scanning speed of the VCSEL is studied. AVCSEL based tilted fiber
grating vibration sensing system is then investigated. Dynamic vibration
measurement up to 200Hz has been achieved.

In chapter 5, an interrogation system using a SSB modulator in a fiber loop
as light source is proposed. Theoretical analysis and experimental demonstration are
given. In the proposed scheme, a single laser pulse is launched into the loop and
generates a serial of frequency shifted pulses at the output port. The shift frequency
between two adjacent pulses is equal to the RF driving frequency of the SSB
modulator. The tuning range mostly depends on the bandpass filter in the loop and
can be easily achieved in several nanometers. The performance of such a sensor

system is investigated.
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In chapter 6, conclusions of the thesis are presented and the future work is

recommended.

1.5 Statement of Contributions

The original contributions made during the author’s Ph.D. study are summarized as

follows:

Investigation of code design for unipolar-bipolar correlation process. Code
sequences with a length of 2" that are suitable for CDM based FBG sensor
systems are constructed. In addition, some rules for the more general code
sequences with a length of 2n are investigated

Development of a Code Division Multiplexing based FBG sensing system.
A thorough theoretical analysis of the proposed system is given and
experiments were done to verify the system performance.

Development of a VCSEL based sensor interrogation system. VCSEL was
driven by a ramp signal to act as a tunable light source. A VCSEL based
TDM sensing system is proposed.

Development of a VCSEL based tilted FBG vibration sensing system. The
VCSEL in this system enables the recoupled modes to work at a high
power level to obtain better signal-to-noise ratio. Vibration measurement
up to 200Hz has been achieved by the proposed cost-effective sensing

system.
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5. Development of a single-sideband modulation based interrogation system.
A wavelength shifting pulse sequences is generated with a loop setup for

sensing application.

1.6 Publications

The following publications arose during the research study:

1 Yuheng Huang, Tuan Guo, Chao Lu, and P. K. A. Wai, “Theoretical and
experimental study of a CDM FBG Sensor System,” accepted by Fiber and
Integrated Optics

2  Yuheng Huang, Chao Lu, and P. K. A. Wai, “Single-sideband Modulation
Based FBG Sensor interrogation system,” to be submitted to IEEE Photonics
Technology Letters

3  Yuheng Huang, Tuan Guo, Chao Lu, and Hwa-Yaw Tam, “VCSEL-Based
Tilted Fiber Grating Vibration Sensing System,” IEEE Photonics Technology
Letters, Vol. 22, No. 16, 2010

4  Tuan Guo, Yu-Heng Huang, Bai-Ou Guan, Chao Lu, Hwa-Yaw Tam and
Jacques Albert, "VCSEL-based tilted fiber grating vibration sensing system,"

Conference on Lasers and Electro-Optics (CLEO), 2011.
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Yuheng Huang, Tuan Guo, Chao Lu, Hwa-Yaw Tam, and P. K. A. Wai, “Fiber-
Optic Vibration Sensing System using a VCSEL-powered Tilted Fiber Grating,”
OptoElectronics and Communications Conference, 2010.

Yuheng Huang, Tuan Guo, Chao Lu, P. K. A. Wai and Hwa-Yaw Tam,
“VCSEL-based FBG Vibration Sensor,” Asia-Pacific Optical Sensors
Conference, 2010.

Y H Huang, Chao Lu, P. K. A. Wai and H Y Tam, “Large-scale FBG sensors
utilizing code division multiplexing,” Conference on Lasers and Electro-Optics

(CLEO), 2008.
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Chapter 2 Fiber Bragg Grating Sensing
Systems

2.1 Introduction

In this chapter, a background review on an important component for fiber optic sensor
system investigated in the thesis, the fiber Bragg grating (FBG), is given. The basic
principles together with their main properties will be described, and their applications

for sensing will be introduced.

2.2 Principles of Fiber Bragg Grating

Fiber Bragg grating (FBG) is a key component in optical fiber communication
systems and optical fiber sensing systems. The applications of FBG in optical
communications include dispersion compensation, narrowband wavelength reflection
in Raman amplifiers, pump locking in optical fiber amplifiers, etc. FBG is also
commonly used as sensing components due to its inherent advantages such as EMI
immunity, wavelength-encoded nature and the capability of multiplexing [5].

The basic principle of FBG is to modulate the refractive index along the fiber
core to create a periodic perturbation. This can be done by exposing the fiber to an
intense optical interference pattern. Fig 2.1 shows the uniform Bragg gratings, with

the reflection spectrum and transmission spectrum under broadband incident light.
11
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The wavelength of this specific reflection spectrum is named Bragg wavelength. FBG
can be used as an optical filter to block unwanted wavelengths in optical
communication systems, or be used as a wavelength reflector to select one specific
communication channel.

In 1978, Hill et al. demonstrated the first permanent optical fiber gratings at
the Canadian Communications Research Centre (CRC), Ottawa, Canada [6], [7]. With
the radiation of a visible argon ion laser, the gratings were created in the Germania-
doped silica fiber and known as “Hill gratings”. As exposing the doped fiber to the
UV light with suitable energy and wavelength, a permanent refractive index change in
the fiber core is created. This phenomenon is referred as photosensitivity and was
thought to be only associated with the “Hill gratings”, but it has been observed though
photo excitation at different UV wavelengths in a wide variety of different fibers in
the following years of research. At present, various techniques can be used to inscribe
different Bragg grating structures in the photosensitive optical fibers using ‘side-
writing” approach in which UV light is irradiated from the side of the fiber. And the
phase-mask approach is one commonly used method to inscribe Bragg gratings.

Uniform gratings with constant gratings period and perpendicular phase fronts
to the longitudinal axis of fiber are the basic building block in most Bragg grating
structures. When a guided fiber mode is incident upon a fiber grating, a certain
proportion of the incident light will be reflected backwards while goes through the

grating planes. Upon the so-called Bragg condition, the reflections created by each

12
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wavelet will be in phase and make up a strong backward-traveling mode.

Fiber Cladding Bragg Gratings Fiber Core

\
« ¥ M ransmit
v Loy mmy ¢

}‘Bragg < \\ \

P

—f Ak— P
Input Spectra
i, 4
P Index Modulation .
Transmitted
Spectra
A

Reflected Spectra

Figure 2.1 Schematic of uniform Bragg gratings.

Figure 2.1 shows the input and reflected spectra of a uniform FBG. The
strongest reflection occurs at the first order Bragg condition and the Bragg
wavelength is written as [8]:

Ae= 2NeA | (2.1)
where ne IS the effective refractive index of the fiber core and A is the periodicity of
the Bragg grating.

The impact of fiber Bragg grating in optical fiber sensing is enormous. FBG
has all the advantages of common optical fiber sensing elements, such as EMI
immunity and electrically passive operation. In addition, FBG has its own advantages,
such as self-referencing and capability of multiplexing in one fiber line. The

measurand information of FBG is usually wavelength encoded. So the sensing
13
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information is self-referencing and independent to the amplitude fluctuation causing
by source power change or connector losses. This characteristic makes FBG excelling
than many other optical sensing elements. In addition, the narrow reflected spectra
and low insertion loss give the capability for multiplexing numbers of FBGs in a
single optical fiber. Thus many network topologies can be used for the sensor system
to increase flexibility.

The wavelength of FBG depends on its grating period and the effective
refractive index of the fiber core. And both the grating period and the effective
refractive index of the fiber core will be affected by the change of. By using equation
(2.1), the shift of Bragg wavelength caused by temperature and strain changes is
expressed as [8]:

aneff aA aneff aA
AL, =2(A——+n —)Al + 2(A + N —)AT 2.2
B ( 8' eff al ) ( é’T eff aT) ( )

The first term of (2.2) gives the effect of strain, while the second term gives
the effect of temperature on the gratings.

A change of strain in the fiber produces a shift of Bragg wavelength due to the
change of grating periodicity and the change of refractive index caused by
photoelastic. The shift of wavelength with applied strain can be written as:

Adg =5 (1- pe)Ag’ (2.3)
where pe is the effective photoelastic coefficient, Ae is the applied strain.

For silica fiber, the numerical value of p. is about 0.22, thus the normalized

strain response can be expressed as:
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1 A,

=0.78x107° us™ 2.4
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For silica fiber operating at 1550nm, the typical wavelength-strain sensitivity
of FBG is about 1.2 pm/ ue .

The shift of the Bragg wavelength due to temperature arises from both the
change of the refractive index and the change of the grating period, of which the
former one is the dominant effect. The Bragg wavelength shift induced by a

temperature change AT is expressed as:

A;B (@ + O)AT (2.5)

B

where « is the thermal expansion coefficient and £ is the thermo-optic coefficient.

The typical wavelength-temperature sensitivity of FBG written in Corning’s
SMF28 fiber at 1550nm is about 13 pm/°C.

The uniform Bragg gratings are seldom used in sensing applications because
of its strong associated side-lobe structure apparent in the reflection spectrum. The
approach for suppressing side lobes is apodization. The term of apodization here
means that the grading of refractive index decreases from the center and approaches
to zero at the end of the grating. Apodized gratings have a significant improved side-
lobe suppression ratio and keep the narrow reflection spectrum shape. The typically
used functions for apodization are Gaussian, Raised-cosine, Tanh, Sinc and Blackman.
Figure 2.2 shows the effect of side-lobe suppression for different apodized gratings.

The much lower side-lope reflection power makes them more suitable for optical fiber
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sensing elements, especially in the case of multiplexing.
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Figure 2.2 Reflection spectra of apodized Bragg gratings

Besides apodized gratings, there are many other commonly used structures
for Bragg gratings such as chirped Bragg gratings, tilted Bragg gratings and long-
period gratings. Figure 2.3 shows the changes of the refractive index in three different
types of gratings.

In the chirped gratings, the refractive index profile is modified to add a
variation of grating period along the fiber core. The wavelength of reflection will
change as the incident light passes though the gratings, and reflected spectrum will be
broadened. One property of chirped grating is adding dispersion. This property has
been used in the development of dispersion compensation in high bit-rate
telecommunication systems [9]. The chirped gratings as sensing elements also have

been investigated [10], [11].
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Tilted fiber Bragg grating (TFBG) are the gratings with its grating planes
slanted with respect to the fiber axis [12], [13].The angle of tilt has an effect on the
reflected power variation with fiber curvature and provides the possibility for

vibration sensing.

1) Uniform Fiber Bragg Grating

2) Chirped Fiber Bragg Grating

e

il =

3) Tilted Fiber Bragg Grating
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Figure 2.3 Structure of the refractive index along the fiber

The long-period fiber grating (LPG) usually has the grating periods of
several hundred micrometers. A much broader response can be achieved by using the
longer periods than a standard FBG. The principle of LPG is to couple the core guided
mode to higher order cladding modes to realize a wavelength dependent loss which is
due to scattering and absorption. So a spectrally selective loss can be obtained from
the LPG. This characteristic of LPG make it suitable for applications in sensing

temperature, strain, external index of refraction and bend radius [14].
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2.3 Multiplexing Techniques for FBG sensor systems

A large number of multiplexing schemes [5], [8] have been reported, and generally
they are grouped into one of the following categories: wavelength division
multiplexing (WDM), time division multiplexing (TDM), code division multiplexing
(CDM), spatial division multiplexing (SDM), frequency-modulated continuous wave

multiplexing, or a combination of their hybrid approaches.

Wavelength-Division Multiplexing (WDM)

The commonly used technique for FBG sensor multiplexing is wavelength
division multiplexing (WDM). FBG sensors with different Bragg wavelengths can be
placed along a single optical fiber line. The separation distances between the sensors
can be arbitrary or can be adjusted for desired locations. A dedicated spectral range
must be allocated for each sensor to cover the operation range of the wavelength for
temperature or strain measurements. This limits the maximum number of gratings that
can be fitted within the spectrum of a given optical source. For example, a uniform
spacing of 4nm between the Bragg wavelengths of the adjacent gratings corresponds
to strain measurement range of about +1500 pe at 1550nm for each sensor.
Consequently, the maximum sensor numbers that can be supported by a broadband

source with a 40-nm spectrum width is 10.

18



Chapter 2 Fiber Bragg Grating Sensing Systems

Coupler

A A2 An
O 7<>—H|HﬂLHIII——ﬂLHHI

M Ve jbt Tunable Optical filter

(TOF)
Scanning Signal

Figure 2.4 Schematic diagram of a WDM sensing system with tunable filter approach.

Figure 2.4 shows a WDM scheme with a tunable optical filter (TOF) to
distinguish the different Bragg wavelengths of FBG sensors [15]. It uses a scanning
signal to drive the TOF to scan the sensing wavelength range, making the system
reliable, compact and easy to be used. As the TOF scans overlapped the reflection
signals from the sensor, the highest power can be detected in the photodetector and
then the Bragg wavelength can be obtained from the voltage of scanning signal
applied to the filter. The level of crosstalk depends on the extinction ratio of the filter.
If the cut-off of the TOF is sufficiently steep or the spectral separation between the
gratings is large enough, the crosstalk can be negligible.

A combined WDM and interferometric detection system offers high
wavelength shift resolution was reported in [16]. The light reflected from each grating
is sent through a slightly unbalanced Mach-Zehnder interferometer (MZ1) to convert
the wavelength changes into phase changes. The signals are demultiplexed by use of

WDM filter. The information is contained in the phase changes and can be extracted
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using a phase-generated carrier technique. The interferometric technique is very
sensitive to dynamic wavelength shifts, but its self bias phase drift limits the
applications for quasi static measurements and needs to be handled carefully in

system design.

Time-Division Multiplexing (TDM)

In the TDM system, a pulsed light is launched into the grating sensor array in
the system along a single fiber. The sensors can be distinguished by the different time
delays of the reflection signals due to the different placements of the sensors in the
array. The minimal distance of two successive grating sensors depends on the pulse
width of the input signal, and the reflection time delay between two FBGs should be
larger than the time period of pulse. A high speed photodetector then can be used to
detect the different reflections for analysis. In order to multiplex numbers of sensors
in a single fiber, narrow pulses should be used and only one pulse can be sent with a
round-trip time. Therefore, the performance of TDM based sensor systems is normally
degraded by the limited reflection power of grating sensors.

TDM method allows the grating sensors to have the same wavelength range
for sensing. As shown in Figure 2.5, the gratings FBG; to FBG,, can have the same
reflection wavelengths. This greatly increases the bandwidth utilization of the light
source, and let the Bragg grating fabrication become much easier because only one

phase mask is needed to produce the same initial Bragg wavelength for FBG sensors.
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Figure 2.5 General diagram of a TDM sensing system

Combined with the interferometric wavelength shift detection method, A
TDM sensing system with four FBG sensors spliced together, separated by 5 meters
long fiber line between each other, has been demonstrated by Weis et al [17]. The
strain resolution of about 1ne/+/Hz was reported. The grating elements in the sensor
array can be either with the same Bragg wavelength or with different Bragg
wavelengths. When combining TDM with WDM, reusing the source spectra can
increase the number of sensors significantly. The sensors can be distinguished by both
the different sensing wavelength ranges and the different time windows. The FBG
sensors can be connected in serial, in parallel or in branching topology.

TDM method however suffers the disadvantages of lower reflected power
and cross talk interference. It is apparent that one Bragg grating sensor should not
reflect all the incident power backwards; otherwise, the grating sensors after it could

not be detected because they have the same initial reflection wavelength. So the
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reflectivity of the grating sensors is much lower than WDM method. For a 25-sensor
TDM system, the reflectivity of about 2% is preferred to minimize the power
depletion of the last sensor [18]. So the system performance is affected by the limited
reflected power.
Another important factor that affects the system performance is cross talk.
There are two kinds of cross talk in the TDM system, multiple reflections between
grating sensors and spectral shadowing destruction [18], [19].
Multiple reflections will occur when two or more gratings have the same
Bragg wavelength in the same fiber. Figure 2.6 gives a simple example of multiple
reflections interference [18]. The launched pulse is partially reflected by grating
sensor 2 and the reflection pulse is partially reflected back again by grating sensor 1 if
sensor 1 and sensor 2 have the same Bragg wavelength Ai at the reflected moment.
Then this pulse is reflected by grating sensor 2 the second time and arrives at the
detection unit in the same time with the desired reflected pulse from grating sensor 3
whose Bragg wavelength is As. In the case that the number of sensors is large,
multiple reflection interference will greatly degrade the system performance. In order
to reduce the multiple reflections interference, the ratio of available time slots in a

round-trip time to the total sensors is suggested to be greater than 24 [18].
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Figure 2.6 Multiple reflection cross talk.

Spectral shadowing is shown in Figure 2.7 [18]. After going through several
numbers of sensors, the spectrum of the input interrogation pulse will be distorted,
and the returned spectrum from the later sensors will be different from its true
representation. This could introduce considerable detection error in the worst case
scenario when the multiplexing sensor number is large. Reducing the grating

reflectivity can slightly mitigate this form of cross talk.
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Figure 2.7 Interference caused by spectral shadowing.

TDM sensor multiplexing method has been studied widely in literatures such

as in [18-24]. However, there is no any good solution to eliminate the cross talk yet.
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In addition, we can see that in the TDM based FBG sensor system, only one
short pulse can be sent into the serial Bragg grating sensor array in a round-trip time.
Here a round-trip time is the time delay between reflected signals from the first and
the last FBGs for the same input pulse. If we send more than one pulse into the sensor
array within a round-trip time, some grating reflected signals from successive input
pulses will arrive at the detection unit in the same time. Then the overlapped signals
cannot be distinguished, so we must let the separation time between the input pulses
be larger than the round-trip time. This leads to only one reflected pulse is detected
for each FBG sensor in a round-trip time, and the average detected power is much
lower comparing with the WDM method, especially in a large array with long round-
trip time.

To improve the TDM sensor system performance, we can increase the
incident optical power. However, this is limited by fiber nonlinearity as well as system
component availability and cost. Alternatively, to find a way to send more pulses into
the sensor array within a round-trip time is another method to increase the received

power.

Code-Division Multiplexing (CDM)

CDMA technique is widely used in mobile communication system because it
provides efficient radio frequency spectrum usage, excellent signal quality and large
system capacity. CDMA technique is also being applied to the optical communication

systems. Many researches have been done to develop practical optical CDMA
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communication systems. Here we introduce code division multiplexing into FBG
sensor systems. In a FBG sensor multiplexing system using CDM method, more than
one pulse is sent into a sensor array in a round-trip time, the pulse sequence denotes a
temporally encoded CDMA codeword. The reflected output from individual sensor
can be obtained from the overlapped reflected signals of other sensors by utilizing the
correlation property of CDMA codeword. Because the CDM approach delivers more
signal pulses into the system and increases the average reflection power than the
TDM approach, the overall performance of CDM sensor systems is expected to be

better than that of the TDM sensor systems.
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Modulator / !

Reflected Pulses
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Figure 2.8 General diagram of a CDM sensing system.

A pseudorandom bit sequence (PRBS) is incorporated in the CDM sensing
system as shown in Figure 2.8. The PRBS is used for simplicity of the experimental

demonstration, while other bit sequences can also be used. A time shift version of the
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PRBS sequence can be used to get the corresponding sensor information from the

output.

Spatial-Division Multiplexing (SDM)

In many applications there is a need to use multiple fibers either to increase
the number of sensing points or for improving the overall sensor system reliability.
The sensors in these systems can be replace independently in the case of damage, and
be interchangeable without the requirement of recalibration. Sensors with identical
characteristics are quite feasible with FBGs. However, the serial WDM and TDM
schemes prove unsuitable for interchangeability of sensors. SDM which is based on a
parallel sensor topology is suitable for interchanging of sensors. Figure 2.9 shows one
schematic diagram of SDM sensing system. In general, the FBG sensors in the SDM
technique are located in different fiber branches and an optical switch can be used to
select the desired fiber branch for monitoring. The SDM technique is a good
candidate for combining with other multiplexing techniques such as TDM and WDM
to increase the total number of sensors in a system. A state-of-the-art 60-sensor array

system has been demonstrated by using a combined WDM and SDM approach [26].
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Figure 2.9 Schematic diagram of SDM sensing system.

Frequency-Modulated Continuous Wave (FMCW) Multiplexing

FMCW technique is using a linear frequency tuning radio frequency (RF)

driver to modulate the intensity of the broadband source with demodulation achieved

by using a tunable optical filter (Figure 2.10) [27].
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Figure 2.10 Schematic diagram of a FMCW multiplexing system.

The carrier is generated by a voltage-controlled oscillator (VCO). The
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reflection signals of different FBG sensors in the array are distinguished in the

frequency domain with the corresponding bandpass filters.

Tunable multiport fiber laser
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filter

2x4 Coupler
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Figure 2.11 Schematic of a tunable multiport fiber laser for IWDM sensor system.

As multiplexing is a very important characteristic of FBG sensors, different
multiplexing techniques are being continuously developed. Besides the common
sensor multiplexing methods mentioned above, there are also other of less popular
multiplexing technologies. There is a “bandwidth” constraint for WDM and a “time”
constraint for TDM. Methods are proposed trying to overcome these constraints, such
as intensity and wavelength dual-coding multiplexing (IWDM) technique [28]. It was
shown that IWDM can double the sensor number for WDM by using two FBGs that
allow wavelength overlap. One FBG has high reflectivity, while the other has low
reflectivity with dual peak. Therefore, specially-designed FBGs are needed. Another

research group proposed using different coupling ratios for FBGs with equal
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reflectivity to achieve IWDM [29]. Figure 2.11 shows the proposed diagram of this

approach.

2.4 Interrogation Techniques for FBG Sensor Systems

The sensor signal is usually wavelength encoded in FBG sensing systems. To
demodulate the sensor signal, several techniques have been developed for performing
wavelength shifting detection [30].

Edge filter is a wavelength-dependent loss device that provides a wavelength
to intensity conversion. There is a tradeoff between the sensitivity and the
measurement range (Figure 2.12). Using this approach, resolution of about +5ues
has been demonstrated [31]. The advantages of this approach are low cost and fast
wavelength discrimination.

1

n

A

Figure 2.12 Conversion of wavelength to intensity using edge filter method.

As shown in Figure 2.13, the tunable filter approach for Bragg wavelength
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detection is one of the most successful approaches in FBG sensor interrogation

systems [32].
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Figure 2.13 Schematic diagram of tunable filter method.

The tunable filter can be FBG-based filter, Fabry-Perot (FP) filter or acousto-
optic filter or. The basic principle of the tunable filter approach is that the passband
wavelength transmit through the filter depends on the voltage applied to the
piezoelectric stacks that drive the filter. By tuning the filter, its passband will scan
over the whole sensing wavelength range and cover the reflections of the FBGs. The
wavelength can then be obtained by the corresponding voltage applied in the tunable
filter when the maximum reflection power is detected. In strain measurement,
resolution of the order about + 1.¢ has been demonstrated using FP approach [32].

The interferometric detection [33] is based on sinusoidal filtering effect.
Figure 2.14 shows the sinusoidal transfer function of an interferometer. The
wavelength of input signal will affect the phase term of the interferometer. This

technique is very sensitive to small dynamic wavelength shifts. Dynamic shift
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resolution on the order of about 10 pm has been experimentally demonstrated during

weak mechanical perturbation of grating.

F 3

Figure 2.14 Principle of interferometric detection method.

A charge-coupled device (CCD) spectrometer [34] is a simple method for
interrogation the gratings. The reflected light from the grating sensors is dispersed
onto a linear CCD array using bulk grating and appropriate optics. The spectrometer
reads the wavelength with a resolution determined by the product of the grating’s
linear dispersion at the detector plane with the pixel width, and the received
wavelength is converted to intensity information in the CCD array along the detector
elements. This instrument has demonstrated a strain sensitivity of ~1 ue and a
bandwidth from static to 4kHz.

Fourier analysis is another tool for direct spectroscopic analyzing of the
reflected FBG signals. The reflections from the array of FBG sensors are launched
into an interferometer that one of its arms is moveable to adjust the relative optical
path length. When the length of one arm is scanned, an interferogram between the two

arms is produced at the detector as the relative path length goes to zero. A discrete
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frequency component corresponding to the grating signal can be observed from
frequency spectrum obtained by Fourier transforming the interferogram. Any Bragg
wavelength shift of grating sensor can be detected by monitoring shifts in the Fourier
frequency component. Bragg wavelength shift with resolution of ~0.015nm has been

demonstrated [35].

2.5 Summary

We presented a brief review on FBGs which is the main fiber optical components
investigated for sensing applications for the study presented in the thesis. The basic
principle of FBGs is given with the development history, the fabrication, the optical
properties, and their responses to some physical parameters including temperature and
strain which make them promising candidates for many sensing applications. The
multiplexing techniques and interrogation methods of FBG sensors are also
introduced. Table 2.1 gives a brief comparison of several commonly used techniques

for FBG sensor multiplexing.

multiplexing resolution sp_egtral demodulation system
method efficiency complexity
SDM medium low moderate moderate
WDM high low moderate simple
TDM low high simple moderate
CDM medium high simple moderate

Table 2.1 comparison of multiplexing techniques
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Chapter 3 Code Division Multiplexing Based
FBG Sensor System

3.1 Introduction

Fiber Bragg grating (FBG) has been developed to be a practical sensing component
for environment parameter measurements, such as temperature, strain, load and
vibration [5]. The unique advantages of FBG sensors make them the preferences for
the applications that normal electrical sensors are unworkable. For example, they can
be used in harsh environment of oil field or they can be embedded into constructions
for structural health monitoring [36]. But the complexity and cost of system setup still
limit the application of FBG sensors. To break this limitation, various multiplexing
and interrogation schemes have been studied.

The purpose of multiplexing is to simplify the system setup and enhance the
competitive. The sensors can be placed among many fibers and share the interrogation
components spatially. This solution is limited by the optical switch which usually has
high cost, slow switching time and few outputs. Another better solution is to place the
sensors at different positions in a single fiber to setup the sensor array. This approach
provides the quasi-distributed sensing capability and many different demodulation
methods can be used to acquire the sensors’ information along the fiber. It is simple

and easy to implement multiplexing.
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There are several technologies for Bragg grating sensor multiplexing in a
single fiber. Two often used technologies are wavelength division multiplexing
(WDM) and time division multiplexing (TDM) [19]. WDM is a widely used
technique due to its good sensitivity and simple configuration. However, sensors in
the array should be addressed with their dedicated wavelength range without any
spectral overlap; therefore, the number of incorporated sensors is inherently restricted
by the spectral bandwidth of the light source. In order to improve the spectral
efficiency, an alternative method, TDM technique is explored. It utilizes the different
time delays between reflected pulses to distinguish the multiplexed sensors. Thus the
spectra of FBG sensors can overlap with each other and do not need to be separated,
which greatly increases the utilization of the bandwidth, as reported [18], [38] for
large-scale sensor array. There are many advantages of using TDM method to
multiplex sensors, but drawbacks such as interference and cross talk also need to be
considered and taken into account in the system implementation. In addition, the
average detected power of TDM sensor system is extremely low because the pulse has
to pass through all the sensors in the array and reflect back to the receiver before the
next pulse can be sent and the sensor reflectivity must be low. This limits the
interrogation speed for the sensing system which needs to meet a strict signal-to-noise
ratio (SNR) requirement as well. Although high power laser and optical amplifier can
be added to improve the input power and reflected power, the unwanted nonlinear

effects and spectral shape distortion after amplifying should be treated carefully.
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Trade off among these parameters has to be considered in a TDM system design.
Besides increasing input power, an alternative is to send more pulses into the
sensor array. But the problem is that the reflected signals may spatially overlap and
arrive at the detector at the same time if the reflection time delay between two FBG
sensors is equal to the time delay between two pulses. In order to solve this problem,
the sequence of input pulses should be coded carefully to let the sensor information be
obtainable from the overlapped signals. This method is called code-division
multiplexing (CDM). The CDM based FBG sensor systems were proposed and
subsequently improved by K. P. Koo and Hyungdon Ryu [25], [39]. Based on the
correlation processing, a sequence of pulses can be sent into the sensor array within
the round-trip time and the individual sensor outputs can be exactly separated from
the overlapped signals. However, in the above reports, additional time is needed for
tunable laser to scan the whole wavelength range and it is not suitable for
multiplexing large number of sensors. In addition, a standard PRBS sequence was
used as the code sequence which is known to have nonzero cross-correlation with
delayed version of the code, simple intensity modulation with direct detection results
in a unipolar code and does not permit a completely cancelled interference. In order to
solve above problem, improved method has been proposed by using two optical
modulators at the receiver to realize balanced detection and convert the unipolar code
to bipolar code [40]. But in this method, only one sensor can be detected in a round-

trip time; meanwhile, the insertion loss of the optical modulators significantly reduces
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the SNR at the receiver.

In this chapter, a novel scheme of CDM based sensor system is proposed and
experimentally demonstrated. With special code design, it can achieve zero cross-
correlation. A theoretical analysis is given to explain the operation principle of the
proposed sensor system. The study shows that the proposed scheme enables simple
sensor detection, improves signal to noise performance and offers the ability for
cross talk compensation. In the proposed system setup, the codeword is unipolar, by
using unipolar to bipolar conversion in electrical domain instead of in optical domain,
a unipolar-bipolar correlation process can be achieved in the signal processing unit
and all the sensors can be detected in a round-trip time. Experimental results
demonstrated the feasibility of the proposed setup. The new scheme provides the

potential for multiplexing hundreds of grating along a single fiber.

3.2 Review of CDM Based FBG Sensor Systems

In a CDM based sensor system, light pulse train representing a unique codeword is
launched into the sensor array continuously. This means that the CDM approach can
deliver more signal power than the TDM approach in a round-trip time and the system
performance is expected to improve. Several schemes using CDM method in FBG
sensor systems were proposed, the benefits and limitations of these schemes will be

discuss in this section.
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Figure 3.1 Schematic diagram of a CDM sensor system.

Figure 3.1 shows a scheme proposed by K.P. Koo [25]. A pseudorandom bit
sequence (PRBS) is used for the CDM sensor system. A time shift version of the
PRBS sequence is used to correlate with the reflections of FBG sensors to get the
corresponding sensing information from the output. By placing the FBGs in the
positions that the time delays between FBGs are equal to multiple times of the bit
period of the PRBS, a selected grating sensor signal can be demultiplexed by
correlating with a reference PRBS which has the same bit shifts. For decoding, two
outputs were generated after the mixer, one is the correlation between the reflection of
FBG sensor and the corresponding time delayed version of the PRBS sequence and
the other is the correlation between the reflection of FBG sensor and the
corresponding time delayed version of the complement PRBS sequence. By setting
the proper time delays for the different channels, the information of FBGs can be
selected. The maximum number of sensors in this CDM system depends on the length

of bit sequence (2™-1), which can be up to (2"-1) by assuming a one-bit time delay

37



Chapter 3 CDM Based FBG Sensor System

between sensors. For m = 8, it was expected the system can be used to multiplex up to
100 sensors.

In this system setup, a 0.3nm wavelength separation between sensors is needed
to reduce the probability of multiple reflections between different sensors. In addition
using the pseudorandom bit sequence as CDM codeword in the sensor system is not a
good choice. The correlation between the PRBS and its one or multiply bit time-
shifted version is always greater than zero even in the ideal bit synchronous condition.
When the number of sensors increases, the multi-user interference will become
dominant and affect the system performance. Also, using tunable laser as the light
source will be time consuming when the tuning range is large.

But the decoding method here is very useful for incoherent optical system. this
method uses the codeword subtract its complement as the decoding codeword, so the
decoding process would be a unipolar-bipolar processing, and better multi-user
interference cancellation could be obtained.

Figure 3.2 shows a scheme proposed by Hojoon Lee [40]. In this proposed
system setup, he used the identical-chirped-grating interrogation to distinguish the
center wavelength shift of the FBG [41] and the CDM method to separate different
sensor signals. One pair of identical chirped gratings can be used to determine the
external parameter change, such as strain or temperature. For the chirped grating pair
sensorl and filterl, in the initial state, both of them have the identical center

wavelength. For this case, all reflected power is filtered by the chirped grating. In the
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situation of applied strain, the wavelength of the sensorl will shift and mismatch with
the filterl. For this case, the optical power detected in the photodetector is
proportional to the wavelength mismatch, and the mismatch is proportional to the
applied strain, so the applied strain can be determined by the received power at the
photodetector. Information of different sensors is separated by the different

corresponding time-shifted correlation process.
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Figure 3.2 Experimental setup of Hojoo Lee’s proposed system

In this scheme, a broadband source was used instead of tunable laser to
overcome the wavelength scan rate limitation. Therefore, the wavelength
demodulation needed to be done by a pair of chirped grating instead. The coding and
decoding method was similar to the previous scheme and unipolar-bipolar correlation
process was used. But the scheme also used PRBS which is not a good choice, and the

chirped grating pairs must use different wavelength range, that means the wavelength
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separation requirement is the same as the WDM sensor system, only a few sensors
could be multiplexed.

Figure 3.3 shows another CDM based sensor multiplexing scheme proposed
by S. Abbenseth [42]. In this scheme, they also use the unipolar-bipolar correlation
process to get the intended information of the sensor, but the correlation is done in the
optical domain through two modulators this time, and balanced code is used.
Spectrometers are used to obtain the spectral information, so there is no spectral
constraint between different sensors and they can have the same reflection wavelength.
But spectrometers are expensive and have low detection speed. And only one sensor
can be detected in a round-trip time. The system setup is not suitable to be extended to

detect multiple sensors simultaneously.
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Figure 3.3 Experimental setup of S. Abbenseth’s proposed system
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From the reviews we can see that only preliminary study has been done in
CDM based FBG sensor systems and no detailed analysis has been given. Further
investigation of optimum system architecture and code design is needed. In order to
design a simple and practical large scale FBG sensor multiplexing system using CDM
method, several requirements are needed to be considered:

1. The wavelength demodulation method should allow FBG sensors with the
same wavelength, which maximizes the bandwidth utilization. We will assume that all
FBG sensors have the same sensing range and their spectra may be overlapped.

2. The wavelength demodulation method should allow fast wavelength
discrimination.

3. The correlation between the codeword and its time-shifted version should
ideally be zero. In CDM based FBG sensor systems, the input pulse sequence which
denotes a CDMA codeword will be reflected by each sensor along the fiber. And the
reflected sequences will arrive at the detector in different times which depend on the
positions of the sensors along the fiber. So the reflected sequences could be
considered as the time-shift versions of the codeword. Proper codeword design will
reduce the correlation between the reflected sequences and improve the overall
system performance.

In the next sections, we will describe our proposed system design and give

thorough performance analysis of the system.
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3.3 Code Design of the Proposed Sensor System

Figure 3.4 shows the block diagram of the proposed system setup. A light source
generates broadband light pulses which are fed into the FBG array. The reflection
spectra of the FBGs can be different, partially overlap or the same. The pulsed light is
a unique sequence of “on” and “off” corresponding to the code patterns of “1” and “0”
respectively. The light pulse sequence goes through the circulator and fed into the
FBG sensors. The reflection signals will then go back to the signal processing unit via
the circulator. The signal processing unit should consist of wavelength detection unit

and electronic signal processing unit.

FBG Array

Light pulse q ny -t 111l
L] 1L

source

Signal Processing
Unit

Figure 3.4 Block diagram of a CDM based FBG sensor system

By choosing sufficiently long pulse sequences, the reflected pulse sequences
of sensors will overlap spatially and contain information of all the sensors in the array.
The delay of the reflection pulse sequence generated by different sensors in the FBG
array depends on the spatial position of the sensor. By placing the sensors in multiple
time slot distances, one can keep the bit level synchronization of the reflection signals.

With proper code design and sensor placement, signal of the specified sensor can be
42



Chapter 3 CDM Based FBG Sensor System

decoded from the overlapped reflection pulses. Due to the on-off direct intensity
modulation, there is no negative signal at the receiver. However, after converting
optical signals into electrical signals, bipolar codeword can be used to do decoding in
the signal process unit for interference cancelling and better system performance. So

the coding and decoding process should better be unipolar-bipolar.

3.3.1 Sequences with Zero Autocorrelation Sidelobes

20 0

B*B

35
39

25

201 A*A+B*B

power

time

Figure 3.5 Complementary code autocorrelations

Complementary codes is a code pair Ag, Bi of L-element sequences whose element is
either 1 or -1 and the sum of the autocorrelations of the two sequences is zero for all

non-zero shifts. This kind of code sequences is first introduced by M. J. E. Golay in
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late 1940’s [43] and also called Golay sequences. For example, a code pair of 16 bit
canbe(1,2,1,-1,1,1,-1,1,1,1,1,-1,-1,-1,1,-1]and [2,2,1,-1,1,1,-1,1, -1, -1,
-1,1,1,1,-1, 1].

Figure 3.5 shows the aperiodic autocorrelations properties of this code pair.
The sidelobes are completely cancelled when the two individual autocorrelations
added together. By using this code sequence pair, interferences from other signals can
be cancelled exactly in an ideal system.

The complementary codes had been applied to an optical time domain
reflectometer design to improve its system performance [44]. In order to utilize
bipolar codes in a direct detection OTDR system where only positive optical intensity
signals are generated in the photodetector, one bipolar code is decomposed into two
unipolar codes and four successive probe “shots” are sent into the fiber. Figure 3.6

shows this algorithm.
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Figure 3.6 Complementary code OTDR algorithm
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Four probe signals are injected into the fiber and the backscatter returns are
detected: a unipolar version of the first code of a Golay pair and its 1’s complement; a
unipolar version of the second code of a Golay and its 1’s complement.

The returns from the first two signals are subtracted from each other and
correlated with a bipolar version of the first Golay code. The returns from the last two
signals are subtracted from each other and correlated with a bipolar version of the
second Golay code. The correlation outputs then are added up to yield an estimate yy
of the fiber response.

Although this method can also be adopted in the FBG sensor systems, a
simpler code algorithm is needed that considering the characteristic of FBG sensor in

its multiplexing systems.

3.3.2 Code Sequences in Which n is Power of 2

For unipolar-bipolar code design, the codeword contains “1” and “0”, and the
decoding codeword contains bipolar code “1” and “-1” for the correlation processing.
This utilizes some properties of bipolar-bipolar process in electrical communication
systems and is more suitable for intensity modulation optical systems. To completely
cancel the multiuser interference, balanced code that has equal number of “1” and “0”
is chosen.

Because in the proposed FBG sensor system, all reflected signal sequences are

the time-shifted version of the input pulse sequence and they are synchronized in bit
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level. We want to design a codeword such that the decoding codeword would be
orthogonal with any cyclic time-shifted version of the codeword. Then in the ideal
case, with the corresponding time-shifted decoding codeword, the signal of a sensor
can be distinguished from the overlapped signal sequences. The interference from
other sensors can be completely removed after the unipolar-bipolar correlation
process.

It is easy to prove that the codeword whose bipolar version is orthogonal to all
its single cyclic bit shift is nonexistent. So we should construct a cyclic unipolar-
bipolar orthogonal codeword such that the bipolar version of which is orthogonal to
its even cyclic bit shift version. This codeword has properties similar to the even-shift
orthogonal sequences. Even-shift orthogonal sequences are a kind of binary sequences
that its elements are either 1 or -1 and its autocorrelation functions are zero for all
non-zero even bit shifts [45].

A codeword of length 2" is defined as sequence Cn= [C1,Cs,..., C2"] whose
element ¢; (i=1,2,..., 2") is either 1 or 0. A method of constructing a 2" bit codeword
C, may be described as follows:

First, a 2" bit bipolar codeword A,.; is constructed.

Then, the 2" bit unipolar codeword C,, will be constructed from A,1.

Let sequence A; consists of two chips [1,-1], sequence B; consists of two
chips [1, 1], then [A;, B4] denotes [1,-1, 1, 1]; [- A1] means minus A; and denotes [-1,

1]; A1-B1represents the cross-correlation between the sequencesA; and B;.
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Therefore, from A; and B; given above, we have

ArBy =1*1+ (-1)*1=0
ArAq =151+ (-1)*(-1)=2
By By =1*1+ 1%1=2

Subsequent sequences can be obtained using this procedure:
Let Ax=[Ay, B1]=[1,-1, 1, 1], Bo=[-A1, B1]=[-1,1, 1, 1], As=[A2, Bo] =[ As,
B1 ,-Al, B;] and A3 (n) denotes n bit shifts of As, then the periodic autocorrelation

and aperiodic autocorrelation property of sequence Az can be showed in Table 3.1.

cyclic shifts periodic autocorrelation
A3(O) A1 Bl -A1 Bl A3' A3:8
A3(2) | By | A; | Br | -Ay |As (0) -A3(2)=0, because A;-B;=0
As(4) |-A1| B1 | AL | B: |A3(0) - Az (4)=2(-A1-As+ B1-B1)=0
A3(6) Bi|-A1| B1 | A |As (0) - As (6)20, because A;-B1=0

acyclic shifts aperiodic autocorrelation
A3(O) A1 Bl -A1 Bl A3' A3:8
As3(2) A; | B |-A; |A3 (0) -A3(2)=0, because A;-B1=0
As(4) A1 | B1 |As(0) - As (4)=(-ArAst B1-B1)=0
As(6) A1 |A3 (0) - Az (6)= A1-B1=0

Table3.1 even autocorrelation property of a 8 bit sequence Az

From Table 3.1 we can see that Az have the following properties:
(1) The even bit shift periodic autocorrelation will be zero
(2) The even bit shift aperiodic autocorrelation will be zero.
In general, for integer n>2, A, is constructed as Ap=[ An-1, B n-1], B n=[-A 11,
B nl,
It is clear that for any given integer k, where 1<k<n, A, can be written as an

array of alternated Ay and By. Ignoring the sign of A and By, then A, would be:
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An=[Ax B Ak Bk,...Ax Byl

Supposing A .1 B o1 =0, A nt- A g = B ng B g =2™, then
AnBn=Ans (-Ani) + B s Bna=0;
ArAn=BnyBn=An1Apnt+Bpi Bpi=2"

When n=2,

AB =1*1+ (-1)*1=0,
AA=1%1+ (-1)*(-1)=2,
B-B =1*1+ 1*1=2,

satisfied the supposed conditions.

So from the mathematical induction, for integer n>1, we have

ApBn=0andA,A,=B,B,=2"

For any 2k bit shifts of A ,, where 1<2k<2", 2k can be written in the form of
2k=g*2", where q is an odd number and m>1.

Because An=[ An-1, Bn-1], Bn=[-An-1, B n1], so for a given m=1, ignoring the
signs, we can rewrite A, as the form [ Am, Bm, Am, B m, ...Am, Bm]. Then a 2k bit
shifts of A, means g step shifts in the form [ An, B m, Am, B m,.-.Am, Bm].

Because ¢ is an odd number, so the periodic and aperiodic correlation between
Anand A (2k) will be the sum of X A B .

Actually A - B malways equal to 0, so the periodic and aperiodic correlation
between A, and A (2k) will be zero.

So for integer n>2, A, has the following properties:

(1) The even bit shifted periodic autocorrelation will be zero

(2) The even bit shifted aperiodic autocorrelation will be zero.
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With A,1 a 2" bit unipolar codeword C, can be generated for the proposed
optical fiber sensor system.

Let a; be the ith element of the 2" bit codeword A, . Therefore we have

Ani1= a1, ap, a3, ... ™"
Let e; =(1+ &;)/2, and a unipolar codeword En.; can be obtained as
Eni=[e1, €2 €3, ... "

E,is a unipolar code and all its elements will either be 1 or 0. Let E .1 be the

complement of E,.;, then C,, can be constructed as
Cn=[En1, Eni]
And the decoding codeword D, would be
Dr=Cn- Cn=[(Ent-En1) (E n1- En1)] = [An, -Anal.
So DnCn=[ Ant, “An-1] [ En1, E nal=Ant (Eni-E na)= Ang -Agg =2
We define an all “1”codewordX, =[1,1,1, ... 1], then En.; can be wrote as
En-1=(1/2)*[ Xn-1 + Anl,
S0 Cn= (1/2)* [Xn1+ Ant, Xnt - Ana] =(1/2)*Xn+(1/2)* [An-t, - Anal.
In the unipolar-bipolar correlation process, correlation DyandCrwould be
Dn'Co=[ An-t, “Ana] ‘[ En1, Enal= Ana(En1-En1)= A -Ang =2

For any 2Kk bit shifts of C,,, where 1<<2k<2", we now calculate the correlation
between D, and Cn(2k).

Because Dn=[ An1, -An1], Ch=(1/2)*Xn+(1/2)* [An-1, - An1] and X, is an all

“1”s sequence, SO
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Dn-Cn(2K)= (1/2)*Dy-Dn(2k)

Because 2k can be written in the form of 2k=g*2™, where q is an odd number
and 1<m<n-1.

As described above, because An=[ An-1, B n-1], B n=[-An-1, B n-1],

For a given m<n-1, ignoring the signs, we can rewrite A .; as

[ Ami Bm Amy Bm, ...An, Bnl, and Do=[ An1, -Ana], so Dy, also can be
expressed as the form [ Am, Bm, Am, Bm, ...Am, Bm], then a 2k bit shifts of D, means
q steps shift in the form [ Am, B m, Am, B m,-..Am, Bm].

Because ¢ is an odd number, so the periodic and aperiodic correlation between
Dy and Dp(2k) will be sum up of XA B .

Actually A - B malways equal to 0, so the periodic and aperiodic correlation
between Dy, and D (2k) will be zero.

This shows that the even bit shifts periodic correlation between codeword C,
and its bipolar version Dy is zero. After decoding process, the reflected sequences
from these sensors ideally will have no interference to the intended reflected sequence.

But when m=n-1, q is equal to 1, then the 2" bit shifts of Dy, D (2k) would
be

Dn(2K) =[ -An-1, Ana], and DD n(2k)=-2 An. -An.1 = -2".

This shows that the 2"bitshiftsperiodiccorrelationbetweencodeword C, and
its bipolar version D, would not be zero. So in the sensor system, the reflected time

delay between any two sensors must not be 2" bit period, or else they cannot be
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distinguish from each other through the decoding process.

Hence we can place at most 2" FBG sensors in the system by using the 2" bit
codeword C,, and unipolar-bipolar correlation process theoretically. But actually the
number of sensors is limited by other factors such as multiple reflections and beating
noise. One limitation should be considered is the cross talk from multiple reflections
[13], the number of sensors that can be placed is significantly fewer than the number
of time slot in the array. This shows that the constructed codeword is suitable for the
proposed sensor system.

Here is an example for code length of 16 bit:
C=[1,0,1,1,0,1,1,1,0,1,0,0,1,0,0,0] and
D=[1-111-1111,-11,-1-11-1-1-1]

In a real-world system, the extinction ratio of on-off modulation is finite. The
input signal of “0” could not be ideally zero optical power, so there will also be some
small power reflected back from the input signal “0”. Thus, the reflection sequence
from a two bit time period delayed sensor can be expressed as:

R(2)=[r1,r1,r0,r1,r1,r1,r0,r1,r0,r0,r1,r0,r0,r0,r1,r0],
where rl is the reflection from pulse “1”and r0 is the reflection from pulse “0”.

The correlation between R(2) and D is exactly zero in the ideal case that the

wavelength of sensor remains the same at the moment thus its reflection power from

pulse “1” and pulse “0” keeps the same respectively.
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As mentioned previously, the correlation of R(8) and D wouldn’t be zero, so
the FBG sensor cannot be placed at the position of 8 bit time period reflection delay
after the first sensor. For the same reason, if a sensor was placed at the position of 2

bit delay, the position of 10 bit delay should not be placed.

3.3.3 Code Sequences in Which n is Any Even Number

There are two disadvantages in the constructed codeword of the previous section:

1. The length of code sequences is restricted to a power of 2.

2. The 2" bit shifts periodic correlation between codeword C,, and its bipolar
version Dy, is nonzero. So in the sensor system, more attention is needed
for the placement of sensors to avoid 2" bit period time delay between
each other.

In this section, code sequences of length n where n is any even number has
been further investigated. The correlation function between its bipolar version and the
codeword itself is zero for all non-zero even shifts is achieved. This enhances the
flexibility of system design.

Suppose a code sequence of length 2n is defined as C = [ay, by, a2, by, ..., an, by]
whose elements a;, b; (i=1, 2, ...,n) are either 0 or 1; and a decoding code sequence of
length 2n is defined as D = [cy, ds, Cp, dy,..., Cn, dy] Whose elements ¢;, d; (i=1, 2, ...,n)

are either -1 or 1.
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Then the cross-correlation between D and 2j bit even cyclic shift of C should

satisfy:

J n
Z Cian_j+i+dibn_j+i +Z Ciai_j‘l‘dibi_j = 0, (31)
i=1 i=j+1

where 0< j <n.
n
Z aiCi+bidi =1, (32)
i=1

where j=0 and m denotes the received power after correlation.

To increase the received power in the sensor system, the larger the value of m
the better. So from (3.2) we can deduce that for any a;, b; equal to 1, the corresponding
Ci, di should be 1 respectively. This means:

ci=1 when & =1 and d;=1 when b; =1. (3.3)
And in order to completely cancel the interference from other sensors, m must
be even and D needs to be a balance code, the sum of elements in D is zero. That is:
n
Z C; + di = 0. (34‘)
i=1

Suppose the number of “1” in a; is my, the number of “1” in b; is m, and let

mylarger or equal to m,, then (3.2) can be condensed to
my+ my=m. (3.5)

Using (3.1) to sum up from j=1 to n-1, we have:

n-1 J n
Z(z Ciln—j+itdiby_j4; + z cia;—j+dib;_;) =0 (3.6)
=1 i=1 iS5+1

And can be rewrite as:

n n n
Z(Cizaj - Ciai +dle] - dibi) = 0 (37)
i=1 1 =1

j:
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Suppose the sum of ¢; is x, from (3.4) the sum of d; will be —x. So (3.7) can be
condensed as:
(m1- mz)x=m (3.8)
From equation (3.5), (3.8) we derive
my=—(m +3) (3.9)
mp=—(m — ) (3.10)
Because the sum of ¢; is x, the number of “1” in c; then is (n+x)/2. With
condition of (3.3), we can get:
(n+x)/2=m; (3.11)
The sum of ¢; is -x, the number of “1” in d;then is (n-x)/2. With condition of
(3.3), we can get:
(n-x)/2=m; (3.12)
Replacing (3.9) into (3.11) and (3.10) into (3.12), we derive
m—nSx—%Sn—m (3.13)
So for a given a code length of 2n, the maximum of m should satisfy equation
(3.13).
Because all the number here is integer, two more rules can be derived to help
to find the maximum of m easier.
1. If nis even, x needs to be even, from (3.9) then % must be even too. So m

must be multiples of 4 for n is even.

2. Ifnisodd, x needs to be odd. m should a odd factor larger than 1.
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Table 3.2 shows the maximum number of “1” for code length 6 to 32 from

equation (3.13).

code length
of 2n

maximumm | 2 | 4 2 4 6 4 6 8 6 8 10 8 12 16

6| 8|10 | 12 | 14 | 16 | 18 | 20 | 22 | 24 | 26 | 28 | 30 | 32

Table 3.2 Maximum of m for different code length

To verify table 3.2, a computer program is used to exhaustive search the
possible codeword from length of 6 to 32. The result is just the same as table 3.2.

Some examples are:

6: C=[0,0,1,0,1,0] D=[-1,-1,1,-1,1,1]

8: C=[0,0,1,0,1,0,1,1] D=[-1,-1,1,-1,1,-1,1,1]

10: €=[0,0,0,0,0,0,1,0,1,0] D=[-1,-1,1,-1,-1,-1,1,1,1,1]

12: C=[0,0,0,0,0,0,1,0,1,0,1,1] D=[-1,-1,1,-1,-1,1,1,-1,1,-1,1,1]

For the code length of 32, the maximum number of “1” is 16, just equals to the
half of code length which is the upper bound. So the codeword of length 32
constructed here has the same performance as it was constructed in the previous
section but with less restrictions. Because all cyclic even shifts of the codeword are
orthogonal to its decoding codeword, the sensors can be simply placed at any even bit
time period delayed positions.

There is not any straightforward way to construct a codeword of any length.
However, for a given codeword of length 2n, a codeword with length of 8n can be

constructed.
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Suppose a given code sequence of length 2n is C = [ay, by, az, by,..., a,, by] and
its decoding code sequence is D = [cy, d1, Cp, da,..., Cn, dy], it can be proved that

C=[ay, a1,a1, a1, by,by,by,by, ..., @, @n,3n, @n, by, by, by, b ] and

D=[c1, C1, -C1, C1, d1,d1,d1,-d1, ..., Cn, Cn, -Cn, Cn, dn, dy, dp, -dp] are the code
sequence and its decoding sequence of length 8n.

By using this rule, a longer codeword may be constructed from the shorter

codeword which is much easier to exhaustive search.

3.4 Operation Principle and Theoretical Analysis

The system setup is shown in Figure 3.7. As described in the above section, a
proper code sequence is used to drive the SLED to generate a pulse sequence. The
reflected power from different FBG sensors can be distinguished by using its
corresponding delay version of the decoding codeword. This breaks the restriction of
TDM sensor systems that only one pulse can be sent within a round trip time and

more power can be detected at the receiver.

Circulator

Directly
Modulated SLED

3dB coupler

Data Sequence

Edge Filter

Photodetector L.-l LI'I'

Tngger

Signal Processing
EEEEEEEEER ADC EaE Uit

Figure 3.7 Experimental setup of the proposed CDM based FBG sensor system
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In grating sensor systems, the change of measurand (such as temperature,
strain) is usually wavelength encoded. There are various methods to measure the
wavelength shift to demodulate the sensor signal in system, such as edge filter [46],
scanning match filter [47], and interferometric detection [16]. In order to demodulate
the wavelengths of different sensors in the overlapped signal, edge filter method is
used in the proposed system setup. For the edge filter method, the reflected optical
signals are divided into two paths by a 3dB coupler. The left path is unfiltered and
optical power is measured with the photodetector directly as wavelength independent
reference; the right path is filtered by the edge filter and the transmission power is
wavelength dependent. With reference power, filtered power and the filter curve, one
can obtain the wavelength information after signal processing. This passive
wavelength-power ratio conversion method offers a high speed demodulation with
simple configuration. The wavelength resolution of edge filter depends on the input
signal-to-noise ratio (SNR) and the slope of filter curve. A simple way to improve
resolution is to let the slope larger. But actually the maximum slope of the edge filter
is limited by the input SNR [48]. The slope that exceeded the maximum will lead to
worse system performance. So the edge filter slope should be optimized to improve
the resolution under the estimation of reflected signal SNR and system requirement of

discrimination wavelength range.

In the signal processing unit, signal of two paths need to be decoded separately

to obtain the power of particular sensor before calculating its wavelength information.
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Suppose the pulse period is Ty, the round-trip time is nT,. Here round-trip time means
the time for the pulse to travel from the first FBG to the last FBG and then goes back
to the first one. So the number of time slots is n. Let the codeword also be n bits that

equals to the round-trip time and the number of sensors in the array be m.

Considering a single reflected pulse from the FBG sensor in the TDM sensor
system, since the output of SLED is amplified spontaneous emission (ASE) and the
reflection spectral of FBG sensor is narrow, the dominant noise of the reflected pulse
would be thermal noise and spontaneous-spontaneous beat noise at the photodetector.

So the SNR of the single reflected pulse after left arm would be:

12
2 2 0
lth+15p

SNRy = (3.14)
where | is the photodetector output generated by the reflected pulse power, i3, is the
thermal noise and iszp is the beatnoise between the various frequencies within the
reflected spectrum of the ASE.

The thermally generated current noise is given by

i3, = 4kTB, /R, (3.15)

where R is the resistance which the photocurrent first experiences, k is
Boltzmann’s constant and equals to 1.38*10% J/K, T is the temperature of the resistor
in Kelvin and Be is the electric bandwidth of the signal, here Be=1/Ty, Ty, is the bit
period.

The intensity noise generated by spontaneous-spontaneous beating between

various frequencies in the reflected signal is given by [48]:
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. 0.66B
2, =1>—=

2 P (3.16)

where B, is the full width half maximum (FWHM) spectral width of the
Gaussian shape reflected signal in Hertz and Be is the electrical bandwidth of the
signal.

SNR of reflected pulse after right arm with edge filter is:

a?l?

.2 2:2 1
lin +a lsp

SNRop = (3.17)
where a is the transmission ratio of the edge filter.

Wavelength is obtained from the normalized power ratio between the

two arms. So the SNR of wavelength signal would be:

11 1
SNRy  SNRo. = SNRog

(3.18)

Because more than one pulse is sent within a round-trip time, some reflected
signals from different sensors would spatially overlap. If the spectra of the overlapped
signals are partially overlap or the same, the beat noise of ASE will increase rapidly as
proportional to the square of its dc current I.

For the worst case, all sensors have the same Bragg wavelength for a given
time, the beat noise would be maximal in this case because all the overlapped signals
have the same optical frequencies and beat with each other to enlarge the fluctuation
of the detector output. For a given sensor, after decoding, the dc output would be nl/2
for an n bit length balanced codeword.

Because the noise is statistic independence for each pulse, it will simple add

together in the decoding process after the ADC. The thermal noise would be:
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ifh—au = Nify (3.19)
The spontaneous-spontaneous beat noise is proportional to the square of dc
component. The power of the reflection pulses in the sequence is different due to the
number of sensor signals that overlapped together in the pulse is different. Besides,
the reflected power of each sensor is different caused by power depletion. To simplify
the derivation, we suppose that for an m sensors array, the reflected power for each
sensor is equal the number of “1”’s overlapped in a reflected bit period would have a

uniform distribution from 0 to m. The beat noise would be:

. 0%2+124224--m?)I2 0.66B, 2,

2, =n' - o ) P i, (3.20)
The signal to noise ratio of left arm after decoding would be:

GV ni?

SNRy, = i —att +ip —au B 4it2h+%m2iszp (3:21)

And the SNR of right arm after decoding would be:
na?r?

SNRlR = m (322)

So the SNR of wavelength using CDM method would be:
! ! L (3.23)

SNR;1  SNRy, = SNRigp

Comparing SNR; with SNRy, one can get the performance improvement by
using CDM based sensor system than the typical TDM sensor system.

In a typical system, the input power density of an SLED is 0.2mW/nm. The
reflectivity of FBG is around 2% and FWHM is 0.2nm. The bandwidth B, is 50MHz,
the response of detector is 1A/W with thermal noise density 20pA/v/Hz. The code
length is 1024 with 50 sensors in the array to keep n/m>20 to reduce the multiple

reflections. After calculation, i, is 2¥10™*A” and i2, is 8.44*10'°A%. If a equals to
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0.5, then SNRy is 6.4 and SNR; is about 141 in one round-trip time. That means CDM
system gives about 13.4dB signal to noise ratio improvement. And in this situation,
the sp-sp beat noise is about 26 times larger than the thermal noise. The thermal noise
limited assumption will lead to overestimate of the system performance.

Actually in a real-world sensor system, the Bragg wavelengths of sensors vary
randomly in the sensing range as their monitoring measurands change. The beat noise
should be much smaller than the worst case. Considering the situation that Bragg
wavelengths of sensors are evenly distributed in the sensing range with the difference
between adjacent sensors is Bo/2. For two reflected signals with same power and

Gaussian shape, the mutual beat noise causing by overlapped spectra is:

(-2in2)AB?
. . Y
i%)om = i5,e 5o , (3.24)

where AB is the frequency difference.
The total beat noise for an n bit length codeword with m sensors is:
i2_au = nm[i%, + 2i2,(0.7071 + 0.25 + 0.0442 + 0.0039)]
= 3.01nmis, (3.25)
where the mutual beat noise is calculated with the frequency difference from +B/2 to
+2B,, for frequency difference larger than 2B,, the mutual beat noise is small and

negligible.

The SNR after decoding can rewrite as:

(nl/2)* ni?

ltzh—all -H.gp —all 4lt2h +3.01m1§p
_ 2t na’r?
SNRzr = i _qn i T 4i2, +3.01ma?i? (3.27)
th—all " sp—all thT2- sp
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11 1
SNR,  SNR,,  SNRap

(3.28)

In this situation, 20 sensors can be placed within a spectral range of 2nm. The
sp-sp beat noise is about 0.64 times of the thermal noise in this case for left arm. Both
noises should be considered in the system performance estimation. SNR; is about 653
when the Bragg wavelength is in the middle of the edge filter with o equals to 0.5 and
the code length is 512. The performance is much better than the worst case.

With a linear edge filter of half power loss per nm slope, the maximum
resolution of 60pm in a round-trip time can be achieved. This equivalent resolution is
0.25pm/+/Hz. To resolve a temperature change of 1°C, 10pm resolution is needed. So
the maximal interrogation speed is about 1.6kHz. If better resolution with higher
interrogation speed is needed, a standard Erbium-doped fiber amplifier (EDFA) can
be placed after the SLED source to increase the input power.

To estimate the system performance for dozens of sensors within a spectral
range, it can be assumed that the spectral differences between the sensors are multiple
times of B,/2. For a spectral range of 2nm, 20 spectral points can be located. If the
number of sensors in each point is k, then for this 20k-sensor multiplexing array, the
sp-sp beat noise will be:

i2,—au = n[20(0.5k)%i%, + 40(0.5k)?i%,(0.7071 + 0.25 + 0.0442 + 0.0039)
= 15nk?i2, (3.29)
With a linear edge filter of half power loss per nm slope, the maximum k to

keep a resolution better than 1pm/vHz is 8. So the maximum number of sensors in the
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array should less than 160 to keep an acceptable resolution.

3.5 Experimental Results and Discussion

An experimental setup of the proposed CDM sensor system is shown in Figure
3.7. A50MHz NRZ signal was generated by the PPG to drive the directly modulated
SLED. The reflected signals of the FBG array are divided into two parts by the
coupler. The left part of the light pulse signals goes into the photodetector directly
while the right part goes through an edge filter before arriving at the photodetector.
The output of the photodetectors will be converted into digital signals by a real-time
scope and decoded by the signal processing unit.

A six-sensor array was used to examine the system performance in the
situation of evenly distributed wavelengths. The gratings were around 1549nm with
0.2nm bandwidth and about 4% reflectivity. And the wavelength of FBG6 is at the
central among the sensors. The distance between two adjacent grating sensors is set to
multiples of 4.05 meters. So the reflection time delay between successive sensors is
equal to multiple of 2-bit time period. The distance between the first and last sensors
is 24.1 meters and the coded pulse sequence is 14 bit long. All the six sensors were
put into a container of hot water and a thermometer with 0.1°C accuracy was used to
record the temperature change of water.

The temperature of hot water was recorded every second for the first hour,
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then every minute for the second hour and every five minutes after that as the water
cool down to ambient temperature. And the real-time scope captured the data
simultaneously and the captured period is 20us. As the temperature of water dropped,
the change of reflected signals are captured and analyzed. Figure 3.8 shows the
relationship between the wavelength and temperature of last sensor after data

decoding and signal processing.

B0 +  experimental data
- (a) fitted curwe

70+ 0 .

60F £ -
=

B0F -
G

40F + .

30+ Wavelength (A) .

| | | | |
16492 15493 1649 4 1649.5 16496 16497 16498

1[][] T T T T T
(b) — fitted curve

80 /3 AT |- £8% prediction bounds .
=
5

BOF = 4
Lk}
j=R
E
Lk}

40 = .

Wavelength (4)
2['] | | | 1 |
15492 15493 1549 .4 1549 5 15496 16497 15498

Figure 3.8 Temperature against wavelength for FBG6

In this experimental setup, the resolution is theoretically 14.3 pm by the given
parameters and the temperature coefficient of the grating in water is 10.3pm per

degree which is calculated by using the optical spectrum analyzer (OSA). That means
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the resolution in temperature is about 1.38°C. Figure 3.8(a) gives the experimental
data and the fitted curve between temperature and wavelength. Figure 3.8(b) shows
the 68% prediction bounds for the fitted curve. In the normal distribution, the
probability for a measurement to hit within the standard deviation of the true value is
about 68% and the standard deviation is usually defined as the system resolution. The
upper and lower bounds to the mean value are 0.95 times of standard deviation. The
difference between lower and upper bounds is about 2.9°C at 1549.5nm, so the
resolution (equal to the standard deviation) is about 1.45°C. The experimental
resolution is a little bit worse than the theoretical resolution but still fits the theoretical
analysis well.

To investigate system performance of larger scale multiplexing for the
proposed scheme, a 20-sensor array was used. The sensors were staggered along the
fiber carefully to reduce the major multiple reflections. The distance between the first
and last sensors is 1036.8 meters and the length of coded pulse sequence is 512 bits.
An expected measurement resolution is 0.097pm/+/Hz by using the system parameters
mentioned above. For a capture time of 40us period, the resolution should be 15.3pm

or about 1.48°C.
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Figure 3.9 Temperature against wavelength for FBG20

Figure 3.9 shows the 68% prediction bounds of FBG20. The difference
between lower and upper bounds is about 3.4°C at 1549.5nm. Then the experimental
resolution is 1.7°C, a bit worse than the expected resolution. This is mainly cause by
power penalty and the spectral shadowing cross talk. After going through the first 19
sensors, the spectrum become nonuniform and the reflection shape of FBG20 will be
distorted. This leads to power fluctuation and increases measurement error. One
solution is to trace and calculate the actual transmitted spectral shape as it passes
through every sensor. This can be done in the signal processing unit. After fixing the
data, the bound difference reduces to 3.1°C. Considering the power penalty of the

input signal, this result is very close to the expected resolution.

The reflectivity of FGBs in the system is very low, only 4% of the input power

is reflected; the other unwanted reflection in the fiber may affect the signals of FBGs.
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Figure 3.10 Reflection points in the fiber sensor array

Because the reflect bandwidth is narrow (0.1~0.2nm FWHM) and the input
SLED is a broadband source (30~40nm), the power reflected from the connector is
similar to the reflected power from FBGs. This will affect the accuracy and induce
error. Figure 3.10 shows that the reflection power of the connector in front of the FBG
IS as strong as the FBG’s. Besides, power also arises up from the bad splicing point
between the fiber and FBG. To reduce connection reflection, splicing the fiber
together instead of using a connector is the best choice. And making good splicing
points is also important to minimize the unwanted reflections.

The refractive index of the single mode fiber used in our experiments is
around 1.47 to 1.48. For a 50MHz NRZ signal, the transmission distance is 4.05 to
4.08 meters in one bit period. This is the ideal base distance for sensor placement.
Actually it is neither easy nor necessary to keep the distance of adjacent sensors to be

the multiples of base distance. Firstly, it is hard to cut and splice the fibers within
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centimeter accuracy. Secondly, the sampling point is at the center of the bit period,
margin for error in distance is loose. But when the number of sensors increases, the
accumulated distance error may exceed the margin. So it is better to use a single pulse
to test whether all the sensors are in their preset position before other experiments.
The drift of the edge filter also need to be considered for long-term accuracy.
Drift will affect the measurement repeatability and accuracy. The dominant
measurement error caused by drift in this system is the drift of edge filter. The drifts
are about 2pm for 3 hours and 18pm for 24 hours. The induced measurement errors of
wavelength shift will be 2pm and 18pm respectively. The drift of the edge filter is
mainly caused by the change of ambient temperature and a less temperature sensitive

edge filter can be used to mitigate this drift error for long-term accuracy.

3.6 Summary

In this chapter, we have studied the code-division multiplexing method for
fiber Bragg grating sensing system thoroughly. Techniques of CDM based FBG
sensor systems are reviewed and a new scheme has been proposed and experimentally
demonstrated. The code sequences of length power of 2 are constructed and some
rules for code sequences of even length are discussed. With the special code design,
cross-correlation from other sensors can be completely canceled. Operation principle

and theoretical analysis are given to understand the proposed sensor system.
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Experimental results show good agreement with the theoretical analysis and
demonstrate the great feasibility of the proposed setup. With spectral shape
compensation to reduce the cross talk, the new scheme enabled multiplexing of 20

gratings along a single fiber while maintaining the sensing accuracy.
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Chapter 4 VCSEL Based Tilted Fiber Grating

Vibration Sensing System

4.1 Introduction

FBG based optical fiber sensor system has been used in many different applications
nowadays because of its inherent advantages compared with conventional electrical
sensor systems. In previous chapter, a sensor multiplexing scheme that can support a
large number of sensors was presented. In this chapter, a high speed interrogation
scheme for a single FBG sensor is discussed.

For an FBG sensor system, the key challenge is to determine the shift of the
peak wavelength reflected from an FBG. Usually there are two kinds of methods to
detect the wavelength shift. One is using a broadband ASE source as the input and a
wavelength discriminator at the receiver side to detect the wavelength of received
signal wavelength, and the other one is using a tunable laser as the source with known
output wavelength to track the wavelength shift of the FBGs. However, when fiber
ring laser based tunable laser or external cavity tunable laser is used as the source
component in the second method, its high cost, large size and low tuning speed will
have a significant impact on the cost and performance of the FBG sensor system.

Vertical cavity surface emitting laser (VCSEL) is one of the semiconductor

lasers with the light emission through vertical direction. The laser structure is
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consisting of vertically stacked mirrors with an active gain region. The influence of
temperature and driving current on lasing wavelength of VCSELSs has been widely
studied [50-52]. Due to the short optical resonator, the emission wavelength of a
VCSEL is determined by the cavity resonance. So the wavelength shift is mainly
governed by the change of average refractive index in the resonator as the internal
temperature change. And the input current will affect the internal temperature thus
shift the emission wavelength. This property makes it a potential tunable light source
for the practical fiber sensing systems with its low cost and simple configuration.

In this chapter, we present a fast FBG sensor interrogation system utilizing
VCSEL laser as the light source. Using saw tooth signal to drive the VCSEL input
current, a continuous spectrum tuning range of 2nm can be obtained. Relationship
between wavelength tuning range and scanning speed of the VCSEL is studied. And
the application for vibration sensing with tilted FBG is investigated and experimental

demonstrated.

4.2 Vertical Cavity Surface Emitting Laser

Vertical Cavity Surface Emitting Laser (VCSEL) is one of the most favorable light
emitting sources which has satisfied some major demands of today’s industry: simple
and reproducible devices processes, efficient wafer scale device test, low power
consumption with compact device size, capability of high speed modulation, low

packaging cost and high reliability.
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The basic structure of a VCSEL is shown schematically in Figure 4.1. The
top and bottom layers are composed of high reflectivity DBR mirrors. An active layer
is sandwiched between them to form the cavity structure. The active layer is usually
composed of multiple quantum wells. And normally an ion-implantation layer or
selectively oxidized high-Al content AlGaAs layer is used in the topmost DBR to
achieve electrical and optical confinement for high injection density and high
conversion efficiency [53]. Photons are spontaneously generated by the recombination
of electrons and holes as carriers are injected into the active layer from the ohmic
contacts. Stimulated emission will then be triggered by the spontaneous emission to
generate extra photons whose wavelengths are identical. This process is the principle

mechanism of optical gain [5].
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Figure 4.1 Structure of VCSEL grown with MOCVD

Long-wavelength VCSELSs are developed rapidly recent years. The product
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of 1550nm VCSEL for 10G bps modulation is already commercially available for
metro area network, gigabit Ethernet and PON etc. The mass production further
reduces the cost of VCSEL and makes it a suitable component for optical fiber

sensing.

4.3 VCSEL based Interrogation System

4.3.1 Experimental Setup and Operating Principle

Figure 4.2 shows the block diagram of the proposed system. The spectrum
tuning signal from VCSEL is divided into two parts by a 90:10 fused fiber coupler.
One part of the signal which contains 10% signal power is measured by photodetector
2 (PD2) as the reference power. The other part of signal will go into the FBG sensor
through a circulator and its reflected signal is measured by PD1. By normalizing the
received power between PD2and PD1, the reflected peak wavelength of FBG can be

determined.

Waveform generator | (Circulator Ay

Vi
VCSEL

Oscilloscope

90:10 coupler

Figure 4.2 Experimental setup of the proposed FBG interrogation system
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The output wavelength of VCSEL is a function of driving current and can be
characterized beforehand. By tracking the power variation that obtained from the real-
time oscilloscope, we can calculate the wavelength of FBG. The output power of
VCSEL is not a constant as the input current varies. To get precise wavelength
information, the received signal power is normalizes by the reference detected power

of PD2.

4.3.2 Experimental Results and Discussion

In this proposed system, the wavelength is a function of the driving current,

which needs to be plotted out first before other use.
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Figure 4.3 Normalized reflection power of FBG at different wavelength.

Figure 4.3 shows the variation of the normalized power that reflected from
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different Bragg wavelength settings of the tunable FBG. Since the driving current for
the VCSEL is a saw tooth wave repeatedly, the driving current is direct corresponding
a fixed time within the signal period. The repetition rate of the saw tooth wave is
1kHz. As expected, the delay for the reflection peak increases as the centre
wavelength of tunable FBG shifts towards longer wavelength.

The relationship between the wavelength shift and time delay is shown in
Figure 4.4. There is an overestimation of time stamp for unnormalized peak power.
This is because the output power of VCSEL increases as its driving current scans from
the lowest at Ous to the highest at 1000us. This leads to the shift of the largest
reflected power from the FBG Bragg wavelength to longer wavelength. After
normalization, there will be a monotonic mapping between time and reflected
wavelength. We can use this time and wavelength mapping to determine the

wavelength shift in the sensing system.
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Figure 4.4 Bragg wavelengths versus time delay.
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The repetition rate and amplitude range of the driving current will influence
the tuning characteristic of VCSEL. We have characterized the output wavelength
versus time for different tuning speed but the same tuning current range at room

temperature. As the tuning speed increases, the spectral tuning range decreases.
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Figure 4.5 Spectra of VCSEL outputs with different tuning repetition rate.

The output spectra are shown in Figure 4.5 with an OSA using the max hold
mode. Due to the short optical resonator of the VCSEL, the emission wavelength of a
VCSEL is determined by its cavity resonance. The wavelength shift is mainly caused
by the average refractive index changes in the resonator while its temperature changes.
The thermal time constant of the VCSEL is in the range of microseconds. When the
tuning speed is low, the cavity temperature will have plenty of time to rise up by the
heat generated in VCSEL and drop down when the saw tooth scanning input current
drops from the highest to the lowest value. But when the tuning speed is high and the

period of the saw tooth signal is comparable to the thermal time constant, the
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scanning input current will drop before the cavity temperature rise to its steady-state
value. The scanning current will increase to become larger than the threshold before
the cavity cool down to ambient temperature. As a result, the cavity temperature
variation range will be smaller than that at lower tuning speed, so the wavelength
tuning range will be smaller. This can be seen clearly in Figure 4.5. Another feature is
that compared with that for lower tuning speed, the cavity temperature at higher
tuning speed will be lower for the same tuning current, the output power will be larger
as shown in Figure 4.5 because of the better alignment of cavity mode and gain peak.

For better resource utilization, Time Division Multiplexing method can be
applied to the system to increase the number of FBG sensors that can be placed along
a single fiber. The ramp signal from the waveform generator is changed to pulsed
ramp signal by introducing steps of current that is below the threshold current
between two consecutive steps of the original ramp signal to form the pulsed ramp
signal. So there will be no output power during these time slots and TDM method can
be used to distinguish different sensors with the same nominal Bragg wavelength.

So far we assume that the ambient temperature remains the same in the lab.
But in the real world, it is not easy to keep this assumption. The VCSEL’s ambient
temperature will change in a certain range. The wavelength shift is about 80 pm/C.
This affects the relationship of wavelength and time, and induces measurement error.
To deal with this issue, we propose to adopt time division multiplexing method and

with one temperature insensitive FBG as the reference. So this makes the system more
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robust and more sensors can be used.

4.4 VCSEL Based Tilted Fiber Grating Vibration Sensing

System

4.4.1 Tilted Fiber Bragg Grating Vibration Sensor Systems

Tilted fiber Bragg grating (TFBG) is a kind of grating with its grating planes
slanted with respect to the fiber axis [55], [56]. TFBG shows a lot of special
characteristics compared with simple fiber Bragg grating (FBG) and long-period
gratings (LPG). The tilt of the grating planes enhances the coupling of the light from
the forward-propagating core mode to backward-propagating cladding modes and
maintains a reduced backward core mode coupling. Among the backward-propagating
cladding modes, there are a group of low-order cladding modes, known collectively as
the “ghost” modes, which interact much with the fiber core but little with the cladding
boundary. These strongly guided low-order cladding modes can be effectively
recoupled to the fiber core via a lateral-offset splice [57], an abrupt-biconical taper
[58], or a short section of multimode fiber [59] upstream the grating. The amount of
above cladding-to-core recoupling varies strongly with fiber curvature, providing the
possibility for vibration sensing using the mechanism.

Besides the compact tip-reflection sensing feature, these schemes offer the

advantage of a cost-effective power-referenced demodulation for real-time vibration
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measurements. However, in all the works above, the light sources used are erbium
amplified spontaneous emission broadband sources (BBSs). Because the BBS emits
light over a broad wavelength range (C band or L band), the average power over the
wavelength range of interest is relatively low, resulting in a very weak TFBG
cladding-to-core recoupling (hundreds of nanowatts). At the same time, a bandpass
filter centered at the recoupled band is necessary for demodulation which further
weakens the detected power.

Here we propose an alternative approach by using a commercial vertical-
cavity surface-emitting laser (VCSEL) as the light source. The VCSEL’s unique
characteristics of low power consumption, high efficiency, circular beam spot, and
low manufacturing cost make it a good candidate for light sources in optical sensor
systems [60-62]. The special advantages of VCSEL we explore here are that high-
speed (10kHz) continuous wavelength tuning (1~2nm) of the VCSEL perfectly covers
the strongest TFBG cladding recoupling band, permitting the recoupling at a much
higher power level (50uW) and making the demodulation filter unnecessary. A
dynamic vibration measurement up to 200Hz via cost-effective normalized power
detection has been achieved so far. The proposed VCSEL-based TFBG vibration
sensing system with simplified detection scheme and better signal-to-noise ratio is a

good candidate for vibration measurement in various engineering applications.
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4.4.2 Principle of Proposed VCSEL Based TFBG Vibration

Sensing System

Figure 4.6 shows the experimental setup of the proposed system. The vibration
sensing mechanism we used here is based on recapturing the TFBG excited low order
cladding modes (“ghost” modes) via a lateral-offset-splice located at a short distance

upstream from the grating
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Figure 4.6 Schematic diagram of VCSEL-based TFBG vibration
sensing system. Inset shows the sensor tip containing a
TFBG with a lateral-offset splice.

The amount of TFBG cladding-to-core recoupling varies strongly with pure
fiber bending and keeps its wavelength un-shift, as shown in the black and red spectra
in Figure 4.7. Instead of using BBS as a light source, a high-speed continuous
wavelength tuning VCSEL is utilized. Combining with two PIN power detectors and a
real-time scope, the VCSEL-based TFBG vibration sensing system has been
demonstrated, as shown in Figure 4.6. The original wavelength of VCSEL is selected

to locate at the left-edge-side of the “ghost” resonances. Varying the driving current,
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the laser output provides a fast but narrow range wavelength tuning over 1~2nm,
which perfectly covers the whole strongest recoupled band, as shown in the dashed

green curve in Figure 4.7 (a continuous VCSEL turning recorded at the optical

spectrum analyzer using maximum hold mode).
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Figure 4.7 TFBG spectra before (light blue line) and after (black
line) lateral-offset splice and its response to the fiber bending (red
line). The dashed green line shows the VCSEL tuning spectra
recorded by the OSA maximum hold mode.

The tuning characteristic of VCSEL is determined by the modulation of its
driving current. Figure 4.8 gives a detailed observation on the effect of the driving
current (amplitude range and repetition rate) on the VCSEL’s wavelength range swept
and power level spectrum. The VCSEL wavelength tuning range increases with the

rise of the driving current amplitude and decreases with the increase of the tuning
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speed, as shown in Figure 4.8(a) and (b), respectively. The slight power variation in

Figure 4.8(b) is due to the temperature dominated refractive index modulation in the

VCSEL resonator. With a fast tuning speed, the input scanning current will drop

before the cavity temperature rises to its “steady-state” value, resulting in a narrower

tuning band and a slightly increased power level because of the power concentration.

However, the slight power fluctuations (versus wavelength) should not matter since

the measurement result at each wavelength is normalized to the power emitted by the

VCSEL at the same time (as described in Figure 4.10). The selection of amplitude and

repetition rate of driving current in turn depends on the spectrum bandwidth to be

interrogated and the vibration frequency under-measured.
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Figure 4.8 Wavelength tuning characteristics of VCSEL versus driving currents
at different (a) amplitudes and (b) repetition rates.
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4.4.3 Experimental Results and Discussion

The VCSEL used in our experiment is a commercial product from RayCan. The bias

current of the VCSEL is driven by a 10-kHz saw-tooth-signal with amplitude less

than 10mA.The average power output of the VCSEL is 0.3mW. With this light source,

the TFBG recoupling are now working at a much higher power level with 15dB

improvement compare to BBS and an optical signal-to-noise ratio of 40dB can be

achieved, as shown in Figure 4.9.

-30
4 TFBG reflection (offset) Recoupled ghost modes
—— BBS powered
404 — VCSEL powered
40 bRt Tad Bragg mode
E 50
o -50
i 40dB
2
2
9 -60 —
=
704
-80- ‘Il‘l L 141 i
1550 1652 1554 15656 1558 1560

Wavelength (nm)
Figure 4.9 Comparison of TFBG reflections powered by a BBS
(black line) and a wavelength-matched VCSEL (red line).

Figure 4.10 shows the continuous power output of the vibration sensing

system under a 200Hz harmonic oscillation and the inset presents the details of real-

time power output within one VCSEL sweep period over 100us (VCSEL repetition

rate of 10kHz). For each vibration period (5ms), 50 VCSEL sweep periods have been
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recorded, providing a sufficient amount of data for an accurate amplitude monitoring.
The real-time scope used in the system has a sampling rate of 100 MS/s. Then, for the
VCSEL with a repetition rate of 10kHz, 10000 sampling points can be recorded in
each VCSEL sweep period, drawing the response lines in the inset of Figure 4.10. For
data processing, we select 128 sampling points concentrated in the reflection peak and
give an average to obtain the amplitude power of this sweep period. The data
processing speed is quick enough to meet 100kHz sweeping rate. Since the VCSEL
output power also varies with the periodically modulated driving current, as shown in
the inset of Figure 4.10 (black line), a reference power detector (PD2) with proper

attenuation is utilized for the normalization of the system output.

250 200
—— PD2 (reference)
200 100
|
S 150- Iffift WL, <
g 160 ﬁ-
& |——PD1(TFBG) <! b2 S
= 100 3 w | a3
9 § 100 2
S w0
e
50 % Tlmio(us) 75 100 | o0
0
I T ¥ T T T T T T T--300
0 2 3 4 5
Time (ms)

Figure 4.10 System real-time outputs following a 200-Hz
harmonic oscillation. Inset zooms in the detail response within
one VCSEL sweep period over 100ys.
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Figure 4.11 Normalized system output following a 200Hz harmonic oscillation

Figure 4.11 shows the normalized system output of the ratio of PD1/PD2.

And Figure 4.12 presents its frequency response recorded by the electrical spectrum

analyzer.
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Figure 4.12 System frequency responses following a 200Hz harmonic oscillation
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The small signals at double and half frequencies may be due to the slightly
nonaxial alignment between the vibration generator and the sensing fiber tip.
Finally, it should be noted that angular dependence is quite an important question in
any application where the direction of the vibration is not predetermined. Compared
to the erbium-doped amplified spontaneous emission broadband source and LED,
VCSEL emits a polarized light. Therefore, besides the directionality of the grating tilt
and dependence of the cladding-to-core recoupling at the lateral offset junction (as
discussed in [57], [58]), the orientation sensitivity of the offset TFBG vibration sensor
also depends on the polarization state of the VCSEL. The VCSEL used here is of a
single polarization state with a polarization mode suppression ratio (PMSR) up to 15
dB. Experimental tests show that a VCSEL with polarization control will induce a
maximum of 4.5dB sensitivity difference between x and y-axis vibrations, which may
potentially enhance the orientation-recognized ability of the offset TFBG vibration

SENsor.

4.5 Summary

A novel and simple VCSEL-based TFBG vibration sensing system is
presented and demonstrated experimentally. The sensor comprises a short optical fiber
stub containing a weakly tilted Bragg grating spliced to another slightly offset fiber.
The tip-reflection sensing feature enables the sensor head to be fabricated as small as

10 mm (possibly less). The high-speed continuous wavelength tunable VCSEL
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enables the recoupled modes to work at a high power level to obtain better signal-to-
noise ratio at the output. The interrogation unit requires only two power detectors and
a real-time scope. The light source power fluctuations can be effectively eliminated
via a normalized power output. Vibration measurement up to 200Hz has been
achieved by the proposed cost-effective sensing system. As the modulation frequency
of the VCSEL can be raised up to several hundreds of kilohertz, the maximum
detectable vibration frequency is mainly dominated by the acoustic resonance
frequency of the sensor head (a 10-mm bare fiber stub used here), which potentially

can be increased to kilohertz with proper material, structural and packaging design.
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Chapter 5 Single-sideband Modulation Based

Interrogator for FBG Sensor Systems

5.1 Introduction

Wavelength shift detection is the key issue for most of the fiber sensing systems
because their measurands are wavelength encoded. As mentioned in the previous
chapter, two approaches can be adopted to realize FBG wavelength interrogation. One
is based on broadband source and wavelength discriminator. Techniques using this
approach are reviewed in chapter 2.Wavelength discriminator implementations
include edge filter discriminator [31], tunable filter [32], interferometric detection [33]
and CCD spectrometer [34], [35].Another approach uses tunable laser as light source
with calibrated wavelength tuning characteristics. There are several advantages of
using tunable laser such as high output power, large tuning range and high tuning
resolution. However, it was seldom used in the fiber sensing systems due to its high
cost and low tuning speed.

In chapter 4, a VCSEL based interrogator and its application to tilted fiber
grating vibration measurement is introduced. About 1.8nm tuning range at 1kHz
repetition rate can be achieved by the interrogator. This proposed interrogation
scheme is compact and has a better system performance than the broadband source

approach. But one disadvantage of this interrogator is that the whole tuning
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wavelength range shifts as the ambient temperature change. The shift is up to about
80pm/°C. For normal FBG sensing applications, TDM method with one temperature
insensitive grating as reference is preferred. And this interrogator is especially suitable
for the tilted grating vibration sensing system because vibration is encoded with the
reflection power of “ghost” mode but not the wavelength shift. In this chapter, an
interrogation system that utilizes single-sideband (SSB) modulation is discussed and
experimentally demonstrated. Stable wavelength output and larger tuning range can

be achieved by this scheme.

5.2 Optical Single-sideband Modulation

Single-sideband modulation (SSB) is first introduced by John Renshaw Carson in
1915 [63] and widely used over long distance telephone lines in the old days. It is also
the radio standard for long-distance voice radio transmissions of aircraft since 1957.
In communication systems, SSB modulation is the improvement of amplitude
modulation (AM) with more efficiently utilized bandwidth. The output signal of
amplitude modulation occupies twice the bandwidth compared with its baseband
signal. In order to reduce the bandwidth occupation, SSB modulation is proposed. It
suppresses one of the modulation sidebands at the cost of increasing system
complexity.

SSB modulation can be achieved in optical communication systems by using a

Dual-Parallel-Mach-Zehnder modulator. The Dual-Parallel-MZ modulator is a
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multifunctional modulator which consists of two sub-MZ interferometers embedded
in a main MZ interferometer. This nested MZ interferometers design gives more
flexibility to generate optical signals in various modulation formats. It can be used as
IQ modulator in the high speed DQPSK or DPSK optical transmission systems. It can

also be used for SSB modulation.

Dual Parallel MZ Modulator
fo fo-3fm

L i .
input i_‘;( K output

Biasl Bias2 Bias3

)

n /2 Hybrid fm

fotfm

Figure 5.1 Single-sideband modulation using Dual-Parallel-MZ modulator.
Biasl and Bias 2 are set at the NULL point and Bias 3 is set at quadrature
point. The output contains a major upper sideband whose frequency is fo+fy,
with a undesired third order harmonic fo-3f,.

The schematic of SSB modulation is shown is Figure 5.1. An input lightwave
with amplitude A and frequency fy is modulated by an RF signal with peak-to-peak
amplitude 2+/2V¢ and frequency f,, through a m/2 Hybrid. The phase differences
between sub-MZ and main MZ interferometers are controlled by the input DC
voltages of Biasl, Bias2 and Bias3. The relationship of optical output intensity and

bias voltage is shown in Figure 5.2.
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Figure 5.2 Optical output vs. Bias voltage

Then the outout optical field of the lower sub-MZ is represented by

A

E;(t) = Z{cos(mot + amcosw,,t + Bm)

+ cos(wgt + amcosifw, t + 6]}, (5.1)
where wo=2xfy, om=2nfy,, P is the bias phase and 0 is the phase difference between
the interferometers, o is normalized amplitude of drive signal after hybrid (V/Vy).

Because bias 1 is set at NULL point, Bz is equal to #. 6 is always euqgal to = in
this setup, then equation (5.1) can be expanded by the Jacobi-Anger expansion as:
A
E;(t) = Esinmot sin(amcosw,, t)
= —Asinwyt Yo (—1)" Jon—1 (am) cos([2n — 1]w, t), (5.2)
where J,(amn) is the n-th first Bessel function.
For the upper sub-MZ, the RF drive signal is 90 degrees shift, and the outout
optical filed is expressed as:
A
E,(t) = Z{cos(mot + amcos[wy,t + /2] + Bm)

+ cos(wot + amcosifw, t + m/2 + 0])} (5.3)
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and can be expaned as:
A
E,(t) = > sinwyt sin(amncos[wy,t + 1m/2])
= —Asinwyt Yo (—1)" Jop—1 (am) cos([2n — 1][w,t + 7/2]) (5.4)
While the signals go through the main MZ interferometers, the lower arm adds
additional n/2 phase shift. So from equation (5.2) and (5.3) we can get the final output

signal:

E, (£) = —Asin(wot + g) Z(—nn J,._ (am) cos([2n — 1]wpyt)
n=1

—AsinwotZ(—l)“ Jon—1(am) cos([2n — 1][wy,t + /2])

n=1

= AJ, (am) cos(wg + wy) t — AJ;(am) cos(wg — 3wy) t

+ A (am) cos(wy + 5wp) t — AJ, (am) cos(wg — 7wy) t... (5.5)

The first term of the output signal is the first order upper sideband we wanted,

the frequency shift is equal to the driving frequency. The second term is 3-th order
harmonic of the input signal and it is the dominant side mode noise. The side mode
suppression ratio (SMSR) is the power between the wanted sideband and the 3-th
order harmonic as [Ji(an)/Js(am)]?. Other high-order harmonics are so small and
neglectable comparing with the first two terms. In oder to get a good power
conversion efficiency with acceptable SMSR, the RF driving signal after hybrid with

Vpp around V= is preferred.
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5.3 Single-sideband Modulation based Interrogation

System

Optical SSB modulation is widely used in optcial communication systems as it can
reduce dispersion penalty and increase optical bandwidth efficiency. A optcial
subcarrier multiplexings schemeutilizing SSB modulation was proposed [64]. Optical
SSB modulation as high SMSR wavelength shifter also has been demonstrated
[65].And with a loop setup, optical frequency comb generation using SSB modulation
wasstudied [66], [67]. In this section, a wavelength tuning light source using SSB
modulater in a fiber loop for sensing applications is proposed and experimentally

investigated.

5.3.1 Experimental Setup and Operation Principle

Figure 5.3 gives the scheme of the proposed system setup. A laser output lightwave is
modulated by a Mach-Zehnder modulator (MZM), the modulation pattern is NRZ
signals that consisting only one “1” at the beginning and with all “0”in the remaining
sequence. This optical pulse output is then fed into loop frequency shifter through a
3dB coupler. The polarization controller (PC) PC1 is used to maintain the same
polarization state between the input pulse and the wavelength shifted pulse before
they go into the SSB modulator and PC2 is used to adjust the polarization alignment

with the SSB modulator. The optical band pass filter (BPF) is used to determine the
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tuning range and suppress the out band noise from the EDFA. The SSB modulator is
set to shift the wavelength to upper sideband (shift the frequency lower in frequency
domain). The EDFA is used to compensate the power loss after modulation; it should
be set to operate slightly under saturation to maintain low noise figure. A series of
pulses with frequency shift equals to the RF driving frequency is generated and

outputted from port3 of the 3db couplerl.

<«

PPG | [ | ] eeeens
Circulator

—J| a sequence k— A

Laser MZM 4::>
Q(‘%Cl M A3 A2 M

 BPF |

50:50 coupler

PD1

3dB coupler 1 Real-time

Scope

PC2

PD2

EDFA SSB Mod

Figure 5.3 Experimental setup of the proposed interrogation system
using SSB modulation

By carefully turning the PCs, EDFA and SSB modulator, a series of flat top
pulses with wavelength tuning range being equal to the bandwidth of BPF can be
generated and the tuning step can be easily changed by changing the RF driving
frequency. For temperature or strain sensing applications, a reference power is needed
to deal with power variation over tuning range and over long time period. So the
series pulses will be divided into two paths by another 3 dB coupler and half of the

signal power is detected by photodetector PD2 as the reference power. For vibration
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sensing application, the reference power may not be needed as the vibration frequency

is encoded in the relative power changes.

5.3.2 Theoretical Analysis

As there is an EDFA in the loop, the ASE noise will accumulate after every cycle.
Assuming that the gain of EDFA compensates exactly the total loss in the loop and the
spectrum shape of BPF is Gaussian shape with standard deviation ¢ equals 54GHz,
the input laser pulse frequency is +54GHz higher than the center frequency of the
bandpass filter (BPF). We can calculate the accumulated ASE noise after every loop
cycle.

The ASE noise power density is assumed to be flat and equal to:

Ssp(Y)=nsp(G-Dhy , (5.6)

where ngp is the inversion parameter, G is the EDFA gain, h is the Planck constant and
v is the frequency.
After this ASE noise goes through the 3dB couple, BPF and EDFA again, the

total noise power density would be:

—(x+Af)?2

S1(X)=Ssp(v)+e 207 Sgp(y) , (5.7)

where X is the frequency difference to the center frequency of BPF and Af is the
frequency shift cause by the SSB modulator.
And for the second round trip loop after the EDFA, the total noise power

density would be:
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—(x+AF)2 —(x+Af)2 | —(x+24F)2

Sa(X)= Sep(y)(L+e 207 +e 207
So after n round loop, the total noise power density would

—(x+AF)2 —(x+Af)% | —(x+24f)2

Sn(X)=Ssp(Y)(1+e 2027 +e 207 T 207

—(x+Af)?  —(x+24f)2  —(x+nAf)?
e 202 ' 202 ' ' 202 )

202

be:

Let a, (X) = (X+AF)? + (X+2AF )* +--- + (X + nAF )?

b (X) — e-an(x)/20-2

Then Sn(X)= Ssp(¥)[0o(X) +b1(X) +02(X)+ ba(x) +... +bn(X) ]

From equation (5.10) we have

n+1 .., N (n=Dn(n+1)

a,(x)= n(x+TAf)

When x=0, we have

n(n+1)(2n+1)

b,(@) =(e""7)

For the frequency shift Af is equal to 6GHz, we have
b1(0)=e"1%?=0.99384617
b,(0)= (e™/1%%)°=0.9696
b3(0)= (e/1%%)=0.9172
ba(0)= (e/1%%)*°=0.8310
bs(0)= (e/1%%)%°=0.7121
be(0)= (e/1%%)*1=0.5702
b;(0)= (e/1%%)%=0.4214
bg(0)= (e™/1¢%)?%=0.2839

be(0)= (e™/1¢%)?%°=0.1722
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b1o(0)= (e7/1%%)%¥°=0.0929
b11(0)= (e™/1%%)%%=0.0440
b1,(0)= (e1%%)%%°=0,0181
b13(0)= (e'/1%%)®1°=0.0064
b14(0)= (e/1%%)19°=0,0019
b15(0)= (e7/1%%)!2%°=0,0005
b16(0)= (e7/1%%)!4%=0,0001
b17(0)= (e'1%%)17®=0.0000
For any n>17, b,(0) is negligible. The total noise power density would be:

5(0) =5, 2.0

=S, (7)(1+0.9938+0.9696 + )
=7.0352S,,(7)

S(0) is the total noise power density in the loop after EDFA of the frequency
position at the center of BPF. For the output pulses, the dominant noise is the signal-
spontaneous (s-sp) beat noise and only the ASE noise that close to the signal
frequency will contribute to the s-sp beat noise due to the narrow bandwidth of the
photodetector. So the s-sp beat noise can be obtained with the assumption that the
ASE noise power density is flat within the narrow bandwidth range near the pulse
frequency. The frequency difference between the pulse and the center of BPF is

Xm=mAf (5.15)

For m>0, bn(Xm)= brm(0)/ bm(0)

So we have
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Sn(Xm)= Ssp(y)[m(0) +bm+1(0) +bm+2(0)+ bm+3(0) +... +bn+m(0) 1/bm(0)

For n is large enough, we can obtain

For m<Q0,

Sn(xm): Ssp(Y)[1+ b-m-l(o) /b-m-Z(O) + b-m-l(o) /b-m-3(0)+- : -+b-m-1(o)/ bO(O)

+b0(0)* b-m-1(0)+ bl(o)* b-m-1(0)+- .t bn+m(0)* b-m-l(o)]

So we can have

S(x1)=6.0726S4(y)
S(X2)=5.1994S4,(y)
S(X3)=4.4393Sg,()
S(X4)=3.7963Ss(Y)
S(Xs5)=3.2629S4(y)
S(X6)=2.8261S5(Y)
S(X7)=2.4710S5(7)
S(Xs)=2.1837Sgy(Y)

S(X9)=1.9516S,(Y)

bn(Xm): bn+m(0)* b-m.j_(O) When n+m>:O

bn(Xm): b-m.j_(O) /b-m-]_-n(O) When n+m<0

S(x-1)=8.0352S(y)
S(x-2)=8.9858S¢(y)
S(X-3)=9.7665Ssp(y)
S(x-4)=10.269Ss(y)

S(X-5)=10.276S(y)
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S(X-6)=9.8065Ssp(y)
S(x-7)=8.8518S¢(y)
S(x-5)=7.5420S(y)
S(X-9)=6.0810Ssp(y)
So the ASE noise power density can be written as
S(tm)=BSs1) (5.18)
where B is in the range of 2~10.

The single side band s-sp beat noise power density at PD1 will be

NSSp(xm)=4R2%aP(Xm)%aS(Xm) (5.19)

where P(xnm) is the output pulse power,R is the PD response, R= g/hyand o is the
grating reflectivity at xp,.
1
Is(Xm) =R 'Eap(xm)
5sz—sp(xm) = Ns—sp (Xm)' Be

So the signal-to-noise ratio will be

(%) P(x,)
SNRUG) =52 00 " 250¢,)-B 520

The grating sensor reflectivity is
—(x-b)?

a(x)=ae 2% (5.21)

where a represents the insertion loss and input power relative fluctuation, b is Bragg

wavelength of the grating sensor and o is 12GHz.

From equation (5.15) it’s clear that the SNR is independent of the grating
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sensor reflectivity at the s-sp noise limited situation. So the SNR will remain the same
at the same frequency position as the grating sensor shifts or even without the grating
sensor.

There are two ways to get the value of parameter b. One method is using the
reflectivity ratio between two different reflected pulses from the grating sensor. So the
parameter a can be eliminated and b can be obtained from the ratio because the signal
frequency of the two pulses are 100resented. Another method is using all the
reflection points from the grating sensor to do a curve fitting to find out the value a
and b. Here we will compare the performance of these two methods.

The reflectivity can be obtained from the reflection power at PD1 and the

reference power at PD2. So

1
R.ZgP
a(x )= 2“0 1,(4,) (5.22)
"oRr1p H(xy)
E (Xm) m

where Is(xy) is the reflection power and I(xy) is the reference power at frequency Xpm.

In error propagation theory, for independent variables x; to X,

N = f(x,X,,%5,...X,)

2
“{8]e 2o (2]
st (omnf 52 oln f 52 8Inf252
N2 ax ) e, x )"

So
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5. _ O 5
2 LY 1)
S m m (5'23)
3 2
SNR(X,)
For two different reflections at Xm1 and X2, the ratio r is
~(Xp2=0)? —(Xp—b)?
_ o) g 208203 (5.24)
(X

So from equation (5.24), we can derive b from the two normalized reflectivity.

2
Xm2 + Xml

b=—22  [Ina(x,)—Ina(x, )]+ (5.25)
m2 ~ “‘mi
The noise will be
4 4
Rr—— 5"“( e O

m2 m1 m2 ml (5.26)

__% 2

(X2 = X1)? SNR(Xml) SNR(X,,,)

This indicates that the larger frequency difference between two pulses, the
smaller &, and better system performance can be obtained.

In the case that there are n reflection pulses from the grating sensor, doing an
average of several independent b will get a smaller &, and more precise b. To simplify
the calculation, all SNR(x) are assumed to be the same and given an average value

SNR(0). So equation (5.21) can be written as

a;‘ 4
(Xno = Xm)” SNR(0)
_ ‘72 4
— (m,—m,)?Af 2 SNR(0)

oF =
(5.27)

For n points, the maximum frequency difference is (n-1)Af. If we use 4 points

to get 2 independent b, there are two grouping combinations that may get the best
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performance.

One is x; and X, to get by, X2 and X, to get by, after average, ob will be

) o, 1 1
= +
b 2 [ 2 2
Af2SNR(0) (n-1)% (n-3)

]

Another is X; and X1 to get by, X, and xnto get b,, after average, 6b will be

si._ O L, 1
® AF2SNR(0) (n—2)° (n—2)?

]

11
(n-1° (n-3)°

Because [ ! + L -] is always smaller than [

(n-2)* (n-2)

], the
second grouping is better.

So for 2k points to get k independent b for average, the best ob will be

2 4o, 1 k
® Af?SNR(0) k? (n—k)?

(5.28)
4o, 1
Af2SNR(0) (n—k)?k
When k=n/3, we can obtain the smallest éb in the case of n points as
4
D S (5.29)
Af “SNR(0) n

For the curve fitting method, we first deal with a simple case that only 3 points

are used to fit the parameters. Suppose the fitted curve of grating sensor is

—(x-b)?
2022

y=ae
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So
_ _ 2
Y :Iny:Ina——(X Zb)
0,

_ _ _ 2
Y]_: A— (Xml 2b)

20,
_ _ _ 2
Y2 — A_ (XmZ zb)

20,
_ _ _ 2
Y3 — A_ (Xm3 Zb)

20,

where Y,,Y,,Y, are the fitted values at Xmi, Xma, Xma respectively and A is equal to Ina.

We can get the value of b by using the method of least squares. So

e=0Y,=Y)2 +(Y,=Y,)? + (Y, —Y,)? (5.30)
oe

=0 5.31
Py (5.31)
oe

=0 5.32
b (5.32)

where Y1 is Ina(Xm1), Y2 is Ina(Xmz) and Y3 is Ina(Xms3).
From equation (5.31), we can derive
ﬁ+z+ﬂzﬂ+n+n

Y +Y, +Y, (X, —b)?+ (X, —b)2—2(x , —b)?
—_1 2 3+ m2 m3 ml

<]

3 60,
Yo Yy b)  (g =b)” ~2(x,, ~b)’
? 3 607
Vi tYo+Ys (X —b)* + (X, —0)* — 2(%,s —b)’
Y, = + >
3 6o,
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From equation (5.27), we can derive

l_l_ (sz _b) +(Xm3 _b)_z(xml _b) a_b

1- +
( 3 307 oy, ™
(_l_i_ (Xml — b) + (Xm3 _zb) — 2(XmZ — b) a_b)xmg +
3 Klogs oY,
(_1_'_ (Xml — b) + (Xm2 _zb) - 2(Xm3 — b) a_b)xm3 -0
3 Klogs oY,
So
b b oY, _ (23— Xy = X0) 1
oa(Xp,) OY) 0a(Xp,) (X — sz)2 +(Xpp — Xms)2 + (X3 — Xml)2 a(Xp)
o, _ (2Xn2 = Xus — Xus) O3 1
aa(sz) (Xml - sz)2 + (sz - Xms)2 + (Xm3 - Xml)2 a(sz)
aYl (2Xm3 — X — XmZ)O-Z2 1

oa(X,3) - Xy — sz)2 +(Xpp — Xms)2 +(Xps — Xml)2 alXps)

ob ob ob
§2=_252+ 252+_252
R

_ (2Xu1 = Xz = %) 05 2 +
[(Xy = X2)* + (X — Xma)2 + (Xpg = Xn)’ T SNR(X,)
(2X2 = X1 — Xm3)20;1 2 n
(Xt = Xm2)” + (X = Xa) + (s = %01)*1* SNR(x,,)
(2Xpg _Xml_xmz)zag 2

[(Xml - Xm2)2 + (sz - Xms)2 + (Xm3 - Xml)z]z SNR(Xms)

For the case that the number of points to fit the parameters is n, it is easy to get:

5 db
52 — (_)26}2
° 21: oY,

22":[(nxi —Zn:xj)za; I SNR(X.)] (5.33)
3 o-x)F
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To simplify the calculation, we assume that all the SNR(x;) are the same, then

2 3 2
—n’(n° -1
52 =12 "D
1 Af2SNR(0
[, (n* =0 ©) (5.34)
240,

" n(n —1)Af *SNR(0)

From equation (5.29) and (5.34) we can see that the performance of these two
methods is similar, however, the curve fitting method will be slightly better when n is
larger than 4. And the larger n will give a better system performance.

The reflection power should be large enough to keep the s-sp beat noise to be
the dominant noise in the system. In the experiment setup, P(xm) is about -10dbm, G
is 25dB to compensate the loop loss. The reflection power then should larger than 10%
of input to maintain the s-sp beat noise dominant assumption. When grating sensor of
o is 12GHz, 6 signal pulses can locate in the reflection range where the reflectivity is

larger than 0.1 as the sensor shifts. So from equation (5.20), we can derive

P(x,) _ 8260

RO = 2508, B

(5.35)

SNR(0) is approximately1376 when p=6. From equation (5.28), &, will be
dp=228MHz (5.36)
In the wavelength range around 1550nm, 1pm equals to about 125MHz, so

the ideal precision of this system is 2pm.
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5.3.3 Results and Discussion

In the experiment, the bit rate of the pulse pattern generator (PPG) is set to 40MHz
and there are 128 bits for one sequence. The first bit is “1” then followed by 127 “0”s.
The repetition rate of the pulse sequence is thus 312kHz. The RF driving frequency is
6GHz and the BPF bandwidth is about 1nm. The laser output wavelength is set to
1550.0nm and is 1550.042nm or 193409.310GHz measured by a APEX optical
spectrum analyzer AP2440. The AP2440 have a +3pm wavelength absolute accuracy
after warm up and self calibrated and with a 20MHz resolution at FWHM.

To measure power loss of SSB modulation and investigate the signal

characteristic, an open loop test setup is performed as shown in Figure 5.4.

PPG

PC
Laser MZM © SSB Mod EDFA 0SA

Figure 5.4 Setup to test modulator loss and signal characteristic

The signal power after MZM is -23dBm. Figure 5.5(a) shows the ouput signal
spectrum after SSB modulator. The singal power is about -43dBm after SSB
modulation and the dominant sideband is the residual input signal but not the 3-rd
order harmonic due to the imperfect parameters for a real world modulator. The power
loss is -20dBm after SSB modulation. Figure 5.5(b) shows the spetrum after EDFA.

The sideband signals of the first and 3-rd order harmonic become comparable to the
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residual input signal power after amplification, but they are still more the 35dB

smaller than the signal power and negligible.
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Figure 5.5 Signal after SSB modulator (a) and after EDFA (b)
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Figure 5.6 shows the spectrum of port 3 of the 3dB coupler in the proposed
system setup and Figure 5.7 shows its time domain output after the photodetector in a
real-time scope. About 0.8nm wavelength tuning range has been achieved.

Because of the limited extinction ratio of MZM, some of lightwave will still
propagate through the MZM at the “off” state. The power ratio between “on” and “off”
is defined as extinction ratio for NRZ modulation. In our setup, the extinction ratio of
MZM is about 20dB. So when the pulse go through the loop and comes to port 3 of
the 3dB coupler, it will add the lightwave from the “off” state via port 1. It is about -
20dB less than the desired signal and becomes the dominant sideband interference
(other sidebands are about -35dB less from Figure 5.5). This will affect the
normalized power ratio and degrade the final wavelength accuracy of the system.
Another interference is the DC power of the ASE spontaneous-spontaneous beat noise.
it is about 1% of the input power and will greatly affect the normalized power ratio
when the reflection power from grating is around 10% of input. To eliminate the
interference, one solution is to keep the pulse width less than half of the loop time and
then the output of the following bit period from port 3 will contain the wavelength
shifted “off” state power from port 2 with EDFA noise and the “off” state power from
port 1. By subtracting the detection power of its following bit from the detection
power of itself, the interference component from port 1 together with the DC
component of ASE noise can be eliminated. This will greatly improve the

measurement accuracy. However, the penalty is that the noise power doubles and SNR
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decreases 3dB.

A tunable grating filter with 0.22nm FWHM bandwidth is used as sensor to
test this interrogation system. The tuning step is 0.1nm with tuning range from
1550.2nm to 1551.2nm. To test the accuracy and linearity of this filter, an APEX2440
is used to measure the output wavelength of the filter while tuning the wavelength in
0.1nm step. The result shows that the output wavelength is about 0.16nm lower than
the setting but the linearity is quite good that less than +2pm error in the range of
1550.2nm to 1551.2nm.

A method to extract the wavelength of sensor from its normalized reflection
pulse series is to use the ratios between the two pulses. The grating reflection spetrum
shape can be measured beforehand and will not change with tuning. By finding the
same ratio point in the grating reflection spetrum shape with the same frequency
seperation between the two pulses (multiple of 6GHz in this case), the relative
wavelength positions of the pulses in the grating spetrum shape is confirmed. And the
wavelength of the pulses are preseted, the grating wavelength then can be obtianed.
To simplify the calulation, only one group of two pulses are used to estimate the
grating wavelength and the frequency seperation between the two pulses is 24GHz

In this experiment, the reflection spectrum shape of the tunable grating filter is
measured by an APEX2240 with resolution of 10MHz. The data is smoothed using
local regression method and 5001 data points are selected to form the grating shape.

Figure 5.8 shows the normalized reflection shape. The peak is at point 2501 and
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frequency difference for adjacent points is 10MHz. For example, the power ratio
between 6GHz frequency difference can be obtaind from the power ratio of 600 points

difference.

0 1 I 1 1 1 1 I 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Figure 5.8 The normalized reflection shape of grating filter

Figure 5.9 shows the reflection pulses of grating filter at 1550.5nm. The time
period between the adjacent pulses is equal to the loop time and the pulse width is
about one quarterloop time. To reduce the noise and increase the measurement
accuracy, average of 100 adjacent sequences is implemented before other signal

processing.
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Figure 5.9 The reflection pulses of grating filter in real-time scope

After eliminated the sideband interference and normalized the power, the
largest reflection power appears in the 7-th pulse whose frequency is fo-6f,. So we
can use either ratio of 9-th and 5-th normalized reflection power to obtain the relative
position of the filter.

For example, when P9/P5=1.2275, P9 corresponds to point 1424 in Figure 5.8
and P5 corresponds to point 3824. And the peak wavelength is at point 2501, so the
measurement sensor frequency is 1323 points lower than P5, which means 13230MHz
lower. So the measurement frequency will be fo-4f,-13230MHz and equal to

193372.08GHz or 1550.340nm.

112



Chapter 5 SSB Modulation Based Interrogation System

P9/P5 P9 P5
1 1.2275 1424 2824
2 1.2295 1426 2826
3 1.2323 1427 2827
4 1.2368 1429 2829
5 1.2325 1427 2827
6 1.2292 1426 2826

Table 5.1 power ratios of pulses and its corrosponding relative positions

Table 5.1 shows the results in six measurements. The maximum position
difference of P9 is 13 points, which means 130MHz frequency difference.

Table 5.2 shows the maximum position difference, mean frequency and
standard deviation in six measurements for different grating filter wavelength. The
maximum is at 1550.9nm with 320MHz difference. For wavelength around 1550nm,
1pm is equivalent to about 125MHz. Based on the experimental results, a resolution

better than 2pm can be expected.

diff mean
(MHz) (MHz) 6 (MHz)
1550.3 130 193397.1 68.1
1550.4 220 193384.4 96.6
1550.5 130 193372.1 61.1
1550.6 160 193359.5 53.9
1550.7 70 193347 24.2
1550.8 240 193334.7 89.1
1550.9 320 193322.2 | 1403
1551.0 300 193309.6 | 120.5

Table 5.2 standard deviation at difference wavelegths

Table 5.3 shows the relationship between the measurement results of
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APEX2440 and the proposed SSB modulation based interrogator for the same tunable
filter wavelength. The error between these two is within +2pm in the whole

wavelength range. The absolute accuracy can be considerd the same as APEX2440.

APEX | 1550.14 | 1550.24 1550.34 1550.44
SSB 1550.139 | 1550.241 | 1550.33994 | 1550.4401
Diff | 0.000634 | -0.00053 | 6.4679E-05 -7.9E-05
APEX | 1550.54 | 1550.64 1550.74 1550.84
SSB 1550.542 | 1550.639 | 1550.74003 | 1550.8393
Diff -0.00192 | 0.000798 | -2.627E-05 | 0.0006608

Table 5.3 SSB modulation based interrogator measurements vs. APEX measurements

One of the most important characteristics for this proposed setup is the stable
relative wavelength accuracy. Because the optical tuning step is determined by the RF
driving frequency, it is much easier to guarantee the frequecy shift accuracy of light.
The tuning repeatability of normal tunable laser is typical +5pm, which means that
5pm wavelength error may induce while tuning. Because the initial tuning wavelength
is the wavelength of the input laser source, the absolute wavelength accuracy of the
proposed setup is depended on the light source. Commercial laser source with
frequency locking mechanism usually can have a better than +10pm long-term
accuracy, this would be quite enough for FBG sensing applications. Most of the time,
people are interested in how the mesurand changes but not the absolute value.

And the tuning range of the proposed setup can be easily changed with

different bandpass filters. This gives more flexibility for system design.
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5.4 Summary

In this chapter, an interrogation system based on single-sideband (SSB) modulation in
a loop setup is investigated. A laser lightwave is modulated by a 40MHz 128 bit NRZ
pattern with only one “1” at the beginning to generate a pulse lightwave. This pulse
cycles in the loop to produce a series of pulses at the output. And the SSB modulator
shifts the cycling pulse every cycle, so the series of pulses are wavelength tuned. By
carefully dealing with the sideband interference, a 5pm resolution can be obtained
after 100 times average of the detected signals in the real-time scope. So the
equivalent tuning speed is 3.125kHz at 5pm resolution, it can be applied to some high
speed sensing applications. The advantages of this setup are more stable wavelength
output and flexible tuning range adjustment.lt is a practical scheme as tunable source

in fiber sensor systems.
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Chapter 6 Conclusions and Future Work

6.1 Summary

Fiber Bragg grating (FBG) has been used in various kinds of sensing applications
with significant advantages over other fiber optic sensors. The multiplexing capability
is important for enhancing the performance and increasing the cost effectiveness of an
optical FBG sensor system. We proposed a code-division multiplexing technique for
the FBG sensor system. Special codeword was constructed to meet the system
requirement. Both code lengths of 2" and 2n were studied. For the code length of 2",
the number of “1’s in the codeword can reach the maximum of half code length; this is
the maximum power that can be launched into the fiber array with in a round-trip time.
But the disadvantage is that the 2" bit shifts periodic correlation between codeword
C, and its bipolar version D, would not be zero. So in the sensor system, the reflected
time delay between any two sensors must not be 2" bit period, or else they cannot be
distinguish from each other through the decoding process. For the more general case,
code sequences with a length of (where n is any even number) also has been
investigated. The maximum number of “1’s of a given code length 2n is derived. And
the rule to construct a 8n bit code sequence from a 2n bit code sequence is given.
Based on the unipolar-bipolar correlation processing, a sequence of pulses can be sent

into the sensor array within the round-trip time and the individual sensor outputs can
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be exactly separated from the overlapped signals. Operation principle and theoretical
analysis are given to understand the proposed sensor system. Experimental results
show good agreement with the theoretical analysis and demonstrate the great
feasibility of the proposed setup. With spectral shape compensation to reduce the
cross talk, the new scheme achieved multiplexing of 20 gratings along a single fiber
while maintaining the accuracy

Besides using the multiplexing method to reduce the cost per sensor,
reducing the cost of light source is also desirable. A novel and simple VCSEL-based
TFBG vibration sensing system is presented and demonstrated experimentally. The
sensor comprises a short optical fiber stub containing a weakly tilted Bragg grating
spliced to another slightly offset fiber. The tip-reflection sensing feature enables the
sensor head to be fabricated as small as 10 mm (possibly less). The high-speed
continuous wavelength tunable VCSEL enables the recoupled modes to work at a high
power level to obtain better signal-to-noise ratio at the output. Vibration measurement
up to 200Hz has been achieved by the proposed cost-effective sensing system.

And another more stable wavelength tuning light source utilizing single-
sideband modulation to tune the wavelength has also been studied and experimentally
demonstrated. The good relative wavelength tuning accuracy makes it more practical

than other tunable light sources in fiber sensing applications.
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6.2 Future work

Through the study of CDM method in FBG sensing system, it was found that
the spontaneous-spontaneous beat noise from overlapped signals is the dominant
noise source because it is proportional to the square of the number of overlapped
signals within a reflected bit period. This is the inherent drawback of CDM method.
One possible solution is to use a high speed tunable laser as the light source instead of
SLED and using the coherent detection method to mitigate the beat noise. The tunable
laser increases wavelength every round-trip time, the sequence of reflected signals
with the same wavelength then mixes with a local laser whose wavelength is slightly
different. A band pass filter can be used after the photodetector to remove the beat
noise from the overlapped signals.

Further studies of the SSB modulation interrogation system are needed.
Some simulation and theoretical analysis can be done to find out a better system setup
such as the relationship between noise and the resolution of wavelength shift and the

driving frequency.
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