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(Abstract) 

 
The health monitoring of smart structures in civil engineering is becoming more and 

more important as in-situ structural monitoring would greatly reduce structure life-cycle 

costs and improve reliability. The distributed strain and temperature sensing is highly 

desired in large structures where strain and temperature at over thousand points need to 

be measured simultaneously. It is difficult to carry out this task using conventional 

electrical strain sensors. Fiber optic sensors provide an excellent opportunity to fulfill this 

need due to their capability to multiplex many sensors along a single fiber cable. 

Numerous research studies have been conducted in past decades to increase the number 

of sensors to be multiplexed in a distributed sensor network. 

 

This dissertation presents detailed research work on the analysis, design, fabrication, 

testing, and evaluation of an intrinsic Fabry-Perot fiber optic sensor for quasi-distributed 

strain and temperature measurements. The sensor is based on two ultra-short and 

broadband reflection fiber Bragg gratings. One distinct feature of this sensor is its ultra 

low optical insertion loss, which allows a significant increase in the sensor multiplexing 

capability. Using a simple integrated sensor interrogation unit and an optical spectrum 

based signal processing algorithm, many sensors can be interrogated along a single 

optical fiber with high accuracy, high resolution and large dynamic range. Based on the 
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experimental results and theoretical analysis, it is expected that more than 500 sensors 

can be multiplexed with little crosstalk using a frequency-division multiplexing 

technology. With this research, it is possible to build an easy fabrication, robust, high 

sensitivity and quasi-distributed fiber optic sensor network that can be operated reliably 

even in harsh environments or extended structures. 
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CHAPTER 1 Introduction 

 

1.1 Motivation 

Strain and temperature measurements are of great importance to smart structures, system 

control and manufacturing process monitoring. Accurate in situ measurements of strain 

and temperature assist maintenance programs to identify problems in an early stage, so 

that proper actions can be adopted to assure safe and efficient operation, reduce 

maintenance cost and increase the operative life. Strain sensors have been used in a wide 

range of industry applications including aircraft, high buildings, nuclear boilers, turbine 

blades, tunnels, elevators, bridges, oil and gas pipelines, earthquake monitoring etc. They 

are also used in labs for stress analysis in structure designs. 

Various strain measurement technologies have been developed [1]. In practice almost all 

strain sensors are electrically based due to their high accuracy, good reliability and low 

cost. However, each sensor needs its own dedicated electrical connection and 

interrogation device. In many structural and process control applications, it is often 

desirable, and sometimes even imperative, that strain and temperature are monitored at 

multiple locations at the same time. When traditional electrical strain sensors are used, 

the sensor network is complex, difficult to install and maintain, and expensive. A 

distributed strain sensor network is in great demand. The motivation of this research is to 

meet the increasing demands for a quasi-distributed strain and temperature sensing 

system with high resolution, low cost, easy fabrication and robustness that can be 

operated reliably even in harsh environments or extended structures. 

Fiber optic sensors offer a possibility of supporting a large number of sensors in a single 

optical fiber line owing to the tremendous optical bandwidth and low power loss. The 

benefits of multiplexed sensors include the significant decrease in the cost per sensing 

point in a sensor network and simplified wire connection and maintenance. Besides the 
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multiplexing, fiber optic sensors also offer many other inherent advantages such as light 

weight, small size, passive operation, low power consumption, resistance to 

electromagnetic interference, high sensitivity, wide bandwidth and environmental 

ruggedness. In this work, we develop a fiber optic sensor of easy fabrication and 

robustness that has increased multiplexing capability for the distributed strain and 

temperature measurement along a single fiber. 

 

1.2 Brief Introduction of Stress and Strain 

1.2.1 Definition of stress 

Suppose that a solid is under external force loadings. If the body were cut, a force would 

be required to maintain equilibrium. The intensity of this force is defined to be the stress 

[2]. It has dimension of Force/Area. According to the force direction with respect to the 

cut surface normal, normal stress and shear stress are defined. Normal stress is induced 

when the applied force is along the normal direction of the cut area. The shear stress is 

induced when the applied force is in the direction perpendicular to the normal direction of 

the cut area. Considering an infinitesimal cubic cut from a solid, Fig. 1-1 illustrates the 

stress components on its surfaces [2]. 

 

In Fig. 1-1, σx, σy and σz are normal stresses, τxy, τxz, τyx, τyz, τzx and τzy are shear stresses. 

Generally, they are expressed in a matrix form as 

x xy xz

yx y yz

zx zy z

σ τ τ
τ σ τ
τ τ σ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

             (1-1) 

and it is called stress tensor at the given point. 
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σy

τyxτyz

σy

τyxτyz
τxy

σxτxz

τxy

σxτxzτzy

τzxσz

τzy

τzxσz

x

y

z  

Fig. 1-1. Stress components on an infinitesimal cubic element 

 

1.2.2 Definition of strain 

Stress causes deformation of the solid. Strain is the measurement of the deformation. 

Similar to stress, strain is also classified into normal and shear strain. Normal strain is 

caused by normal stress. It is defined as the change in length per unit length. Assuming a 

normal stress is applied on a bar shown in Fig. 1-2, it will elongate or contract. 

L ΔL

σ

L ΔL

σ

 
Fig. 1-2. Normal strain induced by normal stress loading 

 

The normal strain is defined as 
L

L
ε Δ
=                (1-2) 

The positive strain represents elongation, and the negative strain represents contraction. 

Strain ε is a dimensionless quantity and is generally less than 2000ppm [1]. When a 

normal stress is applied on a solid, strain occurs not only in the direction of the stress, but 

also in the direction perpendicular to the stress. This can be understood by imagining that 

the solid tends to keep its total volume as constant. The negative of the ratio between 

transverse stain and the axial strain is called Poisson ratio. Poisson ratio is one of the 

material properties and is denoted by ν. 



 

  
 

4

 

Shear strain is caused by shear stress. It is defined as the tangent of the deformation angle. 

Considering a shear stress applied to a solid as shown in Fig. 1-3. 

τ

α

τ

α

 

Fig. 1-3. Shear strain induced by shear stress 

 

A line perpendicular to the shear stress will deflect from its original position. The tangent 

of the angle between deflected line and the original line is defined as shear strain, γ. 

tanγ α=               (1-3) 

Strains are related with stresses by material property. For an isotropic and elastic material 

their relation appears as 

( ( ))x x y z Eε σ ν σ σ= − +            (1-4a) 

( ( ))y y x z Eε σ ν σ σ= − +            (1-4b) 

( ( ))z z x y Eε σ ν σ σ= − +            (1-4c) 

ij ijGτ γ=               (1-4d) 

where E is the modulus of elasticity and G is the shear modulus. 

 

For an element removed from a solid subjected to an arbitrary stress loading, one can 

always find a set of parallel planes such that shear stresses on these planes are zero. These 

planes are called principal planes [2]. Because the measurement of normal strain is much 

easier than the measurement of shear strain, in most applications, strain sensors are 
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attached only on the principal planes [2]. 

 

Not only stress can cause the deformation of materials, temperature change can also 

cause the deformation of materials due to the thermal expansion effect. For most 

materials, the fractional thermal expansion varies linearly with temperature within a large 

temperature range, and is given by 

th Tε α= Δ               (1-5) 

where α is the thermal expansion coefficient of the material. Typically, α ranges from 

10-6/oC to 10-5/oC. 

 

Since deformation can be caused by stress or temperature change, their discrimination is 

important in some applications. When only stress induced strain is of interest, the thermal 

expansion effect should be compensated. This is generally accomplished by simply 

subtracting the thermal expansion from the total strain, as long as the temperature and the 

thermal expansion coefficient of the material are known. 

 

1.3 Non-optical Strain Sensors 

The measurement of strain is generally achieved by embedding a strain sensor inside the 

host material or firmly attaching it on the host material. The deformation of the material 

is then transferred to the strain sensor with which the strain is measured. 

 

The earliest strain sensors are the mechanical instruments that measure the length change 

directly by mechanically amplifying it, for example, using a series of levers 

(extensometer) [1]. With careful design, the accuracy of these strain measurement 

instruments can be as high as that of most popular resistance strain gauges used today. 

However these instruments are very bulky and hard to operate. Generally, they are only 

used as calibration devices for other strain sensors. More compact strain sensors have 
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been developed for easier and more flexible operation. Transducers are designed to 

translate strain into other physical quantities that can be measured more easily and 

accurately. These quantities include electrical signal such as capacity, inductance and 

resistance, acoustical signal and optical signal. Available strain sensors are pneumatic, 

piezo-resistance, inductance, capacitance, electrical resistance, vibrating wire, and optical 

gauges. These strain sensors have different characteristics and are suitable for different 

applications. 

 

1.3.1 Electrical-resistance strain gauge 

The principle of the resistance strain gauge is based on changes in the resistance of a 

metal wire when it is tensed or compressed. It has been well understood that the 

resistance of a length of metal wire is proportional to the wire’s length and inversely 

proportional to its cross section area. When the wire is tensed or compressed, both its 

length and cross section area will change. The combination of these two effects causes a 

resistance change. For most metal materials, the resistance change is proportional to the 

strain, and can be written as, 
R K

R
εΔ

=               (1-6) 

where the proportional constant K is the gauge factor, ranging from 2 to 2.2 for most 

metals [1].  

 

Fig. 1-4 shows the picture of a foil resistance strain gauge. It consists of a grid of metal 

wires bonded on a polymer backing material. At the two ends of the grid where the foil 

filament is wrapped around, the resistance is designed to be as small as possible. This 

design can reduce the transverse sensitivity of the sensor. The resistance of the wire 

filament ranges from several tens to thousands of ohms. The gauge length ranges from 

0.2mm to 10cm. In most applications, strain is less than 2000με, and the accuracy of 10με 

is desired, therefore a very sensitive resistance measurement system is required [1]. 
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Wheatstone bridge is adopted for precision resistance change measurement in most 

resistance strain gauge measurement systems. 

 
Fig. 1-4. Foil resistance strain gauge and the Wheatstone bridge strain circuit 

 

Various materials are used for the foil filament of a resistance strain gauge. Depending on 

the specimen to be tested, a material with similar thermal expansion coefficient as that of 

the specimen is chosen to minimize the effect of temperature variation during 

measurement. The foil strain gauge is small, inexpensive and reliable. It has the 

resolution of 0.1με and maximum strain measurement capability of 200,000με [3]. 

Currently it is the most widely-used strain sensor in structure monitoring.  

 

1.3.2 Piezo-resistive strain gauge 

Piezo-resistive strain gauges are based on the piezo-resistive effect of semiconductor [3]. 

Instead of using a metal wire as the electrical resistance gauges, peizo-resistive gauges 

with a filament of a single crystal of silicon is used. Filament resistance change induced 

by strain is detected, but the gauge factor is more than 70 times higher than that of a 

metal wire [1]. Therefore, it has a much higher strain sensitivity. However, they suffer 

from their larger temperature sensitivity and tendency to drift. Moreover, their 

resistance-to-strain relationship is nonlinear, with a variation of 10-20% from a 

straight-line equation. With computer-controlled instrumentation, these limitations can be 

overcome. Therefore, piezo-electric gauges usually require relatively sophisticated 

instrumentation to measure its resistance change. They are extensively used in 

applications where extremely small strain measurement is the object and temperature 
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variation is small. 

 

1.3.3 Vibrating wire strain gauge 

The principle of the vibrating wire strain gauge is based on the change of vibrating 

frequency of a tensioned steel wire as its tension level changes. The gauge consists of a 

stretched thin steel wire secured between two anchorages which are attached on the 

testing material. When the distance between two anchorages changes due to the strain of 

testing material, the tension of the wire and its natural frequency also change. During the 

measurement, the wire is excited to vibrate and the frequency of vibration is detected to 

determine the strain applied on it. The advantage of this type of gauges is their highly 

stable operation with little drift. They are particularly suitable to be embedded into 

concrete to monitor strain throughout the service life of the structure, but their larger 

gauge size and expensive prices are disadvantages.  

 

1.3.4 Problems with non-optical strain sensors 

Although traditional non-optical strain sensors are inexpensive and robust for dynamic 

load applications, they suffer from many shortcomings. The most important one is that 

these strain sensors are point measurements that cannot be multiplexed. When a large 

structure is monitored, strains at over thousand points of the structure need to be 

measured in order to obtain accurate and complete information about the status of the 

whole structure loading. Although the sensors themselves are cheap, the cost of the 

required interrogation system, labour and cabling of installing such a significant number 

of sensors on a large structure often rules out their use. 

 

1.4 Fiber Optic Sensors 

Over the past few decades, fiber optic sensors have attracted considerable attentions for 

strain, temperature, pressure and other physical, chemical and biological parameters 
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sensing. Compared with traditional electrical sensors, fiber optic sensors offer many 

intrinsic advantages owing to their unique sensor material, sensing principle and signal 

processing. Some of the advantages of fiber optic sensors are listed below. 

• Light, small and energy efficient 

• Higher sensitivity, bandwidth, and dynamic range than most conventional sensors 

• Resistance to harsh environment such as high temperature and high pressure, 

therefore, can be used in harsh environment where electrical sensor can not work 

• Insensitivity to electromagnetic interference which is one of major sources of 

error for electrical sensors 

• Remote distance operation as permitted by the fiber low loss 

• Potential capability of multiplexing of many sensors along single optical fiber 

cable. 

Fiber optic sensors, though have so many advantages, are generally complicated to 

fabricate and require expensive signal processing units which are main drawbacks 

limiting their broad range of field applications. Most commercially successful fiber optic 

sensors were squarely targeted at applications where existing sensors can not work such 

as under harsh environments or in many cases nonexistent. Fortunately, their capability of 

multiplexing provides a great opportunity to compensate their disadvantage of high cost. 

With multiplexing, many fiber sensors can be constructed within a single fiber, and 

interrogated by a single interrogation unit to make measurements at different sensor 

locations. By sharing the interrogation unit, the cost per sensing point is greatly reduced. 

The more sensors that are multiplexed, the lower the cost is per sensor. Therefore, by 

expanding the number of sensors being multiplexed, the cost of fiber optic sensor 

network can be reduced to a level comparable to that of a traditional un-multiplexed 

sensor network or even lower. Other than decreasing the cost per sensing point, 

multiplexing of fiber-optic sensor also provides a perfect solution to the increasing 
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demand for measurement of spatial distribution of strain and temperature in structural 

health monitoring.  

 

A number of fiber optic sensor technologies [4-10] have been developed. They generally 

involve optical power loss or interference of optical waves within fiber or a bulk crystal. 

The sensor structure is designed such that the light intensity, phase or state of polarization 

within the sensor head is modulated by external physical, chemical or biological 

parameters [4]. The communication between sensors and the signal interrogation system 

is usually achieved with an optical fiber as enabled by its low loss, wide bandwidth, high 

mechanical strength and flexibility. 

 

There are several multiplexing technologies for the fiber optic sensors. One class of 

multiplexing technology is based on the light scattering within optical fiber due to 

impurities in the glass during the manufacturing process. The intensity of the scattered 

light is detected to determine the perturbation to the fiber. For this class of sensor, fiber 

cable itself acts as a sensor. Since scattering occurs everywhere within fiber, parameters 

at any point along the fiber can be measured by this method. This is referred as fully 

distributed sensor. 

The other class of distributed fiber optic sensor is so-called quasi-distributed sensor. In a 

quasi-distributed sensor network, a series of point sensors are constructed along a single 

fiber cable. At these point sensor locations, optical signal is modulated by the external 

perturbation. The modulated signal from each sensor travels along the same fiber to the 

signal interrogation system where each sensor’s signal is extracted and the corresponding 

perturbation at that sensor point is determined. With a quasi-distributed sensor network, 

perturbations are measured only at these discrete sensor locations.  

 

1.4.1 Fully distributed fiber optic sensor 
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With scattering based fiber optic sensors, the fiber’s backscattered light is sensitive to 

external physical parameter to be measured. To measure the backscattered light and, at 

the same time, to obtain the spatial information of the scattering, an optical time domain 

reflectometry (OTDR) [11, 12] technology is utilized. The basic principle of operation of 

OTDR is shown in Fig. 1-5.  

Pulsed laser

Photo detector

processor

Scattering in optical fiber

OTDR
Data acquisition

coupler

 

Fig. 1-5. Operation principle of OTDR  

 

An OTDR system consists of a pulsed laser, a photo detector, data acquisition and signal 

processor. During the operation, the pulsed laser launches a short optical pulse into the 

fiber via a directional optical coupler. As the pulse travels along the fiber, it is scattered 

in all directions. Some of the backscattered light is re-coupled into the same fiber and 

guided to the photo detector and the processor where its power is measured as a function 

of time. The received power decays as time increases, since the pulse is constantly 

attenuated due to the scattering during its propagation in fiber. The location of the 

scattering is discriminated by analyzing the time delay of the received pulse respect to a 

reference point in fiber. By measuring the variation of backscattering coefficient, the 

perturbation at any point of fiber can be determined. Several scattering mechanisms have 

been used for fully distributed sensor application. They are Rayleigh scattering [13], 

Raman scattering [14-17], and Brillouin scattering [6, 18-21]. Different measurement 

systems are developed for each mechanism. 
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1.4.1.1 Rayleigh scattering 

Rayleigh scattering in optical fiber is caused by small “particles” due to random 

fluctuations in the index profile along the fiber length [22]. The size of “particles” is on 

the order of one-tenth of the light wavelength or less. The scattered light has same 

frequency as the incident light. In a Rayleigh scattering based sensor system, a simple 

OTDR system is configured to detect the power of the backscattered light that may vary 

with temperature. The time-varying light power returned to the launching end due to 

Rayleigh scattering in optical fiber is given by [13] 

( )0 s g g0

1( ) ( ) ( ) exp ( )
2

t
p t PWS z z V z V dtα α= −∫       (1-7) 

where P0 is the power launched into the fiber, W is the pulse width, S(z) is the ratio 

between the reverse-coupled power and the total scattered power at the point of scattering 

and is determined purely by the fiber geometry and refractive index profile, αs(z) is the 

Rayleigh scattering loss coefficient, Vg is the group velocity, and α(z) is the fiber 

attenuation coefficient. The distance z from the launching end is directly related to the 

two-way time of traveling, t, of the light via z = Vgt/2. 

In a solid fiber, the small refractive index variations arise from thermally-induced density 

changes when the glass is molten, which are “frozen” into the glass structure as it is 

cooled after the drawing process. As a result, the scattered light intensity varies little with 

temperature. However, a large sensitivity of Rayleigh scattering loss to temperature 

change was found in liquid-core fibers. This effect was utilized for distributed 

temperature sensing for the first time [13]. A resolution of 1 m over fiber lengths of more 

than 100 m, with a temperature accuracy of 1oC was achieved. Although very sensitive to 

temperature, the liquid-core fibers are inconvenient to operate and not practical. 

 

1.4.1.2 Raman scattering 

Raman-based distributed temperature sensors are now well established as successful 
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sensors, both technically and commercially [14-17, 23]. They have low cross-sensitivity 

to other parameters such as strain, pressure, cable type, etc. The Raman scattered light is 

produced by inelastic scattering of incident light by vibrating molecules in silica glass 

material of the fiber. The process involves excitation of the molecule by absorption of an 

incident photon and the remission of a photon at different frequency, either greater or 

smaller than that of the incident photon. The magnitude of the frequency shift is related to 

the discrete vibrational frequency of the molecule. The lower frequency radiation, termed 

the Stokes light, results from an excitation of molecule from the ground state whilst the 

higher frequency radiation, termed the anti-Stokes light, results from an excitation of 

molecule that is already in an excited state. The number of molecules in excited and 

ground state depends on the absolute temperature and thus the corresponding Raman 

radiation level can be used to measure the absolute temperature. In Raman scattering, the 

ratio R of anti-Stokes to Stokes signal level observed at equal frequency separation ν from 

central excitation line is given by [24]: 
4

s

a-s B

( ) exp cR T
k T

λ ν
λ

⎛ ⎞ ⎛ ⎞− Δ
= ⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠

h           (1-8) 

where ћ is the Planck constant, c is the velocity of light in vacuum, kB is the Boltzmann 

constant, T is the absolute temperature, λs and λa-s are the wavelengths of stokes and 

anti-stokes light being monitored. It is thus clear that the ratio on anti-stokes to stokes 

backscatter signal intensities can provide an absolute value of temperature of the medium 

irrespective of laser power, launch conditions, fiber geometry, etc. 

The disadvantage of the Raman scattering is the relatively low Raman scattered signal 

that is between 20 and 30dB weaker than the Rayleigh signal, therefore, results a low 

signal to noise ratio [19]. Extensive improvements to Raman scattering sensor system 

have been made. These improvements include the use of two wavelengths so that Stokes 

and anti-Stokes wavelengths suffer no differential loss [25], measurement from both ends 

to compensate for fiber loss [15] and, the use of photon counting [26, 27] to increase the 
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signal to noise ratio by up to about 20dB [17] and to improve the spatial resolution down 

to a few centimeters [28].  

 

1.4.1.3 Brillouin scattering 

Index variations caused by the pressure differences of an acoustic wave traveling through 

a fiber can also scatter light. This scattering, called Brillouin scattering, occurs for a given 

direction in a similar way of the light coupling within a fiber Bragg grating, and induces a 

Doppler frequency shift of the scattered light due to the moving grating structure. The 

Stokes light is generated when light is scattered from an axially propagating acoustic 

wave moving in same direction as the incident light, and the anti-Stokes light from one 

moving in opposite direction.  

The frequency shift of Brillouin scattered light depends on the light wavelength and the 

sound velocity within fiber, and is given by [19] 

B
2 anVf
λ

= ±               (1-9) 

for Stoke and anti-Stoke’s light. In the above equation, n is the index of refraction, Va is 

the velocity of sound, and λ is the light wavelength. Any physical parameters that modify 

the fiber density, such as temperature changes as well as strain, cause a variation of the 

sound velocity and can be measured by Brillouin frequency shift analysis. 

In silica fiber, the acoustic noise is created by the Brownian motion of its molecules 

(thermal noise). The scattering induced by this acoustic noise is referred as spontaneous 

Brillouin scattering. It is about 20dB weaker than Rayleigh scattering [19]. However, the 

Brillouin scattering can be enhanced by a stimulated Brillouin scattering (SBS) process 

following the spontaneous Brillouin scattering due to the electrostriction effect of silica 

fiber material.  
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The measurement of Brillouin scattering line can be achieved by a coherent detection 

method [29, 30] or a counter propagating method [31-34]. The first method, also called 

Brillouin optical fiber time domain reflectometry (BOTDR) is based on the spontaneous 

Brillouin scattering, in which a pulsed light is launched into a fiber and backward 

spontaneous Brillouin scattering is measured with a coherent receiver by mixing the 

scattering with a local oscillator light. By electrical filtering, the receiver can achieve 

narrow frequency resolution.  

In the counter propagating method, the SBS is measured by launching a pulsed laser and 

a continuous-wave (cw) laser in a fiber but with opposite propagating directions. As the 

pulsed laser and the cw laser are tuned to match the SBS frequency shift, the cw laser 

experiences gain through SBS process and is measured as a function of time at the pulsed 

laser end. This method is also called Brillouin optical fiber time domain analysis since the 

light transmission instead of reflection is measured. High frequency resolution can be 

obtained using narrowed-linewidth lasers both for the pulsed and cw lights. 

 

1.4.1.4 Problems with scattering based fully-distributed sensor  

The common problem of scattering based sensors is their low spatial resolution due to the 

difficulty to obtain very short optical pulse width. The spatial resolution δz of the OTDR 

is 

2
vWzδ =                (1-10) 

where v is the light speed in fiber and W is the pulse duration. For a 100 ns pulse width, 

above equation yields a 10 m spatial resolution. Another disadvantage is the scattering 

signal is very weak and results in a low signal to noise ratio that limits the measurement 

accuracy and resolution. Temperature resolution on the order of 1oC and strain resolution 

on the order of 10με are typically achievable [13, 35]. In addition, the scattering based 

sensors are optical intensity modulated, therefore, the optical power fluctuation which 
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occurs very often due to unpredictable fiber bending loss, light source variation due to 

temperature change, and the fiber system assemble may introduce large measurement 

errors. 

 

1.4.2 Quasi-distributed fiber optic sensor 

Quasi-distributed optical sensor system is realized by the interrogation of a series of point 

sensors along a single optical fiber. Compared with the fully-distributed sensors, the 

quasi-distributed sensor has much higher spatial resolution since an individual point 

sensor can be made very small, typically less than 1cm and as small as few tens of micron 

is achievable. Another advantage of the quasi-distributed sensor is it can generate much 

stronger optical signal and provides a much higher signal to noise ratio, therefore, yields 

higher measurement accuracy and resolution than fully distributed sensor. Two types of 

point sensors, the fiber Bragg grating sensor and fiber Fabry-Perot interferometer sensor, 

have been well investigated for quasi-distributed optical fiber sensing applications 

[36-41]. 

 

1.4.2.1 Fiber Bragg grating (FBG) sensors 

In 1978, K. O. Hill and his co-workers discovered photosensitivity in germanium doped 

silica fiber [42, 43]. When germanium doped fiber is illuminated by ultraviolet (UV) light, 

its refractive index will increase as irradiation time and power. FBG is fabricated with 

this effect. FBG basically consists of a periodic refractive index modulation within 

optical fiber core. When light is incident to a FBG, only a narrow wavelength bandwidth 

centered at Bragg wavelength is reflected and all other wavelengths are transmitted 

without attenuation as shown in Fig. 1-6. Due to their wavelength selectivity, FBGs are 

often used as optical filter and add/drop multiplexer for wavelength division multiplexing 

in fiber optic telecommunications. The Bragg wavelength λBragg is proportional to the 
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period of the grating modulation Λ and the average effective index of refraction effn  of 

fiber mode in grating section, 

Bragg eff2nλ = Λ              (1-10) 

Because both the period of the grating modulation and the effective index of refraction 

can be modified by external parameters such as temperature, strain, pressure etc., it is 

also used as an excellent sensing element to measure these parameters by detecting Bragg 

wavelength changes. Numerous FBG sensors have been successfully embedded into 

composite material as strain and temperature sensor for structural health monitoring in 

civil industry. The interrogation of an FBG sensor element is based on the illumination of 

the FBG by a broadband light source. The reflected narrowband light from the FBG is 

directed to a wavelength detection system. Several techniques are utilized to measure the 

wavelength of optical signal reflected by a FBG, such as using an optical spectrum 

analyzer or a spectrometer to obtain the optical spectrum of the FBG signal [44-47], 

transferring the wavelength shifts into optical intensity variations using broadband filters 

[48, 49], tracking the wavelength with a tunable bandpass filter [50-52], and 

interferometric detection [53-55]. 

 

input

output
FBG

λ

λ

λλ

output

 
Fig. 1-6. Principle of fiber Bragg grating sensor 

 

Advantages of FBG sensor include: absolute measurement without reference, intrinsic 

wavelength-encoded operation which eliminates the error induced by light power 

fluctuations that exists in all intensity-based fiber sensors, and distributed sensing 
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capability. Among these advantages, multiplexing capability for distributed 

measurements is the most important one. Some of multiplexing schemes used for FBG 

sensors are wavelength-division multiplexing and time-division multiplexing. 

 

Wavelength-division multiplexing (WDM) of FBG sensors 

Due to their narrow reflection bandwidth, FBGs of different Bragg wavelengths can be 

conveniently integrated into the core of same fiber to obtain spatial distribution of 

measurands via a WDM technique. Fig. 1-7 shows a WDM multiplexed FBG sensor 

system. A light emitting diode (LED) light source sends broad spectral band of light into 

the fiber with a FBG sensor array built in. Each FBG sensor has a unique Bragg 

wavelength. The total reflected light from the FBG sensors is directed to the optical 

spectrum analyzer (OSA) through a 3dB coupler and the Bragg wavelength of each 

sensor is detected for strain or temperature measurement. FBGs, though appropriate for 

WDM multiplexed sensing applications, have limited multiplexing capability due to the 

finite bandwidth of light sources. For example, in strain measurement, to attain a 

measurement range of 1000με, a wavelength range of ~2nm must be reserved for each 

sensor to avoid overlap of their Bragg wavelengths during the measurement. For light 

source with 1520-1570nm bandwidth, about maximum 25 sensors can be multiplexed.  
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Fig. 1-7. Wavelength division multiplexing scheme of FBG sensors 

 

Time-division multiplexing (TDM) of FBG sensors 
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FBG sensor can also be multiplexed using a TDM scheme. The principle of TDM, similar 

to that of the fully-distributed sensor system, is also based on the OTDR technology. Fig. 

1-8 shows a TDM system for FBG sensors. A pulsed light is launched into the FBG 

sensor array. When the input pulse duration is shorter than the round trip time between 

two FBG sensors, the reflected light from these two sensors will be separated in time 

domain and they can be detected in-order with a high-speed electronic switching unit. In 

TDM, signal is reflected from discrete sensor points along fiber instead of continuously 

scattered everywhere in scattering based sensor. The number of FBG sensors can be 

multiplexed is greatly increased by reusing the light source spectrum at every FBG sensor 

reflection. TDM multiplexed FBG sensors have same Bragg wavelength, so the low 

reflectivity of grating should be used to avoid the crosstalk between different sensor’s 

signal. However, this will also decrease the signal to noise ratio and results low 

measurement resolution. One hundred FBG sensors can be multiplexed when each FBG 

has reflectivity less than 0.13% [36]. To further increase the number of multiplexed 

sensor, a hybrid WDM and TDM has been demonstrated [37]. 
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Fig. 1-8. Time division multiplexing scheme of FBG sensors 

 

1.4.2.2 Fiber Fabry-Perot interferometric (FFPI) sensor 

Another area of great interest has been the development of high performance 

interferometric fiber optic sensors. Unbalanced Sagnac, Mach-Zehnder, Michelson, 

polarimetric and low-finesse FFPI all belong to this type of sensor [56]. Of these sensors, 
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the FFPI sensor shows a great potential for quasi-distributed strain and temperature 

measurement in smart structure monitoring due to its simple structure, high stability, low 

cost, small size and ease of being embedded into structure materials. 

A FFPI sensor consists of two parallel partial reflective mirrors. Incident light is guided to 

two mirrors through an optical fiber. The incident light is partly reflected at the first 

mirror. The transmitted light travels through the cavity between two mirrors and is again 

partly reflected at the second mirror. The reflected light signal from two mirrors is 

re-coupled into the same fiber and guided to a detector. Due to different optical path 

lengths, a phase difference is induced between the two reflected lights. The interference 

of two lights produces a fringe pattern in the light spectrum. The principle is illustrated in 

Fig. 1-9 in which two fibers are aligned along fiber axial direction. Both fiber ends are 

cleaved to act as reflection mirrors. The lead-in fiber guides light into the cavity and also 

collects reflected light from cavity. For weak reflectivity, the interference fringe can be 

written as 

1 2 1 2 cosR R R R R ϕ= + +           (1-11) 

where R1 and R2 are the two mirrors reflectivity and φ the phase difference is given by 
OPD 2ϕ π
λ

=              (1-12) 

where OPD is the optical path length difference between two reflected lights. By 

analyzing the interference fringe, the OPD of the FFPI can be deduced. The OPD of FFPI 

can be designed to be sensitive to different parameters, therefore, acts as different 

sensors. 
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Fig. 1-9. Principle of FFPI sensor 
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FFPI sensor has advantages of simple structure, low cost, easy fabrication, and versatility. 

There are many designs of the FFPI sensor structure for a variety of applications. It can 

be made along the fiber for strain and temperature sensing, or constructed at the fiber end 

for pressure, acoustic wave and biomedical sensing. Based on the structure of the 

Fabry-Perot cavity, FFPI sensors are classified into two categories: extrinsic Fabry-Perot 

interferometer (EFPI) sensor and intrinsic Fabry-Perot interferometer (IFPI) sensor. In an 

EFPI sensor, the Fabry-Perot cavity is outside of the fiber. The fiber acts only as light 

transmission media. It guides the probing light into to the FFPI sensor and then collects 

and guides the reflected light signal from the sensor back to the detector. In an IFPI 

sensor, the mirrors are constructed within the fiber. The cavity between two mirrors acts 

both as sensing element and waveguide. Light will never leave the fiber.  

 

EFPI sensor 

Fig. 1-10 shows a typical EFPI sensor [57, 58] based on capillary tube. One cleaved fiber 

end (lead-in) is inserted into a glass capillary tube and another cleaved fiber end (target) 

is inserted into the tube from the other end. Both lead-in and target fibers are thermal 

fusion bonded with the tube. The cavity length between the two fibers is controlled using 

a precision optical positioner prior to the thermal fusion bonding. The reflectivity at the 

fiber/air interface can be evaluated using the Fresnel formula [59] 
2

0 1

0 1

n nR
n n

⎛ ⎞−
= ⎜ ⎟+⎝ ⎠

             (1-13) 

where n0 and n1 are indices of refraction in air and glass, respectively. The index of 

refraction of fiber material is 1.45, and 1 for air, yields a reflectivity of 3.37% from each 

mirror. The inner diameter of the tube is the same as the diameter of the fiber. Therefore, 

the two fibers are self-aligned during fabrication. This sensor has been found in a wide 

range of sensing applications to measure various physical or chemical parameters such as 
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displacement, temperature, strain, pressure, acoustic waves, and flow. One of advantages 

of this EFPI structure as a strain sensor is that its gauge length and cavity length can be 

different. The strain sensitivity is determined by the gauge length, while the temperature 

sensitivity is determined only by cavity length since the fiber and tube have same thermal 

expansion coefficient. Therefore, by making the gauge length much longer than the cavity 

length, the sensor temperature sensitivity is much less than the strain sensitivity. So, no 

temperature compensation is needed. 

gauge length

cavity length

thermal fusion bonding

airgap

target fiberlead-in fiber

 

Fig. 1-10. Capillary tube based EFPI sensor 

 

Other EFPI sensors are also investigated, such as bonding a diaphragm closely to a 

cleaved fiber end-face for pressure and acoustic wave measurement [60, 61] and splicing 

a capillary tube between two fibers [62].  

The primary problem of multiplexing EFPI sensors is the high coupling loss of light 

within the Fabry-Perot cavity since the light is not bounded as it propagates within the air 

gap. The large refractive index difference between glass and air also induces high 

reflection loss. In order to multiplexing more sensors, individual sensor’s insertion loss 

must be small to minimize the light signal crosstalk between two sensors. Therefore, with 

this EFPI sensor, very limited sensors, typically less than ten, can be multiplexed due to 

its high insertion loss. 

 

IFPI sensor 
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An IFPI sensor contains two mirrors separated by a distance within a fiber core. The 

earliest IFPI sensor probably is the spliced TiO2 thin film coated fiber IFPI sensor [63]. In 

this sensor internal mirror is introduced in fiber by thin film deposition on the cleaved 

fiber end followed by fusion splicing as shown in Fig. 1-11. 

cavity length

Thin film  

Fig. 1-11. Thin film based IFPI sensor 

 

Several other methods are also used to produce internal mirror, such as using vacuum 

deposition, magnetron sputtering, or e-beam evaporation [64, 65]. These IFPI structures, 

though greatly reduces the optical power loss within the cavity, suffers large reflection 

loss from thin film coat, therefore, not suitable for multiplexing. In addition, it is also 

difficult to control the film’s thickness and quality during coating and splicing process. 

Some research studies have been conducted to decrease the power loss by introducing 

very week reflective mirrors within fiber core. Z. Huang reported a technique to produce 

weak reflective mirror by splicing two different core diameter fibers [41]. This report 

provides a very simple method to make IFPI sensor, however it also has some 

disadvantages. The reflectivity of the mirror highly depends on the splicing condition and 

is hard to control, which results a low yield rate in fabrication. In addition, it is also 

difficult to control the cavity length of the sensor which is very important in multiplexed 

sensor design. The sensor insertion loss of 0.8dB is still relatively high. Another weak 

reflective mirror is produced within photosensitive fiber core using UV light irradiation 

[40]. However, the refractive index change of more than 0.005 requires the type II 

photorefractivity which could significantly degrade the fiber mechanical strength and 

increase the insertion loss [66]. An insertion loss of 0.1dB was observed in this sensor. In 
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order to increase the fiber sensor’s multiplexing capability, Shlyagin et al proposed a 

FFPI sensor based on twin Bragg gratings and a combination of WDM and FDM scheme 

[38]. The length of FBG mirror was ~0.5mm corresponding to a reflection bandwidth of 

~3nm, and the reflectivity was about 0.3%. Signals from same wavelength channel are 

demodulated in frequency domain, and signals from different wavelength channel are 

demodulated on the basis of WDM technology. With the combined WDM and FDM 

scheme, interrogation of more than 100 sensors using this scheme was theoretically 

expected. 

 

1.5 Summary and Scope of Research 

This chapter first reviewed various types of non-optical strain sensors for structure health 

monitoring. These strain sensors, though reliable, low cost and highly accurate, can not 

be multiplexed. In an increasing amount of applications, distributed sensing capability of 

a sensing system is required. Fiber optic sensors are an excellent candidate to fulfill these 

needs. Both fully distributed and quasi-distributed fiber optic sensors are introduced. 

However, as discussed in previous sections, existing sensor technologies have problems 

such as low spatial resolutions and measurement accuracy in fully distributed sensor, and 

limited capability to multiplex more sensors for quasi-distributed sensors. Increasing the 

multiplexing capability is critical to reduce the sensor network cost, and make it compact 

and simple to use. Many research studies have been conducted to increase FBG sensors 

multiplexing capability. However, they generally involve a complicate measurement 

system and the signal processing task is challenging. The primary difficulty in 

multiplexing FFPI sensors is the high reflection or insertion loss of individual sensor 

introduces large measurement errors to sensors at the far end of the fiber. Although 

various FFPI sensor structures and fabrication techniques have been proposed to reduce 

the sensor insertion loss, large room for improvement still exists. 
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The goal of this Ph.D. research work is to develop an easy fabrication, robust, high 

sensitivity and quasi-distributed fiber optic sensor that can be densely multiplexed in a 

sensor network to measure strain and temperature. The sensor operation principle is based 

on fiber Bragg grating (FBG) and Fabry-Perot (FP) interferometer in which two ultra 

short and wideband FBGs are cascaded to form a low reflectance FP interferometer. One 

distinct feature of this sensor is its ultra low optical insertion loss. Therefore, a large 

number of sensor signals can be multiplexed with minimum crosstalk. Sensors with 

different cavity lengths are multiplexed using a frequency multiplexing scheme and 

spectrum analysis technology which is well known for its high measurement resolution, 

high accuracy and large dynamic range. In addition, the use of the phase mask technology 

makes the sensor fabrication process simple, highly repeatable and flexible. The sensor 

fabrication process involves no cleaving, coating, etching and splicing. Therefore, it has 

high mechanical strength for handling and installation and is very suitable to be 

embedded within structure material for health monitoring. 

 

The rest of this report is arranged as follows. Chapter 2 introduces the theoretical analysis 

of the sensor with emphasis on sensor signal response to external parameters, signal 

processing and multiplexing principle. Chapter 3 focuses on the implementation of the 

multiplexed sensor system including sensor element fabrication, signal interrogation, 

sensor design, signal demodulation and its multiplexing capability analysis. In Chapter 4, 

we evaluate the sensor performance in temperature and strain measurement and its 

multiplexing. Experimental results are provided and discussed. In Chapter 5, conclusions 

and recommendations for future work are presented. 
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CHAPTER 2 Principle of Multiplexed Fiber Optic Sensors  

 

The principle of the multiplexed fiber optic sensor system is schematically illustrated in 

Fig. 2-1. 
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Fig. 2-1. Multiplexed fiber optic sensor system 

 

Light from a broadband light source is launched into the optical fiber along which IFPI 

sensors are deployed. The reflected light signal from the sensor array is coupled into a 

spectrometer through a 3dB coupler. The detected spectrum is then sent to a personal 

computer for signal processing where each sensor’s reflection signal is demodulated. The 

anti-reflection at both far ends of fiber arms is to eliminate the noise caused by Fennel 

reflection from the fiber end/air interfaces. The IFPI sensor structure consists of two FBG 

mirrors separated by a distance within the optical fiber core. This chapter will focus on 

the theoretical discussion of the multiplexed sensor system starting with the analysis of 

the sensor signal followed by the descriptions of the measurement principle, responses to 

external perturbation such as strain and temperature, its multiplexing scheme and signal 

processing. 

 

2.1 Principle of Fabry-Perot (FP) Interferometer 
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A FP interferometer consists of two partial reflection mirrors placed in parallel to each 

other. The cavity length between the two mirrors is d. When light is incident into the FP 

interferometer, it will be reflected back and forth between the two mirrors. At each 

reflection, part of light is also transmitted. The total reflection and transmission are the 

interference of all transmitted lights at the two mirrors. Fig. 2-2 illustrates the 

multi-reflection of light between the two mirrors and corresponding transmitted light 

beams. Three regions are designated based on mirrors positions as shown in Fig. 2-2. 
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Fig. 2-2. Configuration of Fabry-Perot interferometer 

 

The electrical field of incident light wave propagating in z direction can be written as 

( , , , ) ( , ) exp( ) exp( )E x y z t e x y j z j tβ ω= −
r r        (2-1) 

Let rij and tij represent the complex amplitude reflection and transmission coefficients, 

respectively, as light propagates from region i to region j. Then the mth reflected and 

transmitted beams rm and tm as indicated in Fig. 2-2 are [67] 

( )
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1
12 21 23 21 23 exp( ), 0m
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r t t r r r jm mφ−

=⎧⎪
⎨

= − >⎪⎩
       (2-2a) 

and 

( ) 1
12 23 21 23

1exp[ ( ) ]
2

m
mt t t r r j m φ−= − −         (2-2b) 

where φ  is the phase delay caused by a single round trip of light between two mirrors, 

and it is equal to 
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2 22 OPDndπ πφ
λ λ

= ⋅ =            (2-3) 

where n is the index of refraction in the region 2, OPD = 2nd is the optical path length 

difference within the cavity, and λ is the wavelength of light in vacuum. The total 

complex amplitude reflection and transmission coefficients rFP and tFP of the FP 

interferometer are the sum over all reflected and transmitted beams, respectively, namely 
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When the two partial reflection mirrors are formed by surfaces of a slab of dielectric 

material placed in air, then the two mirrors will have the same reflection and transmission 

coefficients, and we can write the power reflectivity R and transmissivity T as 

2 2
12 21

12 21

R r r
T t t
⎧ = =
⎨

=⎩
            (2-5a, b) 

then Eq. 2-4 reduces to 
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          (2-6a, b) 

The power reflectivity RFP and transmissivity TFP of the FP interferometer can be 

calculated from Eq. (2-6a, b) via 
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where 
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2

4
(1 )

RF
R

=
−

              (2-8) 

is called finesse of the spectrum fringe. 

 

Fig. 2-3(a) and (b) are the simulated power reflectivity and transmissivity of a FP 

interferometer with different mirror reflectivity and finesse. Due to the interference, 

maximum and minimum reflectivity occurs periodically as the wavelength is scanned. At 

the peak wavelengths, the phase difference between interference beams is the integer 

number of 2π, and they correspond to constructive interference. At the valley 

wavelengths, the phase difference between interference beams is the integer number of 2π 

with an addition of π, and it corresponds to destructive interference. As can be seen from 

the transmission spectrum, a higher finesse FP interferometer produces a narrower 

bandwidth of an individual transmission peak. By metallic coatings, the finesse can be 

made very high to act as a narrow band optical filter. The peak position λpeak and the 

separation between two adjacent peaks, called free spectrum range (FSR), in the 

reflection spectrum are given by 

peak OPDmλ =              (2-9) 

and 

2

FSR
OPD
λ

=              (2-10) 

where m, called the peak order, is a positive integer number. Therefore, in a FP 

interferometer sensor, its cavity length or OPD is encoded into the reflection and 

transmission spectra and can be deduced by analyzing the sensor’s reflection or 

transmission spectrum changes. Several techniques of detecting a FP sensor spectrum 

change, such as measuring the reflected power at a given wavelength, tracing the 

spectrum peak shift, and using a scanning reference interferometer will be discussed in 

section 2.3 of this chapter. 
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 (a) Reflection       (b) Transmission 

Fig. 2-3. Simulated reflection and transmission spectrum of the FP interferometer 

 

2.2 Ultra-Short FBG Based IFPI Sensor (USFBG-IFPI) 

2.2.1 Reflective spectrum of a single FBG 

FBG is a special Bragg grating photo-imprinted within optical fiber core by ultraviolet 

(UV) light irradiation. The key elements of a FBG are period, chirp rate, length, and 

depth of index of refraction modulation. For a uniform FBG, its index of refraction along 

the fiber axis can be approximately written as a sinusoidal form: 

1 1 0
core

1

2cos ( ) ,    0
( ) 2

,                                                otherwise

nn n z z z L
n z

n

π⎧ Δ ⎡ ⎤+ Δ + − < <⎪ ⎢ ⎥= Λ⎣ ⎦⎨
⎪⎩

    (2-11) 

where n1 is the unperturbed index of refraction of the fiber core, 
n

 is the average 

index change in the grating region, Δn is the index modulation depth, Λ is the index 

modulation period, and z0 is the initial phase of the sinusoidal modulation. The index 

modulation specified by Eq. (2-11) is illustrated in Fig. 2-4. 

FSR 
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Fig. 2-4. Index of refraction modulation of FBG 

 

For a single mode fiber, the electrical field of the fiber mode can be written as 

2

1
( , , , ) ( , ) exp( ) exp( )k k k

k
E x y z t a e x y j z j tβ ω

=

= −∑
r r      (2-12) 

where k = 1, 2 represents the forward and backward propagating fiber mode, respectively. 

A forward propagating mode can be coupled into backward propagating mode by a 

grating structure. The coupling is dominated by the coupled mode equation [68, 69]: 

exp( )k
m km km

m

da j a j z c
dz

= − Δ∑           (2-13) 

Solving the above equation with the index profile given by Eq. (2-11) yields 

2

0 0 2

1 2 2
2

2 0 2

[ sinh ( ) cosh ( )]

sinh ( )

Szj z

j z Szj z

a e S z z jS S z z e

a c e e S z z e

δ

β δ

σ −

− −−

⎧ = − − −⎪
⎨

= − −⎪⎩
    (2-14a, b) 

then we obtained the complex amplitude reflection and transmission coefficients of the 

grating in a single mode 

0 0exp( 2 )sinh''( , ,0, )
( , ,0, ) sinh cosh
'( , , , ) exp( )
( , ,0, ) sinh cosh

j L

c j z SLE x y tr
E x y t SL jS SL

E x y L t jS j Lt e
E x y t SL jS SL

β

π

σ
δ

σ
−

⎧ − −⎪ Λ= =⎪ −⎨
⎪ −
= =⎪

−⎩

     (2-15a, b) 

where E, E' and E'' are electrical fields of incident, transmitted and reflected light from 

the grating, respectively. In Eq. (2-15), c0 is called the AC coupling coefficient and is 

given by 
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20
0 1

core

1 | ( , ) |
2 4 tc e x y dxdy n nωε

= ⋅ Δ∫∫         (2-16) 

where ω is the angular frequency of the light, ε0 is the permittivity of the vacuum, 

( , )te x y  is the transverse component of the electrical field of the waveguide mode. For a 

single mode fiber, the integration in Eq. (2-16) is approximated with 

20
1

core

2| ( , ) |
4 te x y dxdy nωε π

λ
⋅ ≅∫∫          (2-17) 

therefore, we have simple relation of 

0c nπ
λ

≅ Δ               (2-18) 

Other parameters in Eq. (2-15) are defined as 

0ĉσ δ= +               (2-19) 

eff2 nπ π πδ β
λ

= − = −
Λ Λ

           (2-20) 

where δ is called detuning, neff is the effective index of refraction of the fiber mode, λ is 

the wavelength in vacuum, eff2 nπβ
λ

=  is the propagation constant of the mode. In Eq. 

(2-19) 

20
0 1 1 1

core

4ˆ | ( , ) |
2 tc e x y dxdy n n nωε π

λ
= ⋅ Δ ≅ Δ∫∫       (2-21) 

is the DC coupling coefficient. 

2 2
0S c σ= −              (2-22) 

and, finally, L is the length of the grating. 

The power reflection coefficient of the grating is 

2 2
2 0

2 2 2
0

sinh| |
cosh
c SLR r

c SL σ
= =

−
          (2-23) 

Fig. 2-5 shows theoretical analysis of power reflectivity for uniform gratings with L = 

2mm and L = 8mm. Other parameters used in analysis are Λ = 535.2nm, 1nΔ  = 1×10-4, 
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and Δn = 2×10-4. Two basic properties of a FBG, Bragg wavelength and bandwidth, are 

discussed as the following. 
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Fig. 2-5. FBG reflective spectrum 

 

A. Bragg wavelength 

According to Eq. (2-23), the maximum reflectivity of a FBG is, 

2
max 0tanh ( )R c L=             (2-24) 

Rmax increases when either refractive index modulation depth Δn or the grating length L 

increases. The wavelength corresponding to Rmax is called Bragg wavelength or resonance 

wavelength, and is denoted by λBragg. It occurs at σ = 0. According to Eqs. (2-19) - (2-21), 

we have 

eff 1

Bragg Bragg

2 4 0n nπ ππ
λ λ

Δ
− + =
Λ

           (2-25) 

therefore, 

Bragg eff 12( 2 )n nλ = + Δ Λ            (2-26) 

 

Δλbandwidth 

Δλ0 
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B. Bandwidth 

Two definitions of FBG’s bandwidth have been generally used to characterize the width 

of a FBG’s reflection spectrum. One is defined by the wavelength range between two 

wavelengths at which S = 0. Using the definition of S in Eq. (2-4), we find 

bandwidth

Bragg eff

n
n

λ
λ

Δ Δ
≅              (2-27) 

Above result shows the bandwidth of this definition depends only on the refractive index 

modulation depth and does not depend on the length of the grating. The band edge is 

indicated by solid circles in Fig. 2-5. Inside the bandwidth, 2 2
0 0c σ− > , S is real and the 

reflectivity grows and decays smoothly. Outside the bandwidth, 2 2
0 0c σ− < , S becomes 

purely imaginary and should be replaced by ˆS jS= , where 

2 2
0Ŝ cσ= −              (2-28) 

The reflectivity outside the bandwidth then takes the form of 

2 2
0

2 2 2
0

ˆsin
ˆcos

c SL
R

c SLσ
=

−
            (2-29) 

and the reflectivity behaves oscillatory. The reflectivity at the band edge is 

2
0

bandedge 2
0

( )
1 ( )

c LR
c L

=
+

            (2-30) 

 

Another definition of FBG reflection bandwidth is the wavelength range between two 

first zeros on both sides of the Bragg wavelength. By setting R = 0 in Eq. (2-23), we can 

solve for the bandwidth between two first zeros. The result is 

2 2 2 20

Bragg eff eff

2 2( ) ( ) ( ) ( )n n
L n N n

λ
λ
Δ Λ Δ Δ

≅ + = +       (2-31) 

where LN =
Λ

 is the total number of index modulation period of the grating. 

From Eq. (2-27) and (2-31), we observed for a long and strong grating, 2Λ/L is much 
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smaller than Δn/neff, then Δλ0 is close to Δλbandwidth, and Rbandedge also approaches unity. So 

the reflectivity is approximately a square shape. When L becomes small, Δλbandwidth keeps 

unchanged but Δλ0 increases rapidly and results a wideband reflection spectrum. For 

small L, the grating’s reflectivity can be simplified as 

2 2 2
0 esinc ( ) LR c L n k π

π
⎡ ⎤= −⎢ ⎥Λ⎣ ⎦

          (2-32) 

Fig. 2-6 shows the calculated reflection spectrum of a FBG with a 16μm (~ 30 periods) 

length, and all other parameters remain the same as used in Fig. 2-5. As the length of the 

grating decreases, the reflectivity also decreases. In Fig. 2-6, a low reflectivity in the 

order of 10-5 is obtained. 
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Fig. 2-6. Wide band reflection spectrum of FBG of 16μm long 

 

2.2.2 Reflective spectrum of two cascaded FBGs 

When two gratings are produced along a single fiber and separated by a distance d, they 

form a FP interferometer as shown in Fig. 2-7. 
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d LL

n2 (cladding)

n1 (core)  
Fig. 2-7. FP interferometer based on two cascaded FBGs 

 

The complex amplitude reflection and transmission coefficients of the above 

configuration can be evaluated using Eq. (2-4a, b). For simplicity, we only consider the 

two identical gratings. Then we have 

12 21 23

12 21 23

r r r r
t t t t

= = =⎧
⎨ = = =⎩

            (2-33a, b) 

So, Eq. (2-4a, b) becomes 

2 2

FP 2

2

FP 2

1 [ ]exp( )
1 exp( )

exp( )
2

1 exp( )

t r jr r
r j

t j
t

r j

φ
φ

φ

φ

⎧ + − −
=⎪ − −⎪

⎨
−⎪

=⎪
− −⎩

         (2-34a, b) 

where the phase delay φ  within the fiber cavity is given by 

eff22 2nd dπφ β
λ

= ⋅ = ⋅            (2-35) 

For an ultra-short grating, the reflectivity is very small. So we have | r | >> 1 and | | 1t ≅ . 

By applying these two approximations and rewriting r and t in the form of amplitude and 

phase, namely, | | exp( )rr r jφ=  and | | exp( )tt t jφ= , we get 

[ ]FP

2
FP

| | exp( ) 1 exp ( 2 )

| | exp ( 2 )
2

r t

t

r r j j

t t j

φ φ φ
φ φ

⎧ ≅ + − +
⎪
⎨

≅ − +⎪⎩

       (2-36a, b) 

The power reflectivity and transmissivity are 

[ ]2
FP FP

2 2
FP FP

| | 2 1 cos( 2 )

| |
tR r R

T t T

φ φ⎧ = = + −⎪
⎨

= =⎪⎩
        (2-37a, b) 

In the above equation, 2 tφ  represents the phase delay of the light beam reflected from 
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the second grating as it travels through the first grating twice before it interferes with the 

light beam reflected from the first grating. 

Fig. 2-8 is the calculated power reflection spectrum of the FP interferometer constructed 

by two FBGs with an ultra-short length (ultra-short FBG based IFPI, or USFBG-IFPI). In 

the calculation, the cavity length is 550μm. The reflection spectrum of this structure 

contains a sinusoidal wave inside an envelope of the reflection spectrum of a single 

grating. 
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Fig. 2-8. Reflection spectrum of a USFBG-IFPI sensor 

 

2.2.3 Response of USFBG-IFPI sensor 

Eq. (2-37) indicates the reflectivity of the USFBG-IFPI sensor is the product of two parts. 

The first part R is an envelope associated with the reflectivity of a grating mirror. The 

second part 1 cos( 2 )tφ φ+ −  is the interference fringe corresponding to the FP cavity. 

Variations of external parameters such as temperature and strain alter the grating period, 

FP cavity length and effective index of refraction of the fiber, therefore, induce changes 

in both the envelope and the interference fringe of the reflective spectrum. An important 
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parameter of the envelope is its peak wavelength or Bragg wavelength. According to Eq. 

(2-26), and for the average index change 1 effn nΔ  (which is true in most cases), the 

Bragg wavelength change is related to the changes in the grating period and effective 

index of refraction by 

( )Bragg eff

Bragg eff

n
n

λ
λ
Δ Δ Λ

≅
Λ

            (2-38) 

 

The interference fringe is characterized by its phase 2 tφ φ− , which determines positions 

of peaks and valleys. Therefore, its change will cause a shift of the interference fringes. 

According to Eq. (2-15b), the phase term tφ  of the complex amplitude transmission 

coefficient can be written as 

exp( )( )
sinh cosh

   

t
jS j L L
SL jS SL

L

δφ β
σ

θ β

−
= ∠ −

−
= −

        (2-39) 

Notice 2dφ β= ⋅ , the phase of the interference fringes becomes 

eff

eff

22 2 ( ) 2 2 ( ) 2

          2 ( ) 2

t d L n d L

n d L k

πφ φ β θ θ
λ
θ

− = + − = + −

= + ⋅ −
      (2-40) 

where k = 2π/λ is the wave number. In Eq. (2-40), d + L can be regarded as the physical 

path length difference between beams reflected from the two gratings. θ is an additional 

phase delay related with the grating structure. 

In Fig. 2-9 (a) and (b), we plotted θ versus k with the parameter L = 200μm and L = 16μm, 

respectively. Other parameters are neff = 1.446, Λ = 535.2nm, 1nΔ  = 1×10-4, and Δn = 

2×10-4. Results in the figure shows that θ is rather small compared with 2π for both large 

L and small L. When L is large, there is a distinct oscillation near resonance wavelength, 

but it is almost linear throughout a large wavelength range when L is small. Since the 
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designed sensor contains very short gratings, we can use linear approximation to write θ 

as 

effln kθ = − ⋅               (2-41) 

where l is a proportional coefficient having dimension of length. Then Eq. (2-40) 

becomes eff2 2 ( )t n d L l kφ φ− = + + ⋅ . For L = 16μm, the value of l is approximately 2nm. 

This is much smaller than the light wavelength (1550nm) and (d + L) which is typically 

in the order of few hundred microns to a few centimeters. Therefore, it can be neglected, 

and we thus have 

eff
22 2 ( ) OPDt n d L k πφ φ
λ

− = + ⋅ = ⋅         (2-42) 

This result shows the OPD of the USFBG-IFPI sensor is given by the bare fiber between 

two gratings plus one grating length.  

At a peak wavelength peak
mλ  of the interference fringe, 2 2t mφ φ π− = , or 

peak

2OPD 2m mπ π
λ

= . After rearrangement, we obtain 

peakOPD mmλ=               (2-43) 

where integer m is the order of the fringe peaks. Then, the peak wavelength change is 

( )peak eff

peak eff

( )OPD
OPD ( )

m

m

n d L
n d L

λ
λ
Δ Δ +Δ

= =
+

         (2-44) 

Because the sensor’s cavity length is typically less than a few centimeters, it is reasonable 

to assume that the parameters to be sensed influence the sensor uniformly throughout the 

sensor dimension. Therefore, the two gratings’ period, length and the plain fiber cavity 

between them will change synchronously. According to Eq. (2-38) and Eq. (2-44), the 

reflected spectrum will only have a purely shift without changing its shape under the 

effect of strain and temperature variations. 



 

  
 

40

4 4.05 4.1 4.15
-0.166

-0.165

-0.164

-0.163

-0.162

-0.161

-0.16

-0.159

Wave number 2π/λ (rad⋅μm-1)

θ  
(ra

d)
L = 200 μm

4 4.05 4.1 4.15
-0.0133

-0.0132

-0.0131

-0.013

-0.0129

-0.0128

-0.0127

Wave number 2π/λ (rad⋅μm-1)

θ  
(ra

d)

 
θ = - 0.003×k - 0.00099

L = 16 μm
   linear

 

Fig. 2-9. Phase delay due to grating structure for L = 200μm and 16μm 

 

2.3 Signal Processing 

We have introduced the interference signal of the USFBG-IFPI sensor and its responses 

to external parameters variations. In order to deduce the external parameters information, 

the sensor’s signal changes must be detected. The detection of the sensor’s signal changes 

is achieved using various techniques. Some of these techniques are using a scanning 

interferometer [39, 70-72] to match the OPDs of sensing FFPIs, light intensity detection 

[73] and spectrum analysis [74-76].  

 

2.3.1 Scanning interferometer techniques 

The scanning interferometer is a conventional technique to detect the OPD of an 

interferometric sensor. It is basically composed of a sensing interferometer that is affected 

by measurands and a receiving interferometer that is normally placed in a controlled 

environment. The OPDs of both interferometers are arranged to be a few times larger 

than the coherent length of light source, such that no interference fringe can be observed 

with either interferometer when illuminated individually. Both reflection mode and 

transmission mode can be configured with this method. Fig. 2-10 shows the principle 

diagram of a typical scanning interferometer system. Low coherence light from the 

broadband light source is coupled into a receiving interferometer first. The 
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phase-modulated light is then delivered to the sensing interferometer through a 3dB 

coupler. A photodiode detector is used to detect the light intensity reflected from the 

sensing interferometer. In order to find the OPD of the sensing interferometer, the OPD of 

receiving interferometer needs to be scanned. Assume the light source has the power 

spectrum of P(λ), then the light power received by photodiode detector is [77] 

receiving sensing( ) ( ) ( )P P T R dλ λ λ λ= ∫       (2-45) 

where Treceiving is the power transmissivity of receiving interferometer, Rsensing the power 

reflectivity of sensing interferometer. Fig. 2-11 shows an example of the output light 

intensity at detector as the OPD of the receiving interferometer is scanned. It consists of a 

sinusoidal signal modulated by a Gaussian shape envelope. 

Broadband
light source

3dB coupler
FFPI sensors

fiber

Scanning
interferometer

photodiode  
Fig. 2-10. Demodulation of FP sensor with a scanning interferometer 

 

The peak optical power is observed when the receiving interferometer and the sensing 

interferometer have same OPD. This peak is refereed as center burst. By locating the 

center burst, the absolute OPD of the sensing interferometer can be determined. The 

receiving interferometer can be configured with different methods, such as a 

mechanically scanned Michelson interferometer by a piezoelectric scanning device [39], 

electronic scanning method [78] or a FP interferometer [79, 80]. 

One of the most distinguishing advantages of the scanning interferometer system is that it 

is insensitive to optical power fluctuations which often occur along the fiber link used to 

connect the remote sensor and the signal processing unit. Another advantage is that it uses 

a low coherence light source and photodiode detector which are much less expensive than 

narrowband laser and spectrometer used in other detection techniques such as intensity 

detection and spectrum technique. It also can be used to monitor many sensors deployed 
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along a single fiber [8, 39]. The disadvantage is its low resolution, low mechanical 

stability and large size. 
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Fig. 2-11. Simulated light reflection when the receiving interferometer is scanned 

 

2.3.2 Intensity detection 

Another system measures the light intensity reflected from FFPI sensors at a given 

wavelength. As shown in Fig. 2-12, the intensity of the reflected light varies sinusoidally 

as sensor OPD changes. Only a small linear region around the point where sensitivity is 

the maximum can be used. Due to the high frequency response of intensity detection, it is 

very suitable for sensing small but fast varying quantities, such as acceleration, acoustic 

wave, vibration and partial discharge, etc. [60, 81]. The primary disadvantage of this 

technique is the limited linear dynamic range. Another disadvantage is the random 

fluctuations of light power within fiber link can cause large error in measurement results. 

A SCIIB [73] system has been investigated to overcome this problem by normalizing the 

light intensity from sensor respect to a reference light that does not go through the sensor. 
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Fig. 2-12. Linear operation of intensity based FFPI sensor 

 

2.3.3 Spectrum technique 

One-peak tracking method 

The detection of FFPI sensor signal changes induced by external parameters is also 

achieved by tracking a peak wavelength peak
mλ  in the interference fringe. With only one 

peak wavelength, it is impossible to calculate OPD using Eq. (2-43) since the peak order 

m is unknown. In stead, the relative change of OPD can be calculated using Eq. (2-44) 

and used to measure strain and temperature. The uncertainty in the relative OPD change 

ΔOPD/OPD is given by 

peak peak

peak peak

OPD
OPD

m m

m m

λ δλ
δ δ

λ λ
ΔΔ

= =           (2-46) 

where peak
mδλ  is the uncertainty of peak wavelength detection. When high precision 

spectrometer is used, the peak wavelength can be determined in an accuracy as small as 

few pico-meters. This corresponds to an uncertainty of 1ppm in relative change of OPD. 

Generally, within the light spectrum bandwidth, there are many interference peaks. 

Linear response range 



 

  
 

44

During the measurement, it is difficult to identify the original peak being tracked. In order 

to avoid the ambiguity in peak tracking, we can select a narrower spectrum window in 

which only one peak exists. However, this will limit the dynamic range of the peak 

wavelength shift within the pre-defined window. As the cavity length increases, this 

dynamic range decreases since the distance between two adjacent peaks gets closer. 

 

Two-peak tracking method 

In a two-peak tracking method, two peaks within the light source spectrum are detected, 

and the sensor’s absolute OPD is calculated using two adjacent peak wavelengths by [82] 
1 2

peak peak peak
1

peak peak

OPD
FSR

m m

m m

λ λ λ
λ λ

+

+

⋅
= ≅

−
          (2-47) 

Therefore, this method has larger dynamic range in OPD measurement. During sensor 

measurement, the relative OPD change ΔOPD/OPD is used, the corresponding 

uncertainty is 

peak peak

peak

OPD OPD
OPD OPD FSR

λ δλδδ
λ

Δ
= =          (2-48) 

Comparing with Eq. (2-46), the uncertainty of relative OPD change determined with 

two-peak tracking method is λ/FSR times larger than that of one-peak tracking method. 

For example, a sensor with cavity length of 550μm, the FSR is about 1.5nm at 1550nm 

wavelength, then λ/FSR will be in the order of 1000. Therefore, much lower accuracy can 

be obtained with two-peak tracking method. 

 

Novel data processing technique [82] 

In order to have both high accuracy and large dynamic range, a novel data processing 

technique [82] is adopted. In this technique, the two-peak tracking algorithm is followed 

by rough OPD calculation with which the peak wavelength shift is estimated according to 

Eq. (2-44). From the estimation, we can approximately predict the location where the 
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peak wavelength shifts. As long as the error of the prediction does not exceed the half of 

the separation between adjacent peaks, the original peak can be correctly located. Then 

the relative OPD change is calculated with high accuracy using Eq. (2-46) in one peak 

tracking method. Fig. 2-13 describes the signal processing algorithm. In the figure, the 

"initial peak" is the original position of the peak with order m. The "final peak" is actual 

final position of the same order peak after shifting due to a measurand change. The 

"estimated" is the estimation of the peak shift with two peak tracking method. The "error" 

is the estimation error of peak position. When error is less than half of FSR, we can 

correctly find the original peak. 
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Fig. 2-13. Signal processing algorithm using spectrum technique 

 

2.4 Multiplexing of USFBG-IFPI Sensor 

In the quasi-distributed sensing application of USFBG-IFPI sensor, we use a 

frequency-division multiplexing (FDM) [83] scheme to multiplex sensors with different 

cavity lengths along a single fiber. When any two sensors are separated by a distance 

larger than the light coherence length along the fiber and each sensor has low reflectivity, 
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the reflected signal from the sensor array can be considered as the linear superposition of 

all sensors’ signal. Because of the different cavity lengths of the sensors, their optical 

spectra will be a series of sinusoidal wave with different frequencies. In the Fourier 

spectrum, there are many frequency peaks corresponding to each sensor’s cavity length as 

shown in Fig. 2-14. Using a series of bandpass digital filters, these frequencies can be 

separated out and individual sensor’s optical spectrum is recovered. Then using the signal 

processing algorithm discussed in section 2.3.3, the relative OPD change of each sensor 

is derived. 
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(a) Optical spectrum and (b) Fourier spectrum 

Fig. 2-14. Multiplexing principle of USFBG-IFPI sensors 
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CHAPTER 3 Implementation of Multiplexed USFBG-IFPI 

Sensor System 

 

In Chapter 2, we focused on the theoretical analysis of the signal of the USFBG-IFPI 

optical sensor and its response to external parameter perturbations. A FDM multiplexing 

scheme and a spectrum measurement technique are utilized to multiplex USFBG-IFPI 

sensors along a single fiber. This chapter describes the implementation of the multiplexed 

USFBG-IFPI sensor system. The implementation is basically composed of four parts: the 

sensor element fabrication, the signal interrogation system, the sensor array design, and 

the signal demodulation. The performance of the multiplexed sensor system depends on 

the detailed realization of these four parts. In this chapter, section 3.1 first reviews 

photosensitivity in various optical fibers and several techniques for FBG fabrication, and 

then introduces the fabrication system for the USFBG-IFPI sensor. Section 3.2 presents 

the sensor signal interrogation unit, and the sensor array design. Section 3.3 discusses the 

signal demodulation. Section 3.4 analyzes the frequency crosstalk between two sensors. 

Finally, the multiplexing capability is discussed in section 3.5. 

 

3.1 Fabrication of USFBG-IFPI Sensor 

3.1.1 Photosensitivity of fibers 

When a high-germanium-doped optical fiber is exposed to UV light irradiation at a 

certain wavelength, such as 248nm, its refractive index will increase. This is referred to 

as photosensitivity. Based on this effect, Bragg gratings can be inscribed in an optical 

fiber core, which is now one of the most important optical components used in both areas 

of telecommunication and optical fiber-based sensor technologies. The first Bragg grating 

was self-induced within specially designed high-germanium-doped optical fiber using 

visible light (488nm) [42, 43]. FBGs fabricated with this method, however, have a lot of 
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limitations in selecting a Bragg wavelength and grating length [84]. Since then, numerous 

research studies have been conducted to understand the mechanism of photosensitivity of 

optical fiber and to search for fibers of higher photosensitivity, as well as more efficient 

fabrication techniques. In 1989, Meltz et al. [85] found very strong index of refraction 

change could occur when a 248nm light is used to illuminate the germanium-doped fiber. 

This wavelength coincides with the absorption peak of germanium related defect. Several 

models, such as, the color center model [86], dipole model [87], compaction model [88], 

and stress-relief model [89], were proposed to explain the increase in index of refraction 

when germanium-doped fiber is illuminated by UV light. Although the mechanism of 

refractive index change induced by UV light is not fully understood yet, it is certain that 

the photo-induced index change is strongly associated with the absorption at 

germanium-oxygen vacancy defects, Ge-Si or Ge-Ge (so-called “wrong bonds”) in silica 

glass [90]. These deficiency centers can be bleached by UV light and triggers the 

mechanisms that cause the increase in refractive index. Except high germanium doping in 

fiber, many other methods are also found to be more efficient in enhancing a low 

germanium-doped fiber photosensitivity. These methods are hydrogen loading 

(hydrogenation) [91], flame brushing [92], and boron codoping [93]. 

 

3.1.1.1 Photosensitivity enhancing techniques 

Hydrogen loading 

Hydrogenation of optical fiber is achieved by diffusing hydrogen molecules into fiber 

core at high pressure and temperature. These hydrogen molecules react with Si-O-Ge 

sites in fiber core to form HO and germanium-oxygen deficiency centers [94, 95]. The 

UV-bleachable deficiency centers created by this process result in the enhanced 

photosensitivity. There are several advantages with hydrogenation technique. First, it 

offers a very simple and effective way to substantially increase a fiber’s photosensitivity. 

Any standard low germanium telecommunication fiber can be hydrogenated to have same 
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or higher photosensitivity as those specially designed fibers that were heavily doped with 

germanium. Second, the permanent refractive index changes only occur at UV light 

exposure site. Fiber loses photosensitivity when hydrogen molecules diffuse out. 

Therefore, by thermal diffusing out the hydrogen molecules after the index change, the 

grating will have high photo-stability even in the UV wavelength region. The time 

required for hydrogenation of fiber to achieve a certain photosensitivity level various 

with the pressure and temperature. At 1500 psi and room temperature, about three days is 

needed to achieve considerable photosensitivity. 

 

Flame brushing 

In flame brushing technique, a flame fueled by hydrogen but with low concentration of 

oxygen was used to repeatedly brush the fiber to be photosensitized. The flame 

temperature can reach as high as 1700oC. At this temperature, hydrogen diffuses into 

fiber core very quickly; it takes only approximately 20 min to photosensitize a fiber 

completely [92]. The principle of flame brushing technique is same as hydrogenation 

technique. Both of them uses hydrogen molecules to create defects that are strongly 

absorbing at UV light wavelength, and augmenting the photosensitivity. Because the 

flame can be made very small in size, highly localized photosensitivity can be obtained in 

fiber. A disadvantage of the fiber processed by flame brushing is its weakened mechanical 

property due to the high temperature processing of fiber. 

 

Boron codoping 

The boron codoping in a germanium doped silica fiber also increases the fiber’s 

photosensitivity significantly. However, in the measurement of absorption in this fiber, no 

differences were observed in absorption peak compared with the fiber that is 

germanium-doped only [93]. This indicates the boron codoping does not enhance the 

fiber’s photosensitivity by the creation of oxygen-germanium deficiency centers. A study 
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shows when a preform with boron codopant in the core is drawn into a fiber, the core 

index of refraction is reduced [96]. This effect is assumed to be the result of a thermal 

induced stress within the core due to the difference in the thermal property of the 

boron-codoped core and cladding during the drawing process. The UV irradiation then 

causes the breaking of bonding defects in the core and releases the mechanical stress that 

is responsible for the enhanced photosensitivity. 

 

Summary 

Table 3-1 is a comparison of photosensitivity of different fibers and enhancing techniques 

[87]. The table shows standard low-germanium (<10% in GeO2) fibers have little 

photosensitivity, while higher germanium doped (20% in GeO2) fiber is much more 

photosensitive than standard fibers. The hydrogenated standard fiber (4% in GeO2) has 

approximately same photosensitivity as the high germanium fiber. The hydrogenation and 

boron codoping has the highest photosensitivity. 

Fiber type GeO2 in core, 
mole% 

Reflectivity of 
1.5mm grating, % 

Time, 
Minute 

Philipes, matched cladding 5 17 60 
Philips, depressed cladding 4 20 60 
Deeside fiber 5 17 60 
Corning Payout fiber 8 29 90 
Hydrogenated standard fiber 4 60 10 
High index fiber 20 77 10 
Reduced fiber 12 97 5 
Boron codoped 17 91 1 
Hydrogenated boron codoped fiber 17 87 10 

Table 3-1. Comparison of photosensitivity 
 

3.1.1.2 Types of photosensitivity 

Depending on the UV irradiation condition, the depth of the refractive index modulation 

and the type of photosensitive fiber, four types of photosensitivity are designated. They 

are type I, type II, type IA and type IIA. 
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Type I 

Type I gratings are produced using low power UV irradiation below a threshold during a 

short period. This is the type most commonly fabricated. The index of refraction nearly 

grows linearly with the UV exposure time and intensity. Type I index change has a low 

thermal stability. At temperature below 300oC, the index modulation remains 

approximately constant. It starts to decay at temperature above 300oC and can be erased 

within seconds at 450oC. The index modulation is typically less than 0.001. 

 

Type II 

As the power of the UV light used for exposure exceeds a threshold value, a sharp 

increase (as high as 0.006) in index of refraction can be achieved by a single excimer 

laser pulse [66]. This type of index change is referred as type II. The type II index change 

has the highest stability at elevated-temperature. No significant change in index 

modulation strength could be observed during 24h period at up to 800oC. However, a 

mechanical defect was seen at the high power UV exposure site which may greatly 

reduce the mechanical strength of fiber. 

 

Type IA and type IIA 

During the formation process of type I grating, the grating strength increases at the 

beginning of UV light irradiation until it saturate after absorbing a certain amount of light 

power. After the saturation, it starts to decrease until it is partially or completely erased. 

Further exposure will cause grating reappear. The new grating followed from the erase of 

type I grating is referred as type IA [97] if hydrogenated fiber is used or type IIA [98] if 

non-hydrogenated fiber is used. Type IA grating has a red shift in resonance wavelength 

during the formation, while type IIA has a blue shift. Type IIA grating is much more 

stable than type I grating at high temperature. It can survive at temperature up to 600oC 
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[98]. Type IIA and type IA grating also have a larger index modulation than type I grating. 

1.68×10-2 refractive index change has been observed in type IA grating [97]. 

 

In the designed fiber optic sensor, we selected hydrogenation technique to obtain high 

photosensitivity in standard telecommunication fiber for the fabrication of USFBG-IFPI 

sensors due to its low cost. A hydrogen chamber was built to load hydrogen molecules 

into Corning SMF28 single mode fibers. The pressure in the chamber is 1500 psi and 

temperature is maintained at room temperature. After 3 days, the fibers will have 

sufficient photosensitivity for sensor fabrication. Type I gratings will be fabricated since 

they need less time to fabricate and also they have excellent mechanical properties. 

However, for high temperature applications, type IIA gratings with higher temperature 

stability are a better choice. 

 

3.1.2 FBG fabrication techniques 

The first Bragg grating in optical fiber was fabricated internally by sending a 488nm laser 

light into a high germanium doped optical fiber, the backward reflected light from the 

fiber end interferes with forward propagating light forming a standing wave with an 

periodic intensity distribution of light near the fiber end, which produced a refractive 

index pattern within the fiber core [42, 43]. The grating fabricated using this method, 

however, has a resonance wavelength the same as that of the active light, therefore can 

hardly be tuned to obtain the resonance wavelength other than the inscribing light 

wavelength. The length of grating is also limited within the coherent length of the writing 

light. This grating was used as a wavelength selective output mirror in an argon ion laser 

to obtain stable cw oscillation at 488nm. In order to fabricate high quality gratings of 

different resonance wavelengths, several external fabrication techniques were proposed. 

They include the point-by-point, holographic, and phase mask methods. 
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Point-by-point technique 

In the point-by-point fabrication method [99, 100], each grating pitch in fiber core is 

produced separately by a single pulse from an excimer laser. The pulse of UV light passes 

through a mask containing a slit and impinges on an optical fiber with the fiber axis 

perpendicular to the slit. The UV irradiation causes the refractive index change in the core 

of exposed fiber section. The fiber is then translated along its axis by a small distance 

corresponding to the pitch of grating and followed by another UV irradiation to produce a 

second grating pitch. By repeating the irradiation and translation process, grating 

structure is formed in the fiber core. The main advantage of writing Bragg grating using 

the point-by-point writing technique is its flexibility to alter the grating parameters. The 

grating period, chirping or apodizing can be easily controlled by tuning the translation 

stage or UV light irradiation power. Even more complicated grating structures with 

arbitrary pattern are possible. One of disadvantages of the point-by-point technique is the 

error in grating period associated with the thermal and mechanical stability of translation 

stage. Change in temperature or small vibration can cause errors in grating pitch spacing 

during the fabrication. Another disadvantage is the limited minimum width of the index 

perturbation within fiber due to the diffraction effect in active UV light. For the first order 

resonance wavelength of 1550nm, the distance between grating pitch needs to be 530nm. 

However, the minimum width of the photo-induced perturbation in fiber core is about 

700nm [100] which makes the fabrication of 1550nm first order grating impossible using 

point-by-point technique. Therefore, this technique is mostly used for the fabrication of 

spatial-mode converters and polarization-mode converters (long period grating) which 

have grating period more than tens of micron generally. 

 

Holographic technique 

The fabrication of FBG using holographic technique is accomplished by splitting the 

writing UV light into two beams and then recombining them to form an interference 
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pattern of light intensity [85] to which a section of fiber is exposed. Fig. 3-1 shows an 

example of setup for fabricating FBG with holographic method. In the figure, an 1300nm 

phase mask is utilized as the beam splitter, the +1 and -1 order diffraction lights are 

reflected by two mirrors and recombined at the fiber location to form interference fringe. 

248nm KrF
Excimer Laser

Cylindrical lens

1300nm phase mask

H2 loaded Corning
SMF28 fiber φ

mirror

 

Fig. 3-1. Setup for fabricating FBG using holographic technique. 

 

The period of grating is same as that of interference pattern and is determined by the 

writing light wavelength wλ  and the angle between the two interference beams ϕ , 

2sin
wλ
ϕ

Λ =               (3-1) 

therefore, the Bragg wavelength is 

eff
B sin

wn λλ
ϕ

=               (3-2) 

The holographic technique offers a very efficient and flexible way to fabricate gratings of 

various resonance wavelengths. According to Eq. (3-2), the Bragg wavelength can be 

varied by simply changing the angle between two interference beams. The chirped 

grating can also be produced by using two cylindrical lens of different focal lengths for 

two beams [101] or the thermal diffusion method [102]. Fig. 3-2 shows the reflective 

spectrum of two gratings with different Bragg wavelength fabricated using the setup in 

Fig. 3-1. The refractive index change was around 0.3×10-4. 
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Fig. 3-2. Reflective spectrum of gratings fabricated by holographic technique 

 

The main disadvantage of the holographic technique is the requirement for a highly 

vibrating free environment to produce a stable interference fringe. Because the two 

interference beams travel a very long distance compared with their wavelength which is 

only several hundred nanometer before they recombine, a vibration as small as submicron 

or even the flow or temperature changes in the air on the beams path can cause the 

interference pattern to shift more than one fringe and blur the grating. Therefore, a strong 

grating can only be produced by a single pulse of very high power laser. In addition to the 

vibration free environment, a laser source with high wavelength stability and a temporal 

coherence length at least the length of grating is needed to produce fringe pattern with 

high visibility. In order to relax the vibration restriction, a wave-front-splitting setup was 

proposed in which the wave-front of the laser beam is split into two parts and recombine 

within the fiber core [103-105]. However, this method requires a large spatial coherent 

length which is generally not the case for excimer laser. Consequently, a very 

complicated laser system must be used to fabricate high quality Bragg gratings in fiber 

with holographic technique. 

Because the length of the grating mirror in the designed IFPI sensor is very short, a 

relative strong grating is preferred to generate high enough reflectivity. With our laser 

system, it is unable to obtain sufficiently strong gratings for our application using the 



 

  
 

56

holographic method. 

 

Phase mask technique 

The phase mask method [106, 107] is the most efficient technique in fabricating FBGs. 

Utilizing a phase mask, the strongest grating can be produced in fiber core with the 

minimum requirement for the laser quality and mechanical vibration control. A phase 

mask is a slab of UV light transparent glass consisting of a one-dimensional surface-relief 

structure. When UV light propagates through the phase mask, its phase is modulated 

laterally by the surface-relief structure and diffracted to form a grating pattern which is 

used to write Bragg grating within fiber core. Fig. 3-3 depicts the principle of the 

formation of FBG using phase mask technique. 

Incident
UV laser

0th order

+1st order-1st order

Phase mask

Photosensitive fiber

φ

 

Fig. 3-3. Phase mask technique 

 

A UV light beam incidents normally onto the phase mask and is diffracted into many 

light beams propagating in different directions. By designing the surface-relief structure 

on the mask, the minus-one and plus-one order diffracted light can contain more than 

35% energy in each of them and the zero order light can be suppressed to less than 5%, so 
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that the maximum visibility in pattern can be obtained. A photosensitive fiber is then 

exposed to this fringe pattern by placing it directly behind the phase mask. Due to the 

photosensitivity, the UV fringe pattern is imprinted within the fiber core. The period of 

the diffraction fringe equals half of the period of the surface-relief structure, and is 

independent of the UV wavelength. In addition, the pattern is formed right after the light 

passes though the mask, so it is highly stable. The above two features greatly relaxed the 

requirements on light source’s stability as well as the temporal and spatial coherence 

length. Since the fiber is placed immediately behind the mask, it can also sustain large 

mechanical vibration. At the same time, the fabrication process is highly repeatable. The 

disadvantage of the phase mask technique in FBG fabrication is the resonance 

wavelength can not be tuned without using techniques such as pre-strain and thermal 

tuning which have very limited tunable range. To fabricate gratings of different Bragg 

wavelengths, the appropriate phase masks must be used for each wavelength. This may 

increase the cost for WDM multiplexed FBG sensors since each sensor has different 

Bragg wavelength. However this will not cause any additional cost in the multiplexed 

USFBG-IFPI sensor since all the sensors in the multiplexed system have the same Bragg 

wavelength. 

 

3.1.3 Sensor fabrication system 

Based on the discussions and comparisons of different types of fiber photosensitivity as 

well as various grating fabrication techniques, we selected hydrogen loaded Corning 

SMF28 single mode fiber combined with the phase mask technique to fabricate 

USFBG-IFPI sensors. Fig. 3-4 shows the experiment setup of the sensor fabrication 

system. 



 

  
 

58

248nm KrF
Excimer
pulsed laser

cylindrical lens

1550nm
phase mask

H2 loaded
Corning
SMF28 fiber

slit

Micron Optics si720
fiber holder

anti-reflection

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x  104

-64

-62

-60

-58

-56

-54

-52

-50

3dB coupler

 

Fig. 3-4. Experiment setup of USFBG-IFPI sensor fabrication system 

 

248nm light pulse is generated by a KrF excimer laser. The power of single pulse is 

around 35 mJ and the pulse duration is about 20 ns. The output beam size is about 

6×12mm. Then the light pulse is focused by a cylindrical lens with a focal length of 

75mm that produces a line beam with size of around 2×12mm at the focal point where the 

hydrogenated Corning SMF28 single mode fiber is secured. In front of the fiber, a phase 

mask (made by StockerYale Canada Inc.) is used to generate UV light interference pattern 

within the fiber core. The period of the phase mask surface-relief structure is 1070.03 ± 

0.02nm which results a Bragg wavelength of ~1550nm. The material of the phase mask 

substrate is UV-grade fused silica and is optimized at wavelength 248nm. The substrate 

size is 17.17×25.4mm with the active surface size of 10×10mm. The diffraction 

efficiencies are 36.1% in the +1 order beam, 35.2% in the -1 order beam and 2.2% in the 

zero order beam. Between the phase mask and the fiber, a narrow slit formed by two thin 

borosilica plates with 110μm in thickness is placed perpendicular to the fiber. Then, the 

grating length can be controlled by adjusting the slit width. Due to the diffraction angle of 

UV beams, the grating length L will be shorter than the slit width L' as depicted in Fig. 

3-5. L and L' are related by 
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eff
2 2

B eff

' 2 tan ' 2
( )

w

w

nL L t L t
n
λϕ

λ λ
= − = −

−
       (3-3) 

Assuming t = 62.5μm for 125μm fiber diameter, and taking λw=248nm, λB = 1550nm and 

neff = 1.45, the above equation yields L = L' – 29.8μm. Fig. 3-6 shows the picture of the 

slit from side and top views. 

L’

L
Fiber

slit

φ

t

 

Fig. 3-5. Slit width control 

 

 

Fig. 3-6. Picture of slit 
 

Fig. 3-7 shows the reflection spectrum of single gratings fabricated using the above setup 

as the slit width is adjusted to 150μm, 100μm, 70μm and 60μm, respectively. From the 

figures, we can find the bandwidth Δλ0 between first zeros for each grating. Using Eq. 

(2-31), and noting 2Λ/L>>Δn/neff for a short and weak grating, we have Δλ0 = 2ΛλBragg / L. 

Therefore, the grating length can be calculated from Δλ0 by L = 2ΛλBragg / Δλ0. Table 3-2 

lists L', Δλ0 and the calculated L. The differences between the slit width and the grating 

length are close to the predicted value of 29.8μm. 
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Fig. 3-7. Reflection spectra of single gratings. 

 

Slit width L'  
(μm) 

Bandwidth Δλ0 
(nm) 

Grating length  
L = 2ΛλBragg / Δλ0 (μm) 

L' – L 
(μm) 

150 15 110.5 39.5 
100 28.5 58 42 
70 55.3 30 40 
60 Out of range 19 (from simulation) 41 

Table 3-2. Relation between slit width and grating length 
 

During the sensor writing process, both the reflection and transmission spectra of the 

fiber are continuously monitored by a Micron Optics si720 optical sensor interrogation 

system so that the reflectivity can be controlled by stopping the laser pulse at appropriate 

time when the reflectivity reaches a desired value. It takes around 2000 pulses to fabricate 

one grating mirror. Then the fiber is translated by a translation stage and the second 
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grating mirror is fabricated. These two grating mirrors form a USFBG-IFPI sensor. With 

this system, sensors with a wide range of cavity lengths can be obtained. In Fig. 3-8 (a) 

and (b), we show spectrums at three steps during an USFBG-IFPI sensor fabrication 

process. They are the reflection (transmission) before the first grating is fabricated, the 

reflection (transmission) after the first grating is fabricated and the reflection 

(transmission) after the second grating is fabricated. By comparing the reflection 

spectrum in Fig. 3-8 (a) and the theoretical analysis using coupled mode theory, we 

calculate that the length of the grating is about 16.3μm, and the refractive index change is 

around 1.15×10-4. The distance between the two gratings is about 0.8mm. By comparing 

the transmission spectrum before and after the sensor is fabricated, a very small insertion 

loss less than 0.002dB is observed. 
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Fig. 3-8. Spectrums during an USFBG-IFPI sensor fabrication process 

 

3.2 Signal Interrogation System and Sensor Design 

3.2.1 Signal interrogation system 

The interrogation of the sensor signal is an important part of the multiplexed 

USFBG-IFPI sensor system. The measurement resolution, stability and accuracy of the 

whole system highly depend on its signal interrogation units. The reflectivity of an 

individual USFBG-IFPI sensor is only about -50dB. When a traditional low coherent 
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broadband light source and a low resolution spectrometer are used, such as an LED plus 

an optical spectrum analyzer, the signal-to-noise ratio will be too low to detect the 

sensor’s reflected signal. In our system, an integrated Micron Optics si720 sensor 

interrogator is used to measure sensor signal due to its large dynamic range (>60dB), 

highly coherent light source (~40cm coherent length) and high wavelength resolution 

(0.25pm). The Micron Optics si720 consists of a low-noise tunable fiber ring laser and a 

NIST-traceable absolute wavelength reference. Key specifications of the si720 are listed 

in table 3-3. Fig. 3-9 shows the experiment setup of the USFBG-IFPI sensor interrogation 

system. 

Number of Optical Channels 2 
Wavelength Range 1520 - 1570nm 
Wavelength Accuracy 1pm 
Wavelength Resolution 0.25pm 
Wavelength Repeatability 0.2pm 
Laser Line Width 500MHz 
Dynamic Range >60dB 
Scan Frequency 5Hz 
Optical Connector FC/APC 
Operating Temperature 0 – 50oC 

Table 3-3. Specifications of Micron Optics si720 optical sensor interrogator 

Micron Optics si720

anti-reflection

3dB coupler1540 1542 1544 1546 1548 1550 1552 1554 1556 1558 1560
-53
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-44

fiber
IFPI sensor array

 

Fig. 3-9. USFBG-IFPI sensor interrogation system 

 

During the operation, the tunable laser in si720 is continuously swept from 1520nm to 

1570nm at a speed of 5 scans per second, and the output light is launched into the fiber 

through a 3dB coupler to which USFBG-IFPI sensor array are connected. The reflected 

light from the sensor array is coupled into the high precision optical spectrum detector in 
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si720 through the same 3dB coupler. The detected light is then normalized with respect to 

an optical power reference. Both remote ends of the fiber are bent into a coil with very 

small diameter to highly attenuate the optical power, so no optical power is reflected from 

the fiber/air interface at the fiber ends. The normalized spectrum is then digitized and sent 

into a computer for further signal processing. The laser sweeping step is 2.5pm, so 20000 

data points are recorded in the computer per sweeping.  

 

3.2.2 Sensor array design 

Based on the spectrum detection technique and the signal interrogation component used 

in the system, parameters of a USFBG-IFPI sensor array such as cavity lengths, spacing 

between two neighboring sensors, and sensor reflectivity must be carefully designed so 

that the sensor array can be accurately monitored and, at the same time, the multiplexing 

capability is optimized. 

 

Minimum cavity length 

Because the sensor OPD is calculated using a two-peak tracking algorithm, at least two 

interference peaks must exist within the system optical spectrum range from 1520nm to 

1570nm. According to Eq. (2-10), a minimum OPD of ~50μm is required. This 

corresponds to the minimum cavity length of ~18μm. In practical implementation, a 

longer cavity length is desired to reduce the crosstalk between low frequency noise and 

the sensor signal. Cavity lengths longer than 400μm are appropriate to minimize the 

effect of low frequency noise. 

 

Maximum cavity length 

The maximum OPD is limited by the wavelength resolution of the spectrometer and the 

coherence length of the interrogation light source. In order to correctly label a fringe peak, 

there should be at least three or more wavelength sampling within an individual peak. 
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The si720 has a 2.5pm wavelength sampling interval. Therefore, the peak to peak 

distance must be larger than 5pm, which results the maximum OPD to be 48cm, 

corresponding to a cavity length of ~16cm. 

Another factor that affects the maximum OPD is the laser source coherence length. The 

laser source has a line width of Δf = 500 MHz, therefore, the coherent length Lc is 

8 1

c 6 1

3 10 m s 0.6m
500 10 s

cL
f

−

−

× ⋅
= = =
Δ ×

         (3-4) 

corresponding to a cavity length of 20cm. When OPD of the sensor is longer than Lc, the 

visibility of the interference fringes is significantly reduced so no effective interference 

can be detected by the spectrometer. The visibility γ of an interference fringe is defined as 

max min

max min

I I
I I

γ −
=

+
             (3-5) 

where Imax and Imin are peak and valley reflectivities, respectively, in the fringe. Because 

low visibility results a low signal to noise ratio, high visibility is desired for accurate 

detection of the spectrum peaks. Therefore, a shorter OPD less than Lc should be used. 

To examine the visibility of the sensors, we fabricated 10 sensors with cavity lengths 

ranging from 2.5mm to 30mm, and measured their signal visibility. Fig. 3-10 (a) shows 

the Fourier spectrum of ten sensors, and (b) shows the visibility measurement results.  
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Fig. 3-10. Visibility test result 



 

  
 

65

 

The visibility of the interference fringes decreases as the cavity length increases from 

2.5mm to 30mm. It drops to ~0.4 at cavity length of 30mm while the coherence length of 

laser is 200mm. The small visibility can be caused by the random change of state of 

polarization of light as it is reflected by and transmits through gratings [108]. Fig. 3-10 

shows a cavity length of 30mm still yields a signal to noise ratio of 20dB in its Fourier 

spectrum. Therefore, a cavity length of up to 30mm can be measured with a high 

accuracy using our sensor interrogation system. 

 

Cavity length differences 

In order to separate signals reflected from different sensors, all sensors should have 

different cavity lengths so that each sensor’s optical signal occupies a unique frequency 

band in its Fourier spectrum. In sections 3.3 and 3.4, we will discuss the minimum cavity 

length difference that is required to avoid overlap of sensors’ frequency bands and to 

minimize the frequency crosstalk. 

 

Spacing between sensors within fiber  

When the spacing between sensors within fiber is less than the coherence length of the 

light source, interference will also occur between signals from different sensors, and 

generate crosstalk. Therefore, any two sensors must be separated by a distance larger than 

the light source coherence length to avoid such crosstalk. 

 

Sensor reflectivity 

Two factors should be considered in the design of the sensor reflectivity. First, the 

modulation of light by sensors located closer to the light source must be weak so that the 

incident light to sensors located further from the source carries minimum information of 

the previous sensors and also the further sensors can still see sufficient optical powers. 



 

  
 

66

This requires a low reflectivity of each sensor to avoid optical crosstalk. On the other 

hand, because the si720 interrogation system also detects the background reflection 

caused by the Raleigh backscattering in the fiber and the local reflection of the optical 

test system itself, the reflectivity of each sensor must be higher than this background 

noise to generate a high signal to noise ratio.  

The background reflection detected by si720 is around -65dB. A sensor reflectivity of 

-50dB is appropriate to produce a good signal to noise ratio, as shown in Fig. 3-8. The 

corresponding insertion loss of less than 0.002dB is small enough for the multiplexing 

over several hundred sensors with a negligible optical crosstalk. 

 

3.3 Signal Demodulation and Software Implementation 

The signal demodulation is to extract each sensor’s interference spectrum from the mixed 

optical signal detected by the si720 interrogation system. It is accomplished in a 

computer by implementing the digital signal processing technique. 

 

3.3.1 Signal of multiplexed sensor array 

From Eqs. 2-37 and 2-42, the reflectivity of a single USFBG- IFPI sensor can be written 

as 

[ ]FBG2 1 cos(OPD )R R kγ= +           (3-6) 

where γ is the visibility of the interference fringe, k = 2π / λ is the wave number, and OPD 

= 2neff(d+L). The effective index of refraction of the fiber depends on wavelength due to 

fiber dispersion, therefore, introduces a chirp in Eq. (3-6). The dispersion coefficient D of 

SMF28 single mode fiber is less than 18.0ps/(nm·km) at 1550nm. Within the wavelength 

range of the light source, the corresponding refractive index variation is Δn = DΔλc. Then 

for a phase difference 24 ndφ π λ λΔ = ⋅Δ  between two wavelengths, the relative 

deviation in φΔ  due to the dispersion is 
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2

( ) 4 0.0057
4

nd Dc
nd n

δ φ π λ λ
φ π λ λ
Δ Δ

= = =
Δ ⋅Δ

       (3-7) 

The above equation indicates the chirping effect is negligible, thus, the reflectivity of the 

sensor can be regarded as a purely sinusoidal signal in terms of wave number modulated 

by an envelope RFBG given by Eq. 2-23 (or Eq. 2-32 when grating lengths are small). 

 

As many sensors are arranged serially along a single fiber, the incident light will be 

reflected at each sensor location. If the distances between any two sensors within the fiber 

are greater than the light coherent length, there will be no interference between light 

reflected from different sensors, thus the total reflected light is simply the linear 

superposition of all the lights reflected from each sensor. Then the normalized reflected 

signal can be written as 
1

2
FBG

10

1 1
2 2

FBG FBG
1 1

( ) 2 ( )[1 cos(OPD )] ( ) ( )
( )

 2 ( ) ( ) 2 ( ) cos(OPD ) ( ) ( )

j

j j j i
j i

j j

j i j j j i
j ji i

P k R k k T k k
P k

R k T k R k k T k k

α γ ν

α α γ ν

−

=

− −

= =

= + +

= + +

∑ ∏

∑ ∑∏ ∏
 (3-8) 

where P0 and P are the optical power launched into and reflected from the sensor array, 

respectively 

, FBG2 ( ) 1 cos(OPD )j j jR k kγ⎡ ⎤+⎣ ⎦  is the reflectivity of the jth sensor, α is a parameter 

related to the power losses due to the optical assembly (including the 3dB coupler, the 

fiber connectors, etc.), Ti is the power transmissivity of the ith sensor, and ν is the system 

noise. Eq. (3-8) shows each sensor’s signal is also affected by sensors that are located 

closer to the light source via the factor 
1

2

1

( )
j

i
i

T k
−

=
∏ . However, as discussed in section 3.2.2, 

this factor is very close to unity due to the very low insertion loss of the sensors, therefore, 

it has negligible effect. According to Eq. (3-8), the sensor array signal contains three parts. 

The first part 
1

2
FBG

1

2 ( ) ( )
j

j i
j i

R k T kα
−

=
∑ ∏  is related to the reflectivity of the grating mirrors 
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which are wavelength dependent. It occupies only low frequency region in the Fourier 

spectrum. The second part 
1

2
FBG

1

2 ( ) cos(OPD ) ( )
j

j j j i
j i

R k k T kα γ
−

=
∑ ∏  contains all the 

sensors’ interference signal, and its frequency region is within the frequencies 

corresponding to the minimum and maximum OPDs in the sensor array. The third part 

( )kν  represents the system noise and occupies the whole frequency region. By designing 

sensor cavity lengths, the second part can be easily separated from the first part, and 

sensor’s frequencies can also be separated from each other. Then using a series of 

bandpass filters, each sensor’s frequency is selected by filtering.  

 

3.3.2 Linear interpolation and discrete Fourier transform 

Because the reflected spectrum data obtained by the si720 is equally spaced in 

wavelength, a linear interpolation method is adopted to convert the data from wavelength 

domain into a data sequence x[n] in terms of equally spaced wave number domain that 

has wave number samples of kn = k0 + nδk, where k0 = 4.002 rad·μm-1 is the minimum 

wave number corresponding to the maximum wavelength in the light source, δk = 6.58 

rad·m-1 is the wave number sampling interval, and n = 0, 1, 2, …, N – 1 (N = 20000) is 

integer numbers representing the sampling index of the wave number. To analyze the 

frequency component of the signal, the discrete Fourier transform (DFT) of data sequence 

x[n] is evaluated with 

( ) [ ]exp( )
n

X x n j nω ω
∞

=−∞

= −∑           (3-9) 

Its inverse discrete Fourier transform (IDFT) is 
1[ ] ( ) exp( )

2
x n X j n d

π

π
ω ω ω

π −
= ∫          (3-10) 

Fig. 3-11(a) shows original optical spectrum obtained from the si720 for 56 multiplexed 

sensors. Fig. 3-11(b) and (c) are the interpolation and DFT results, respectively. The 

sensor’s cavity lengths range from 180μm to 3cm. 56 frequency peaks correspond to 56 
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sensor’s sinusoidal signal.  
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 (a) Optical spectrum in wavelength domain (b) Interpolation result 
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(c) Fourier spectrum 

Fig. 3-11. Signal of 56 multiplexed USFBG-IFPI sensors 

 

3.3.3 Band broadening and sidelobes 

Considering the signal of one sensor in Eq. (3-6), the data sequence after the linear 

interpolation is 

FBG 0 FBG 0[ ] 2 ( ) 2 ( )cos( )

      2 [ ] 2 [ ]cos( )
k kx n R n k R n k n

R n R n n

δ γ δ ω ϕ

γ ω ϕ

= + + + +

= + +% %
    (3-11) 
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where ω=OPDδk=2ne(L+d)δk is the frequency of the sinusoidal sequence and 0OPDkϕ =  

is its phase. The bandwidth of x[n] in its DFT domain can be evaluated from the 

expression of [ ]R n% . According to Eq. (2-32), for a small length grating, [ ]R n%  can be 

written as 

2 2 2
0 e e 0[ ] sinc ( )k

L LR n c L n n n k πδ
π π

⎡ ⎤= + −⎢ ⎥Λ⎣ ⎦
       (3-12) 

If [ ]R n  is defined for ( , )n∈ −∞ +∞ , it will have a frequency spectrum of triangular 

shape with bandwidth of 4neLδk. To avoid crosstalk between two sensor signals, their 

frequency difference Δω should be at least the width of a single sensor frequency 

component, namely, Δω=2neΔ(L+d)δk > 4neLδk, or 

2d LΔ >               (3-13) 

Eq. (3-13) specifies the minimum cavity length difference of two sensors must be larger 

than the twice of the grating length in order to separate their frequency components. 

However, in a practical application, a light source always has a limited bandwidth, and a 

computer can only process finite data length. Therefore, the data sequence x[n] should 

have only a limited length and Eq. (3-11) can be rewritten as the product of an infinite 

length data sequence and a rectangular truncation window function, 

0[ ] [ ] [ ]Nx n x n w n= ⋅ ,  n = –∞, …, +∞       (3-14) 

where x0[n] is the extended sequence having an infinite length. The rectangular window 

sequence wN[n] of length N is defined as: 

1,    0 1
[ ]

0,    otherwiseN

n N
w n

≤ ≤ −⎧
= ⎨
⎩

          (3-15) 

The truncation of x0[n] introduces band broadening and sidelobes that extend over the 

entire frequency range in the Fourier spectrum and decays as the frequency goes away 

from the mainlobe. Fig. 3-12 shows the DFT spectrum of a single sensor signal. We see 

that the frequency occupies the whole frequency range. Then Fig. 3-11 (c) contains many 
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such frequency spectra each of which corresponds to a sensor with different OPD. 
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Fig. 3-12. DFT spectrum of a single sensor 

 

3.3.4 Filtering and steady-state response  

To obtain each sensor’s signal, a bandpass digital filter is designed. The bandpass digital 

filter is characterized by its impulse response h[n]. The filtering is accomplished by the 

linear convolution between the impulse response h[n] of the filter and the data sequence 

x[n]. The filtered (output) sequence y[n] is 

0

0

0
0 1

1[ ] [ ] [ ] ( ) ( ) exp( )
2

1      ( ) ( ) exp( )
2

1          [ ]exp( ) [ ]exp( ) ( ) exp( )
2

n

k

n N

k k n

y n h k x n k H X j n d

H X j n d

h k j k h k j k X j n d

π

π

π

π

π

π

ω ω ω ω
π

ω ω ω ω
π

ω ω ω ω ω
π

−
=

−

− ∞

−
= = +

= − =

=

⎧ ⎫− − + −⎨ ⎬
⎩ ⎭

∑ ∫

∫

∑ ∑∫

 (3-16) 

where X(ω), X0(ω) and H(ω) are the DFT of the truncated data sequence x[n], extended 

data sequence x0[n] and the impulse response h[n], respectively. When h[n] has finite 

length M and M ≤ N, then for those n that satisfy the condition 

( 1) ( 1)M n N− ≤ ≤ −             (3-17) 

Main lobe 

Side lobes 
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the output sequence reduces to 

0
1[ ] ( ) ( ) exp( ) ,     ( 1) ( 1)

2
y n H X j n d M n N

π

π
ω ω ω ω

π −
= − ≤ ≤ −∫   (3-18) 

Above equation contains only the DFT of infinite sequence x0[n], that has no band 

broadening and sidelobes that exist in X(ω). The response y[n] in Eq. (3-18) is called 

steady-state response. It occurs only for n satisfying Eq. (3-17). Therefore, by considering 

the steady-state response only, the band broadening and the sidelobes will have no effects 

on the filtering result. 

 

3.3.5 Filter design 

Linear phase response 

When the DFT of impulse response of a filter has nonzero phase response, namely  

{ }( ) angle ( ) 0Hθ ω ω= ≠            (3-19) 

the steady-state response in Eq. (3-18) can be rewritten as 

0
1 ( )[ ] ( ) ( ) exp ( )

2
y n H X j n d

π

π

θ ωω ω ω ω
π ω−

⎧ ⎫= +⎨ ⎬
⎩ ⎭∫      (3-20) 

Above equation shows the output sequence exhibits a phase delay of ( )θ ω
ω

−  relative to 

the input sequence. If the phase delay is not a constant, the output signal will present 

phase distortion and not look like the input signal. To avoid phase distortions, the 

frequency response of the filter should have a linear-phase characteristic in the frequency 

band of interest. In this case, the shape of the signal will have no changes after the 

filtering but have an overall shift given by the phase delay. 

 

Bandpass filter based on shift of lowpass filter 

In the signal demodulation, a bandpass filter can be designed specifically for each sensor. 

However, this approach is not efficient since the filters designed for one set of sensor 

array can not be used for another set of sensor array with different OPDs. In our approach, 
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a type 1 finite impulse response (FIR) lowpass filter hLP[n] with length M is first designed. 

The frequency response of a type 1 FIR lowpass filter is: 

LP LP
1( ) ( ) exp( )

2
MH H jω ω ω−

= −         (3-21) 

Then the bandpass filter hBP[n] is generated by shifting the lowpass filter to the central 

frequency ω0 of selected sensor signal via 

BP LP 0 0
1[ ] [ ]exp( ) exp( )

2
Mh n h n j n jω ω−

= ⋅ −       (3-22) 

The resulting bandpass filter’s frequency response is 

BP LP 0 0

LP 0

1( ) ( ) exp( )
2

1            ( ) exp( )
2

MH H j

MH j

ω ω ω ω

ω ω ω

−
= − ⋅ −

−
= − −

       (3-23) 

This filter has a linear phase response of θ(ω) = (M-1)/2·ω. The phase delay is a constant 

for all ω: 
( ) 1

2
Mθ ω

ω
−

− =              (3-24) 

Therefore, after the filtering, the signal is shifted to the right by (M-1)/2. 

The goal of the filtering is to pass all the frequencies of one sensor with minimum 

distortion and to block all frequencies of other sensors and system noise with maximum 

attenuation. The magnitude of an ideal filter should be one at passband and zero at 

stopband. However, this kind of filter can only be realized with an infinite length impulse 

response which practically speaking can not be handled by a computer. So the designed 

FIR filter always has some deviations from unity in the pass band and zero in the stop 

band. As the length of filter increases, the filter response approaches to the ideal one. Fig. 

3-13 shows the magnitude response of the designed lowpass filter with length M = 12511. 
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Fig. 3-13. Frequency response of lowpass FIR digital filter 

 

3.3.6 Summary and results 

Fig. 3-14 demonstrates the signal demodulation process. The mixed optical signal 

captured by si720 is first converted into wave number domain by linear interpolation. 

Then its DFT is evaluated and each sensor’s peak frequency is located. To recover a 

sensor’s optical signal, a bandpass filter with length M is generated by shifting the 

lowpass filter to the peak frequency of the sensor signal for filtering. The filtering is 

performed by the multiplication of sensor signal’s DFT and bandpass filter’s frequency 

response followed by an IDFT. Finally, the filtered optical signal is left shifted by (M-1)/2 

to obtain the original individual sensor optical signal. Figs. 3-15 to 3-18 show the signal 

demodulation results for one of the 56 multiplexed sensors. From Fig. 3-16, we observed 

the filter’s suppression ratio between passband and the stopband where the next sensor 

located is larger than 15dB. After the filtering, we obtained a sinusoidal wave. Fig. 3-17 

is the comparison of the filtered signal with the original sensor signal. The close-up of the 

comparison shows the filtered spectrum has same periodicity and same peak positions but 

improved signal-to-noise ratio with the original spectrum. By applying signal processing 
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algorithm described in section 2.3.3 to this optical spectrum, the sensor OPD can be 

calculated. 

Optical spectrum of multiplexed
sensor in wavelength domain

DFT X(ω)

Linear interpolation x(n)

Find the peak frequencies ω0

Filtering

OPD calculation
IDFT+ Spectrum shift 
optical spectrum of Individual sensor 

BP ( ) ( )H Xω ω×

Shift lowpass filter to ω0 HBP(ω)

IDFT+ Spectrum shift 
optical spectrum of Individual sensor 

BP ( ) ( )H Xω ω×

Shift lowpass filter to ω0 HBP(ω)

 
Fig. 3-14. Flow chart of the signal demodulation process 
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Fig. 3-15. Optical spectrum of 56 multiplexed USFBG-IFPI sensors 
 



 

  
 

76

0.03 0.04 0.05 0.06 0.07
-50

-40

-30

-20

-10

0

10

Frequency (rad)

Fo
ur

ie
r s

pe
ct

ru
m

 (d
B

)

sensor signal
filter

 
Fig. 3-16. DFT spectrum of sensor signal and the FIR filter 
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(a). Original individual sensor signal and filtered signal 
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(b). Close-up 

Fig. 3-17. Filtered optical spectrum 

 

3.4 Frequency Crosstalk 

3.4.1 Simulation 

Because it is impossible to completely filter out other sensors’ frequency peaks using a 

FIR filter, frequency crosstalk must be investigated to optimize the frequency difference 

between sensors. To simulate the crosstalk between two adjacent frequency peaks, we 

generated optical signal of two multiplexed sensors using Eq. (3-8), namely 

FBG1 1 1
0

2
FBG2 2 2 1

( ) 2( ) 2 ( ) 1 cos(OPD )
( )

2                   2 ( ) 1 cos(OPD ) ( )

P R
P

R T

λ πν λ α λ γ
λ λ

πα λ γ λ
λ

⎡ ⎤= + +⎢ ⎥⎣ ⎦

⎡ ⎤+ +⎢ ⎥⎣ ⎦

    (3-25) 

The first sensor has a constant OPD denoted by OPD1, and the second sensor has a 

varying OPD denoted by OPD2. We chose α = 0.25 to simulate power loss in the 3dB 

coupler, and chose OPD1 = 7185.3μm corresponding to a cavity length of 2484.5μm. The 

visibility γ of both the sensors is set to 0.8. The reflectivity of the gratings involved are 
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simulated using Eq. (2-24) with the grating length L = 16μm, refractive index modulation 

Δn = 0.2×10-3, grating period Λ = 535.2nm, and effective index of refraction neff = 1.446. 

When the power losses within the sensors are negligible, the transmissivity of the first 

sensor is simply 

1 FBG1 1 1
2( ) 1 2 ( ) 1 cos(OPD )T R πλ λ γ
λ

⎡ ⎤= − +⎢ ⎥⎣ ⎦
       (3-26) 

An optical spectrum captured by si720 from a bare fiber without any sensor is used to 

simulate the noise term ν(λ). 

Then the signal generated by Eq. (3-25) is filtered to recover the optical signal of the first 

sensor for different values of OPD2. The filtered signal is compared with the original 

signal of the first sensor and the relative OPD changes are calculated. Fig. 3-18 shows the 

crosstalk simulation results. The results show that when the cavity length difference of 

the two sensors is larger than 40μm, the crosstalk is less than 2ppm, and it increases very 

quickly when the cavity length difference is less then 40μm. This is slightly larger than 

the predicted minimum cavity length difference of 32μm calculated using Eq. (3-13). 

 

3.4.2 Experiment 

Experiments are also conducted to examine the frequency crosstalk. In the first 

experiment, we monitored the spectrum changes of the sensor with cavity length 2510μm 

(Sensor1) when another sensor (Sensor2) was added into the sensor array. The cavity 

length differences between Sensor2 and Sensor1 range from -100μm to -10μm. The 

Fourier spectrum of the two sensors signal and the relative OPD change of Sensor1 

during the experiment are shown in Fig. 3-19(a) and (b). The results indicate the 

frequency peaks of the two sensors start to merge together and crosstalk becomes 

significant when the cavity length difference is less than 40μm. The relative OPD change 

due to crosstalk is also plotted in Fig. 3-18 to compare with the simulation results. Very 

similar behavior is observed in both the experiment and simulation. 
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In the second experiment, we monitored the spectrum changes of one sensor (2510μm) 

when the other sensor (2410μm) in the sensor array was strained by hanging different 

masses on it. The results are shown in Fig. 3-20. No significant OPD change in 2510μm 

sensor is observed when 2410μm sensor is strained up to 1500ppm. So the cavity length 

difference of 100μm has a negligible crosstalk. 
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Fig. 3-18. Simulation and experiment results of frequency crosstalk 
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(b) Relative OPD change 

Fig. 3-19. Change of the Sensor1 signal when the Sensor2 is connected. 
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(b) Relative OPD change 

Fig. 3-20. Change of the Sensor1 signal when Sensor2 is strained. 
 

3.5 Multiplexing Capability 

As discussed in section 3.2.2, sensors with cavity lengths from as small as 400μm up to 
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3cm have a sufficient visibility and signal to noise ratio, and can be accurately 

interrogated by si720. Based on the theoretical simulation and experiment results, the 

cavity length difference between any two sensors must be larger than 40μm to minimize 

the sensor crosstalk. Therefore, multiplexing of more than 500 sensors in a single fiber is 

possible with our system. 
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CHAPTER 4 Performance of Multiplexed USFBG-IFPI Sensor 

System 

 

The USFBG-IFPI sensor can be used to measure temperature and strain after calibrations. 

This chapter provides lab experiment and field test results of the sensor system for strain 

and temperature measurement. 

 

4.1 USFBG-IFPI Temperature Sensor 

4.1.1 Calibration of USFBG-IFPI temperature sensor 

The USFBG-IFPI temperature sensor is based on the thermal optic effect and thermal 

expansion of the optical fiber. The thermal optic effect causes variations in the refractive 

index of the fiber material, and the thermal expansion causes the cavity length to change. 

According to these two effects, the temperature response of the USFBG-IFPI sensor is 

written as 
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             (4-2) 

is the thermal optic coefficient, and 

eff
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1 d
d T

α ∂
=

∂
             (4-3) 

is the thermal expansion coefficient. Both β and α vary slightly with temperature. To use 

a USFBG-IFPI sensor for temperature measurement, the relation between relative sensor 

OPD value change and the applied temperature must be calibrated. The calibration is 

usually achieved by applying known temperatures and measuring the corresponding 
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OPDs. A series of OPD vs. temperature pairs is used to form the calibration curve 

described by Eq. (4-1). In the calibration, we used a TestEquity 1000 temperature 

chamber to apply different temperatures on sensors. The chamber has a temperature range 

from -40oC to +175oC. Five sensors with cavity lengths ranging from 410μm to 810μm 

are serially spliced in a single fiber and placed into the chamber. The Fourier spectra of 

the five sensors are shown in Fig. 2-14 (b). Then the temperature is increased from 0oC to 

170oC and decreased from 170oC to 0oC with a step of 10oC for three cycles. A type K 

thermocouple is used to monitor the temperature of the sensors. The type K thermocouple 

has a resolution of 0.05oC, with an accuracy of ±1.5oC. To ensure accurate temperature is 

recorded during the calibration, the five sensors and the thermocouple probe are placed as 

close as possible, and at each temperature step the temperature is held at constant level 

for 30 minutes so that the thermal equilibrium is fully attained. At the same time, the 

sensors OPD values are continuously measured. The measurement results of last 10 

minutes at each step are averaged to minimize the measurement error. The relative OPD 

changes with respect to OPDs at 25oC of the five multiplexed sensors are plotted in Fig. 

4-1 for three cycles. 
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Fig. 4-1. Temperature calibration curve of the IFPI sensor 
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A nonlinear relationship between the relative change of OPD and the temperature was 

observed. We used a second order polynomial curve fitting equation to represent the 

calibration curve of the USFBG-IFPI temperature sensor, 

2
1 2 3

OPD
OPD

p T p T pΔ
= + +            (4-4) 

Table 4-1 listed the fitting coefficients p1, p2 and p3 for all the five sensors by averaging 

there experiment cycles. 

Sensor cavity 
length 
(μm) 

p1 
(ppm oC-2) 

p2 
(ppm oC-1) 

p3 
(ppm) 

410 0.0072599 5.8503 -150.79 
510 0.0072457 5.8505 -150.79 
610 0.0072528 5.8499 -150.78 
710 0.0072555 5.8479 -150.73 
810 0.0072864 5.8490 -150.78 
Maximum variation 0.0000407 0.0026 0.06 
Average 7.26×10-3 5.8495 -150.78 

Table 4-1. Coefficients for the temperature calibration curve 
 

According to the calibration curve, we find the temperature sensitivity is 

6 o o

6 o o

6.21 10 / C at 25 C( OPD OPD)sensitivity
T 7.30 10 / C at 100 C

d
d

−

−

⎧ ×Δ ⎪= = ⎨
×⎪⎩

    (4-5) 

After the calibration, the sensors are ready to measure temperature. The measurement 

repeatability, accuracy, resolution and stability can then be evaluated based on the 

calibration curve. 

 

4.1.2 USFBG-IFPI temperature sensor repeatability 

The temperature measurement repeatability is specified by the maximum difference 

between different measurements when the same experiment process is repeated under the 

same condition. With the second order polynomial as a calibration curve, the three cycles 

of temperature measurements using the USFBG-IFPI sensors from 0oC to 170oC are 
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shown in Fig. 4-3(a), in which the x-axis is the temperature measured by the type K 

thermocouple, and the y-axis is the temperature measured by the USFBG-IFPI sensors. A 

linear relation with a unity slope is expected. Fig. 4-3(b) shows the deviation of the 

optical sensor measurement results from the average of the three measurement cycles. 

Because it is impossible to completely repeat a temperature within the chamber, there are 

always some variations in actual temperature when the same temperature level is repeated 

at different times. In addition, the thermocouple has a measurement error and a nonzero 

repeatability, so a measurement variation is also observed in the thermocouple 

measurement as shown in the figure. The maximum variation of the optical sensor is the 

same as that of the thermocouple which is ±0.15oC. Therefore, the optical sensor has a 

repeatability at least the same as that of the thermocouple. A more repeatable temperature 

control and more accurate temperature monitoring are needed to study the repeatability of 

the optical sensor more accurately. 

 

4.1.3 Temperature measurement accuracy 

The temperature measurement accuracy of the optical sensor is the largest difference of 

the temperature measured by the optical sensor and the actual temperature. From Fig. 

4-3(a), the deviation of the temperature measured by the optical sensor from the 

thermocouple reference is evaluated. Fig. 4-3(c) shows the results. The maximum 

deviation of ±0.3oC is observed. This is less than the accuracy of the thermocouple, so a 

temperature reference with higher accuracy must be used to more accurately characterize 

the accuracy of the optical sensor.  
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(a). Optical temperature sensor measurement results 
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(b). Optical sensor temperature repeatability 
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(c). Optical sensor temperature accuracy 

Fig. 4-2. Optical temperature sensor characterization 

 

4.2 USFBG-IFPI Strain Sensor 

4.2.1 Calibration of USFBG-IFPI strain sensor 

To analyze the strain sensitivity of the USFBG-IFPI sensor, we have to consider the 

photo-elastic effect of the fiber material. When fiber is stretched in its axial direction, its 

index of refraction will change according to [109] 

2

12 11 12[ ( )]
2 a

n n p p p
n

ν εΔ
= − − +          (4-6) 

where n is the index of refraction of the fiber material, p11 and p12 are the elements of the 

photo-elastic tensor, ν is the Poisson ratio, and εa is the axial strain. The effective index of 

refraction of the fiber mode depends on fiber parameters, such as, the material refractive 

index of both the fiber core and cladding and the diameter of the core [110]. All these 

parameters can be altered by strain. We define an effective photo-elastic coefficient peff 

such that 
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eff
eff
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εΔ
= −              (4-7) 

peff will be determined experimentally. Then relative OPD change can be written as 

eff
eff

eff

OPD (1 )
OPD a

n d p
n d

εΔΔ Δ
= + = −          (4-8) 
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Fig. 4-3. USFBG-IFPI strain sensor calibration setup 

 

To calibrate the strain sensitivity of the USFBG-IFPI sensor, we used a cantilever beam 

setup to generate deformation on the beam surface. This deformation is transferred to the 

USFBG-IFPI sensor bonded onto the beam surface. Fig. 4-3 shows the experimental 

configuration for the USFBG-IFPI strain sensor calibration. An iron beam with t in 

thickness and x0 in length is fixed at one end while the other end can move freely in the y 

direction as shown in the figure. The five USFBG-IFPI sensors used for temperature 

calibration are bonded on the beam surface at x1 using Measurements Group, Inc, 

M-Bond 610 epoxy. When the free end of the beam is deflected in the y direction, strain 

will be induced on the beam surface and transferred into the fiber sensors. The relation 

between the strain and the beam tip deflection is given by  

1
3
0

3
2
x t y
x

ε =                (4-9) 

where y is the displacement of the beam free end. During the calibration, a precision foil 
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strain gauge (Measurements Group, Inc, CEA-09-125UW-350) is also bonded at the same 

location as the optical sensors to monitor the strain. 

 

Then using a translation stage, the displacement y is increased from zero to maximum and 

then decreased back to zero for three cycles. Both strains measured by the foil strain 

gauge and the relative OPD changes of the optical sensors are recorded. Results are 

plotted in Fig. 4-4 in which x axis is the strain measured by the foil strain gauge and y 

axis is the relative OPD changes of the fiber sensors. 

0 500 1000 1500
0

200

400

600

800

1000

1200

Strain (με)

R
el

at
iv

e 
O

P
D

 c
ha

ng
e 

(p
pm

)

sensor1 (410μm)
sensor2 (510μm)
sensor3 (610μm)
sensor4 (710μm)
sensor5 (810μm)
linear fit

 

Fig. 4-4. USFBG-IFPI strain sensor calibration curve 

 

A linear relation is observed in the above figure. According to the figure, the 

USFBG-IFPI stain sensor’s sensitivities are calculated by linear curve fitting the 

experiment data. The results are listed in Table 4-2 for all five sensors. 

Sensor cavity length 
(μm) 

410 510 610 710 810 Average

sensitivity (ppm/με) 0.78038 0.77093 0.774 0.77242 0.7676 0.7731 
Table 4-2. Sensitivities of IFPI strain sensors 
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The maximum difference in sensitivities of the five sensors is 0.013, which is about 1.7% 

of the sensitivity. This difference is probably caused by the possible misalignment 

between the optical sensors and the foil strain gauge, so different strains are induced 

within the foil stain gauge and the optical sensors during the calibration. The distance 

between the sensor location and the moving end of the cantilever beam is about 235mm. 

Therefore, based on Eq. (4-9), an error of 4mm in the sensor alignment, which is highly 

possible since sensor is invisible, will cause 1.7% error of the sensitivity during strain 

calibration. 

 

4.2.2 Strain measurement repeatability 

The sensor’s repeatability in strain measurement is also evaluated by taking the difference 

of measured strain from the average of the three repeated experiment cycles. Fig. 4-5(a) 

shows the strain measurement results of the optical sensors based on the linear fitting 

calibration curve. Fig. 4-5(b) is the deviation of the measured strain from the average. 

The maximum deviation is ±5με. The strain measured by the foil strain gauge shows a 

similar maximum deviation of ±6με. The large deviation is due to the difficulty of 

repeating the same strain value since the strain is applied to the sensors by manually 

tuning the mechanical translation stage. Small ambient temperature variations during the 

experiment make it even harder to get the same strain value repeatedly. Therefore, a more 

accurate strain control is required to characterize the repeatability of the USFBG-IFPI 

sensors for strain measurement. 

 

4.2.3 Strain measurement accuracy 

The accuracy of the strain sensor is also derived from Fig. 4-5(a) by taking the difference 

of the strain measured by the optical sensor and the strain measured by the foil strain 

gauge. The results are shown in Fig. 4-5(c), where the x-axis is the strain measured by the 

foil strain gauge, and the y-axis is the difference of the strain measured by the optical 
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sensor and by the foil strain gauge. The result shows an increased difference between the 

optical sensors and the foil strain gauge at larger strain. This result is consistent with the 

large sensitivity difference measured for different sensors as shown in table 4-2.  
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(a). Optical strain sensor measurement results 
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(b). Repeatability of USFBG-IFPI strain sensor 
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(c). USFBG-IFPI strain sensor accuracy 

Fig. 4-5. Optical strain sensor characterization 

 

4.3 Stability and Resolution of USFBG-IFPI Sensor 

To test the stability of the USFBG-IFPI sensor, we placed five sensors into the 

temperature chamber and held the temperature at 25oC. The sensors were then tested 

continuously for 18 hours. The testing result is shown in Fig. 4-6. The data distribution is 

also plotted in Fig. 4-7. The standard deviation of the relative OPD variation during the 

18 hour period is calculated to be σ = 0.49ppm. Two times the standard deviation is 

generally used to specify the sensor resolution, 

2 2 0.49ppm 0.98ppmσ = × =          (4-10) 

Then according to the sensor temperature and strain sensitivities, its temperature and 

strain resolutions can be derived by 

o o

o o

0.98 0.16 C at 25 C
Sensor resolution 6.12resolution of 

0.98sensitivity of 0.13 C at 100 C
7.30

T
T

⎧ =⎪⎪= = ⎨
⎪ =
⎪⎩

 (4-11) 
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and  

Sensor resolution 0.98resolution of 1.26
sensitivity of 0.77

ε με
ε

= = =    (4-12) 
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Fig. 4-6. Stability test of USFBG-IFPI sensor at temperature 25oC 
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Fig. 4-7. Data distribution of the stability test result 
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4.4 Testing of Multiplexed USFBG-IFPI Sensors in a Temperature 

Chamber 

To test the multiplexing of USFBG-IFPI sensors, we connected 56 sensors along a single 

fiber and measured the temperature inside a temperature chamber with them. In the 

testing, the temperature is varied from 0oC to 160oC at a step of 20oC and repeated 4 

times. At each step, the temperature is held at constant for 30min to reach a stable value. 

Fig. 4-8 (a-c) shows the Fourier spectrum of the multiplexed sensor signal and their 

temperature measurement results. 
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 (b) Temperature measurement result  close-up 
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(c) Temperature measurement result for the first time 

Fig. 4-8. Testing result of multiplexed USFBG-IFPI sensor in a temperature chamber 

 

From Figs. 4-8, we observed that the first twelve sensors have low Fourier frequency 

peaks or smaller peak frequency difference compared with the other sensors, their 

temperature measurement results also present large variations.  

  

4.5 Testing of Multiplexed USFBG-IFPI Sensors on a Structure Beam 

The testing of a multiplexed USFBG-IFPI sensor system on a structure steel beam was 

also done in the Structures Laboratory in the Department of Civil and Environmental 

Engineering at Virginia Tech. Ten sensors were installed on the beam surface. Another 

eight sensors were also loosely attached closely to the optical strain sensors to measure 

temperature. Three foil resistance strain gauges were used to compare with the optical 

sensors. The beam ends were supported by two stands and load was applied on the center 

of the beam by a MTS-Hydraulic actuator system capable of applying ±50 kilopounds of 
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load and ±3 inches of displacement. Fig. 4-9 is the schematic diagram of the testing setup. 

The optical strain sensors were installed at all ten locations, the optical temperature 

sensors were installed at all locations except locations 1 and 6. The foil strain gauges 

were installed at locations 4, 6, and 7. Pictures of the actuator and the structure beam 

during testing are shown in Fig. 4-10. The actuator was equipped with an internal load 

cell and linear-variable differential transformer (LVDT) for measuring actuator force and 

displacement, respectively. The hydraulic system was controlled by an MTS model 407 

Controller as shown in Fig. 4-11. This controller is a single-channel, digitally-supervised, 

servo controller that provides complete control of the servo-hydraulic actuator. The 

controller can be used to prescribe a given displacement or force at the actuator. The 

optical sensors were installed along the beam surface at symmetric positions of the 

loading point as shown in Fig. 4-12. 

x1 x2 x3 x4 x5 x6 x7 x8 x9 x10

Actuator load

Sensor locations

t = 20.35 cm

Structure beam

stand

x

x0 x11

stand

L = 2.326 m  
Fig. 4-9. Structure beam testing setup 

 
Fig. 4-10. Testing beam and hydraulic 

actuator setup 

  
Fig. 4-11. MTS model 407 controller 
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Fig. 4-12. Installation of sensors 

 

close-up 

 

Data from the MTS model 407 Controller and the resistance strain gauge were collected 

into a Campbell Scientific CR9000 Measurement and Control System as shown in Fig. 

4-13. The system converted the analog voltage readings from the measuring devices into 

digital signals. The digital signals were then sent to a PC, from which signals were read 

by the PC9000 data acquisition software. Three types of data were collected: 

displacement, load and strain. The optical sensor signals were detected using the Micron 

Optics si720 sensor interrogation system as shown in Fig. 4-14. 

 

Fig. 4-13. Campbell Scientific CR9000 

interrogation system 

 

 

 

 

 
Fig. 4-14. Micron Optics si720 sensor 

measurement and control system 
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4.5.1 Static strain testing 

In the experiment, static strain was first tested by applying static load to the beam. Strains 

measured by the optical sensors, foil strain gauges and predictions calculated from the 

applied load are plotted in Fig. 4-15 (a-j). Changes in temperature measured by the 

optical temperature sensors during the experiment are also plotted in Fig. 4-16. A 

temperature change of about 0.65oC is observed during the one hour testing period. 
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(a) Position 1 
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(b) Position 2 
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(c) Position 3 
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(d) Position 4 
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(e) Position 5 
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(f) Position 6 
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(g) Position 7 
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(h) Position 8 
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(i) Position 9 
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(j) Position 10 

Fig. 4-15(a-j). Static strain testing 
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Fig. 4-16. Change in temperature sensor during the static strain testing 

 

4.5.2 Low frequency dynamic strain testing 

0.65oC 
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Low frequency dynamic load is also tested at frequencies of 0.2Hz, 0.5Hz, 1.0Hz, 2.0Hz 

and 5.0Hz. Testing results at sensor location 6 are shown in Fig. 4-17 (a-e). According to 

the figures, the time recorded from the CR9000 and the time recorded by the computer 

connected to the si720 seems not synchronous, since waves of the optical sensor and of 

the foil strain gauge show different frequencies. At frequencies less than 2.0Hz, the 

optical sensor can respond the load changes in time. When frequency is higher than 2.0Hz, 

the optical sensor can not follow the load changes due to the low scanning rate of the 

si720. Therefore, our sensor system can only be used for static or very low frequency 

dynamic strain measurement. A data acquisition system with higher speed can improve 

the frequency range of dynamic loading. 
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(a) Dynamic testing at 0.2Hz 
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(b) Dynamic testing at 0.5Hz 
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(c) Dynamic testing at 1.0Hz 
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(d) Dynamic testing at 2.0Hz 
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(e) Dynamic testing at 5.0Hz 

Fig. 4-17(a-e). Dynamic load testing at low frequencies 

 

4.5.3 Discrimination of strain and temperature  
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Because the USFBG-IFPI sensor is sensitive to both strain and temperature, the 

discrimination of strain and temperature should be made when the sensor is subject to 

changes in both parameters. 

 

4.5.3.1 Cross-sensitivity of strain and temperature 

The relative OPD change induced by strain and temperature is  

eff eff host fiber fiber
OPD (1 ) (1 )( ) ( )

OPD
p p T Tε α α β αΔ

= − + − − Δ + + Δ   (4-13) 

where αhost and αfiber are the thermal expansion coefficients of the host and fiber materials, 

respectively. In the equation, the first term (1–peff)ε is the change induced by strain of the 

host material. The second term (1–peff)( αhost–αfiber)ΔT, called thermal strain, corresponds 

to strain induced within fiber sensor due to different thermal expansion of fiber and host 

material as temperature is increased. The third term (β + αfiber)ΔT is the sensor intrinsic 

temperature response, and it should be compensated in all strain measurements. However, 

depending on applications, the compensation of the thermal strain may or may not be 

required. In applications where only elongation is concerned, such as in an electrical 

energy transmission cable, the thermal strain compensation is not required. For health 

monitoring, problems are caused by internal forces of a structure, so we should measure 

the force-induced strain ε only, and the thermal strain should also be excluded.  

 

4.5.3.2 Temperature compensation in strain sensor 

To obtain the temperature information of an optical strain sensor, we loosely bonded 

another USFBG-IFPI sensor next to the USFBG-IFPI strain sensor to measure its 

temperature only. Then the temperature induced OPD change of the strain sensor could be 

subtracted from Eq. (4-13). 

To examine the temperature compensation method, we applied a constant load to the 

structure beam under testing for 5 hours. During this period, the fluctuation of ambient 

temperature induces the thermal strain within strain sensors and generates errors in strain 
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sensors reading. To correct the errors, optical temperature sensors are inserted into metal 

tubes that are closely bonded to the strain sensors as shown in Fig. 4-12, so that both 

temperature and strain sensors have the same temperature. Then the measured 

temperature is used to correct the errors in the strain measurement results. The thermal 

expansion coefficients of 0.5ppm/oC for silica fiber and 12ppm/oC for structural steel 

beam are used in temperature compensation. Fig. 4-18 shows the testing results at eight 

positions along the beam. Based on temperature sensors, there is a temperature increase 

of approximate 1oC, which produces an error of about 20με in the strain sensor. After the 

temperature compensation, the strain measurement becomes approximately a constant as 

constant load is applied. 
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Fig. 4-18. Testing of temperature compensation in strain measurement 
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CHAPTER 5 Conclusions and Future Work 

 

5.1 Conclusions 

In this research, we present a fiber optic IFPI sensor technology for distributed strain and 

temperature measurement. Two ultra-short FBGs are fabricated within a hydrogenated 

low-germanium single mode fiber core to form a sensor Fabry-Perot cavity. With a 

tunable narrow slit, the length of each FBG can be controlled to less than 20μm to 

produce a low reflectance and wideband reflection mirror. An interference fringe 

visibility better than 0.4 is demonstrated for a Fabry-Perot cavity length up to 30mm 

measured with a Micron Optics si720 optical sensor interrogation system. The sensor 

insertion loss of less than 0.002dB allows a large number of sensor signals to be 

multiplexed along a single fiber transmission line. With the spectrum detection technique, 

bandpass digital filters are designed to demodulate signals from sensors with different 

cavity lengths. A combination of the two-peak estimation and one-peak tracking 

algorithms is employed to demodulate the sensor cavity lengths. We find the cavity length 

difference between two sensors must be larger than 40μm to minimize the sensor signal 

crosstalk. The analysis predicts that multiplexing of over 500 sensors should be possible 

with our sensor system. 

Sensor performances in strain and temperature measurement are evaluated in laboratory 

experiments. As a temperature sensor, it has a sensitivity of 6.21ppm/oC, a repeatability 

better than ±0.15oC, accuracy better than ±0.3oC and resolution of 0.16oC. As a strain 

sensor, it has a sensitivity of 0.773ppm/με, repeatability better than ±5με and resolution 

of 1.3με. Multiplexing of 56 sensors is tested for temperature measurement. A large 

signal to noise ratio is required to obtain stable sensor output when a large number of 

sensors are multiplexed. Multiplexed strain and temperature measurement is also tested 

on a structure beam. It is evident that temperature compensation in the optical strain 
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sensor is needed. The temperature compensation is achieved by measuring temperature at 

the optical strain sensor location with an optical temperature sensor. 

The sensors are fabricated using UV light irradiation. No cleaving, splicing or etching is 

involved. Therefore, they have excellent mechanical strength for handling and installation 

in field applications. Utilization of the phase mask technique makes the fabrication 

process very simple, highly repeatable and flexible. 

 

5.2 Future Work 

Bandpass digital filter design 

There are many designs of bandpass digital filters. Different filters have different 

demultiplex effects. This has to be characterized and optimized. 

 

System noise analysis  

A complete system noise analysis is needed to understand the performance limit of the 

sensor system. 

 

Performance evaluation of multiplexed sensor 

As the number of sensors multiplexed is increased, the sensor resolution and accuracy 

may decrease due to the sensor signal crosstalk. The quantitative relationship between the 

number of multiplexed sensors and sensor resolution and accuracy has to be 

characterized. 

 

Design of sensor measurement dynamic range 

In order to avoid the overlap of different sensor frequency components during a 

measurement, the frequency dynamic range of the sensor signal must be carefully 

designed. This is especially important when the sensor cavity length is long since a longer 

cavity length produces more frequency changes for a given strain or temperature change. 
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Sensor packaging  

During the sensor fabrication process, the fiber coating must be removed so that UV light 

can be irradiated onto the fiber core. This will reduce the sensor robustness. Robust 

sensor packaging should be developed for field applications.  
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