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Introduction

This dissertation discusses how optical fiber sensors can be used to nondestructively
monitor and quantitatively evaluate the condition of existing and advanced civil structures to
ensure that the overall quality of the infrastructure is maintained. The advantages of fiber
optic sensors over conventional sensors are highlighted and demonstrated in various
practical implementations. This chapter discusses the need for monitoring the health of
existing and advanced civil structure components, addresses the importance of
implementing optical fiber sensors, and provides an outline for this dissertation.

The growth of a civilization as a whole largely depends on the quality of its overall
infrastructure. The deterioration of public roads, communication systems, and other critical
public infrastructure components can lead, and has led, to the downfall of civilizations.
History has shown how the decline of a civilization can be accelerated with the decay of its
infrastructure; the Roman and Egyptian civilizations are prime examples of civilizations that
flourished with the development of a good infrastructure, and collapsed as their
infrastructure deteriorated.’

Currently, the United States is seeing a similar trend; the extensive "good" infrastructure
that was originally developed and implemented is now rapidly deteriorating with time due
to increasing demand, and lack of vital maintenance and repair. For example, according to
Federal Highway Administration (FHWA) report estimates, 250,000 of the nation's
highway bridges have serious structural problems and are in dire need of repair; it is
estimated that it will cost $200 billion to repair bridge deck areas alone. Over 130,000



Chapter One

Introduction

This dissertation discusses how optical fiber sensors can be used to nondestructively
monitor and quantitatively evaluate the condition of existing and advanced civil structures to
ensure that the overall quality of the infrastructure is maintained. The advantages of fiber
optic sensors over conventional sensors are highlighted and demonstrated in various
practical implementations. This chapter discusses the need for monitoring the health of
existing and advanced civil structure components, addresses the importance of

implementing optical fiber sensors, and provides an outline for this dissertation.

The growth of a civilization as a whole largely depends on the quality of its overall
infrastructure. The deterioration of public roads, communication systems, and other critical
public infrastructure components can lead, and has led, to the downfall of civilizations.
History has shown how the decline of a civilization can be accelerated with the decay of its
infrastructure; the Roman and Egyptian civilizations are prime examples of civilizations that
flourished with the development of a good infrastructure, and collapsed as their

infrastructure deteriorated.’

Currently, the United States is seeing a similar trend; the extensive "good" infrastructure
that was originally developed and implemented is now rapidly deteriorating with time due
to increasing demand, and lack of vital maintenance and repair. For example, according to
Federal Highway Administration (FHWA) report estimates, 250,000 of the nation's
highway bridges have serious structural problems and are in dire need of repair; it is
estimated that it will cost $200 billion to repair bridge deck areas alone.”> Over 130,000



bridges now have weight restrictions placed on them resulting in inconvenience and lost
time to truckers. Approximately two hundred bridges partially or completely collapse
annually nation-wide.}> For bridges, most failures occur due to inclement weather and
traffic carrying heavy loads. Water is responsible for scouring bridge foundations,
corroding steel and cracking concrete during freezes, and excessive loads cause cracks.’ In
general, both natural and operational causes are responsible for the deterioration and
destruction of the civil infrastructure. Natural causes include wind, ice-buildup,
earthquakes, floods/washouts, and corrosion, while operational causes include impacts,
fatigue due to excessive overuse, fire, overloading, explosions, and improper construction.
Some effects build up over time and may not be obvious initially, while others are easily
detected. It is therefore extremely important that the U.S. solve the problems related to
repairing, maintaining and improving its infrastructure.

Industrial Research and Development spending on structural construction engineering
technologies is less than 0.5 percent of gross sales.! This figure is much lower than the
percentage of R&D expenditures in most other countries. Yet only continued and increased
reinvestment, into research for the treatment and repair of the national infrastructure will
improve the civilization as a whole. A growing need is therefore being felt for the design
and development of advanced construction materials, and the implementation of electrical
and mechanical instrumentation that can perform health monitoring of such infrastructure.
Fortunately, recent changes in world politics have refocused part of the effort in such
sensor-integrated "smart material and structures” from primarily military uses to civilian
infrastructure applications. ' ' ‘

To assess the damage and to evaluate the condition of the nation's civil structures, novel
non-destructive testing and evaluation techniques need to be developed. For this
dissertation, optical fiber-based sensors were developed and implemented that can be used
to quantitatively monitor the perfdrmance of bridges, building structures and advanced
building materials that have widespread applications in civil structures. In part this requires
Sensors to monitor various parameters, such as strain and vibration, over long periods of
time on the surface (surface-mounted) as well as internal to the structure (embedded).
Sensor data obtained from tests can be used as input to subsequently optimize and improve
material and structural design. This data can also suggest possible methods of



implementing long term in situ measurement approaches to evaluate the health of
constructed structures, and allow the structure to be repaired, restored, or retrofitted.
Furthermore, the ability for self-diagnosis will make the "smart" materials of future
structures superior to, and more cost-effective than, the materials used today. The design
of new materials with improved structural geometries and capabilities for withstanding long
term deterioration or short term heavy loading requires extensive laboratory analysis and
verification. Information gained from such testing is needed as input to subsequent
structural design and optimization, as well as to suggest possible methods to implement
long term in situ measurement approaches to determine the health of the advanced civil
structure components.

Optical fiber sensors, unlike conventional electrically-based sensors, are fabricated with
high-strength silica which will not corrode or be affected by electromagnetic interference.
Their small size and geometric flexibility allows them to be unobtrusively embedded or
surface-attached to the host structure. Fiber optic sensors have been used for the non-
destructive evaluation of advanced materials and structures for over ten years.*® For
example, in composites, fiber sensors have been demonstrated to be feasible for the
measurement of internal material changes during fabrication, the in-service lifetime
measurement of strain, temperature, vibration, and other physical perturbations, and the
eventual detection of damagé or property degradation.®’ Recent advances in fiber optics
communication technology and the widespread use of fiber communications have made
available a large selection of reliable and inexpensive opto-electronic devices and
components for use in sensors and sensor insti'umchtation support systems.

Composite materials have found extensive applications in the high-technology defense
industry. Especially in the military aerospace industry where cost was less important than
performance, composite materials were irnplcmented because of their light weight, high
specific strength, excellent fatigue behavior, low thermal expansion, and good resistance to
corrosion and a variety of chemicals.*® Advanced composite materials are also quickly
replacing traditional materials in the commercial sporting goods market, where the cost
versus performance factor is much more important. So far however due to liability
concerns, higher up-front costs, unfamiliar design procedures, and lack of long-term
reliability data, few civil structures have been designed with composite materials. Plans to



build those types of structures, however are underway. For example in San Diego,
California, a cable-stayed, 60 ft-wide, 450 ft-long all-composite bridge is being designed,
and will be built, to connect the two campuses of the University of California at San Diego
across route I-5."° Composites are ideal for larger structural facilities where weight
considerations are an issue. But composite materials are also used to retrofit and augment
existing structures and in some cases are making the structures stronger than before.

Since limited information is available on composite materials and few models can accurately
predict their durability, it is important to implement monitoring systems that can
nondestructively determine the structural integrity of such advanced materials. It has
already been shown that optical fiber sensors are ideal candidates for embedding in
composite materials to monitor structural health.!' In the case of advanced civil structures
that implement all-composite designs optical fiber sensors would be ideal for monitoring
structural integrity since few models can accurately determine the integrity of the structure

over time.

A growing number of researchers are now embedding optical fiber sensors into concrete
civil structures to monitor various physical perturbations in the structures.'>'*'* Even
though most of this work is qualitative in nature, results show great promise. Relatively
low-cost fiber-optic refractive index sensors have been developed by Ansari er al. at the
New Jersey Institute of Technology in Newark, NJ, for the in situ determination of air-
content in fresh concrete.'* Ansari has also developed a macrobend-type multimode fiber
optic sensor to monitor internal displacements in the concrete due to crack tip opening
displacements (CTOD).'® The drawback of this sensor is that the crack path needs to be
known a priori. Researchers have implemented polarimetric-type optical fiber sensors that
can be used to monitor stress concentrations in small concrete specimens. The orientation
of the birefringent axis is extremely important and difficult to align, making this type of
sensor difficult to implement in large structures outside of the laboratory.!”*!?

Sensors embedded in concrete that are not attached to rebar, or some other type of
reinforcing material, may not provide accurate, reliable or long term information related to
the parameters they are trying to monitor. Mendez and Fuhr have already indicated that it is
difficult to obtain good strain transfer between the host material, concrete, and the optical
fiber sensors.?*?'?2 In fact, Marjurda reports that in concrete the interfacial bond between



the glass fiber and matrix material is poor since the bond is both discontinuous and
irregular.?® If the interfacial bond between the fiber and the concrete was good, cracks that
typically occur in concrete over time, and that are expected, would propagate through the
fiber and destroy the sensor.

Despite these problems, however progress in embedding optical fiber sensors in concrete
has been made. Fuhr er al., at the University of Vermont, were able to detect vibration
signatures from turbine engines used in a dam using modal domain-based optical fiber
sensors embedded in the dam wall.®* Measures et al., using Bragg-type gratings, and Wolf
et al., using optical time domain reflectometry techniques, were able to perform strain
measurements on composite prestressing strands used to reinforce concrete bridges.?**
Even though both teéhniques can be used to obtain strain information, both systems require
complex temperature compensation techniques to obtain truly quantitative strain

information.

This dissertation discusses the use of optical fiber sensors for the nondestructive
quantitative evaluation of advanced civil structures. It covers a wide range of issues
pertaining to sensors embedded in, and attached to these structures. The material presented
in this dissertation is organized in the following chapters.

Chapter 2 performs a comparative evaluation of optical fiber sensors that may be used to
obtain quantitative information related to physical perturbations in the civil structure. It
presents the key characteristics on which the various optical fiber sensors are cbmpared and
gives the rationale behind the choice of the specific sensor configurations. The principle of
operation of the extrinsic Fabry-Perot' interferometric (EFPI) opn'cal fiber sensor is
explained using the Kirchhoff diffraction theory approach to help predict the signal-to-noise
ratio as a function of gap length. The basic principle of operau'onﬂoyf the absolute EFPI
(AEFPI) is also presented.

Chapter 3 discusses results obtained from a series of experiments using EFPI-type
optical fiber sensors in a wide variety of civil structure applications. The first section
describes experiments, performed in cooperation with Dr. Sami Masri et al. in the Civil
Engineering Department at the University of Southermn California, Los Angeles, that
concentrate on obtaining strain information from reinforced concrete interior, and exterior,



column-to-beam connections. The second section describes results from strain tests,
performed in cooperation with researchers at the United States Bureau of Mines in
Spokane, Washington, on roof bolts used in mines. The third section describes the
experiments performed in cooperation with researchers at the Turner Fairbanks Federal
Highway Administration in McLean, Virginia, that focused on using absolute EFPI
(AEFPI) sensors for monitoring strain on composite prestressing strands used for
reinforcing concrete. The last section demonstrates that EFPI sensors, when properly
attached, can survive in excess of 100,000 loading cycles.

Chapter 4 pertains to the multiplexing of optical fiber sensors. Various multiplexing
techniques including time, frequency, and wavelength division multiplexing, (TDM, FDM
and WDM respectively) are briefly discussed, whereas the principle of operation of spread
spectrum and OTDR techniques are discussed in greater detail. Preliminary results
demonstrating that spread spectrum techniques can be used to multiplex EFPIs are given.
Results demonstrating that OTDRs can be used for multiplexing EFPI sensors, and to
perform quasi-distributed strain measurements are presented as well.

Chapter 5 describes practical considerations that will need to be taken into account with
the implementation of optical fiber sensors in the civil infrastructure environment. It
presents a possible solution to the problem of fiber breakage at the point where the fiber
enters and exits the material. This chapter also shows that the operating range of the EFPI
sensor is strongly dependent on fiber endface cleave angle, and thus can put an upper limit
on its implementation for structural monitoring purposes.

Chapter 6 provides a brief summary for this dissertation and makes some concluding
remarks'regarding the future use of fiber optic sensors in civil structure applications.



Sensor Selection & Analysis

This chapter presents a comparative evaluation of optical fiber sensors that may be used for
the nondestructive evaluation of civil structures. Based on this evaluation, the ease of
sensor fabrication and installation, and conclusions from a study performed by Sirkis'®, the
extrinsic Fabry-Perot interferometric (EFPI) optical fiber sensor was found to be the most
promising sensor for nondestructively obtaining reliable quantitative strain information
embedded in civil structures. The principle of operation of the EFPI is explained using the
Kirchhoff diffraction theory approach.?’” This novel approach, applied to the EFPI sensor,
may help to predict the signal-to-noise ratio as a function of the gap length and thus
determine the dynamic range of the sensor. The basic principle of operation of the absolute
EFPI (AEFPI) sensor is also discussed briefly.

2.1 Optical Fiber Sensor Classification®

Optical fiber-based sensors are classified as being extrinsic and intrinsic, referring to the
sensing region of the fiber sensor being outside or inside the fiber, respectively. In
intrinsic sensors the optical energy in the fiber is affected directly by the incident
perturbation (the phenomenon being measured), and changes in the output intensity give an
indication of the magnitude of the disturbance. Such fiber sensors include the sapphire
fiber-based intrinsic Fabry-Perot interferometric sensor (IFPI),”*° which has been
successfully implemented for high temperature measurements. Grating-based sensors are
also included in this category.’'****** In extrinsic sensors the fiber only serves to carry
optical power to, and sensing information from, an external region, usually air. Such
sensors are often immune to vibration and temperature fluctuations. Extrinsic sensors



based on the extrinsic Fabry-Perot interferometric (EFPI) scheme have been implemented
using circular core singlemode® and elliptical core two-mode optical fibers for the
measurement of strain, temperature®, and vibrational mode analysis in smart structures.’’

Fiber sensors are also classified according to the transduction mechanism which brings
about a change in some property of optical power passing through the fiber, such as
intensity, phase, polarization, modal content and other factors. Hence the corresponding
sensors are known as intensity based, phase or interferometric-based, polarimetric type,
and modal content based. Intensity based fiber sensors offer the advantages of ease of
fabrication, robustness, and simplicity of signal processing. The sensor consist of an
optical power source, an optical fiber, and a photodetector or spectrum analyzer. The
intensity modulation is effected through the use of periodic microbends,**** dielectric thin
films offering differential spectral reflectivity,*® or Rayleigh scattering used in optical time-
domain reflectometry (OTDR).

Phase modulated or interferometric sensors offer extremely high levels of sensitivity as
compared to the intensity based sensors. The sensor usually consists of a reference fiber
which is isolated from the perturbation being measured, and a sensing fiber which is made
extremely susceptible to the incident perturbation. The output from the two fibers interferes
at the photodetector, and the magnitude of the interference is dependent on the incident
perturbation. Since the light source and other external fluctuations affect both the sensing
and reference fibers equally, the differential interference offers a self referencing
mechanism. Interferometric sensors are hence more sensitive and accurate than intensity
based sensors. However, they often involve complex output signal processing schemes.
Interferometric sensors employ the fiber equivalent of classical interferometer schemes such
as the Mach-Zehnder, Michelson, Fabry-Perot, and the Sagnac interferometers.

Fiber-based sensors which depend on the change in fiber property, such as birefringence or
modal content, have also been implemented for the measurement of surface currents, liquid
storage levels,*! and vibration modes in advanced avionics.”



2.2 Optical Fiber Sensor Selection

This section presents the key characteristics on which the various optical fiber sensor
configurations are selected for a given application. The sensor characteristics are compared
for most commercially available sensors in Table 1.

Sensitivity: The sensitivity in a fiber sensor refers to the minimum detectable
change in measurand (or the phenomena being measured). The higher the
rating, the more sensitive the sensor. Phase modulated or interferometric
sensors are inherently more sensitive as compared to intensity based or
wavelength modulated sensors.

Frequency Response: The supporting electronics used with the optical fiber
sensor most often limits the frequency response of the sensor. In Table 1,
the frequency response is indicated after taking into account the various
devices used with the sensor to improve the frequency response. The
sensor sensitivity may vary over a range of perturbation frequencies, or the
sensor may be limited in its response at either end of the frequency
spectrum. A flat frequency response in the region of interest would give the
sensor a higher rating. Another factor that has to be taken into consideration
is if the sensor is limited in its response at either end of the frequency
spectrum. For example, in some cases like the OTDR sensor, current
research status might not allow the measurement of variations on the order
of tens of kHz. This may be due to the processing electronics, which may
require a minimum amount of processing time for each data point available.

Signal Processing Complexity: The complexity of signal processing needed
for the fiber sensor varies with the sensor configuration being employed for
the civil structure application. In intensity based sensors, a simple
photodetector or spectrum analyzer is capable of providing an output that is
proportional to the parameter being measured. In interferometric sensors,
however, special electronics such as level detectors and counters, may be
needed to process the output signals. A rating of 10 means that the signal
processing complexity is minimal.

Lead Sensitivity: A major concern during the implementation of any fiber-
based sensing scheme is that the fiber carrying optical power to the sensing



region may itself be affected by the perturbation. Similarly the fiber
carrying the sensor information to the signal processing may be prone to
environmental fluctuations. The lead sensitivity of the fiber is a measure of
the degree to which the lead-in and lead-out fibers are affected by the
external perturbations. In the table, the least sensitive are rated highest. It
is expected that with the increase in levels of research, sensors will be
implemented with lead insensitive input/output fibers.

Linearity: The fiber sensor remains linear only for a fixed range of the
sensing signal. If the input/output curve is sinusoidal, as in the case of
most interferometric sensors, operation over a limited range of the transfer
curve maintains a linear range relation between the input and output signals.
A higher rating in the table refers to a greater linear range of sensor
operation. It should be noted that nonlinear sensing schemes can be used
for various applications by adding post-processing electronics, such as
fringe counters in interferometric sensors.

Multiplexing Capability: ~ Multiplexing of sensors allows the health
monitoring of a civil structure with a network of sensors without increasing
the number of light sources and photodetectors needed. A high rating in the
table means that one could implement several multiplexed sensors without
raising the cost proportionally. Some multiplexing techniques available
today, however, require that specialized components that may raise the cost
significantly. Future research in this area may alter these ratings
significantly.

Range Limitations: The operating range of fiber sensors is limited by the
maximum perturbation that it can measure, and the temperature range within
which the sensor must operate. The fewer the restrictions on the sensor, the
higher the rating.

Cost: Intensity based sensors are inherently economical due to their optical
simplicity and the low source cost. Phase modulated sensors, on the other
hand, require stable sources and stabilization techniques for the elimination
of drifts. It has been assumed in the table that some intensity based systems
use modules and feedback systems for stabilizing the drifts. A high rating
means that the sensor is less expensive to implement.
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* Research Status: Although research in optical fiber sensors is progressing
rapidly, application in civil structure monitoring remains to be fully
investigated. The comparison shown in the table assigns a higher rank to
sensing configurations which have been implemented to a large extent for
civil structure monitoring applications.

Most of the optical fiber sensors listed in Table 1, have been implemented in civil structure
applications. Results obtained by Sirkis, however, suggest that the extrinsic-type optical
fiber sensors are more reliable for embedded applications than intrinsic-type optical fiber
sensors." Sirkis theoretically evaluated and experimentally verified the performance of six
different types of optical fiber sensors; the Mach-Zehnder, Michelson, and intrinsic and
extrinsic Fabry-Perot interferometers, the modal domain based sensor and the polarimetric
sensor. These sensors were embedded in a transversely isotropic graphite-epoxy laminated
composite and exposed to 5 different types of loading conditions; which introduced axial
and transverse strains. From his results we find that the only reliable sensor for embedding
is the EFPI sensor. The EFPI sensor was the only sensor that was sensitive to only the
axial strain components and unlike the intrinsic sensors, the EFPI sensor was relatively
insensitive to temperature variations.*> For the other sensors, transverse strains introduced
large errors in the readings. Based on these results it was decided to implement the EFPI
sensor for civil structure applications.
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Table 1 Sensor comparisons

o S fiooged, bk, Ueew Mg fm,, oo e
Mach-Zehnder 10 8 5 3 4 7 9 7 [
Michelson 10 3 4 3 4 7 9 7 6
Fabry-Perot 9 8 6 7 4 6 9 8 8
(ntrinsic)

Fabry-Perot 9 8 6 8 4 5 9 8 7
(Extrinsic)

E-core, 2 mode 6 7 6 9 5 7 9 8 7
Twin Core 6 8 5 7 7 4 8 7 6
OTDR (Fresnel) 4 3 4 9 8 8 8 3 10
OTDR (Rayleigh) 3 3 4 4 8 5 6 3 9
Coupler-based 6 8 5 8 7 5 6 7 10
Extrinsic 3 5 8 6 7 5 5 9 10
Polarimetric 8 8 6 8 5 6 8 7 7
Grating-based 9 8 6 9 4 6 5 7 8
(Bragg reflector)

Liquid-core fibers 4 4 9 8 7 4 7 5 8
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2.3 Extrinsic Fabry-Perot Interferometer: Principle of Operation

Optical fiber-based Fabry-Perot sensors reported in literature have been shown to be highly
sensitive to temperature, strain, vibration, acoustic waves and magnetic fields.** The
fabrication of these Fabry-Perot-type sensors has typically been achieved with the use of
air-glass reflectors,*® in-fiber Bragg gratings,* or through the use of semi-reflective splices
along the length of the fiber.*”** Such fiber sensors include the sapphire fiber-based
intrinsic Fabry-Perot interferometric (IFPI) sensor, successfully implemented for high
temperature measurements.>>* In extrinsic sensors, the fiber only serves to carry optical
power to, and sensing information from, an external region, usually air. The main
advantages of the extrinsic method over the intrinsic method include the avoidance of
polarization problems, and the detection of the axial strain components only. For the
extrinsic Fabry-Perot interferometer (EFPI), first described by Murphy et al., the Fabry-
Perot cavity is formed between the air-glass interfaces of two fiber endfaces aligned in a
hollow-core fiber.** Changes in the separation between two fiber endfaces, known as the
gap length, cause interferometric fringe variations. In this section we present a theoretical
analysis of the optical field reflected off the target fiber using Kirchhoff’s diffraction
theory. This analysis allows the prediction of the signal-to-noise ratio as a function of the
gap length and helps in determining the dynamic range of a given sensor. Experimental
results which support the theoretical predictions are also presented.

Murphy et al., have demonstrated the EFPI strain gage on an F-15 at Wright Patterson Air
Force Base and in a combustor at the Westinghouse Science and Technology Center.**
The EFPI has been successfully used at temperatures ranging from -200 to 900 °C,* and
for monitoring of surface acoustic waves.”’ A detailed sensor fabrication method is
described by Tran et al.,” and the interferometric approach to analyzing the signal output is
done by Murphy et al..’

The EFPI sensor geometry is shown in Figure 1. Here light from a 1300 nm laser light
source is coupled into the sensor head which consists of a 126 pm inner diameter hollow
core tube into which a 9/125 pm singlemode input fiber and a second fiber, serving solely
as a reflector, are positioned. The reflection, approximately 4%, from the first glass-air
interface at the end of the input fiber, R,, and the reflection, R,, from the air-glass interface
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at the input to the second fiber interfere and couple back to a detector via a 2x2 coupler.
The resulting interference signal varies sinusoidally in response to microdisplacements in
the air-gap cavity. Typical interference fringes observed for displacing the sensor from 0 to
400 pm and from 19.5 to 30 um are shown in Figure 2 and Figure 3 respectively. In these

experiments the target fiber was not epoxied to the hollow core fiber so that it could freely
slide inside the hollow core fiber.
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Figure 1. Extrinsic Fabry-Perot interferometric sensor geometry.
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2.3.1 Two Beam Interferometer Analysis
The two beam interference approximation can be used to describe the experimental results

shown in Figure 3 using

2ta 4ns ta 2
I, = [1 + a+ zsm[sin"(NA)] COS( 2 )4— [a " 2stan[sin_1(NA)]] } M

where 1, is the normalized intensity at the detector, NA, is the numerical aperture of the
fiber, ¢ is the transmission coefficient, A is the wavelength of operation, a is the fiber core
radius, and s is the gap separation.® These results, shown in Figure 4 look similar to the
experimental results in Figure 3. However, a closer look at the fringe contrast (FC),
mathematically expressed as,

Imax _Imin (2)

FC= :
I+,

and shown in Figure 5 for both experiment and theory, shows that the two beam
interference approximation does not adequately predict the drop in fringe contrast as a
function of gap separation. A more rigorous analysis is needed to accurately predict the
operating range of the EFPI sensor.

18



osdl A S A e 4

o
o

Normalized intensity

g
~

0.2

1 i i | i
0 50 100 150 200 250 30 350 400
Change in gap length {microns)

Figure 4. Normalized output power versus gap length using the two-beam interference
approach (0 - 400 pum).
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Figure 5. Fringe contrast versus gap length, comparing the two-beam interference
approach with experimental results.
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232 Kirchhoff's Diffraction Analysi

The intensity contributed from the target fiber is strongly dependent upon the length of the
air-gap and decreases with an increase in gap length. The fringe contrast of the sensor
output decays with an increase in the gap length. In order to develop a rigorous analysis of
sensor operation, the electric field amplitudes of the reflections from the reference and
target fiber must be calculated using an exact approach. This can be accomplished using
the following analysis.”’

For a weakly-guiding, circular-core optical fiber, the scalar field of the fundamental mode,
LP,,, can be assumed to be approximately Gaussian in shape, given by’*

—n?
¥, =Aexp( afz )exp(—jﬁz), 3)

where @ is the mode field radius, A is the normalized amplitude, 8 is the modal
propagation constant, p and z are cylindrical coordinates, and the temporal dependence is
implicit. Assuming that the electric field at the endface of the input (lead-in) fiber can be
expressed by Equation 3, the electric field at any point P outside the lead-in fiber endface is
given by the Kirchhoff’s diffraction formula**

L a exP(ij)) _ exp(jkS) o,
Y= Il [%‘ o ( S S o] @

In the above equation, k=2n/A is the free space propagation constant, and the integral is
evaluated over the lead-in fiber endface region. Using Equation 3, Equation 4 may be
simplified to be of the form

"P(P)=”[\Pol[expng)J{%(jk—%)*-jk}:"b’ (5)
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