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Introduction to the Series

Welcome to the SPIE Field Guides—a series of publications
written directly for the practicing engineer or scientist.
Many textbooks and professional reference books cover
optical principles and techniques in depth. The aim of the
SPIE Field Guides is to distill this information, providing
readers with a handy desk or briefcase reference that
provides basic, essential information about optical princi-
ples, techniques, or phenomena, including definitions and
descriptions, key equations, illustrations, application
examples, design considerations, and additional resources.
A significant effort will be made to provide a consistent
notation and style between volumes in the series.

Each SPIE Field Guide addresses a major field of optical
science and technology. The concept of these Field Guides
is a format-intensive presentation based on figures and
equations supplemented by concise explanations. In most
cases, this modular approach places a single topic on a
page, and provides full coverage of that topic on that page.
Highlights, insights, and rules of thumb are displayed in
sidebars to the main text. The appendices at the end of
each Field Guide provide additional information such as
related material outside the main scope of the volume, key
mathematical relationships, and alternative methods.
While complete in their coverage, the concise presentation
may not be appropriate for those new to the field.

The SPIE Field Guides are intended to be living docu-
ments. The modular page-based presentation format
allows them to be updated and expanded. We are
interested in your suggestions for new Field Guide topics
as well as what material should be added to an individual
volume to make these Field Guides more useful to you.
Please contact us at fieldguides@SPIE.org.

John E. Greivenkamp, Series Editor
College of Optical Sciences
The University of Arizona
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Field Guide to Fiber Optic Sensors

Fiber optic sensor work began in the mid-1970s with a
variety of multimode fiber optic sensors and early itera-
tions of Sagnac and Mach—Zehnder interferometers. Con-
certed efforts developed fiber optic gyros and acoustics
sensors in the form of hydrophones; fiber gyros are
currently used for aircraft and spacecraft navigation,
including the Spirit and Opportunity rovers on Mars. They
are used for naval and land navigation, in robots that mow
soccer fields and clean floors, and in remote-controlled
helicopters that spray crops. Acoustic technology originally
developed for undersea surveillance is now used to support
oil and gas exploration and extraction operations.

In the mid-1980s the field of fiber optic smart structures
emerged as a way to monitor the health and integrity of
structures through the manufacturing process, during
installation, and throughout the lifetime of the structure.
Distributed sensors based on Raman and Brillouin scatter-
ing have been used to support cure monitoring on large
concrete structures such as dams and to monitor oil holes
and pipelines.

The continued improvement and reduction in costs associ-
ated with fiber optic technology associated with fiber
sensors permit application areas that were previously
inaccessible. These trends are expected to continue as new
techniques become available and older ones are success-
fully adapted to new applications.

This Field Guide provides a broad introduction to a variety
of fiber optic sensors that have been successfully developed
from the 1970s to the present. We hope that the included
examples inspire readers with ideas for new sensors and

applications.
William B. Spillman, Jr. Eric Udd
Floyd, Virginia Fairview, Oregon
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Fiber core radius

Amplitude or some constant value

Avalanche photodiode

Bandwidth

Magnetic flux vector

Speed of propagation of an electromagnetic wave
Effective speed of light

Grating period, Bragg grating period, or lateral
misalignment

Chirped grating parameters

Distance from a photodetector to the i*" element
Distance between optical elements i and j
Electric charge or base of natural logarithms
Electric-field vector

Hybrid mode with more electric field than
magnetic field L to the direction of propagation
Frequency (in Hertz), or the lens focal length
Finesse

Power emitted by a blackbody

Fiber Bragg grating

Disk rotation frequency

Frequency division multiplexing

Modulation frequency

Frustrated total internal reflection

Material stress-optic coefficient

Germanium

Graded index

Height

Planck’s constant

Hybrid mode with more magnetic field than
electric field L to the direction of propagation
Helium-neon

Optical power

Reverse “dark current”

Background optical power

Dark current

Photocurrent

Wave vector
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NA
Nefr

OD
OFDR
OTDR

TEM

Boltzman’s constant

Length of a GRIN lens

Light-emitting diode

Diffraction order

Index of refraction

Number of slots around a disk edge, or number of
excited electrons

Optical-fiber numerical aperture

Effective index of refraction

Optical density

Optical frequency domain reflectometry

Optical time domain reflectometry

Pitch of a GRIN lens

Pressure or detected optical power

Photodiode

Photoelastic constant

Minimum detectable acoustic pressure
Polyvinyl fluoride

1 distance from optical axis

Position vector

Electrical resistance or responsivity
Reflectivity

Fluorescent decay constants

Red—green—blue

p-polarized intensity reflectivity

s-polarized intensity reflectivity

Optical fiber longitudinal misalignment
Distance of an object from the center of a lens
Distance of an image from the center of a lens
Fluorescent signal level

Signal-to-noise ratio

Time

Absolute temperature

Fiber axial displacement fractional transmission
Time division multiplexing

Mode with an electric field L to the direction of
propagation

Mode with both magnetic and electric fields L to
the direction of propagation
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Transducer function

Total internal reflection

Fiber longitudinal fractional transmission
Mode with magnetic field L to the direction of
propagation

Ultraviolet

V-number, or voltage

Reverse bias voltage

Velocity of detonation

Voltage from a reference photodetector
Watts

Wavelength division multiplexing

FTIR variable

Fractional transmission factor, fluorescent decay
probability, or thermal expansion coefficient
Angle of the m'™ diffraction order
Mode-propagation constant, or FTIR variable
Energy-level difference in fluorescent decay
Dielectric permittivity, or mechanical strain
Thermo-optic coefficient

Quantum efficiency

Angle

Angle of diffraction

Wavelength

Wavelength Bragg grating maximum reflection
Microbend optimum deformer spacing
Magnetic susceptibility

Microwatts

Linear stress

e * fluorescent decay time

Phase

Angular frequency in radians/sec
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Introduction 1

What Is a Fiber Optic Sensor?

A fiber optic sensor is a device that uses a transducer to
map a parameter or parameters of interest onto one or more of
the properties of the light propagating in an optical fiber. The
light is then detected and analyzed at a signal-processing
location where the values of the parameter/s of interest are
extracted from the optical signal. A schematic diagram of a
fiber optic sensor is shown below, where the transducer can be
either the fiber or some arrangement of external optics.

parameter/s
of interest

N A
o S~}
optical link (one or ~

more optical fibers)

transducer

signal conditioning/
processing

Optical fibers are very thin strands of extremely-low-
loss glass (or higher-loss plastic) that act as essentially
lossless waveguides for light. They generally consist of an
inner core of material that has a lower speed of light
(higher refractive index) than that of the surrounding
cladding. From the standpoint of geometrical optics, light
is confined to the core via total internal reflection.
Multimode optical fibers allow many optical paths,
whereas single-mode optical fibers allow only one.

An extrinsic fiber optic sensor is one in which the light
is removed from the optical fiber, acted upon by the
transducer, and then coupled back into the same fiber or a
separate fiber. An example of this type of sensor is the
Schlieren fiber optic hydrophone.

An intrinsic fiber optic sensor is one in which the light
in the fiber is acted upon by the transducer without leaving
the fiber. An example of this type of sensor is the Mach—
Zehnder interferometric hydrophone.
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2 Introduction

Why Use a Fiber Optic Sensor?

The first fiber optic sensor was the endoscope, followed by
the proximity sensor in the 1960s. In the late 1970s fiber
sensors were developed as alternative methods of sensing
acoustic signals in the ocean (replacing piezoceramic
hydrophones) and rotation rate (replacing mechanical
gyroscopes). Since that time, fiber optic sensors have been
developed for almost every sensing application.

The advantages of fiber optic sensors include light weight,
small size, electrically passive transduction, low power
requirements, resistance to electromagnetic interference,
high sensitivity, wide bandwidth, and environmental
ruggedness, among others.

In addition to being able to provide higher performance
than many existing sensors, fiber optic sensing has greatly
benefited from the maturation of the fiber optic telecom-
munications industry. Mass production and process refine-
ments in that field have resulted in significant cost
reductions for components that are part of any fiber optic
sensor system. This is particularly true for optical fiber,
LED, and laser diode sources, optical detectors, fiber optic
splitters, fiber optic connectors, and various other passive
and active optical components.

The following questions are also relevant and can be used
in cost—benefit analysis to determine whether a fiber optic
sensor is the best fit for an application:

1. What is being measured, how well, and under what
conditions (the specification)?

2. What optical transducer mechanism will best convert
changes in the parameter/s into changes in the
properties of light traveling through a fiber?

What optical fiber is required?
What optical source is needed?
Which optical detector must be used?

o Ok W

What optical source/detector signal conditioning is
required?
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Introduction 3

Light as an Electromagnetic Wave

A triumph of classical physics occurred when Maxwell’s
equations unified electricity and magnetism and implied
the existence of electromagnetic waves that were soon
shown to be identical with visible light, which in a vacuum
has an electrical component E and a magnetic component
B, which are orthogonal to each other and to the direction
of propagation k. The wave equation in terms of the
electrical component is

1\ 0
VZE(I', t) = (C—Z) WE(I.’ t)

where c is the speed of propagation, ¢ is the time, and r is
the position in space. The speed of the wave is related to
the medium of propagation according to

where ¢ is the dielectric permittivity, and w is the magnetic
susceptibility of the medium. The solution to the wave
equation in a vacuum is a plane wave:

E(r,t) = Re{Ejexp[i(ot — k- r + ¢g)]}

In this case, o is the angular frequency, and k is the wave
vector pointing in the direction of wave propagation. The
wave vector is related to other wave parameters according
to

® 2w

=kl ==X

where \ is the wavelength of the light, as shown below.
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4 Introduction

Light Modulation

Light has a number of properties that can be modulated via
various physical mechanisms. However, it should be noted
that for a fiber optic sensor, no matter what physical processes
take place, the last step always involves converting light into
an electrical current. How that electrical current relates to the
parameter of interest depends on the physical configuration of
the sensor, optical light source, and optical detector.

The solution to the electromagnetic wave equation contains
the properties of light that can be modulated:

+ the speed of light c,

+ the direction of the light (along the k vector),

+ the frequency of the light f @27 f = ),

+ the phase of the light ¢,

+ the wavelength of the light \ (color),

+ the polarization of the light (along the direction of the
electric field vector E), and

* the intensity of the light I (proportional to the light’s
electrical field squared E - E)

The approximate working ranges of these parameters are

« the speed of light between 3 x 10°® m/s (air, vacuum)
and 1.2 x 10® m/s (diamond) (for optical fibers, ¢ =
~2.1 x 10® m/s),

* the direction of the k vector, which in spherical
coordinates can range from 0-27 in 6 and O—m in ¢,
where ¢ 1s not the same angle as the optical phase,

« the frequency of light can range from 1.9 x 10'* Hz
(near infrared) to 7.5 x 10** Hz (near ultraviolet),

+ the effective phase of the light can range from 0—2,

* the wavelength of light ranges from 0.4—1.6 pm,

* the direction of polarization of the light can range from
0—2 in the plane perpendicular to k, and

* typical light intensities range from 0 to tens of milliwatts.

In practice, it should be noted that due to the extremely high
frequency of light, simple linear polarization measure-
ments treat polarization at 8 and 6 + 1 as equal.
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Introduction 5

Optical Signal-to-Noise Ratio

One of the defining characteristics of an optical sensor is the
signal-to-noise ratio (SNR). Knowledge of this parameter
allows one to determine the minimum detectable change in
the optical signal and thus that of the parameter of interest.
The variables involved can be seen in an analysis of a
photodiode detector in photoconductive mode, shown
below.

photodiode
4 bias battery

In this case, both the optical power I, representing the
signal, and the background optical power Ip strike the
photodiode, creating a photocurrent i in the load resistor
R. The efficiency with which the photodiode coverts
photons of light into electrons (electrical current) is m,
and there is also a dark current iy that passes through the
photodiode even in the absence of light. For measurements
made with a bandwidth B, the SNR is given by

2(len/hf)’

S [3¢2(I + Ig)nB/hf] + 2eiqB + (4kpTB/R)

In this equation, e is the electronic charge, h is Planck’s
constant, Kp i1s Boltzman’s constant, 7' is the absolute
temperature in kelvins, and R is the load resistance in the
detection circuit. The numerator represents the signal
power and the three terms in the denominator represent
shot noise, dark-current noise, and thermal (Johnson)
noise, respectively. The minimum detectable optical power
(SNR =1) is

hf |2kgTB
en R

Z'1rnin -
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6 Introduction

Transduction

A transducer is a physical mechanism that maps one parameter
onto another, a process that is called transduction. These
maps (calibration curves) can be thought of as simple graphs,
as shown below.

y <4—— y —>
X X
This graph represents This graph is the inverse,
a transducer that maps mapping y onto x, or
xontoy, or T(y, x). T(y, X) .

Transducers often function in a serial manner. Consider
how to determine the pressure P on a diaphragm that sits
upon an optical fiber that is one arm of a Mach—Zehnder
interferometer. First, the pressure maps onto the strain e
created in the fiber, or

e = T (e, P)P

The strain on the fiber maps onto the phase ¢ of light
traveling through the fiber, i.e.,

d) = Tg((b, S)E

The phase in the fiber maps onto the detected output intensity
I from the Mach—Zehnder interferometer according to

I=T5(1, )b
Putting all the intermediate steps together,
I =T5(1, &)T5(d, &) T (e, P)P

This inversion of the final equation provides P as a function

of I.
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Introduction 7

Some Optical Transducer Mechanisms

Perhaps the simplest fiber optic transduction mechanism is
that of optical absorption. In this case, a parameter of
interest modulates the absorption constants of the light-
propagation medium. Light is attenuated by the medium,
thereby mapping the value of the parameter of interest
onto the light intensity.

The most common methods of modifying the properties of
light in fiber optic sensors involve the strain-optic effect.
When the medium of light propagation is strained, two
things occur: first, the optical path length is changed by the
strain. Second, the speed of light ¢ (or index of refraction n)
is also changed. Strain modulation can be used to affect the
phase of the light ¢, light direction through reflection and
refraction, modal distribution, and other properties.

The electro-optic effect is another mechanism by which
the properties of light can be modulated. In the Pockels or
linear electro-optic effect, the refractive index of certain
crystalline materials varies linearly with the electric field,
producing field-dependent birefringence in the material.
The electro-optic effect can be useful in both fiber optic
sensors and modulators.

The properties of light can also be affected by the
magneto-optic effect. When a magnetic field is applied
to a magneto-optic material, the polarization of light
traveling through the material rotates by an amount
proportional to the applied magnetic field and the optical
path length. Both fiber optic sensors and modulators can be
based on this effect.

These are only a few of the different transducer mechan-
isms used in fiber optic sensors. Others include the Sagnac
effect for rotation sensing and blackbody radiation
detection and fluorescence decay for temperature sens-
ing. (Detailed descriptions of fiber optic sensors and
transducers are presented later.)
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8 Components

Optical Fibers and Modes

Optical fibers are thin and flexible structured cylinders
made from glass so pure that the fibers are a lossless
transmission medium for light of an appropriate wave-
length \ and for sufficiently short distances. The simplest
form of an optical fiber is the step-index fiber, in which a
core glass with an index of refraction n; is surrounded by a
cladding glass of index ng, where n, > ny. Light is confined
to the fiber via the process of total internal reflection
(TIR), i.e., a beam of light is totally reflected when it
impinges from the n; side of a boundary between n; and n,
regions if the angle of incidence 6 > sin™(ny / ny).

The propagating light solutions of Maxwell’s equations for
a step-index fiber identify distinct wave configurations or
modes that can propagate in the fiber. The lowest-order
allowed modes are shown below.

n

eff

V - number

In this figure, the effective-mode index of refraction is neg =
(BN/2m), the V-number is V = (2ma/\) (n,” — no®)"?, the fiber
core radius is a, and B is the mode-propagation constant.
Note that this figure shows the allowed mode-propagation
constants for a given core radius; for a V-number less than
2.405, only one mode can propagate.
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Components 9

Optical Fiber Types

All optical fibers are essentially configured in the same
manner (see below), except for certain specialty fibers.
protective
buffer
material
cladding with
index of
refraction n,

core with index
of refraction n,
and radius a

For any given fiber, a core of radius a and index of refraction
n; is surrounded by a cladding of lower index of refraction
ng, which is in turn surrounded by a protective buffer
coating. Individual fibers are identified as to whether they
can support many or only one mode of propagation at an
operational wavelength (i.e., V < 2.405 for step-index
fibers). In addition to this general division into classes, the
index of refraction in the core can be uniform as a function of
radius, or, to reduce pulse dispersion, a fiber could have a
graded-index profile in the core. The variation of index of
refraction versus radius for a few of these situations is
shown below.

index of
refraction

0
0
radial position r
step index, step index, graded index,
single-mode, multimode, multimode,
small a large a large a

Additional optical fibers have been produced, including
plastic optical fibers, glass optical fibers with plastic
claddings, photonic crystal (holey) optical fibers, doped
active optical fibers, and others.
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10 Components

Light-Emitting Diode

A light-emitting diode (LED) is a semiconductor device
that produces light when a voltage forces a current through
it. The device consists of two different types of semiconduc-
tor that are adjacent to each other.

* One side of the device, consisting of an n-type
semiconductor, has an excess of electrons in its
conduction band.

* The other side of the device, consisting of a p-type
semiconductor, has a deficit of electrons (called holes)
in its valence band (the energy band just below the
conduction band).

When electrons from the n-type material are forced into
the p-type material and holes from the n-type material are
forced into the p-type material, some electrons from the
conduction band fill some of the holes in the valence band.
The excess energy, equal to the energy of the bandgap, is
radiated as light.

oo o
Iightmw bandgap
I
valence bando° <

A typical optical output from an LED versus drive current
1s shown below.

J

2
LED Optical Output /I
Output @ 20 mA 1

01 10 100

Drive Current in mA
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Components 11

Semiconductor Laser Diode

When n-type and p-type semiconductor materials are
abutted to each other, a depletion region forms around
the junction due to the excess of holes in the p-type material
combining with the charges in the n-type material. When a
voltage is applied to the junction, this process dynamically
continues, and a LED is the result. When the region is
bounded by highly reflective end surfaces, the trapped
photons stimulate additional electron—hole combination/
photon creations, and lasing action ensues. A diagram of a
simple semiconductor laser diode is shown below.

+ O

metal electrode

p-type layer —

depletionregion [ - - - - - - - - - - - - - - - < \»
= )
n-type layer light out

| —

n-substrate —|

metal electrode

-0

There are many other elaborations of the basic semiconduc-
tor laser scheme. In the double heterostructure laser,
two high-bandgap layers contain a low-bandgap layer
between them. These devices, in addition to having highly
reflective end surfaces, reflect light in the central layer from
the interfaces and effectively contain it to the middle region,
making this type of semiconductor laser diode very efficient.

Other types of lasers:

* quantum well lasers, whose sharp cutoff in the
density of states increases optical confinement,

+ distributed feedback lasers that use an integral
grating filter to create optical feedback into the active
region for lasing, and

+ vertical-cavity surface-emitting lasers, whose opti-
cal output is normal to the device plane rather than from
its edge.
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12 Components

Photodiode Detector

A photodiode optical detector converts light into either
voltage or current. The most common types consist of
either a p-n junction (p-type semiconductor material
abutted against n-type semiconductor material) or a p-i-n
junction, in which a relatively wide layer of intrinsic
semiconductor with a low level of doping is placed between
the p- and n-type layers. In both configurations, photons
are absorbed in a depletion region (around the junction
in p-n devices or mostly within the intrinsic region for
p-i-n devices), creating an electron—hole pair with local
fields that sweep the electron into the n-type region and
the hole into the p-type region, thereby creating a current.
The typical responsivity R (amperes/watt) of the electrical
current produced when an optical signal (with intensity
measured in watts) is incident on a typical silicon photodi-
ode detector is shown below.

0.6
responsivity 0.4 “
R(amperes/watt) /
02 \
\
4

0-0 04 06 08 1.0

wavelength (microns)

In the device’s photovoltaic mode, no bias voltage is
applied. If A = e/ kgT, where e is the electronic charge, kg
is Boltzman’s constant, and 7'is the absolute temperature
(with i a reverse “dark current” and I the incident optical
power), then the output voltage V across the device is

given by
1
V=Aln|R—
Lo

In the device’s photoconductive mode, a reverse bias Vi
is applied, and the photocurrent i varies linearly with
optical power:

i = iolexpl(AV — 1)] - RI]
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Components 13

Avalanche Photodiode Detector

The avalanche photodiode is similar in construction to a
p-i-n  photodiode; the principal difference is that the
depletion layer in the former is much thinner than the
equivalent layer in the latter. When a high reverse-bias
voltage 1s applied to the device, the electrons in the p-layer
gain energy so that when a photon is absorbed, the electron
promoted to the conduction band creates an “avalanche” of
electrons instead of just one, as in the p-i1-n photodiode case.

Avalanche photodiodes can be thought of as the solid state
equivalent of the photomultiplier tube (PMT), or alterna-
tively as a photodiode with an integrated gain stage. Gain
as a function of reverse-bias voltage V is shown below for a
typical avalanche photodiode. These devices have consider-
able temperature dependence and often must be thermally
stabilized for optimal operation.

25C
50C
100 H 75C

avalanche

photodiode

gain, M

10
1 T T T
0 100 200 300

reverse-bias voltage, V
A simple operating circuit is shown below.

avalanche

Dhotodiode r:r, feedback capacitor
reverse ES feedback resistor
Yot
voltage :
capacitor - output voltage
amplifier ¢
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14 Components

Color Sensors

The most common method of detecting the wavelength \ of
a single monochromatic signal involves a spectrometer
in which the optical signal is diffracted by a grating at
different angles (depending on \) and detected by either a
photodiode array or a single fixed photodiode with a
rotatable grating.

Other options include RGB sensors, in which three
photodiodes have red, green, and blue filters in front of them.
An interesting option for sensing wavelength and intensity of
a single monochromatic sensor is the photodiode color sensor.
When exposed to a monochromatic signal, this type of sensor,
which has two stacked p-n junctions, provides two distinct
outputs representing different responsivities in different
regions of the photodiode. The region that is first encountered
by the optical signal is more sensitive to red light [responsiv-
ity Ri(\)], and the deeper region is more sensitive to blue
light [responsivity Ro(\)]. These responsivities for a typical
device at room temperature are shown below.

0.5
]
/

responsivity, R

(amperes/watt)
Rz(z‘).-"")(.-_
0.1 pe? 7 Pt
0.0 Bl LT
0.3 0.5 0.7 0.9
A(mm)

For any monochromatic signal within the region between
~0.45 mm and ~0.78 mm, the difference/sum of the two
detected signals will be a monotonically increasing func-
tion, thereby allowing the signal’s wavelength to be
uniquely determined. However, the two detector responsi-
vites are temperature dependent. This can be compensated
for by using the diode as a temperature sensor, i.e.,
measuring some portion of the sensor’s current—voltage
curve in the absence of illumination, determining the
temperature, and then adjusting the responsivities.
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Components 15

Connectors and Splices

Fiber optic connectors and splices serve the same
purpose for the transmission of light (photons) as their
electrical counterparts do for electricity (electrons).
There are important differences, however. Mere contact
between wires is usually sufficient to permit efficient
electrical transmission, whereas optical fibers must be
prepared with perfect end surfaces normal to the fiber
axis, aligned coaxially, and pressed together surface to
surface. Losses in optical fibers can occur when there is
separation between the fiber end surfaces or axial or
angular misalignment. Reflection and scattering from
imperfections in the optical fiber end surfaces can also
create losses.

Optical fiber connectors are used when fiber segments
will need to be connected and disconnected repeatedly.
There are a large number of different connector types on
the market. A conceptual sketch of a basic fiber optic
connector is shown below.

NOD

optical //////// //// 7007 1T

precision _~

alignment
sleeve

fiber S
restraining
\ bolt
metal/fiber \ \
mating piece

Optical fiber splices are connections that are considered
to be effectively permanent. In this case, the fiber ends
are prepared as in the connector case and then either
fused under very high heat or butt coupled using a
precision alignment sleeve or v-groove and secured
in place using an optical bonding epoxy. A good splice
will generally exhibit lower excess loss than a good
connector.

r NSor:
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16 Components

Lenses and GRIN Lenses

Lenses are used to change the direction of light rays
through refraction via Snell’s law. A light ray encounter-
ing the boundary between one region with an index of
refraction n; at an angle to the normal 6; will be refracted
into an adjacent region of index ns at an angle to the
normal 6, according to

nisinf; = ng sin Oy

When ns < nq, then total reflection back into region n,
occurs when 0; = sin"'(ng/n). A convex lens directs light
encountering it parallel to the lens axis (through the center
of the lens and normal to it) toward the lens axis. A concave
lens directs light encountering it away from the lens axis.
Lenses can form images of objects according to the
lensmaker’s formula. For a simple thin convex lens
made of glass and surrounded by air, the formula is (1/s7) +
(1/sg) = (1/f), where s; 1s the distance of some object from
the center of the lens along the lens axis, s, is the image
distance, and fis the specified lens focal length. The image
will be magnified by a factor of —ss/s;, where the minus sign
indicates that the image will be inverted with respect to
the object.

GRIN lenses are similar to graded-index optical fibers
and have an index of refraction that varies with distance
from the optical axis r according to n = ng (1 — Ar?/2) where
A 1s a constant. The pitch p of a GRIN lens is defined as
p = LAY%/27w, where L is the length of the lens. The
distance from the optical axis ry and its change of distance
along the axis dro/dz of a ray exiting the lens in air when
the ray entered the lens at r; and dr,/dz is

L
ry cos(2mp) 5 sin(2mp) r
s ) = | o, o dr,
dz _ ZThop sin(27p) cos(2mp) dz

GRIN lenses can be used to minimize Fresnel reflection
losses at the interfaces between different elements of
optical systems.
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Components 17

Waveplates

The polarization of a light beam is the direction of the
electric field associated with the beam. This polarization can
be modified by passing it through an optical waveplate.
A waveplate consists of a solid medium exhibiting birefrin-
gence that has two different indices of refraction depending
on the polarization of the light entering it normal to its
surface. Light that enters the waveplate with a polariza-
tion parallel to the fast axis (index = ny) will have an
apparent velocity in the plate faster than light polarized
orthogonally along the slow axis (index = n;). Light that is
initially linearly polarized at an angle of w/4 to these two
axes can be decomposed into two components that have an
increasing phase difference ¢ as they progress a distance
z into the waveplate. This change in phase is given by

b =2w(ng — n1)z/\

where N is the wavelength of the beam of light. The
movement of the polarization vector of an incident light
beam that is initially linear at w/4 to the fast and slow axes
changes with increasing ¢ from linearly polarized to

+ right elliptically polarized with the long axis at m/4,

* right circularly polarized,

* right elliptically polarized with the long axis at 3m/4,
* linearly polarized at 3m/4,

+ left elliptically polarized with the long axis at 3m/4,

* left circularly polarized,

+ left elliptically polarized with the long axis at w/4, and
* linearly polarized along /4.

%&@%%3

=m/2

S o

0=3n2 o¢=2rn

Some fiber optic sensors use parameter-dependent bire-
fringence as a transducer mechanism.

r nsor:
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18 Components

Polarizers

Polarizers are optical elements whose effect on a light
beam depends on the polarization or direction of the
electric-field vector associated with that beam. It is
important to note that due to the very high frequencies
associated with light in or near the visible range (10'*-10'®
Hz), the instantaneous polarization is hardly ever
addressed by scientists, engineers, or device designers.
Instead, they consider the shape traced out over time by
the tip of the electric-field vector in a plane normal to the
direction of the light beam.

The tip of the electric-field vector can trace out a straight
line (linear polarization), an ellipse (right or left
elliptical polarization), or a circle (right or left circular
polarization). A polarizer will only transmit that particu-
lar polarization component for which it is designed.

When considering the aspects of polarization and the
effects of polarizers, remember that the subject is a vector,
not a scalar quantity. For example, assume that an
unpolarized light beam of intensity I, encounters a linear
polarizer with a transmission axis along 6;. The light beam
exiting the polarizer is linearly polarized along 6; with an
intensity Iy/2. If this beam then encounters a second linear
polarizer with a transmission axis along 65, then the light
beam exiting the second polarizer will be polarized along 65
and have an intensity equal to (Io/2) cos®[0; — 05]. Next,
assume that (6; — 65) = w/2 radians so that no light is
transmitted through the system. The vector nature of
polarization can be seen when a third linear polarizer with
a transmission axis along 63 is placed between the first two.
When 65 = either 0; or 05, no light is transmitted through
the system. However, when 65 has a different value from
either of these, light will be transmitted, reaching a
maximum when 03 = w/4 radians.

Many fiber optic sensors incorporate polarization modu-
lation within their transducer mechanisms.
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Components 19

Diffraction Gratings

A diffraction grating is a device that changes the
propagation direction of a light beam by an angle that
depends on the wavelength of the light. A typical grating
consists of an array of parallel lines separated by spaces
and can be configured in either a transmissive or reflective
mode, or both. Gratings have been fabricated with complex
surface topographies for specific applications, but the
simplest grating consists of reflective lines interspersed
with transmissive regions of equal width, as shown below.

reflective transmissive

SacE s
N NN

d _Nd/é‘_

/)

When a beam of light of wavelength \ is incident on this
diffraction grating, the following situation results:

Output beams at different angles «,, result. This is
described by the grating equation:

d

. . . 1|mn
d(sind + sina,,) = m\ or a,, = sin"! [m_ - s1n6}

Diffraction gratings have been used as the basis for the
transducer mechanisms in some fiber optic sensors, but
they are more generally used in spectrometers to demodu-
late the output from wavelength-modulating fiber optic
sensors, such as those utilizing fiber Bragg grating
(FBG) elements to convert parameters of interest to
changes in the wavelength of reflected light.
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20 Components

Fiber Bragg Gratings

The Bragg formulation of x-ray diffraction is considered to
be analogous to an optical plane wave of wavelength A
normally encountering a series of equivalent, partially
reflecting mirrors, each separated by a distance d from
adjacent mirrors. A peak in the amount of light reflected
from this stack of mirrors will occur when the spacing of
the mirrors is such that the light reflected from each mirror
constructively interferes with the light reflected from all of
the other mirrors. This is called satisfying the Bragg
condition, or 2d = m\, where m is an integer.

partially reflecting mirrors

incident distribution of with separation = d

plane waves with one
having a wavelength A

N ;
\
/ transmitted distribution of

reflected plane wave plane waves without one
at wavelength A having a wavelength A

In a fiber Bragg grating (FBG), a periodic modulation
(with period d) of the index of refraction of a single-mode
optical fiber is introduced along its axis. This is essentially
equivalent to the stack of partially reflecting mirrors
considered in the x-ray diffraction analog; however, instead
of a plane wave, there is a single propagating mode in the
fiber. Light in an optical fiber travels slower than light in a
vacuum, according to its effective index of refraction n, = c/c,,
where ¢ is the speed of light in a vacuum, and ¢, is the
effective speed of light of the propagating mode. The Bragg
condition for an FBG then becomes A\g = 2n.d, where \g 1s
the wavelength at which maximum reflection will occur.

FBGs are used as transducer mechanisms when they
are configured so that some parameter of interest will
modify n,, d, or usually both. Various interrogation and
compensation schemes can then be utilized to accurately
extract the value of the parameter from the measured
value of \g.
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Modulators

Optical modulators are devices that change a property of
light in a controllable manner. One of the most basic types
of modulator is the chopper: a rotating disk with
alternating slots around its outer edge. When a light beam
is incident upon the edge, the intensity of the transmitted
light is modulated (off and on) based on how fast the disk is
rotating, the frequency fp, and the number of slots around
the disk edge N. The intensity-modulation frequency
would then be f3; = Nfp. Choppers are often used in
laboratory situations to allow optical experimentation in
ambient light conditions. A typical experiment analyzing
an intensity-modulating fiber optic sensor is shown below.

intensity-modulating

beamsplitter fiber sensor

input light N signal
' IS' ' k\ ’ D_ detector
chopper * lock-in amp
reference )
detector ref  input

output *

Other commonly used modulation methods include

+ direct modulation of laser-diode or LED optical sources,

+ phase modulation via strain, the electro-optic effect,
or the magneto-optic effect, and

+ wavelength modulation by modulating a laser
diode’s drive current.

Simple modulation of the phase via strain was used in the
earliest Mach—Zehnder single-mode optical fiber hydro-
phones, as shown below.

sensing arm
light in light out
reference
/ arm

fiber wrapped around a piezo-electric disk whose
electical modulation modulates the optical phase
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22 Sensor Design

Specification and Transducer Selection

In order to design a fiber optic sensor for a particular
application, one must first determine precisely what infor-
mation is being sought. The different ways to obtain that
information are considered (i.e., how much and what type of
sensed data versus the amount of processing and estima-
tion), and one way is selected. This selection then allows a
sensor specification to be written that includes the
dynamic range, sampling rate, accuracy, precision, environ-
mental conditions, effective lifetime, maintenance, and
(very importantly) cost. The sensor specification is compared
to the available optical transducer mechanisms in a high-
level trade-off study to identify the top candidates for
incorporation into the sensor. These candidates are then
analyzed by a detailed trade-off study, perhaps involving
digital simulations, to choose the transducer to be used in the
final design and development of the sensor.

Application

Requirements
Information
Needed

Different Possible
Software/Hardware Choose Best Way |
Configurations To Obtain Information

Available Fiber Optic
Transducer Mechanisms

Develop Sensor
Specification

High Level
Trade-Off Study

Top Candidates
Selected

Detailed Transducer
Trade-Off Study Selection

After the sensor specification has been completed and a
transducer mechanism selected, the design of the sensor
and its interfaces to the subsystems that are part of the
overall system design can be initiated.

It cannot be emphasized enough that a sensor specification
must precede all other aspects of sensor development.
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Sensor Design 23

Component Selection

The selection of components is driven by two factors:
cost and performance. After the required information
and the type of transducer are specified, based on the
desired performance, the components can be identified by
working backward from the fiber optic sensor output.

1. The required information will define the fiber sensor
electrical output.

2. The sensor electrical output will determine the optical
detection scheme and the optical signal delivered to
the detector(s).

3. The delivered optical signal will determine the optical
signal leaving the transducer based on the loss
characteristics and length of the optical fiber used.

4. The optical signal leaving the transducer will deter-
mine the optical signal input to the transducer via the
specific transducer characteristics.

5. The optical signal input to the transducer will
determine the amount of optical power supplied to
the input fiber from an optical source.

This analysis provides a way to approximately determine
the characteristics of the optical detector(s) and associated
electronics, the optical fiber characteristics, and the optical
source characteristics.

There will generally be some number of detectors, fibers,
and optical sources that meet all of these component
specifications. Optimization techniques may then be
used to create a specific collection of components that
minimize sensor cost while simultaneously achieving (but
not exceeding) the desired sensor performance.

Optimization techniques include manual selection in
an ad hoc manner, spreadsheet analysis and configu-
ration trade-offs, and more sophisticated optimization
schemes, such as the genetic algorithm. Computer
models of components developed can be used in sensor
simulations.
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24 Sensor Design

Sensor Modeling

The development and availability of high-powered, cost-
effective computers and software tools have changed the
sensor-design process dramatically. In particular, it is now
almost possible to develop designs directly from specifica-
tions. Human input can be minimal or considerable, depend-
ing on circumstances.

Fiber optic Sensor Available
transducer < —— specification — components
selection
: [
> <

<HH

> Human/computer
sensor design

<

Computer model
of sensor

* Operational/

Simulation of ;
' 4— environmental
sensor operation e
conditions

Does simulation

meet
specifications?

Transition to
hardware build
and testing

The advantage of following this kind of design protocol is
primarily one of minimizing expensive hardware-design/
environmental-testing iterations. It must be emphasized,
however, that computer models and simulations are
sometimes not perfect, and the building and testing of at
least one prototype is necessary before proceeding to final
sensor development.
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Intrinsic Multimode Sensors 25

FTIR Sensor Theory

When light traveling in a medium of index of refraction n,
strikes the boundary of a medium of index of refraction ny
at an angle 01, some fraction of the light will be transmitted
across the boundary into medium 2 at an angle 0,
according to Snell’s law: n; sinf; = ny sinf,, or sinfy, =
(n1/ns) sinb;.

If ny > no, there is some angle 0. for which (n,/n5)sinf,
(and, therefore, sinfz) must be greater than 1 and have an
imaginary component. Physically, this means that no
optical power is transmitted into medium 2. This phenom-
enon is called total internal reflection (TIR).

If a third medium is introduced, then it becomes
“frustrated” total internal reflection (FTIR) due to
electromagnetic “tunneling” from medium 1 to medium 3.
In particular, if n; = n3 = n, ny = 1, and a light beam of
wavelength \ strikes the boundary between medium 1 and
medium 2 at an angle 6 > 0., then the fractional power
T transmitted across the gap d from medium 1 to medium
3 will be given by

T=1- '(22 +52)2[(22 — 8%)% + 42%5% coth? B}‘l‘
where B = (@2md/\)(n’sin®0 — 1)Y2. For light polarized
perpendicular to the plane of incidence,

z=1/(ncosh) and 8 = —(n’sin’ — 1) /2
whereas for light polarized in the plane of incidence,

2= (cosB)/nandd = (n’sin®0 — 1)1/2
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26 Intrinsic Multimode Sensors

FTIR Hydrophone

The first use of FTIR as the transducer mechanism in a
fiber optic hydrophone occurred in 1980. Multimode
optical fibers are polished optically flat at an angle of 76
deg to the multimode fiber axis to ensure that all modes
propagating in the fiber will experience TIR upon reaching
the polished fiber end. Two of these fiber ends are placed in
close proximity in a hydrophone in which diaphragm
displacements are used to modulate the gap between the
two polished fiber ends.

retaining ring ferrules containing
/dlaphragm optical flbers sBr?nﬁg
light N=1-48 ~ light ,q—’gzﬁé\
L =
o\, n=1.48 - N
optical fiber airgap optical fiber
d
40 40
hydrophone housing adjustment screw

The theoretical sensitivity of optical transmission between
the two fibers based on fiber gap has been calculated and
compared with experimental measurements. The actual
device was found to be more than an order less sensitive
than the theoretical optimum.

il ; I . I __—"};__I—{’I' :
Aty “:::‘—=-‘::1:1«1~—I—

bandwidth [~ (®)
40

(@)

typical deep-sea noise level
1 1 1 1 1

0
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frequency (Hz)

A hydrophone is depicted above in a test tank along with
the results of its experimental evaluation. Curve (a) shows
the minimum detectable pressure versus frequency assum-
ing theoretical sensitivity to vertical fiber displacement,
whereas curve (b) uses the measured values.
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FTIR Fluid-Level Sensor

The FTIR phenomenon can be used as the basis of a fluid-
level sensor. In this sensor, a multimode optical fiber is
wound around disks adjacently arranged in a plane along a
common vertical axis. This configuration is placed in a fluid
tank with the vertical axis normal to the fluid surface so
that as the tank is filled, the fiber around the largest
diameter disk is covered first, and the fiber around the
smallest diameter disk is covered last. The core and
cladding modes are excited in the fiber but subjected to
TIR when the fiber is exposed to air. Because the fiber is
covered with fluid, FTIR occurs over the covered fiber
length, and light is lost from the fiber. The decreasing
diameter disks are intended to couple core modes into the
cladding to replace light lost by FTIR.

increasing fluid height
(vertical is to the right)

The normalized detected optical power as a function of the
fluid (water) height is shown below.

1.0 —
0.8 T,
normalized (g T
detected %
optical power 0.44 s
_ Sy
0.0 Yy
0 4 8 121620242832

height (cm)

A fit to this data, where P is the normalized detected
optical power and A (cm) is the fluid height, yields

P(h)=1-35x10"%h+ 1.5 x 107°h% — 3.3 x 10°A®
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28 Intrinsic Multimode Sensors

Microbend Sensor Theory

Microbending can be used as a loss-modulating trans-
ducer mechanism. When an appropriate periodic stress
is applied normal to the axis of a multimode fiber, light is
coupled out of the fiber through the conversion of
propagating modes into radiation modes that are lost.
The amount of loss is a monotonically increasing function
of the stress applied to the fiber.

‘force

_ A Merenending plare
e —— multimode optical
————>—~>——— fiber, core diameter a

VNN . -
microbending plate

> -
fforce

When a graded-index multimode optical fiber is used (the
plastic buffer coating must be stripped away where the
fiber is stressed), the optimum deformer spacing A is
given by

2many
A=——
NA

where a 1s the fiber core diameter, ny is the index of
refraction at the center of the core, and NA is the fiber
numerical aperture. The following graph depicts the
typical response for a Sumitomo graded-index fiber with
NA = 0.13, a = 23.27 mm, and n = 1.458.
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fiber length
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transmission
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Microbend Pressure Sensor

A microbend transducer can be used as the basis of a high-
temperature fiber optic pressure sensor. This design uses
a twisted pair of optical fibers that are completely equiva-
lent except that a segment of only one of the fibers is
subjected to microbends within the sensor.

LED 3-dB coupler o
sensing fiber

reference fiber

pressure

photodiode pressure /
detectors sensor !

e ————— - ————

temperature controlled
output voltage, V  chamber

logarithmic offset

amplifier V = constant x log(signal/reference)

For this example, L is 2 mm, the LED center wavelength is
830 nm, the optical power propagating in the reference
fiber is ~100 mW, and there are two periodic distortions of
the fiber. The following graph shows the response of this
sensor at two different temperatures.

e temperature 428 + 1 degree C
1.0 - o temperature 23 + 1 degree C °
[ ]
) o]
0.8 . o
o
sensor 0.6 - ¢ o
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Macrobend Sensor Theory

Snell’s law and the Fresnel equations govern the
reflection/transmission of a light ray at a dielectric bound-
ary. The plane defined by the light ray and the normal to the
boundary at the point at which the ray strikes the boundary
is called the plane of incidence. Angles are measured
relative to this normal. If a light ray traveling in a medium
of index of refraction n, strikes a boundary at an angle 6,
with a medium that has a lower index of refraction no, then
there will be some critical angle 0. for which if 6; > 6., then
all of the energy in the light ray will be reflected at an
angle 63 = 6, back into medium 1. If 6; < 6., then some light
will be transmitted into the second medium at an angle
0, = sin '[(n1/ns)sind;]. The reflection coefficients for
light polarized perpendicular to the plane of incidence
(s-polarized) or lying within it (p-polarized) are R, and
R, respectively:

- 2
n1cos0; — ng \/1 — (n—l) sin 61]
R

- 2
nicos 01 + ns \/1 - (n—l) sin 91]

ni . 12

niy/1— [(n—2)sm61 — ng cos 07
ni . 12

niy/1— {(n_2> sinB;| + ngcosO;

The amount of light transmitted into medium 2 for an
unpolarized light beam is then T'= 1 — [(R; + R,)/2]. In
terms of geometrical optics, the light propagating in an
optical fiber is constrained to the core by TIR at the core—
cladding interface. This constraint is removed when
macrobending of the fiber occurs, effectively reducing
the angle of incidence of the lowest-angle rays in the fiber
until it is smaller than the critical angle for TIR, and some
fraction of its power can be coupled through the core—
cladding interface and radiated away. Macrobending can
thus be used in loss-modulation transducers.
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Macrobend Pressure Sensor

In a multimode optical fiber, macrobending changes the
angles between certain propagating modes and the fiber
cladding into angles that are less than the critical angle for
TIR so that some optical power is radiated away into the
cladding. The smaller the radius of curvature of the macro-
bend is, the greater the loss in transmitted optical power.

no light coupled
out of the core  cladding

light radiates . L —
out of core - / l'/ core
and is lost e

angle > angle required
angle < angle required for total internal reflection

for total internal reflection

If a phenomenon of interest creates macrobending, a
measurement of transmission loss can be used to infer its
value. One of the first fiber optic sensors to use macro-
bending transduction was a pressure sensor that used a
“figure-eight” configuration.

LED : N ) rigid
multm.10.de optlcal.flber\ N\ cylinder
:I\ rigid constralnt\
photodiode
compliant
pressure vessel constraint
output

In this case, the change in diameter of a compliant
pressure vessel changes the diameter of the larger part of
the figure-eight loop, changing the diameter of the smaller
loop and its macrobending loss. A simple variation of this
technique 1s the “slipknot” macrobend strain transducer,
in which the macrobends are unsupported.

epoxy
bond

epoxy
bond

'y

»|
gl

gage length
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32 Intrinsic Multimode Sensors

Modal Domain Sensor Theory

When a coherent source couples optical energy into a
multimode optical fiber, that energy propagates along the
fiber in the fiber’s allowable modes. As these modes
continue along the fiber, they interfere with each other so
that if the light exiting the fiber were projected on a
screen, a complex interference (or speckle) pattern would
be observed.

The speckles within the pattern are equivalent to a
collection of the outputs of a number of interferometers
whose phases, intensities, and modulation depths are
operationally and randomly related within the constraint
that the sum of all the intensities is a constant. Perturba-
tion of the fiber along its length perturbs the individual
elements of the speckle pattern—some intensities increase,
some decrease, and some do not change—but their sum
remains constant.

If the speckle pattern is projected on an array of optical
diode detectors, then the sum of the outputs of those
detectors will be independent of perturbation. However,
the sum of the absolute values of the changes of those
outputs will provide a very sensitive measure of the
absolute value of the first time derivative of the integrated
perturbation along the length of the fiber.
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Modal Domain Vibration Sensor

A modal domain sensor configuration suitable for vibra-
tion measurements includes

+ a laser diode coherent source,

+ a multimode optical sensing fiber,

+ a detector array with addressable individual elements,
and

+ suitable signal-processing electronics.

multimode

ibration region optical
|4—V| ration reg —>| optic

speckle
pattern
laser signal A
diode processing =
outputmmtodiode
array

The most attractive feature of this configuration is the fact
that digital signal processing can be used to create virtual
apertures on the photodiode array, allowing various
detection schemes to be evaluated. A small aperture
produces a signal that follows the perturbation, but the
signal is unstable and varies with environmental condi-
tions. On the other hand, if the absolute values of the
changes over At of each detector are summed, a very robust
signal is produced that is proportional to the absolute value
of the first time derivative of the vibration. Unfortunately,
the nature of the absolute value operation destroys the
phase information, making precise reconstruction of the
perturbing signal problematic. There is an alternative
approach that does not use a detector array, in which a
photochromic filter mimics the detector array plus the
absolute value summing process.

large-area

coherent source photochromic filter

sensing fiber
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34 Extrinsic Multimode Sensors

In-Line Fiber Coupling Theory

When the ends of two equivalent, polished multimode fibers
are brought into proximity, the coupling loss between
them can be used as a transducer mechanism. The two
primary loss mechanisms used in simple fiber optic sensors
depend on either axial or longitudinal displacement.

v

a4 —»| s |«
A
T
lateral misalignment longitudinal misalignment

For a multimode step-index fiber with a radius a and
numerical aperture NA = 0.37 [where the fiber critical
angle 0. = sin '(INA)], the fractional transmission T4 as a
function of axial displacement is given by

2 d d d\’
Th=2"cos —)—[(—])|1—- (=
4= 5008 <2a) (fna)[ (2a> 1
whereas the fractional transmission 77 as a function of
longitudinal displacement is given by

1/2

2
1

f= 1+ (g) tand,

These fractional losses are shown in the figure below:

1.0
0.8 ,
fractional 0.61-%, e
transmission 0.4 \*,
0.21 T ______ T|_ —

0.0 s g8 1
% 4 6 8 10

d/a or s/a

When both axial and longitudinal displacement are
present, the situation becomes much more complicated.
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Fiber Coupling Pressure Sensor

Fiber coupling modulation can be used as the basis of
many fiber sensors; one interesting application is the
intracranial pressure sensor. A schematic of the basic
features of the sensor is shown below.

distant ) flecti diaph

return source fiber [eflective diaphragm

fiber ¢ @-cranial pressure P

lumen pressure P ‘close return fiber

In this sensor, a thin flexible catheter has a reflective
moveable diaphragm at its distal point. The catheter has a
lumen that can be pressurized and that contains three
optical fibers whose polished ends are in close proximity to
the reflective diaphragm: one closer to the diaphragm than
the other two that are located at the same distance. One
side of the diaphragm sees the intracranial pressure P.,
whereas the other sees the adjustable pressure in the
lumen. Light from the source fiber as shown reflects off
the diaphragm and is coupled into both a fiber near the
diaphragm and one further away. The optical powers
detected by these two fibers vary with the distance of the
diaphragm from the closest fiber.

T T

6 fiberend -

N nearest the

F e, mirror

. 4= Y fiber end 7

optical power | * farthest i
(arb. units) *.from the

oL *s.mirror -

1 LT

00 B 5 10 15

distance of mirror from_
nearest fiber end (arb. units)

The mirror is pre-positioned so that when the lumen
pressure equals the intracranial pressure B, the power
coupled into the two receiving fibers is the same.
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36 Extrinsic Multimode Sensors

Polarization Theory

A monochromatic beam of light has an associated electric
field that can be represented by a vector in the plane
normal to the direction of propagation of the light. For red
or near-infrared light, this vector oscillates at frequencies
in the range of 2-5 x 10'* Hz. The polarization of the
light is defined as a unit vector parallel to the same
direction as the polarization vector of the light.

Because the frequency of light is much too large to allow
the instantaneous polarization to be observed unless
specialized techniques are used, the different types of
possible polarization are qualitatively characterized by
the trajectory mapped out by the tip of the polarization
vector over one or more cycles of oscillation. The different
general possible polarizations that a light beam can
have are shown below, where the x—y plane is assumed to
be normal to the direction of propagation of a light beam
passing through the origin.

horizontal right right
linear elliptical circular

D0
(O

vertical left left

linear elliptical circular
Some special sheet materials only allow transmission of
that portion of a light beam whose polarization component
is parallel to a linear direction in the sheet. These
materials are called linear polarizers. If unpolarized
light of intensity I, is incident upon one of the sheets and
then passed through a second sheet whose transmission
direction is at an angle 0 to the first, then the intensity of
the light exiting the second sheet will be

1
1= QIO cos’ 6
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Polarization Rotation Sensor

As an example of a simple intensity-modulating fiber optic
sensor that uses polarizers, consider a requirement to
monitor the angular position of a shaft whose angle can
vary between 0 and 2m. One conceptual way of performing
this measurement is shown below.

shaft with unknown
rotation 0 < 6 < 2n

Q

rotatable
linear
polarizer

4:1 angular
coupling ratio

0.25 pitch
GRIN lens

multimode fixed 'Iinear
optical fiber polarizer

light power light power

in=1p out=1
In this case, the shaft is fitted with a gear assembly such that
one rotation of the shaft will result in one quarter of a
revolution of a second shaft that has a coaxially mounted linear
polarizer in front of a fixed linear polarizer. For O rotation of the
shaft, the transmission axes of the polarizers are crossed, and
no light can pass through them. For a rotation of 2w, the
transmission axes are aligned, and a maximum amount of
light power is transmitted. The initial optical power I in a
multimode optical fiber is collimated by a GRIN lens, passed
through the two polarizers, and collected by a second GRIN
lens that couples the output light I into a second multimode
optical fiber. It is assumed that systematic optical transmis-
sion losses are accounted for in a fractional transmission factor
a. Knowledge of I, and a measurement of I then determine 6:

1 0 21
I==-Iya|l—cos— =4cos 1 -
5 oa[ coséJ <0 cos ( ocIo)
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Photoelastic Sensor Theory

The photoelastic effect occurs when stress (or its induced
strain) is applied to a suitable solid optical medium, such as
glass, polycarbonate, or gelatin. If the stress is unidirec-
tional, then the index of refraction (speed of light) for optical
beams polarized parallel to the stress direction will directly
depend on the stress. Light polarized in the direction
perpendicular to the stress direction will not be affected.

vertical no applied
polarization stress

no retardation

horizontal
polarization photoelastic
material
vertical applied
polarization stress

horizontal /
polarization photoelastic retardation d
material
A photoelastic material under stress then acts as a stress-
dependent optical retarder or waveplate that can serve as a
transducer element in a fiber optic sensor. If light linearly
polarized at an angle of w/4 to the stress direction is passed
through a photoelastic material subjected to a linear stress s,
then the output intensity I transmitted through a polarizer
with its transmission axis along the —m/4 direction will depend
on the stress and the stress-optic coefficient fo of the material.
photoelastic material stress ¢

with stress-optic
coefficient fo

lo I = (1/4) [1 - cos(2ndofo)]

polarizer with <@——» polarizer with
transmission d transmission
axis at m/4 axis at -n/4
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Photoelastic Pressure and Acoustic Sensing

Multimode photoelastic sensors have a number of applica-
tions, including pressure sensing and acoustic detec-
tion. These sensors use sophisticated optical arrangements
and difference/sum detection for maximum performance.

quarter-wave plate  stress  palf.wave plate

no bias quarter-wave
polarizing )X T |- T T o T — — -7 _~Point _~bias point
beam P / T T
° P ]
splltter/ r )
P photoelastic, e Ch?”"f' i
2 element _ outpu
GRIN_— . A
lens 00 >
input | ?Utpm applied stress

¢ Inthis case, the input light is collimated by a GRIN lens
and then linearly polarized by a polarizing beamsplitter.

+ A quarter-wave plate is used to convert the light from
linear to circular polarization (effectively moving the
output-channel bias point to its most sensitive loca-
tion, as seen in the graph).

+ The light then passes through the active photoelastic
element and a half-wave plate to rotate the output
polarizations by m/4 relative to the axes of a second
polarizing beamsplitter for optimum response.

* The two output signals, I, and I_, are then processed
to produce a voltage proportional to (I, — 1)/ (I, + 1)
such that variability due to environmental conditions
is cancelled out.

The pressure sensor has a dynamic range of 120 dB with a
minimum detectable pressure of 21 Pa. The acoustic sensor
demonstrates a minimum detectable pressure of 47 dB re
1 mPa/Hz'? at 500 Hz. The acoustic sensor and comparable
electrical reference sensor are shown below.
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Diffraction Grating Theory

If a light beam is projected on a screen and then an object
blocks a portion of that beam with a sharp edge, the resulting
shadow has a border region that is sharply defined but
rather modulated. This physical effect is called diffraction
and has been used as the basis for a number of fiber optic
transducer mechanisms.

A diffraction grating, in its most basic form, is a plane of thin,
transparent material whose surface has a large number of
parallel reflective lines of width d/2 separated by transmis-
sive regions also of width d/2. If a beam of light of wavelength
\ 1s incident upon the grating in a plane defined by a normal
to the grating and a second line normal to the lines within the
plane of the grating, then the incident light at angle 6, will be
diffracted at angle 6 according to the grating equation:

d[sinfg + sinfp] = mA

where m 1is called the diffraction order and can be either
a positive or negative integer (m = 0 implies no diffraction).
The sign conventions associated with the grating equation
are shown below.

positive negative undiffracted

angles angles reflected

incident 4, /-light, m=0

r
H
light —— i
]
1
]

NWa
1
diffracted y undiffracted

light W1 ¥\ —transmitted
light, m=0

positive negative
angles angles

The sign of the order in reflection depends upon its position
relative to the undiffracted reflected light:

diffraction

:,T]%l;sm> 0 undiffracted
incident reflected
light \ light, m=0

~diffraction
angles
where m<0
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Diffraction Grating Rotation Sensor

A diffraction grating can be used as a transducer element to
sense rotation. In this case, the diffraction angle equals the
angle of incidence (0 = 0), so the grating equation becomes

2dsinfy = A\
for O rotation of the shaft with an unknown rotation angle
and m = +1 diffraction order.

shaft with unknown

rotation 0 <0 <2n N
multimode  harrowband
O ) ) optical fiber  jight at

6 wavelength A

!

8:1 angular
coupling ratio

0.25 pitch
GRIN lens

rotatable/
diffraction
grating

broadband
light in

For non-zero unknown rotation 0 of the shaft, the diffraction
equation becomes

. 0 N\
2dsm<90 +§> =\ or =28 {Sm 1(%) —60]

If 60 = /8 is initially chosen for 6 = 0, so that for 6 = 2
there is 0 + 6/8 = 31/8, a choice of \; (for 6 = 0) determines
both the source spectral width \; < A\, and the grating
period d, or

;.. 3T

A sin‘g-

= 2—12 and )\2 = )\1 f %
sm8 n8

Because the quantities 6, and d are now known, a
straightforward measurement of the wavelength \ uniquely
determines the unknown shaft-rotation angle 6.

Although the sensor described here is not necessarily
practical, the process is illustrative of the manner in
which fiber optic sensors are designed.
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42 Extrinsic Multimode Sensors

Schlieren Grating Theory

Schlieren is a word borrowed from the German language to
refer to streaks produced in a transparent medium.
Diffraction gratings can be considered to have a Schlieren
nature. In the field of fiber optic sensors, transducer
mechanisms based on the relative motion of two aligned
diffraction gratings have been called Schlieren sensors.

absorbing fixeq
line / grating

!

—w
- transparent + —
lo space Y lrans
moveable d

grating

D

for D = 0, ly4ns = Maximum
when x =0, and Iy, = 0
when x = d/2

Collimated light from a multimode optical fiber is transmit-
ted through the structure, and the zeroth diffraction order is
captured by a second optical fiber. Modulation of the relative
grating positions by a parameter of interest modulates the
transmitted light (for a structure with d = 10 mm).

separation of
grating planes
D(um)

3

optical
throughputH
(arbitrary
units)

0
0 5 10
relative grating displacement w(pm)
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Schlieren Displacement and Acoustic Sensors

Multimode fiber optic sensors that use a Schlieren opposed-
grating structure can be used to sense displacement and
underwater sound. In this case, each of the opposed gratings
has a period of 10 mm and transmissive stripes 5 pum wide.

opposed E

grating I diaphragm

structure \
[
| I

light > = P it
in out

GRIN multimode
sensor lens —__ optical fiber
housing ~N pressure

relief hole

Light from a multimode optical fiber is collimated by a
GRIN lens, coupled through the opposed-grating structure,
and captured by a second GRIN lens and multimode optical
fiber. This sensor is very sensitive to displacement and
underwater sound.

100

detected P min 50 NS,
optical | (dB re 1 uPa) sea state |
signal zero

(arb. units) 0 L L L L L
r 100 200 500 1000 2000 5000

frequency (Hz)

0 2 4 6 8 10
displacement (um)

When a shot-noise-limited optical source is considered, this
sensor has a displacement range approaching 5 um and a
minimum detectable displacement below 0.01 A. When
used to detect acoustic signals under water, the sensor is
sensitive enough to detect acoustic pressure levels at sea-
state zero (the acoustic noise level of a quiet ocean in the
frequency range of 100-1000 Hz). The sensor is simple, cost
effective, and does not require complicated signal-processing
electronics.
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Chirped Grating Sensor Theory

A diffraction grating is said to be chirped when its period d
changes along its length, with the change usually being
linear, 1.e., d = dy + dqx, where x is the position along the
grating, and d, and d; are constants. The most notable use
for these gratings has been in wavelength-modulating
linear position sensors. The most common method of
creating such gratings involves the use of a photographic
plate with a reflective backing, as shown below.

spherical photographic
wave plate

@z
ﬁﬁéﬁ‘”ﬁ? T T T

collimated coherent
optical beam

When such a chirped grating is used to detect displace-
ment in the most basic configuration, the wavelength of a
narrow-band, first-order diffracted signal determines the

position x.
narrowband )
diffracted light out —
g P Oin collimated
; broadband
i light in
\5_(\\ = grating moves,
hiroed \,‘\‘\\ — ‘%5‘*:, optics are fixed
C. irpe ) \,__\ X——-'\""‘-\._,_
diffraction
grating grating period, d, changes linearly with x

x depends linearly on the wavelength of the diffracted
light (taking into account the angular sign conventions)
according to
N —dy
- dg(Sin 0;, + sin ediff)
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Chirped Grating Displacement Sensor

Chirped gratings can be used as the transducer mechanism
for extrinsic fiber optic sensors for aerospace applications,
especially in sensors that monitor the aircraft actuator

position.
5 angle of incidence
collimated broadband \ equals angle of
light in/narrowband light out L. diffraction

E e
‘\\T\R{w?gmmor

T—=—X —*""— chirped diffraction grating

grating is
fixed

Because the angle of incidence and diffraction are the
same, the detected wavelength determines the position of
the grating according to

N —dp
X=——
2d;s1nb;,
where d = dy + dix. The prototype sensor fits within a

narrow cylindrical form factor to match a typical aerospace
actuator.

two fiber cables

and collimating linear translation ~ actuator
lens assembly stage piston

mirror \ .

AN

chirped diffraction grating  rigid base

This particular sensor proves to be quite successful in meeting
its performance goals:

* measurement range of 20 cm (7.9 in),

* linearity of ~1% in the raw output,

* resolution of 0.065 mm (0.0025 in), and

* bandwidth of 600 Hz.
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Magneto-Optic Sensor Theory

A bulk magneto-optic material, such as glass, contains a
collection of magnetic moments that are randomly
oriented in the absence of an applied magnetic field so
that there is no net magnetic moment. In the presence of
such a field, these moments tend to align with the field,
producing a net magnetic moment. Polarized light propa-
gating through the material along the axis of its magnetic
moment will have its polarization modified.

For thin magnetic films, the situation is quite different.
Geometrical and energy constraints produce adjacent
domains in which the magnetic moments are either up or
down normal to the film plane. An applied magnetic field
can modify the relative domain sizes or orientation of the
moments within a domain but not their magnitude. Such a
thin film, e.g., bismuth-substituted iron garnet, forms a
polarization-independent optical phase grating whose prop-
erties can be modulated by appropriate applied magnetic
fields. Monochromatic light incident upon such a grating
will be diffracted along conical surfaces, and if the film has
the proper thickness, then no light will be transmitted in the
zeroth diffraction order for zero applied field.

magneto-optic

thin film third order

second order

first order

»zero order =0
no applied field

monochromatic
input light first order
second order

third order

If a magnetic field is applied to the film normal to the film
plane, domains with a moment aligned with the field will
grow and those anti-aligned will shrink until the film is a
single domain. The optical consequence of this is that the
power in the zeroth order will grow from zero to some
saturation value with an applied field.
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Magneto-Optic Speed Sensor

Thin magneto-optic films can be used as the transducer

mechanism for multimode fiber optic sensors, especially to

sense gas-turbine engine speed. A schematic of the

device is shown below along with a photograph of the

assembled sensor with a dime coin for size comparison.
bias

magnet mirror

GRIN I
light f
—> ] 2y errous tooth
__. attached to
- s 1 turbine shaft
multimode
optical fibers  magneto-optic

thin film

In this case, monochromatic light from a multimode optical
fiber is collimated by a GRIN lens, passed through the
magneto-optic film, reflected back through the film, and
coupled via the same GRIN lens into an output fiber. A bias
magnet provides a magnetic field that is modulated
through the presence or absence of ferrous teeth on a
rotating shaft. The sensor has been evaluated on a gas-
turbine-engine test rig and found to be as good as or
superior to conventional speed sensors used for the same

application.
1.0 e
=
mm
optic sensor -~
normalized P e
signal 0.5F o .
amplitudes ~ conventional
— electrical
monopole sensor
0.0k L

0 10 20
shaft rotational speed (krpm)
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Optrode Sensor Theory

An optrode is the optical equivalent of an electrode. This
simple device was first introduced for biochemical sensing
in the United States through research supported by the
National Institutes of Health.

signal l:l
detector

beamsplitte
N

output

optical
source

lens

reference ratioing
detector  amplifier

¢ multimode
/optical fiber

measurement
volume

sensitive coating
on fiber tip

In this primitive version of an optrode, light from an optical
source is split by a beamsplitter, with half of the optical
power going to a reference detector and half collimated by a
lens into an optical fiber. The optical fiber tip has a coating
whose effective reflectivity depends on some parameter of
interest in the measurement volume. The reflected light is
then transmitted from the fiber through the lens and
beamsplitter to a signal detector. The signal is divided by
the reference in a ratioing amplifier, and the value of the
ratio is output to a display. Based on the value of the ratio
and the known characteristics of the fiber tip coating, the
value of the parameter of interest can be determined.

Modern optrodes

+ use an optical coupler instead of a beamsplitter,
+ eliminate the lens, and
* can sense numerous parameters.
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Optrode pH Sensor

Fiber optic optrodes can be used in a number of configura-
tions with several different transducer mechanisms. One
early optrode is very successful at measuring the pH of
fluids; it incorporates a clear cellulose triacetate fiber with
a sensing region made porous and sensitized by a Congo
Red pH indicator.

light at 0.610 mm
‘from monochrometer + pH solution in

[ —

polymeric optical fiber

Congo-Red-doped
sensing region

f E—
‘transmitted light pH solution out+
to photodetector

Light at 0.610 wm, matching the maximum sensitivity
wavelength of response of the Congo Red, is coupled into
the fiber, and the transmitted intensity is measured for
solutions with a range of pH values. The absorbance of the
optrode is found to vary monotonically with pH.

4

3 -
absorbance
2+

1+

0 1 1 1

This extremely simple through-transmission optrode is
inexpensive and sensitive, in addition to having a response
that is reversible and repeatable. The device is insensitive
to NaCl concentration in the fluid.
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Fluorescence Theory

Fluorescence is a phenomenon that occurs when high-
energy (short-wavelength) light is absorbed by certain
materials, resulting in the temporary creation of a population
of electrons in a highly excited state. When the exciting signal
is turned off, the excited electrons begin to decay to
intermediate empty states, emitting photons in the process.
These photons are of lower energy and have longer
wavelengths than the exciting signal.

electron
highly excited state @ O
' . ? VU emitted photon T
intermediate state ® energy
excitation photon NN\ | |
ground state O

The lower-energy photons are called the fluorescence of the
material. For the purpose of being used as a transducer in
fiber optic sensors, the phenomenon of fluorescence has two
attributes of interest:

* When the excitation signal is turned off, the power of
the fluorescence decays with time.

* The fluorescence process can be quenched and its
optical signal reduced or eliminated when certain
chemical species interact with the fluorescent material.

For an initial population of N highly excited electrons with
a fluorescent decay probability of a(s™!), an integrated
fluorescent optical signal S,, = aN (1 —a)" will be produced
during the interval between the n'® and (n + 1)* second
after the population of N highly excited electrons is
created. This signal decay is illustrated below.

100 T T T
L N = 1000
a=0.1
fluorescent [
signal H
0 1 1 1
0 10 20
seconds

The temperature dependence of the signal-decay constant
can be utilized to determine temperature.
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Fluorescence Temperature Sensor

Fiber optic sensors can use the phenomenon of fluorescence
as the basis of a transducer mechanism. The earliest
demonstrations of the potential of fluorescence transduction
for sensing temperature assumed that the fluorescent e*
decay time 1 is related to the absolute temperature
according to

1 4+ o(-AE/kpT)
"7 Rp + RyetSE/RT)

where kp 1s Boltzman’s constant; AE, Rg, and Ry are
constants; and 7 is the absolute temperature in kelvins.
The optical fiber probe utilizes a single strand of 600-pm
plastic-clad silica fiber that is bonded to a lutetium-—
aluminum—chrome-borate [Lu(Cr,Al,_,)3(BOs),] crystal
with a chrome content of 0.01. This particular crystal has
the temperature dependence of T shown below.

800 T T T T

L Lu (Cr,Aly,)5(BO3),
with chrome content
600 x =0.01 7
fluorescesce

decay time (ps) 400F 1
200+ E

0 1 1 1 1

200 250 300 350 400 450

temperature (K)

This sensor allows for the accurate determination of
temperature from 273 K (0 C) to 340 K (70 C), with
a standard deviation of consecutive measurements of
0.04 K.
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Blackbody Theory

The concept of the blackbody was first introduced in
the middle of the 19*® century by G. Kirchhoff, who
stated,

“... bodies can be imagined which, for infinitely small
thicknesses, completely absorb all incident rays, and
neither reflect nor transmit any. I shall call such bodies
perfectly black, or, more briefly, black bodies.”

The current definition of a blackbody is one that captures
all incident radiation at all angles and absorbs it all. A
small opening into a cavity made of absorbing material
serves as a good approximation of a blackbody.

If a blackbody is in cavity in
thermal equilibrium, it ool
emits electromagnetic
radiation according to
Planck’s radiation

law, 1i.e.,

: small opening
HESE approximates
: \\ /" ablackbody
HEN k incident light at

an arbitrary angle

2

FO) = 2whce
N3 (ehe/kaNT — 1)

where F'is the emitted power at wavelength \, A is Planck’s

constant, c¢ is the speed of light, kg is Boltzman’s constant,

and T is the absolute temperature. The spectra changes

with equilibrium temperature, as shown below.

blackbody 4| 7000 K
emission L 6000 K
(arbitrary 2|
units) o » 5000 K
0.1 0.3 05 0.7 09
Mum)

As can be seen from this figure, the total power emitted
increases with the absolute temperature, whereas the peak
of the spectrum moves toward shorter wavelengths accord-
ing to Wein’s law:

\p= 2900, T
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Blackbody Temperature Sensor

Fiber optic temperature sensors based upon blackbody
emission were among the first fiber optic sensors to be
developed and commercialized.

blackbody
R . cavity narrowband
low-temperature °Ptical f'"q amplifier

: optical fiber

‘iﬂt'=<0:m: —%pm

.~ high temperature

i optical fiber  cojlection /
et \ lens photodetector
high temperature environment

The basic sensing configuration consists of

* a high-temperature optical fiber on which an
effective blackbody cavity has been fabricated,

+ a low-temperature optical fiber, and

+ signal conditioning, including a collection lens, nar-
row-band optical filter, photodetector, and amplifier.

A high-temperature optical fiber (sapphire) is required for
this application because glass optical fibers would melt at
the extreme temperatures of device operation. The
blackbody cavity was created by sputtering a platinum
coating on the beveled end of the high-temperature fiber.
The low-temperature fiber is a standard multimode silica
fiber with a core diameter of 600 wm, and the narrow-band
filter has a center bandpass wavelength of 0.6 mm. After
calibrating the sensor at a single temperature (with an
output proportional to the optical signal), arbitrary
temperatures can be determined using Planck’s radiation
law. This sensor is extremely accurate.

furnace 130017171717
temperature r

as measured 1200:

y a L

blackbody 1100 -

fiber optic 1000

sensor (K) 1000 1100 1200 1300

furnace temperature (K)
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Optical Time Domain Reflectometry Theory

Optical time domain reflectometry (OTDR) is a
technique that is commonly used to interrogate fiber optic
cables to detect and localize regions of excess loss.

2x2 optical optical

coupler connector
gg{isceaclj \ / fiber optic cable to be tested
source optical absorber
high-speed
photodetector

In this instance, a very short high intensity optical pulse
is injected into the optical coupler and then passes into
the fiber optic cable to be tested. Due to small imperfec-
tions, as well as variations in the index of refraction, a
small amount of backscattered light is created as the
initial pulse passes through each region of the fiber in
the cable. This backscatter signal travels back up the
cable to the optical coupler, where it is quantified as a
function of time after the initial pulse injection by high-
speed-detection and signal-conditioning electronics. The
following figure depicts a typical backscatter signal versus
time (proportional to the distance along the fiber).

normal

backscatter = reflective
signal i or high
< '| .~ backscatter
log of : region
backscatter s
signal N end of
optical /cable

loss region

time after optical pulse injection

(or distance along cable)
A region of optical loss in the fiber results in an offset of the
normal backscatter signal. The magnitude of this offset
allows the optical loss to be determined. If a region of high
reflection/backscatter exists, a peak in the signal will occur.
If the fiber length is continually eroded by some phenome-
non of interest, the spatial progress of that phenomenon
versus time can be determined using OTDR end-of-fiber
“point” measurements versus absolute time.
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Optical Time Domain Wavefront Speed Detector

One of the key parameters in characterizing the effects
of explosive devices, whether nuclear or conventional, is
the so-called velocity of detonation (VOD), which is the
speed at which the destructive blast wave from
the explosion propagates through the medium in which
the explosion occurred. In principle, OTDR would be an
ideal method of making this measurement (whereby an
optical fiber is laid from the planned site of the explosion to
a distant location) and then monitoring the length of the
fiber as a function of time (the blast wave sequentially
destroys the fiber and reduces its length). Unfortunately,
standard OTDR processing is too slow for this application,
but there is an OTDR alternative.

cw optical bidirectional optical elements with power
source emits transmission T and power reflection R = (1-T)
power Py

d —>

D 0,1 2 |
{ connector d d 2 d blast wave
2,3 N-1,N destroys optical

50 50 elements in turn
high-speed optical optical
photodetector coupler absorber

detects power P

As each optical element (assuming N = 10) is destroyed,
the detected optical power is reduced in a stepwise fashion.

0.12

P
FOOOG

0.00—T—F——T—T—T 7T
ty ty ty byt tg o tg tg tyy
time

The actual time of destruction of the i*" element is given by
t; = t;'— D;lc, where c is the speed of light in the fiber, and
D; is the distance along the fiber from the photodetector to
the i*" element. Because the time of destruction of each
element is known along with its position, the VOD can be
determined along the fiber path.

ld Gulgﬁm Zg‘%)er Optic Sensors

Downloaded From: https://www.spiedigitallibrary. orgf%ooks on
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



56 Extrinsic Multimode Sensors

Evanescent-Wave Theory

An optical fiber guides light with minimal loss along a core
region of material. The electric field associated with each fiber
optical mode also extends into the material surrounding the
core, whether this is the fiber cladding, buffer coating,
environmental material, or some combination thereof. The
electric field that exists outside the core is called the
evanescent field, and its magnitude decays exponentially
with the radial distance from the core interface.

buffer coating environmental radial position
cladding \\—\ material

electric field
intensity

core ~_ guided >

cladding mode
buffer coating _——

environmental
material

The evanescent field can be made to interact with claddings
whose properties are sensitive to chemical or biological
agents or with the environmental material directly. In both
cases, the fiber buffer coating must be removed. The electric-
field interaction with the phenomenon to be measured will
then manifest itself in some form of modulation of the overall
fiber transmission characteristics, and this modulation can
be used to quantify the phenomenon of interest. To optimize
evanescent-field transduction, the maximum amount of
mode energy must be made to propagate outside the core
region so that the most mode energy can interact with the
phenomenon of interest. This can be done by

+ exciting the fiber with only very-high-order modes
near the cut-off angle for TIR,

* tapering the fiber into the transduction region,

+ partially or totally removing the cladding in the
transduction region, or

+ using a very small core fiber, among other techniques.

A tapered-fiber evanescent-wave transducer increases
the amount of evanescent wave and captures it again after
its interaction with the phenomenon of interest.

tapered interaction region

v
A
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Evanescent-Wave Chemical Sensor

An example of a fiber optic evanescent-wave chemical
sensor uses a tapered multimode optical fiber to detect
small concentrations of methylene blue dye.

37-mm etched region

buffer coatin | |
g\ 4 —>
cladding
core \ z

\

I~

7 —p N~
core diameter = 100 mm 20 mm high sensitivity region

core+cladding diameter = 140 mm 50 mm - 30 mm - 50 mm
etched fiber diameter

The fiber is etched over a 37-mm length with outer fiber
diameters from 140 pm at the start to 50 wm at 8.5 mm,
30 pm at 18.5 mm, 50 pm at 28.5 mm, and back at 140 pm
at 37 mm. Light from a He-Ne laser at 0.6328 mm is passed
through an optical fiber coupler, one arm of which is used
to provide a reference signal, and another consists of the
sensing fiber. Without any concentration of dye, ~1.3% of
the injected optical power is available to interact with
water around the fiber core. Measurements of transmitted
power are made for pure water and water with concentra-
tions of dye equal to 1, 5, and 10 parts per million (ppm).
These measurements are also converted to optical density
OD = —log,oI/1y), where I is the transmitted power for
pure water, and [ is transmitted intensity. Concentrations
as low as 1 ppm can be detected.

0.2 ‘-.‘/_. T T T T 1.0
I
L -10.9
[ 2 ,_>
optical - (‘PO'B fractional
density 01 [ transmission

2 4 6 8 10
concentration (ppm)
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Single-Mode Interferometers

The initial interest in fiber optic sensor technology for
high-performance devices was heavily focused on the inter-
ferometeric fiber sensor, primarily the Sagnac interferom-
eter that is the basis for fiber optic rotation sensors and the
Mach-Zehnder interferometer used to support acoustic
sensing. The development of key components allowed the
usage of the Michelson interferometer in application areas
that were previously dominated by the Mach—Zehnder
interferometer. In all cases, interferometeric fiber optic
sensors depend on mixing two or more light beams.

Optical fiber

Environmental ) | | |
signal

Phase differences are extracted with high precision and
sensitivities that are often measured in sub-microradians.
The path differences are generated by a delay between the
arrival of two light beams, and the resulting relative phase
shift Ad is given by

b =2wnL/N = nlk

where n is the index of refraction, L is the physical length
of the fiber, \ is the wavelength of light, and k£ = 2m/\ is the
wavenumber. For small variations, the phase delay can be
found by differentiation:

dd/d = dL/L + dn/n + dk/k

In the case where the wavelength is held constant, the two
remaining terms depend on the variation in fiber parame-
ter, i.e., the length L of the optical fiber changes and the
index of refraction changes of the optical fiber. Wavelength
variations can be used effectively to extract small phase
differences.
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Mach-Zehnder Interferometers

The Mach-Zehnder interferometer consists of a light
source that, for optimal performance, is usually a fre-
quency-stable, single-wavelength source that couples light
into a beamsplitter. This device generates two light beams
that pass through a reference leg and a signal leg. The
primary purpose is to cause an environmental effect to
generate a net phase difference between the two legs of the
interferometer. The light beams are mixed and fall onto
one or more output detectors.

Light source

Detector

One immediate issue is that if the two optical beams
traverse exactly the same optical path in the Mach—
Zehnder, it will minimize sensitivity to small signals.
Early implementations resolved this difficulty by placing a
piezo-electric stretcher in one leg of the interferometer and
continually readjusting it for the highest sensitivity. This
can be done automatically by inducing a small variation in
the path length—a dither—and maintaining its ampli-
tude. A more practical approach is to intentionally have the
two legs of the interferometer have different lengths L, and
Ly. By varying the frequency of the light source sinusoi-
dally, a phase dither can be established:

bgither = AF'sin(wt)(Ly + Lo)n/c

The first harmonic on this output on the detector is
proportional to the sine of the phase, and the second
harmonic is proportional to the cosine. Differentiating and
cross-multiplying allows the phase to be extracted directly.
This is called quadrature detection.
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Mach-Zehnder Hydrophone

The Mach—Zehnder interferometer can be configured to
sense a variety of environmental effects. The first major
application involved fiber optic hydrophones for naval
applications. The typical configuration consists of a hollow
mandrill wound with an overlapping optical fiber. In the
simplest configuration, one end of the sensing fiber is
attached with an adhesive, the rest of the fiber leg is wound
under tension, and the second end is secured.

(L

To avoid thermal effects, the reference leg of the hydrophone
is wrapped parallel to the sensing fiber leg. Several
approaches have been used to attain a differential response.
A commonly employed method uses an optical fiber with a
coating that enhances the acoustic response, such as a nylon-
coated fiber, next to one with a reduced response, such as a
polyimide-coated fiber. The hollow mandrill is intended to act
as a mechanical amplifier, expanding and contracting with
acoustic waves, which varies the tension on the optical fibers.

Directional sensitivity can be obtained by optimizing geome-
tries and by winding the optical fiber into a ball; the sensor
can be omnidirectional.

( J Omnidirectional
Planar arrays elements
Gradient
Line arrays elements
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Mach-Zehnder Transducer Geometries

The Mach—Zehnder (and Michelson) interferometer can be
used to sense seismic events by using a push—pull
arrangement, where the upper and lower rubber mandrills
are wound with the two fiber sensing legs of the
interferometer. When a mass is placed between these
weights and the casing is attached to the ground via a
spike, ground motion causes one mandrill diameter to
expand and the other to decrease, resulting in a differential
difference in the optical path length between the two legs.

| _— Fiber coil

[ Seismic
mass

|~ Soft rubber
mandrel

Another common transducer involves mounting an optical
fiber on a strip of material that is sensitive to an
environmental effect. For magnetic fields, this could be a
strip of Metglas® or a magneto-strictive material, such as
nickel. The fiber can be simply bonded to the surface.

Another common approach that can be used to configure a
transducer involves using special coating materials that will
enhance a specific environmental effect and/or using these
materials for an underlying mandrill. Typical materials include

« nylon or Hytrel® for acoustics,

« nickel or Metglas® for magnetic fields, and

+ PVF for electric-field applications.
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Michelson Interferometer

The layout of the Michelson interferometer, like the
Mach—Zehnder interferometer, has two sensing legs, and
the objective is to optimize the differential phase response
of the two legs to a specific environmental effect. The major
difference is that it is configured with mirrors on the end of
each sensing leg and is operated in reflection. Because the
single-frequency light sources that were initially available
were extremely sensitive to reflections, the Mach—Zehnder
version, which avoided back reflection, was the first to be
heavily developed.

7

P
Light =
source *

Detector d=2nL

A series of technical innovations of components have
completely changed the situation for modern acoustic and
seismic applications. The first is the availability of super-
stable single-frequency light sources that, in combination
with optical isolators developed for the telecommunication
industry, have greatly reduced noise due to feedback from
reflected light. The second major development is the usage
of Faraday mirrors.

One of the principal problems associated with dual-leg
interferometers is that the light sources they use are highly
polarized, and the polarization can evolve differently along
each sensing leg. It is possible that when the two beams
recombine the light beams have orthogonal polarization
states, resulting in complete signal fade out. The Faraday
mirrors convert the reflected light polarization state so
that it moves back through the same set of polarization
states and the two beams will combine at the beamsplitter
at the original polarization state.
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Sagnac Theory

In the early 1900s, a demonstration was conducted by
Georges Sagnac that if light could be made to propagate
clockwise and counterclockwise about a closed path, and if
the path were rotated quickly enough, changes in a fringe
pattern associated with the combined beams could be
observed.

CCW < = Cw
cw path: 2nR + RL/c

ccw path: 2nR - RL/c
Net path difference: 2 RL/c
Zg =2 RL/(ke)

When the loop is rotated clockwise, the light beam moving
in this direction must go a little further than the
counterclockwise beam, which must go a shorter distance
by an equal and opposite amount. When the two beams are
combined, the resulting fringe shift is simply the difference
in path length divided by the wavelength of light
propagating around the closed path. Monitoring this fringe
position is the underlying principle behind the open-loop
fiber optic gyro.

For higher performance, a closed-loop approach can be
achieved by introducing a frequency shift between the
counterpropagating light beams.

CcCw « 1 T Ccw
F o Zrow=(Fo+F)Lnfc)
Zeow = FoLnlC
Zz=FLnkc

Setting Zg = ZF
Renders F = 2R /An

Rotationally induced fringe shifts can be counterbalanced
by fringe shifts induced by frequency differences between
the two light beams over portions of the closed path offset
from the center of the path. Forcing the two fringe shifts to
offset results in a frequency proportional to rotation rate ().
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64 Interferometers

Sagnac Rotation Sensor/Fiber Optic Gyro

The Sagnac rotation sensor/fiber optic gyro can be
implemented in open- or closed-loop formats.

Light source .
Polarizer Modulator
-]

e

Detector @

—
‘&
Fiber optic loop

Open-loop fiber optic gyro
The open-loop format utilizes a low-coherence light source,
a polarizer, and two beamsplitters to establish a reciprocal
light path between the clockwise- and counterclockwise-
propagating light beams. A modulator is used to establish a
signal out of the noise, and polarization control may be in
the form of a polarization-maintaining optical fiber.

Fiber optic coil

Light source

Polarizer

Detector | |
Integrator
[\ [\\VCO

Oscillator
L

Frequency
shifter

Closed-loop fiber optic gyro

In this version, the modulator varies the optical path length
between counterpropagating light beams. If this is done
sinusoidally, the even and odd harmonics appear on the
detector as the two beams combine and interfere. If the two
beams are perfectly in phase, then only even harmonics
appear. The odd and (in particular) the first harmonic signal
can be used in the open-loop gyro to indicate the magnitude
and direction of rotation. In the closed-loop setup, the first
harmonic can be used as an error signal to readjust the
frequency needed to close the loop.
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Interferometers 65

Sagnac Acoustic Sensor

The Sagnac interferometer can be utilized as an acoustic
sensor. When an acoustic signal that is a time-varying
pressure wave arrives at a portion of the fiber loop associated
with the Sagnac interferometer that is offset from the center
position of the loop, an optical path length difference between
the two counterpropagating light beams is induced.

Light source O

Acoustic
wave

Detector

The magnitude of the path length difference depends on
the spatial position of the acoustic beam and its frequency.
For a sinusoidal signal at frequency o, where half of the
fiber loop length is shielded and the other half has a
response per unit length A and a magnitude of the acoustic
signal B, the response of the Sagnac acoustic sensor has
the form

R[P(t)] = [ABnL?/4c] wsin(wt)

The response depends on the square of length L of the loop
and is directly proportional to the frequency of the signal
for frequencies that are small compared to the fundamen-
tal frequency of the Sagnac loop (the inverse transit time of
light through the loop).

Principle advantages of the Sagnac interferometer:
1. a low-coherence light source that can inherently be
very low noise and cost effective,

2. an adjustable response that rapidly increases with
fiber length, and

3. optical filtering of low frequency noise.
Optical power I can also be used to identify the location of a

time-varying signal that can be used to detect leaks in
pressurized structures and the location of intruders.
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66 Interferometers

Sagnac Interferometer Strain Sensor

The Sagnac interferometer can be used as a long-gage-
length strain sensor with lengths up to tens of kilometers.
The layout consists of a broadband light source that is used
with a central beamsplitter to generate counterpropagat-
ing light beams in the Sagnac loop. A frequency shifter is
introduced near one side of the loop, which introduces a
frequency difference F' between the two light beams.

)

Frequenc i
shif?er y Fiber cable

Light source

Detector

The frequency-induced fringe shift between the two
counterpropagating light beams is given by Zz = F(Ln/c).
Suppose that the Sagnac strain sensor is operated so
that the frequency is adjusted by locking onto one fringe
peak. The condition is then Zyr = constant.

Differentiating the fundamental equation results in
0=dF(Ln/c)+ FdL(n/c)
and the final result dFF/F = —dL/L.

As a specific example, suppose that the frequency shifter
introduces a difference of 100 MHz between the counter-
propagating light beams, and the system can resolve
frequency changes of 1 Hz. This would mean a resolution
of the system of one part in 10® and, for a 1-km-long fiber
loop, the ability to resolve length changes of 10 microns.
The fiber loop could be integrated into a cable and used as a
very long strain gage. Care must be taken to minimize
thermal and acoustic effects by appropriate geometric
placement of the optical fibers.

Fi Guide to Fiber Optic Sensors
Downloadeg{-'(r%)m: ﬁ%ps://www.spll)edfg‘;ita i rary.org/gbooks on 14 Mar 2022

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Bragg Gratings 67

Bragg Grating Fabrication

Bragg gratings can be formed in a single-mode optical
fiber through two major methods. The first takes a laser
beam and folds it into two paths that intersect on the optical
fiber, forming bright and dark regions. For short-wave-
length light beams and Ge-doped optical fibers, the local
index of refraction is changed along the length of the core via
changes in the Ge-Si dioxide bonds. If the laser beam is
sufficiently intense and short, an index-of-refraction change
can be induced by localized damage. These short pulse
gratings can be stable up to the melting point of the optical
fiber. For lower-intensity light beams, the specifics of the
process will limit temperature ranges. Post-process anneal-
ing is usually performed at 50 °C above the maximum
operating point to ensure long-term thermal stability. The
wavelength of the Bragg grating can be controlled by the
angle between the two intersecting optical light beams.

Laser beams s
¥
b A< )
J
Fiber

Induced

grating

pattern

Another approach uses a single laser beam and a phase
mask to form an interference pattern that can be used to
form Bragg gratings on an optical fiber. This setup is less
costly to implement, but changing wavelengths involves
purchasing additional phase masks, which can be expensive.

Laser beam J
Phase mask
[LLEEE)
Fiber
Induced
grating

pattern
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68 Bragg Gratings

Bragg Grating Theory

Implementation of Bragg grating sensors, in its simplest
form, involves changing the physical separation between
the periods of the grating via an environmental effect. The
most common examples are axial strain and temperature.
In the case of temperature the change in wavelength due to
a temperature change is given by

SN/N = (a+ QAT

where « is an expansion coefficient that equals 0.55 x 10~°
°C~! for silica, and ¢ is a thermo-optic coefficient for the
fiber core material, which equals 831 x 106 °C™!
(estimated for GeOy doping):

N/\ = 8.86 x 10 °AT

For axial strain, the response of the wavelength to strain
changes is

/N =(1-p.)e

where p, is the photoelastic constant, which equals (n? / 2)
[p12 — v(p11 + p12)] = 0.22 for silica:

SA/\ = 0.78¢

There are slight variations in these parameters depending
on the exact geometry of the optical fiber and the dopant
material used to generate the core and cladding. For the
1300-nm wavelength of light, a change in wavelength of 10
pm corresponds to a change in temperature of 1 °C. In the
case of strain at 1300 nm, a 1-pm wavelength change
corresponds to 1 microstrain. At 1555 nm, the other very
common telecom wavelength, 12 pm corresponds to 1 °C
and 1.2 pm to 1 microstrain.

These cases involve bare fiber. When the fiber grating is
attached to a substrate, that material will modify the
response.
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Bragg Gratings 69

Bragg Grating Simultaneous Strain and Temperature

The simplest implementations of fiber Bragg gratings
involve measuring the longitudinal strain and tempera-
ture. In the case of longitudinal strain, the fiber grating can
be either

+ attached continually to a surface using strain gage
cement or

* pre-strained and anchored at two points across the
grating.

In the case of temperature, the fiber grating should be
unstrained; the most common approach places it in a loose
tube anchored at one end.

(é%) GG )
Vi :
\

Polarization-preserving ~ Fiber grating
fiber axes

There are two approaches to measure both axial strain and
temperature simultaneously at the same location.

* One uses dual overlaid fiber gratings at different
wavelengths. If the wavelengths are sufficiently
separated, then there are two equations in two
unknowns that can be solved. The principal issue
with this approach is that the wavelengths must be
separated by a large enough difference to have a well-
conditioned set of equations that can be solved with
sufficient accuracy, and two light sources are required
for a conventional fiber.

+ A second approach writes a single fiber grating onto a
birefringent optical fiber, which can be a commercial
polarization-preserving optical fiber. Each of the
birefringent axes produces a wavelength, and two
equations in two unknowns result. The condition of
the matrix depends on the wavelength and properties
of the birefringent fiber.
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70 Bragg Gratings

Bragg Grating Transverse Strain

The Bragg grating may also be configured to measure
transverse strain. In this case, the fiber grating is again
written onto a birefringent optical fiber, such as a
commercially available polarization-preserving fiber. A
single grating of this type, when illuminated by a broadband
light source, has dual peaks. The polarization-preserving
fiber is constructed with materials that have different
hardness, which results in a difference in stress along the
two transverse axes p and q.
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If a transverse force is applied along the axis p or g, then
the relative strain field across the core changes, and the
two spectral peaks will move together or apart in
wavelength, depending on which axis is loaded, i.e., along
one axis the relative strain difference across the core
increases, and along the orthogonal axis the relative strain
difference decreases.

The difference in wavelengths between the two peaks is
directly proportional to the transverse strain.

It is also possible to measure three axes of strain and three
axes of strain plus temperature. This can be done by
writing two fiber gratings at different wavelengths at the
same location. The result is four spectral peaks that form a
4 x 4 matrix that can be solved for the three strain axes
and temperature.
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Bragg Gratings 71

Bragg Grating Pressure Sensor

When a Bragg grating is written onto an optical fiber, it can
be used as a pressure sensor. In the simplest case, the
fiber grating may be written onto a conventional single-
mode optical fiber. When the fiber is exposed to pressure, it
is under compression, and there is a shift toward short
wavelengths. This shift is small compared to that induced by
temperature changes such that effective pressure sensors of
this type require extreme temperature compensation.
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There is another, much more effective way to implement a
fiber Bragg grating pressure sensor based on a side-hole
optical fiber. In this case, the optical fiber is constructed in
a manner similar to a conventional single-mode optical
fiber, but two air holes are placed around the core. The
above figure shows an example with a 125-pm-diameter
optical fiber and a 30-um side hole. When pressure is
applied, the result is differential stress across the core. The
spectral peak-to-peak separation is proportional to the
pressure only, and the overall spectral shift can be used to
simultaneously measure temperature.
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72 Fiber Etalon

Fiber Etalon Theory

The Fabry-Pérot etalon consists of two inline mirrors.
The mirrors generate a resonance condition when there are
an integral number of wavelengths between them, and the
pair becomes transparent at that wavelength. At wave-
lengths that are off resonance, the transmission depends
strongly on the reflectivity of each mirror.

Transmission

50

0.0

c/2Ln

The finesse F of a pair of mirrors of equal reflectivity R is
given by

F =4R/(1 - R)*

The higher the reflectivity is, the sharper the peaks, as
illustrated by the figure. The fiber etalon can be used as a
sensor in combination with a spectral read-out unit that is
capable of measuring the position of the peaks. Alterna-
tively, the fiber etalon can itself be used as a spectral
measurement device. When the spacing L between the two
mirrors changes, the free spectral range, given by ¢/2Ln
(where cis the speed of light and »n is the index of refraction
between the two mirrors), shifts. This behavior allows a
narrow transmission passband to be scanned, which is
commonly used to support fiber grating systems.
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Fiber Etalon 73

Fiber Etalon Sensors

There are two principal types of single-mode fiber etalon
sensors that have been employed. The first includes
intrinsic fiber etalon sensors, wherein a single-mode fiber
is cleaved and a reflective material (that may be a dielectric
coating) is applied to the core of the fiber. This product is
then fusion spliced to a second optical fiber to form a mirror
internal to the fiber itself. A variant approach uses one
internal mirror and a second on the end of the fiber to form
an etalon sensor.

Intrinsic
P Tube
Air gap
Extrinsic

|
<—|_—>

Demodulator

The second type involves putting mirrors on the end of the
optical fibers and inserting them into a capillary tube.
There is an air gap between the two mirrors, which has the
advantages of minimizing thermal and polarization issues.
The principal disadvantage of this approach is that the
overall diameter of the sensor has been increased beyond
the diameter of the optical fiber.

The third diagram of the figure illustrates a fiber etalon
used as a spectral scanner. This can be used to support
both types of fiber etalon sensors by matching transmis-
sion windows to read out the effective cavity length of the
fiber etalon sensor and, in turn, the environmental effect
inducing that length.
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74 Multiplexing

Time Division Multiplexing

After an appropriate fiber sensor has been selected for an
application, an important consideration is how to minimize
the cost and complexity of the read-out system and the
sensors. Multiplexing is one of the key advantages of fiber
sensors because the intrinsic bandwidth allows many
sensors to be supported along a single fiber line. One of
the most commonly used multiplexing techniques is time
division (or domain) multiplexing (TDM).

Light source
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In this case, a short pulse of light is directed into an
optical fiber and propagates to a series of sensors that
change some property of the light beam (e.g., amplitude,
polarization, phase, or frequency) and reflect the signa-
ture back on the optical fiber or an adjoining one to a
detector and signal processes. Successive light pulses are
separated out in time because the sensors are spatially
displaced such that each signal can be separated out in
the time domain. One limitation of this approach is that
the spatial separation of the sensors is limited by the time
resolution of the system.
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Multiplexing 75

Wavelength Division Multiplexing

One method to overcome the spatial limitations of TDM is
to utilize wavelength division multiplexing (WDM). In
this case, each of the inline fiber sensors is wavelength
encoded with a distinct wavelength that is continuously
monitored by the read-out system. A natural example of a
fiber sensor that can easily be used with this method
involves fiber gratings wherein the period is adjusted such
that a distinct, separable wavelength is reflected.

Light source

Wavelength division
multiplexer/detectors

The WDM technique can also be integrated with a TDM
system to support many more inline sensors. For example, a
TDM sensor may have the ability to separate out sensors
provided the spatial separation is one meter. The application,
however, might require that fiber sensors be placed every 10
cm. Clusters of ten sensors supported by the WDM method
with 10-cm spacing can then be used every meter to
significantly enhance the number of sensors supported. The
reflectivity of each cluster of sensors must be adjusted (lowest
reflectivity first in line, highest last) to optimize performance.

As a practical matter, the number of shaded clusters is
usually limited to less than ten. Other multiplexing
methods can extend the number of sensors.
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76 Multiplexing

Optical Frequency Domain Reflectometry

It is possible to multiplex hundreds of weakly reflecting fiber
gratings at the same wavelength by using a multiplexing
technique known as optical frequency domain reflec-
tometry (OFDR). In this case, a fiber grating may be
written at low cost as a fiber is pulled on a draw tower with
reflectivity on the order of a hundredth of a percent. This
arrangement avoids the problem of multiple reflections
generating unwanted signals. A tunable laser is used to scan
out a wavelength range wide enough to support the specific
application needs (e.g., minimum and maximum strain
measurements). A Michelson interferometer configuration is
used, where one leg contains the weakly reflecting fiber
gratings and the other contains a reference reflector.

Weak FBGs at same A

Tunable laser Reference reflector

Detector

Ip = 1o+ 1y + 2411, sin(@-) b fp= 2nbgudt

Digital filters used to
pick out individual
grating profiles.

As the laser is scanned, the difference in length between the
first fiber grating and the reference reflector establishes a
carrier frequency for the first fiber grating. This is different
for each of the inline gratings and allows them to be separated
in the frequency space. After they are separated using a
Fourier transform, the wavelength associated with a particu-
lar inline fiber grating can be separated out using an inverse
Fourier transform process. The computational requirements
are high, resulting in a lower bandwidth than WDM can
support, but it has the distinct advantage of supporting
hundreds of high-spatial-resolution measurements.
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Frequency Division Multiplexing

Frequency division multiplexing (FDM) can be used
effectively to support arrays of Mach—Zehnder and Michel-
son interferometers. In this case the light source is
operated in a chirped mode where the frequency of the
light output changes at dF/dt. By arranging each succes-
sive fiber interferometer to have a net path length
difference (L — L,,), the two light beams will combine after
exiting the interferometer with a carrier frequency F,,
given by

F,=(L-Ly,)n/c

Light source

L L L
/I/I " N ?
Frequency-chirped
light source
Fy
" P g
Fs
Detector

The frequency signal associated with each of the length
offsets is then used to separate out each of the successive
signals from the Mach—Zehnder (transmission) or Michel-
son (reflection) interferometers.

One key limitation of this approach is that its perfor-
mance is highly dependent on the stability of the light
source. In particular, if the frequency of the light source
varies in a random manner, the offset between the legs of
the interferometer generate corresponding phase noise
dd = 2ndF(L — Ly,)nlc.
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Coherence Multiplexing

Coherence multiplexing is a technique that may be
effectively used to support a relatively small number of
fiber sensors. Typical applications involve interferometers
that have two offset path lengths, including the Mach—
Zehnder and Michelson interferometers and the Fabry—
Pérot etalon operated in reflection.

Light source L, L,
L L
Detector 2 L
Ly
Detector 1 L

>

A light source is chosen with a coherence length that is
short with respect to the path length difference between
the two legs of the interferometer being multiplexed. Each
successive interferometer 1s arranged such that the
difference in the net optical path length [(L; — Ly) in the
illustration] i1s again much longer than the coherence
length of the light source.

An output detector is designated for each interferometer,
and in front of it there is a compensating interferometer that
specifically offsets that difference in path length associated
with the sensor.

Note that there is a significant loss associated with the
multiple paths associated with this technique; thus, it is
usually used to support small numbers of sensors (one to
four) at one time.
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Spatial Multiplexing

Another multiplexing method, known as spatial multi-
plexing, uses an array of light sources modulated at a
frequency w,, that is used to support </ lines of sensors. The
output from each of these lines is directed to K output
detectors. The idea is that each of these detectors has a
system of electronics behind them that are capable of
separating out the </ carrier frequency. In this way, </ lines
in and K lines out support JK sensors.
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The principal application area of this type of multiplexing
involves very-low-cost sensors. In particular, if the light
sources are amplitude modulated and each of the fiber
sensors is a low-cost, modest-performance amplitude sensor,
then this may be an effective multiplexing technique for a
specific application, e.g., microbend sensors woven into
a structure where it is desirable to locate the position of a
disturbance continually.

The disadvantage of this approach is the relatively high
number of input and output fibers involved.
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Distributed Raman Sensor

The designer of fiber sensor systems often faces the problem
of isolating undesired environmental effects with the objec-
tive to measure one or more specific environmental para-
meters and be immune to all others. The distributed
Raman sensor has the great advantage that it is sensitive
only to temperature. When a fiber changes temperature, it
excites vibrational modes within the fiber structure itself.
When a short light pulse is directed down the optical fiber,
there is a small amount of backscattered light due to losses
in the optical fiber.

Intensity
Raman
Stokes
Raman
anti-Stokes
Wavelength

The backscattered light from each region that is resolved
by TDM has a component that is upshifted in frequency;
the photons absorb a phonon associated with the vibration
of the fiber (anti-Stokes) and a component associated with
the photons converting a portion of their energy into
phonons (Stokes). The terms are designated as such
because Stokes believed that energy from the photons
could only be converted into vibrational phonons. The ratio
of Stokes to anti-Stokes backscattered light is proportional
only to temperature.
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Distributed Brillouin Sensor

The distributed Brillouin sensor features a laser
source that generates pulses of high-coherence light that
when they propagate down an optical fiber generate both
Stokes (longer wavelength) and anti-Stokes (shorter
wavelength) side bands, just as in a distributed Raman
sensor. Unlike the Raman version, these side bands are
very narrow spectrally because they are generated by the
bulk movement of molecules acting in concert, rather than
individually.

Incident laser wavelength

A

Brillouin

lines
N

Wavelength

The scattering is generated by the product of a moving
diffraction grating from the light beam internal to the
fiber and the resulting refractive-index variations caused
by acoustic waves propagating longitudinally along the
fiber axis. This situation results in quantized Doppler
shifts, where the resulting side bands are photons that
add or subtract the energy of a phonon associated with the
acoustic wave, an action similar to that of an acousto-optic
modulator. These side bands are very narrow and have a
much stronger reflectivity than a Raman sensor, so a
distributed Brillouin sensor relies more on electronic
processing and has a better SNR, allowing for greater
range.
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Brillouin Distributed Sensor Capabilities

The distributed Brillouin sensor, as discussed earlier,
generates narrow frequency-shifted side bands. The Stokes
(downshifted) and anti-Stokes (upshifted) photons are
displaced in frequency by plus or minus

vb = 2nve /N,

where n is the index of refraction of the optical fiber, v, is
the acoustic velocity, and A\, is the frequency of the
pumping laser.

There are two types of distributed Brillouin sensor: those
based on spontaneous and stimulated emission. For lower-
power laser pumping, the acoustic waves are generated
spontaneously, but if the power is increased, the acoustic
waves will interact with the laser pump light and become
much stronger, moving into the stimulated regime. This
behavior allows for larger signals and longer distributed
sensors, moving from 30 km toward 50 km. The spontane-
ous Brillouin system has the advantage that it can be used
to measure both strain and temperature along the
distributed length instead of just one parameter.

In particular, the Brillouin frequency shifts for tempera-
ture and strain are given by

Fr=11MHz (K"

F, = 48kHz (ustrain )

The key to measuring both the temperature and strain
simultaneously is to recognize that there is a power-level
dependence of the frequency shift as a function of the
temperature and strain. These coefficients are given by

Pp = —7.7x 107%% (ustrain™')
P, =0.36% (K1)

They allow for the generation of well-conditioned equations
that can be inverted.
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Distributed Sensors 83

Distributed Sagnac Sensor

The distributed Sagnac sensor relies on the response of
the Sagnac interferometer to a time-varying environmental
effect that is zero at the center of the Sagnac loop and
increases as the location of the effect moves toward the
central beamsplitter.

Light source, A4 Light source, Ap

Detector, A4 Detector, Ao

Position

In order to measure both the location and amplitude of a
time-varying environmental event, two interlaced Sagnac
loops are necessary. The sum of the two signals allows the
amplitude to be measured, and the ratio allows the
position.

One of the advantages of this approach is that it can use
low-cost components. The light sources can be low-coher-
ence LEDs, and the WDM elements can be conventional
fused fiber couplers. The operating wavelengths for the
Sagnac loops can be 1300 nm and 1550 nm, utilizing the
two major telecom wavelength bands.

Because low-coherence light sources are used, backscat-
ter and cross-coupling between the loops is not an issue.

This approach is limited to time-varying events because
the response of the sensor to low frequencies falls off at a
rate that is proportional to the frequency of the signal.
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84 Distributed Sensors

Distributed Sagnac-Mach-Zehnder Sensor

The distributed Sagnac-Mach-Zehnder sensor relies
on the response of the Sagnac interferometer, which has no
response to a time-varying effect in the center of the Sagnac
loop and has increasing response as the environmental
effect moves toward the central beamsplitter. In this case, a
leg of the Mach—Zehnder is integrated into the distributed
sensing region of the Sagnac loop via WDM elements.

Light source, A4

Sagnac
Detector, A1

Mach-Zehnder

1

Light source, Ao

Detector, Ao

The response of the Mach—Zehnder in this region is flat
over the entire length such that it can be used to measure
the amplitude of the environmental effect. The Sagnac
interferometer response is position dependent with respect
to a time-varying environmental signal. Taking the ratio
between the Mach—Zehnder signal and the Sagnac signal
can be used to locate the event.

The distributed Sagnac—-Mach—Zehnder sensor utilizes two
different types of light sources—a low-coherence light
source for the Sagnac and a long-coherence light source
for the Mach—Zehnder—which can increase the price of the
system and cause difficulties associated with isolating
noise sources. In particular, the long-coherence light
source, if there is cross-coupling into the Sagnac loop, will
generate noise due to coherent backscatter, and there is an
issue associated with optical isolation of the laser.
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Sagnac Secure-Communication System

A Sagnac interferometer can be used to support high-
speed secure communication, and this implementation can
also be used to measure a portion of the length of the Sagnac
loop with high accuracy. The basis configuration consists of a
low-coherence-length light source that generates counter-
propagating light beams in a Sagnac loop. A phase modulator
that can be a very-high-speed integrated optic modulator is
placed in a transmitter region offset from the center of the
Sagnacloop. To transmit data, short phase pulses are injected
into the system and propagate in both directions. The offset
length of the loop may be measured by adjusting the
frequency of the input pulses until they exactly overlay.

Receiver Transmitter
Femmmm e e e —— = —_——————— -
| . | | |

Light source I I I
| A A — = ;
I (I} + y |
1 l 1 1
: : : Pha(tjse :
| Data | , mo ulator |
I out | I 1
| ¢—— T T |
| 1 1 ry 1
1| Detector I ! T Datain !

| I |

The time delay is proportional to the length. In secure-
communication mode, the data is injected into data
packets and received when the two counterpropagating light
beams combine at the central beamsplitter. An intruder
tapping into the system would see what looks like a
continuously-on light source without data. A more-sophisti-
cated intruder might try to build a compensating interfer-
ometer. The Sagnac interferometer is automatically
matched while the intruder faces matching a very long,
two-leg interferometer. This can be made more difficult by
adding alarms that measure the amount of power being
tapped and by placing a random path length generator in
the center of the Sagnac communication loop.
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Low-Coherence Strain-Sensor System

One of the earliest implementations of strain sensors
associated with monitoring bridges, buildings, dams, and other
civil structures was the SOFO sensor developed by Smartec
(see figure, courtesy of Smartec). In this case, a Michelson-
interferometer-based sensor was constructed by placing a
coupler in a tube along with the two legs of the coupler, where
one leg is constrained and the other is collocated to provide
temperature compensation. The tube can have lengths that
range from a fraction of a meter to several meters. When the
tube is buried in a civil structure, it moves with the structure,
and the relative lengths of the two light beams change.

Structure under test Coupler .A.
H L= ‘ \
Mirrors Q M
( JA Coupler /_\
Miror AR _A_
PE— A/D Filter Amp
0 A<= B
| | Photo- | gy
diode 1306 nm
Internal PC rm’
J

A low-coherence-length light source, originally an LED,
illuminates the sensor, and the combined beams are offset
in pathlength and only interfere when passed through a
compensating interferometer (consisting of another Michel-
son interferometer with a scanning mirror). When the two
legs are matched within the coherence length, interference
fringes appear, and the peak is determined to measure the
absolute length of the fiber sensor.

By using a fiber grating sensor placed in a tube and
anchored at both ends, similar performance can be
achieved; a loose grating can be used for temperature.
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Civil Structure Applications

Fiber sensors may be used to support a wide variety of civil
structure applications, including measuring the structural
integrity of buildings, bridges, dams and tunnels. Many of
these implementations rely on tubular structures, embedded
into concrete and often attached to rebar, to measure strain on
an optical fiber under tension. Another approach embeds the
tubular structures in composite materials that are used to
reinforce beams in a bridge or building. The tubular approach
has also been successfully used to embed strain sensors in
freeways to measure the weight and speed of traffic.

Buildings
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Bridges Police, fire,
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In addition to strain, temperature is sometimes measured,
often to compensate for thermally induced changes to the
structure. The other major area under development for

civil structures involves fiber optic sensors to measure
corrosion. These measurements are usually either

* based on changes to chemical properties that are
measured by evanescent fiber sensors or

* they rely on strain field changes induced by fiber sensors
that are embedded in or attached to metal structures.

As the metal corrodes, the axial and/or transverse strain-
field changes, providing an indication of the degree of
corrosion.
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Damage-Assessment Microbend Sensor

Even the simplest fiber optic sensors can be used to
support important functions. The following figure illus-
trates a configuration that can measure and localize
damage to a structure. In this case, light sources, such as
low-cost LEDs, are used to couple light into arrays of
microbend-sensitive fiber that are woven into or attached
to the structure. When an impact occurs that induces
damage, the structure is deformed, and microbend loss
changes the light level detected for that specific fiber
element. By using 2D configurations, the location of the
damage may be determined.

Microbend- Detectors

sensitive fiber

: -
P
X /
Light sources
\ Damage site

Beamsplitters

This configuration can also enable safety mats for use with
dangerous machinery. Microbend-sensitive optical fibers
are woven into the mat, and when an operator is too close
to the machinery and steps on the mat, the signal level goes
down, and the machinery is switched off. For this simple
application, only one light source and detector is needed.
The microbend-sensitive optical fiber is wound back and
forth through the mat as a single strand.

Another variant of this approach uses metal plates with a
specific period optimized for the maximum microbend
response for an optical fiber design. Pressure on the plate
changes the amplitude output.
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Position Sensors

Flight-control systems require accurate reading of rotary
and linear position associated with the wing and tail flaps.
One of the first implementations of fly-by-light involved
these types of fiber sensors, which are based on reflective
surfaces. An optical fiber is positioned so that light exiting
the fiber hits the region where there is either a reflective or
dark surface. When the light reflects from the surface, the
detector and associated electronics record a one or zero.

Variable reflectance shaft

O\ \O
O |0

i

Input/output fibers

Each position is digitally encoded around the surface of a
cylinder of flat card. In addition to one-to-one position
sensors, there are implementations that use WDM and
TDM.

Encoder card

Light source

Detectors
MooA Mg
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Smart Bed

Optical fiber modal domain sensors can be used for intrusion
detection and various other applications. In particular, the
medical community is interested in them as the transducer
mechanism for the so-called “smart” bed. In this case, the
optical fiber sensor is placed beneath the mattress of a
patient’s bed so that any movement of the patient due to
body motion, breathing, or heartbeat perturbs the mattress,
which perturbs the fiber and produces a measureable signal.

perturbation due

to patient
speckle pattern
/vto photodiode array
and processing
> base of bed
coherent multimode sensing fiber

light in
The smart bed can determine an indication of a patient’s
breathing rate and heart rate without any intrusive
attachment to the patient’s body. The following results show
that the patient

(a) moves to the edge of the bed,

(b) gets out of bed,

(c) moves away from the bed,

(d) sits down on the edge of the bed,
(e) settles down in bed, and

() makes small movements in bed.

b (d)
0.4 ®)
(e
smart bed
output (a)
(arb. units) 0.2
- (f)
q (c)
0.0 e .
0 1 2 3 4
time (minutes)
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Catheter Shape Sensing

Robotic surgery entails the use of a robotic catheter
operating within the body, directed by a surgeon adjacent
to the patient. The position of the catheter is monitored via
low-level x-ray images taken continually during the
surgery. The use of x-rays necessitates that the surgeon
wear heavy, protective lead clothing; even so, after a
number of years, these surgeons display increased rates of
cancer. For that reason, alternate methods of locating
robotic catheters within the body have been developed,
including one that uses a specialty fiber containing three
single-mode cores that have arrays of low-reflectivity
Bragg gratings (1-cm gratings separated by 1 cm) written

into them.
swept frequency laser ~ 3 core single-mode fiber
~ with Bragg grating arrays
control and \

signal processing

optical coupler and
reference reflector
3 photodetectors

Light from the swept frequency laser is coupled into
each of the fiber cores, and the backreflected light from
each core is captured by one of three photodetectors. The
three return signals are then mixed with the real-time
frequency of the laser source at the reference reflector. The
beat signals from all of the Bragg gratings in the array
are superimposed in the time domain. They are separated
through a Fourier transform—windowing—inverse
Fourier transform process, such that the wavelength of
the light reflected by each grating in the array can be
determined, and thus the strain seen by the grating can be
quantified. Processing this data allows for the calculation
of the spatial curvature of the fiber at any point.
Sequentially adding these curved sections then maps the
shape of fiber in three dimensions and thus the shape of
the catheter into which it is integrated.
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Radiation Dosage Sensing

Neutron detection using lithium-6 glass was first
demonstrated in the late 1950s. Pacific Northwest
National Labs incorporated this technology into scintillat-
ing optical fibers in the 1980s and 1990s and licensed the
technology to Oxford Instruments (and later Nucsafe).

The lithium-6 is incorporated into cerium-enriched optical
fibers. When a thermal neutron interacts with lithium-6, it
generates a tritium ion, an alpha particle, and kinetic
energy. The alpha particle and tritium ion interact with the
cesium-3 ions in the optical fiber structure, forming an
excited state that decays into photons in the range of 390—
600 nm. The several thousand photons emitted per event
are detected as a flash event and used to measure
radiation dosage.

There are other types of radiation, e.g., those that affect
space flight. In this case, gamma radiation plays a role, as
do particle storms generated by the sun. Experiments
have been performed by NASA to evaluate the changes in
optical fiber attenuation for long-duration missions. A
silica-based optical fiber that has a pure silica optical core
and fluorine-doped cladding changes much more slowly
than germanium-doped optical fibers. If fibers are
selected that have different ratios of attenuation with
radiation, then effective, long-duration radiation-dosage
sensors can be designed for space.
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Proximity Fiber Sensors

There are situations where it is important to know whether
or not a door is closed, e.g., on a ship or submarine. If the
hull is breached or there is a shipboard fire, it is critical to
know that containment doors are properly shut and sealed.
When light is directed into a fiber exit, it spreads, and if a
second fiber is placed nearby, the amount of light it
captures depends on the distance between the fibers. This
type of arrangement can be used to support simple
proximity and closure sensors.

+—>
d

Another approach uses one or more fibers in combination
with a mirror. As the mirror moves back and forth, the
amount of backcoupled light varies. This principle can be
used for a door closure with a reflective surface or for a
vibration sensor for a flexible mounted mirror.

A fiber optic liquid-level measurement system is a variant
wherein a bare fiber end reflects light back until the fiber is
dipped in a liquid (often water) and the reflection drops to
zero. This is commonly used to measure the depth of water
wells.

Flexible
mounted
mirror

L
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0Oil and Gas Applications

There have been major investments by the oil and gas
industry to take advantage of the capabilities of fiber
optic sensor technology. For oil and gas pipelines,
distributed fiber optic sensors have been used to identify
and localize leaks. (An important example is the Alaska
pipeline.) The oil is preheated before insertion into the
pipe; if oil leaks on any section of the pipe, the
temperature rises and can be detected. A single Brillouin
distributed-strain-and-temperature-sensor read-out unit
can support this type of monitoring over a span of 100 km
(50 km in each direction).

Fiber optic strain sensor

For downhole applications, it is important to measure
pressure and temperature. This improves the safety of the
well and allows more efficient extraction of oil, easily
paying for the system. Raman distributed sensors can
support downhole temperature measurements, and a
series of fiber optic pressure sensors have been developed
for this purpose. Acoustic arrays based on the Michelson
and Mach—Zehnder interferometer permit exploring for oil
and gas via surface ships. More recently, they have been
used downhole to support exploration and extraction
operations from existing oil and gas wells. This application
is particularly important for oil and gas fracking opera-
tions. The objective, again, is to improve the safety and
efficiency of operations, with the added benefit of identify-
ing oil pockets.
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Strain Imaging and Monitoring Composite Materials

Fiber optic strain sensors can be embedded into composite
structures and used to monitor both strain and tempera-
ture during cure. In particular, if fiber grating sensors are
embedded into composite materials, their wavelength
will shift as temperatures rise toward longer wavelengths.
When organic composite materials start to cross-link
during cure, the pressure exerted on the fiber grating
will move them toward shorter wavelengths, and the
onset of cross-linking can be tracked. A shift in the overall
strain profile after cure can be used to support the
modeling of residual strain internal to parts and their
inherent strength.

Readout
unit

Fiber grating sensors
s by

« < Impact location

]

If arrays of fiber gratings are embedded into a composite
structure and an impact occurs that results in internal
damage, the strain-field changes can be measured by the
fiber gratings and used to localize and determine the
magnitude of the damage. This approach to damage
assessment is called strain imaging, and it offers a
competitive alternative to ultrasonic and eddy-current
methods. Both single- and multiaxis fiber grating strain
sensors may be employed. The multi-axis sensors allow
measurements in both the in-plane and out-of-plane
directions. Another important application involves using
fiber gratings to monitor strain changes in adhesive joints,
enabling an assessment of the health of the joint and
modeling of predictive failure.
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Plastic Optical Fibers

Most fiber optic sensors are fabricated using silica-based
optical fibers, but plastic optical fibers offer the
possibility of very-low-cost alternatives. They are widely
used for low-cost communication interconnects, as shown
below.

Most of the early plastic fibers were made of acrylic cores
with fluorinated polymers for the cladding. More recently,
there has been a shift toward lower-loss perfluorinated
polymers. The immediate benefit of plastic optical fibers is
for applications that require the lowest possible cost and
have modest performance requirements, e.g., on/off door-
closer fiber sensors and angular- and linear-position
sensors. These types of fiber sensors require large-core
multimode sensors and involve short distances. Although
plastic optical fibers are capable of supporting links on the
order of 100 m, distances longer than that quickly move
toward silica-based fibers.

There has been some work done on writing fiber Bragg
gratings into plastic optical fibers, which could have
advantages for applications requiring wide strain ranges.
Deformation of these fibers remains an issue.
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Integrated Optics

Fiber optics can be combined with integrated optics
devices that can be used to direct, modulate, and control
the polarization of light beams. These devices can be
formed in lithium niobate, and the local index of
refraction can be controlled by proton bombardment;
although other processes are possible, this one tends to
preserve only one polarization state. This type of device can
be configured to act as a polarizer, beamsplitter, and
(because lithium niobate is an electro-optic material) a
modulator. The result is that many of the components
necessary to support a fiber gyro other than the light
source, detector, and optical fiber interconnects can be
formed on a single chip.

Electrode

Fiber DN
AN

Integrated optic waveguide

Because the polarizer on the chip may not be of
sufficiently high quality, an external fiber polarizer might
also be required.

The integrated optics chips can be formed into Mach—
Zehnder interferometers. A long-coherence-length polar-
ized light source can be coupled to the chip and a phase
modulator put in one leg (or both legs operated differently)
to induce phase differences that can be used to modulate
the amplitude of the optical output beam. Another common
application is to phase ramp a phase modulator in front of
the highly coherent, stable light source to induce a very-
well-controlled frequency ramp or offset that can be used in
interferometeric and distributed sensors.

Fj 1 iber 1 nsor:
Downloaded From: https://www.spiedigitallibrary.orgfe%{)‘gksGounl‘ﬁq\/lg?Zg‘Zl%)e Optlc Sensors

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



98 Applications

Fiber Light Sources

Fiber light sources can be used in applications that
require high power and, in some cases, unique spectral
properties. The basic configuration consists of a pump laser
diode, a WDM coupler, and a section of optical fiber that is
doped with an active material that absorbs photons from
the pump laser and emits at a specific wavelength.

Pump laser diode

WDM coupler

Active fiber

The most common case is a pump laser with a 980-nm laser
diode that couples into a 980-nm/1550-nm WDM coupler.
The 980-nm light is absorbed by erbium sites in a single-
mode optical fiber, such as a Corning SMF-28 single-mode-
optical-fiber-like structure, doped with germanium and
erbium.

The higher-energy 980-nm photon decays into a lower-
energy 1550-nm photon via spontaneous emission if there
are no provisions for mirrors around the active fiber. The
result is an effective high-power, completely depolarized
light source that can be used very effectively in many fiber
sensor systems, especially those that are based on a fiber
grating.

Other wavelengths are possible by changing the wave-
length of the light source and dopant materials for coverage
in both longer and shorter wavelengths. Using a neodym-
ium-doped optical fiber to support a 1.06-pm stable source
for fiber gyros is an important example.
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Polarization-Preserving Optical Fibers

For interferometers that involve combining light beams
from two separate optical paths, it is necessary to ensure
that the polarization of the light beams is controlled to
avoid signal fade out (where the two beams are orthogo-
nally polarized). It is often highly desirable to have the
light beams combine with the same polarization state; this
often results in the highest possible sensitivity and
accuracy. Polarization-preserving optical fibers have
been devised to accomplish this.

Elliptical Soft-glass Stress rod
clad side pit

There are a number of different types of polarization-
preserving optical fiber. The most commonly used types
have fiber structures that are based on hard and soft
materials placed in the cladding that induce stress
differences in orthogonal directions across the fiber core.
Another structure uses fibers with elliptically shaped
optical cores and also has an effective index of refraction
difference in the two orthogonal directions. Because it does
not have internal stress induced by different materials, it is
mechanically more stable, and a side can be ground off to
form a D-shaped fiber that is useful for some applications
that require physical orientation. By designing one of the
two orthogonal polarization states to have high loss with
bending, fiber polarizers can be designed that are of
particular interest to fiber gyro (rotation) sensor applica-
tions where the polarization of the counterpropagating
light beams must be precisely matched to produce the
highest performance.
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Fiber Depolarizer

There are two issues associated with polarization-
preserving optical fibers:

* They are much more costly than conventional single-
mode optical fibers, and

* The components needed to use a polarization-preserving
optical fiber in an interferometer are also more ex-
pensive, and the process to connect the orthogonal axes
with proper orientation is more difficult.

There is another approach that is useful with interferom-
eters that utilize low-coherence light sources and have large
optical path lengths, the principal example being the Sagnac
interferometer. In this case, a fiber Lyot depolarizer may

be used.
A f
R

Polarization-preserving fiber
sections at 45 deg

The device 1s formed by splicing two lengths of a polariza-
tion-preserving optical fiber with their axes aligned at 45
deg with respect to each other. When a broadband light
source, e.g., a LED or a broadband fiber light source with a
spectral range of about 50 nm, and a typical commercially
available polarization-preserving optical fiber are used, the
fiber lengths are on the order of 0.5-1.0 m. The optimal
length of the fibers can be adjusted. Longer lengths are
required for light sources with narrower spectral range.

When the fiber depolarizer is placed in front of a polarized
broadband light source, the fiber depolarizer converts each
wavelength to a different polarization state such that, on
average, for a two-leg interferometer, 50% of the light will
recombine in the correct polarization state, thus trading
loss for a lower overall system cost.
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Manually Scribing and Breaking a Fiber

Although there are numerous automated, semi-auto-
mated, and manual tools available to scribe and break
optical fibers, there are times (especially when building
up a capability to develop fiber optic sensors) when a low-
cost, manual method can be useful. For a glass optical
fiber (either a glass core and cladding or a glass core with
a hard plastic cladding), acceptable scribing and break-
ing can be performed by a rigid surface with an edge,
some adhesive tape, a quantity of low-cost single-edge
razors, and a silicon-carbide or diamond-edged scribe.
The fiber is first taped to the rigid surface and held under
tension with one hand while the other hand carefully cuts
away the plastic around the fiber using the razor with
downward strokes.

tape rigid surface

glass optical
fiber with
plastic coating

¥

very sharp,
new, single-
edged razor

/ blade

tension

After the bare glass portion of the fiber is exposed, the fiber
is held by the thumb and middle finger of one hand while
bending the bare fiber in a slight curve around a portion of
the index finger of the same hand. The other hand then
scribes the bent section of bare fiber in a direction normal
to the transmission axis. When done properly, this
maneuver will leave a perfect glass-end surface.

rigid tape

surface \
bottom of

index finger

tension¢

S
fiber with !
plastic coating
....

motion
\ of scribe

bare fiber

Fj 1 iber 1 nsor:
Downloaded From: https://www.spiedigitallibrary.orgfe%{)‘gksGounl‘ﬁq\/lg?Zg‘Zlg)e Optlc Sensors

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



102 Useful Techniques

Using UV Curing Epoxy

An ultraviolet (UV) epoxy consists of liquid monomers and
oligomers mixed with a small quantity of photoinitiators. When
this mixture is exposed to intense UV light, it hardens very
rapidly. The UV curing epoxies used in optical applications are
also clear, uniform, and introduce minimal optical loss in the
wavelength ranges of interest for fiber optic sensor develop-
ment. Whereas more-conventional epoxies must be baked for
significant fractions of an hour or more to cure, UV curing
epoxies cure in seconds. Shown below is a plot of the fractional
amount of cure for an acrylate material (polyol polyacrylate
plus isocyanate functionalized polyurethane diacrylate).
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Rapidly tacking down optical components is one unique
benefit of using an UV curing epoxy. It can also be used to
rapidly create simple splices, as shown below.

slide tacked down

manually cleaved \iun'yy epoxy

bare optical fiber

UV-cured epoxy

microscope slides

smooth
M lanar

moveable slide P
(in 2D) surface

The moveable slide is adjusted so as to butt couple the two
cleaved fiber ends, which are then bonded in place. Crude
optical components, such as semispherical lenses on the
ends of fibers, can also be created using an UV curing epoxy.

cleaved glass optical fiber is dipped in

liquid UV-curing epoxy and removed th'-? epoxy !S then cured
with an epoxy hemisphere clinging to using UV light, and a crude
the cleaved end surface solid collimating lens is

formed on the end of the fiber
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Experimental Use of a Lock-In Amplifier

When carrying out fiber optic sensor experiments, one of
the first difficulties encountered involves variable ambient-
light conditions. In particular, when fiber optic intensity
sensors are involved, this problem can be so overwhelming
that a lot of early research went toward eliminating any
extraneous light. In effect, the researchers worked in the
dark. A solution to this problem was quickly found though
the utilization of phase-sensitive detection via a lock-in
amplifier. A schematic diagram of a simple analog test
setup employing this technique is shown below.

beamsplitter

He-Ne \ optical
< fiber
laser () Ieoﬁs fiber sensor
Lﬁ breadboard
chopper

reference _—~
photodetector

lock-in
amplifier|

V = A<VgVg>4 Where A is a constant

In this example, light from a He-Ne laser is modulated by
a mechanical chopper and then passed through an optical
beamsplitter with one component detected and converted
to voltage Vx by a reference photodetector. The other
component is focused by a lens into an optical fiber, a fiber
sensor breadboard, and a second fiber whose output is
detected and converted to a signal voltage Vgs. The
reference voltage and signal voltages are then input to
the lock-in amplifier, which provides a low-pass filtered
average output proportional to their product. This dc
output voltage V is proportional only to the amplitude of
the component from the detected signal voltage whose
frequency exactly equals the frequency of the reference
signal, i.e., all detected signals due to ambient light
conditions are rejected, and there is no need for darkness.

Fj 1 iber 1 nsor:
Downloaded From: https://www.spiedigitallibrary.orgfe%{)‘gksGounl‘ﬁq\/lg?Zg‘Zlg)e Optlc Sensors

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



104

Equation Summary

Helmholtz equation:

VZE(r, t) = (lz

82
+) 50

Speed of light:

Solution to the Helmholtz equation:
E(r, t) = Re{Ej exp[i(owt —k - r + dg)]}

Wave vector:

=k =2=2"
c A
Detected signal-to-noise ratio:
2(Ien/hf)?

SNR =

[3¢2(I + Ip)nB/hf] + 2ei4B + (4ksTB/R)

Minimum detectable optical power:

;_Nf [2ksTB
min — en R

Strain as a function of pressure:
e=Ti(s, P)P

Light phase as a function of strain:
b = Ts(d, e)e

Output intensity as a function of phase:
I=Ts5(I, db)d

Output intensity as a function of pressure:

I =Ts(I, $)T2(d, &) T1 (e, P)P
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Equation Summary

Photovoltaic detector output:
V = Aln (R £>
Lo
Photoconductive detector output:
i =ip[exp[(AVp — 1)] — RI]
Snell’s law:
ni sinf; = ng sinfy
Lensmaker’s formula:
1 1 1

s1 sy f

GRIN lens transmission:

ro cos(2mp) sin(2mp) r
| =1 5 o dr,
dz - Lop sin(2mp) cos(2mp) dz

Phase change caused by a waveplate:
b = 2m(ng — ny)z/N
Grating equation:

. . . N
d(sin® + sin a,,) = m\ or a, = sin " {n; - sme}

FTIR transmission equation:
T =1—|(z2%+8%)?[(2% — 8% + 42262 coth?p] |
Propagation constant:
B = (2wd/\)(n’sin® — 1)Y/2

z for polarization perpendicular to the plane of
incidence:

z=1/(n cosh) and & = —(n? sin?6 — 1) /2

T s ‘ber s -
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Equation Summary

z for polarization parallel to the plane of incidence:
z = (cosf)/n and & = (n%sin?6 — 1)/2
Optical power vs fluid level height:
P(h)=1-35x10"%h+ 1.5 x 107°h* — 3.3 x 10°A®
Optimum deformer spacing:

2mang

A:
NA

s-polarized power reflection coefficient:

2
nicosb; — ng\/l — [(ﬂ) sin(h]
ng
n 2
nicosty +ney /1 — [(1) Sin61:|
na
p-polarized power reflection coefficient:
2
ny 2
ni \/1 — K—) sinel} — ng cos0;
ny
R fr—
ny 2
nl\/l — K) sin@l] + ny cosO;
ng

Fractional transmission as a function of axial
displacement:

2 . /d d d\*
= (50) -~ (7a) [1 (34) 1
Fractional transmission as a function of longitudinal
displacement:

2

R, =

1/2

2
1

= 1+ (g>tanec
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Equation Summary

Transmission through two lossless polarizers:
1
I = -1, cos®0
5 Lo cos

Polarization-based rotation sensor response
function:

1 0 21
I==Ia|l—cos— =4cos M 1- =
5 oa[ cos 4] <0 cos ( an>

Photoelastic stress sensor response function:

Iy 2wdo
I:Z[l—cos( A )}

Grating equation for equal angles of incidence and
diffraction:

2d sin 6p = A\

First-order diffraction equation for q rotation:

. 0 . _1( N
2d S1n<60+8) =N or 6=8 [Sln 1<2d) _60:|

Optimum parameters for grating rotation sensor:

sin—STr

N
d= ! TT and )\2 = )\1 1%-
2 sing sing

Basic chirped grating response function:

- N —dp
~ do(sin®;, + sinfgy)

Chirped grating linear displacement sensor
response function:
N —dy

= 2d sinb;,

T s ‘ber s -
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Equation Summary

Fluorescence decay time vs absolute temperature:
1+ e(~AE/ksT)
" T R + Rye(-AE/ReT)

Planck’s radiation law:

2mhc?
F(n) = NP (ehe/hanT _ 1)

Wein’s law:

Np=2900/T
Phase delay in Mach-Zehnder and Michelson
interferometers:

2mnL
b= 1T)\n = 27K

Change in phase in the Mach-Zehnder and
Michelson interferometers:
dL dn  dk

Phase dither associated with Mach-Zehnder and
Michelson interferometers:

1 n
(bdither =AF Sln((,ot) (Ll + LZ) Z

Open loop fiber optic gyro (rotation sensor):

_ 20RL

Z
R Ac

Closed-loop fiber optic gyro (rotation sensor):

J 2RO
An

Response of a Sagnac acoustic sensor with half of the
Sagnac loop shielded:

2
R(P(t)) = [AB”L

. } wsin(wt)

Downloaii§ FL Gide to Fiber Ontic Sensors 14 mar2022

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



109

Equation Summary

Sagnac strain sensor response:
dF  (dL
F L
Bragg fiber grating temperature response:

%: (a+ QAT

Bragg fiber grating longitudinal strain response:
d\

~ = (1—pe)e

Finesse of Fabry-Pérot sensor:
4R

(1-R)’

Optical frequency domain reflectometry:

ZnLd—)t\

fp = AZd

Frequency division multiplexing:
n
F,=(L-Ly,) p

Phase noise in Mach-Zehnder and Michelson
interferometers:

dd = 2m(dF)(L, — Lm)%

Brillouin sensor frequency shifts:

v
VB = 2n—a
)\p

Lock-in amplifier output:
V= A<VSVR>dc

T s ‘ber s -
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acoustic detection, 39

aircraft actuator position,
45

angular position, 37

anti-Stokes, 80

avalanche photodiode, 13

axial displacement, 34

backscatter signal, 54
bandgap, 10
beat signals, 91
birefringence, 17
bismuth-substituted iron
garnet, 46
blackbody, 52
blackbody cavity, 53
blackbody radiation, 7
blast wave, 55
Bragg condition, 20
Bragg grating, 67, 68
breaking, 101
breathing rate, 90

calibration curves, 6
chirped grating, 44, 45
chopper, 21
circular polarization, 18
civil structure
applications, 87
closed-loop approach, 63
closed-loop fiber optic gyro,
64
closure sensors, 93
coherence multiplexing, 78
component selection, 23
composite materials, 95
conduction band, 10
configuration trade-offs,
23

Congo Red pH indicator, 49
connectors, 15

cost, 23

coupling loss, 34

coupling modulation, 35

dark-current noise, 5

decay time, 51

deformer spacing, 28

depletion region, 11-12

design protocol, 24

difference/sum detection,
39

diffraction, 40

diffraction grating, 19, 41

diffraction order, 40

direct modulation, 21

distributed Brillouin
sensor, 81, 82

distributed feedback
lasers, 11

distributed Raman sensor,
80

distributed Sagnac sensor,
83

distributed Sagnac—-Mach—
Zehnder sensor, 84

dither, 59

double heterostructure
laser, 11

electro-optic effect, 7

electromagnetic wave, 3

elliptical polarization, 18

endoscope, 2

evanescent field, 56

evanescent-wave chemical
sensor, 57

excited electrons, 50
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Index

Fabry—Pérot etalon, 72
Faraday mirrors, 62
fast axis, 17
fiber Bragg grating (FBG),
19-20
fiber depolarizer, 100
fiber etalon sensors, 73
fiber light sources, 98
fiber optic sensor, 1
advantages, 2
intrinsic, 1
extrinsic, 1
figure-eight configuration,
31
final sensor development,
24
finesse, 72
fluid-level sensor, 27
fluorescence, 50-51
fluorescence decay, 7
Fourier transform, 91
free spectral range,
72
frequency division
multiplexing (FDM),
77
Fresnel equations, 30
frustrated total internal
reflection (FTIR), 25

gain, 13
gas-turbine engine speed,
47
genetic algorithm, 23
Georges Sagnac, 63
graded index, 9
grating equation,
40-41
GRIN lenses, 16

heart rate, 90

high-temperature optical
fiber, 53

hydrophone, 26

instantaneous
polarization, 18

integrated optics, 97

intensity modulation, 21

intracranial pressure
sensor, 35

intrinsic, 73

intrinsic region, 12

lenses, 16

lensmaker’s formula, 16

light modulation, 4

light-emitting diode
(LED), 10

linear polarization, 18

linear polarizers, 36

linear position sensors,
44

lithium niobate, 97

lock-in amplifier, 103

longitudinal displacement,
34

Mach—Zehnder
Hydrophone, 60
interferometer, 58-59,

61

macrobending, 30-31

magnetic moments, 46

magneto-optic effect, 7

magneto-optic material, 46

manual selection, 23

Maxwell’s equations, 3

methylene blue dye, 57
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Index

Michelson interferometer,
62

microbending, 28-29

modal domain, 32—-33

modes, 8

modulators, 21

monochromatic signal, 14

multimode optical fibers, 1

n-type semiconductor, 10

National Institutes of
Health (NIH), 48

neutron detection, 92

numerical aperture (NA),
34

oil and gas pipelines, 94

open-loop fiber optic gyro,
64

opposed-grating structure,
43

optical absorption, 7

optical fiber connectors, 15

optical fibers, 1, 8-9

optical frequency domain
reflectometry (OFDR),
76

optical retarder, 38

optical time domain
reflectometry (OTDR),
54-55

optical transducer, 22

optimization techniques,
23

optrode, 48

p-1-n junction, 12
p-n junction, 12
p-polarized, 30

p-type semiconductor, 10
performance, 23
periodic stress, 28
pH, 49
phase difference, 17
phase modulation, 21
phase noise, 77
phase-sensitive detection,
103
photochromic, 33
photoconductive mode, 5, 12
photodiode optical
detector, 12
photoelastic effect, 38
photomultiplier tube
(PMT), 13
photovoltaic mode, 12
plane of incidence, 30
plane wave, 3
Planck’s radiation law, 52
plastic optical fibers, 96
polarization, 17, 36
polarization-preserving
optical fibers, 99—100
polarizers, 18
position sensors, 89
possible polarizations, 36
pressure sensing, 39
pressure sensor, 29,
31, 71
properties of light, 4
proximity sensor, 2, 93

quadrature detection, 59
quantum well lasers, 11
quenched, 50

radiation dosage, 92
reflection coefficients, 30
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responsivity, 12
RGB sensors, 14
robotic surgery, 91

s-polarized, 30

Sagnac acoustic sensor, 65

Sagnac effect, 7

Sagnac interferometer, 58,
85

Sagnac rotation sensor/
fiber optic gyro, 64

Sagnac strain sensor, 66

Schlieren sensors, 42

scribing, 101

secure-communication
mode, 85

semiconductor laser diode,
11

semispherical lenses, 102

sensor specification, 22

shaft rotation, 41

shot noise, 5

signal-to-noise ratio
(SNR), 5

single-mode
interferometers, 58

single-mode optical
fibers, 1

slipknot configuration, 31

slow axis, 17

smart bed, 90

Snell’s law, 16, 25, 30

spatial multiplexing, 79

speckle, 32

splices, 15, 102

spreadsheet analysis, 23

step-index fiber, 8, 9

Stokes, 80

strain imaging, 95

strain sensors, 86
strain-optic effect, 7
swept frequency laser, 91

tapered fiber, 56

thermal (Johnson) noise,
5

through-transmission
optrode, 49

time division multiplexing
(TDM), 74-75

total internal reflection
(TIR), 8, 25

trade-off study, 22

transduction, 6

transverse strain, 70

ultraviolet (UV) epoxy,
102
v-groove, 15

V-number, 8

valence band, 10

velocity of detonation
(VOD), 55

vertical-cavity surface-
emitting lasers, 11

virtual apertures, 33

wavelength division
multiplexing (WDM),
75

wavelength modulation,
21

waveplate, 17

Wein’s law, 52

windowing, 91
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