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Optical Fiber Sensors: A Versatile Technology
Platform for Sensing
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Abstract | Optical fibers are now taken for granted as signal transmission
media for telecommunication and the Internet. Optical fibers also provide a
versatile platform for sensing a host of physical and chemical effects, and
parameters of interest. Though optical techniques for measurements were
well known for a long time, utility of optical fibers for sensing and measure-
ments has been recognised and widely appreciated only in the last two
to three decades. It has indeed become a subject of intense activity over
recent times due to a variety of attractive features, notably their immunity
to electromagnetic interference, enabling distributed sensing, and remote
collection of sensed data for post processing owing to their compatibility
to optical fiber telemetry. Fiber optics offers a versatile platform for real-
izing a multitude of sensors for a variety of applications in areas as broad
as civilian, defence, biomedical, and so on. Functional principles of some
of these sensors could be extremely simple, while some sensors could
be ultra-sensitive that could yield extremely small magnitudes of certain
measurands. This article is an attempt to review the basic principles that
underpin this area of research and expose the readers to few such fiber

optical sensors by describing their applications.”

1 Introduction

In recent years, the applicability of optical meas-
urement techniques in the area of instrumenta-
tion and sensors has seen a prolific growth with
the ready availability of low-loss optical fib-
ers and associated optoelectronic components.
Fiber Optic (FO) waveguide offers certain key
advantages over conventional electronic sensors,
namely, signals transported via optical fibers are
immune to Electromagnetic Interference (EMI)
and Radio Frequency Interference (RFI) owing to
the dielectric nature of fibers, and are intrinsically
safe in explosive environments such as on-shore

*The article is to a large extent adapted from a book chapter
“Optical Waveguide Sensors” that I wrote for the upcoming
book “Handbook of Optical Sensors” ed by José Luis Santos
and Faramarz Farahibeing published by CRC Press/Taylor &
Francis Group, LLC. ISBN: 9781439866856.

and off-shore oil and petroleum fields with no
risk of fire/sparks, high voltage insulation and
absence of ground loops, and hence obviate any
necessity of isolation devices like opto-couplers.
Furthermore, a fiber is chemically inert, has low
volume and weight (a kilometer of 200-pum thick
silica fiber weighs approximately 70 gm and occu-
pies a volume of ~30 cm?), and owing to its low
physical footprint and mechanical flexibility, can
be used to sense normally inaccessible regions
(such as intra-body cavities for biomedical appli-
cations) without perturbation of the transmitted
signals. FO sensors are potentially resistant to
nuclear or ionizing radiations, and can be easily
interfaced with low-loss telecom grade optical
fibers for remote sensing and measurements, for
which the control electronics for LED/laser and
detectors can easily be located far away (can be of
the order of tens of kilometers) from the sensor
head. The inherent large bandwidth of an optical
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fiber supports the capability of multiplexing a
large number of individually addressed point sen-
sors in a fiber network for distributing sensing,
i.e. continuous sensing along the length of the
fiber. By exploiting these features, fibers are read-
ily employed in chemical and process industries,
health monitoring of civil structures, biomedical
instrumentation and many more areas, and have
attracted intensive research and development
efforts globally, for developing fiber optic sensors.
This has led to the emergence of a plethora of FO
sensors for accurate sensing and measurement
of physical parameters and fields, such as pres-
sure, temperature, liquid levels, refractive indices
of various fluids, pH, electric current, rotation,
displacement and acceleration, acoustic, electric
and magnetic fields, and so on. The initial devel-
opmental work was concentrated predominantly
on military applications such as fiber optic hydro-
phones for submarine and under-sea applica-
tions, and gyroscopes for marine vessels, missiles
and aircrafts. These early applications were sub-
sequently followed by a large number of civilian
applications.' The 1970s became a watershed dec-
ade for fiber optic telecommunications when the
development of the first low-loss (<20 dB/km)
high-silica optical fiber was reported’ concomi-
tantly with that of semiconductor laser diodes
that could be operated at room temperatures for
long hours without degradation as well as high-
efficiency photo detectors. It was discovered that
the transmission behaviour of optical fibers exhib-
ited a strong sensitivity towards certain external
perturbations such as microbends, pressure etc.
At the time, significant efforts were invested into
reducing the sensitivity of signal-carrying opti-
cal fibers to external effects by developing design
strategies involving fiber refractive index profiles
and cabling geometries. An alternate school of
researchers took advantage of these observa-
tions and started to exploit this sensitivity for
representing a variety of measurands to develop
a fiber optic platform for configuring sensing
devices. Today, FO sensors play a major role in
industrial, medical, aerospace, and consumer
applications.

This article describes a variety of FO sensors
and their underlying functional principles with
applications as a versatile sensor technology plat-
form. As is well known, an optical fiber represents
an optical waveguide with a cylindrical geometry
having a central core of refractive index n,, sur-
rounded by a cladding of a different refractive index
n,(n,<n,)asshowninFigure 1. Typical dimensions
of an optical fiber for the core is 50 — 100/200 Lm
(multimode fibers) and 4~10 um (depending on

Figure 1: Optical fiber waveguide geometry;
core of refractive index (r. i.) n, surrounded by a
cladding of r. i. n, < n,.

operating wavelength) for single-mode fibers,
while the overall diameter could be 80~600 um
depending on applications and sensing device; for
telecommunication applications standard overall
fiber diameter is 125 £ 1 pm. Usually large diam-
eter fibers are plastic clad silica fibers. Refractive
index contrast in terms of relative core cladding
index difference [A = (n, — n,)/n ] is 0.35~1%,
depending on type of the fiber and their intended
use for specific applications.

2 FO Sensor Classification

Broadly, a fiber optic sensor may be classified as
either intrinsic or extrinsic.’> In an intrinsic sensor,
the physical parameter/effect to be sensed modu-
lates the transmission properties of the sensing
fiber, whereas in an extrinsic sensor the modula-
tion takes place outside the fiber, as shown in Fig-
ure 2. In the former, one or more of the physical
properties of the guided light, e.g., intensity, phase,
polarization, and wavelength/colour is modulated
by the measurands, while in the latter case, the
fiber merely acts as a conduit to transport the light
signal from the sensor head to a photo detector/
optical power meter for detection and quantita-
tive measurement.

FO sensors rely on intensity modulation, inter-
ferometry or phase modulation, fluorescence, and
spectral modulation of the light used in the sens-
ing process. Figure 3 is a representative figure in
terms of algebraic interpretation of these differ-
ent modulation schemes. However, out of these,
the intensity and phase modulated techniques
offer the widest spectrum of FO sensors. Intensity
modulation can be achieved through a variety of
schemes, e.g., displacement of one fiber relative to
the other, shuttering, i.e. variable attenuation of
light between two sets of aligned fibres, collection
of modulated light reflected from a target exposed
to the measurand and loss modulation of light
in the core or in the cladding through bending,
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Figure 2: Examples of a) intrinsic b) extrinsic
fiber sensor; in the intrinsic sensor the measur-
ands induce modulation of one of the character-
istics of the guided light while in extrinsic sensors
the measurands-induced modulation of light takes
place outside the fiber, as here in the gap between
the two fibers. Measurand is debugged by the
detector/power meter.

€= 1:_?([) cos [t + ¢(f)

e

Time varying phase
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or Polarization

= %H Wavelength

Intensity modulated sensors: E(f) ‘?M
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Figure 3: Algebraic interpretation of different

modulation schemes.

microbending, or evanescent coupling to another
fiber/medium. The advantage of intensity modu-
lated sensors lies in their simplicity of construc-
tion and compatibility with multimode fiber
technology (which offers enhanced transmission
as it supports multiple field distributions). Phase
modulated FO sensors require an interferometric
measurement set-up, which is usually complex in
its lay out requiring isolation of the reference arm/
path from the measurand, although, as we shall see
later in the article, they theoretically offer orders
of magnitude higher sensitivity as compared to
intensity modulated sensors.

3 Intensity Modulated FO Sensors

Intensity modulated fiber optic sensors are the
most widely studied FO sensors."* The general
configuration of an intensity modulated sensor
can be understood from Figure 4, in which the
baseband signal (the measurand) modulates the

Baseband signal due to
change in the measurand

Y L
out e
out

source

Figure 4: General principle of an intensity mod-
ulated fiber optic sensor, in which | = represents

out

modulated optical output and e_, is the modulation
envelope in the detected voltage output.

intensity of the light propagating through the fiber
acting as the sensor head. The resultant modula-
tion envelope is reflected in the voltage output of
the detector, which upon calibration, can be used
to retrieve the magnitude of the measurands.

A generic classification of intensity-modulated
fiber optic sensors is schematically depicted in
Figure 5. It shows an example of signal from an
input fiber undergoing a measurand-induced
variable attenuation as it is transmitted to a
receiving fiber. The figure also depicts a generic
example of light from a source, which undergoes
measurand-induced modulation either through
reflection from a diaphragm subjected to a vari-
able pressure environment or through reflection/
scattering from a chemical environment such as a
turbid or a fluorescing solution.

An important aspect that needs to be
addressed in all intensity modulated sensors is the
compensation for any variations/fluctuations in
the intensity of the light source used during the
measurements. This can easily be accounted for
by obtaining a reference measurement by tapping
a small portion of the source intensity via a fiber
coupler to enable continuous monitoring of the
source by a photodetector/power meter. Com-
mon mode fluctuations are rejected by taking the
ratio of the measurand-induced variations in light
intensity with respect to this reference intensity.

Measurand-induced modulations of light cou-
pling across a gap between two fibers is exploited
for detecting pressure, sound waves, liquid lev-
els, and so on. In its simplest form as shown in
Figure 5, an interceptor, typically in the form of
a knife-edge mounted on the diaphragm acting
as the lid of a pressure chamber, can be used to
detect whether the pressure has exceeded a pre-
determined threshold value through suitable
calibration. Optical fiber microswitches based
on this basic principle are now commercially
available for detection of displacement (e.g. with
pressure release valves) in hazardous environ-
ments.” Similarly, if the level of a liquid exceeds
a pre-determined threshold level/height at which
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Intensity modulated sensors
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Figure 5: Classification of intensity modulated sensors: (1) measurand-induced modulation of transmit-
ted light across a gap between two fibers; (2) measurand-induced modulation of reflected light from a

flexible reflector covering a pressure environment or a fixed reflector at the end of a turbid or a fluorescing

solution.

two fibers are kept perfectly aligned with a small
(~ few um) air gap in between from the wall of the
liquid tank/container at a specific height by inte-
grating an alarm signal trigger mechanism, cor-
rective action is taken as soon as the liquid level
rises to that height. This configuration is particu-
larly attractive if the liquid happens to be a poten-
tial fire hazard like gasoline, as no electric sparks
must occur during the measurement process. In
an alternative version, sound and displacement
are detected by mounting one of two fibers on an
acoustically driven vibrating base/holder with a
small length of the fiber extending from its holder
as a cantilever, while the other is kept fixed on a
stable base. Initially, both fibers are kept perfectly
aligned by maximizing the power throughput
across the air gap in between them. In the pres-
ence of acoustic waves, the associated vibration
modulates the light transmittance across the two
fibers, which is subsequently decoded to yield
the frequency of the acoustic wave. When one
fiber is displaced with respect to the other by one
core diameter, approximately 100% light inten-
sity modulation occurs. Approximately, the first

20% of displacement yields a linear output.” In
the original experiment involving this configura-
tion (Spillman et al. 1980), the device could detect
deep-sea noise levels in the frequency range of
100 Hz to 1 kHz and transverse static displace-
ments down to a few Angstrom. For higher accu-
racy measurements,® two opposed gratings were
used (as shown in Figure 6) in a configuration,
wherein one was mounted on a flexible rubber dia-
phragm on which the acoustic waves were incident
and the other mounted on the rigid base plate of
the housing. These gratings were made on two 9 x
3 X 0.7 mm’ cover strip glass substrates on which
a 1.16 mm square grating pattern was produced
from a 5 um strip mask by means of photoresist
lift off technique through 1200 A evaporation of
chromium. An index matching liquid was inserted
between the gratings, which were aligned such that
they were parallel and displaced relative to each
other by one half strip widths to ensure operation
of the sensor at the maximum of the linear sen-
sitivity region. The overlapped region of the two
glass slides was sealed with a soft epoxy, which
enabled displacement of one grating relative to the
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Grating 1
Grating 2
Q) = ©
/\ Grin lens Receiver
Light source
;Y_J

Opposed pair of gratings

Figure 6: Schematic of an acoustic field/pressure sensor based on opposed gratings placed within the
gap between a pair of multimode fibers, grating 1 (attached to a diaphragm) is movable by the measurand

relative to the grating 2 (fixed to a base); a pair of GRIN microlenses were used to collimate light (from input
fiber) and focus (in to receiving fiber) (after Ref. [8]).

other and also provided an elastic restoring force.
Light from a He-Ne laser was launched into a plas-
tic, 200-wm core input fiber whose output was col-
limated by a GRIN Selfoc lens bonded to it. This
collimated beam, after transmission through the
grating assembly, was refocused by means of a sec-
ond GRIN lens onto the input end of the receiving
fiber (also plastic). The resultant device was sensi-
tive to acoustic pressures less than 60 dB (relative
to 1 W pascal) over a 100 Hz to 3 kHz frequency
range and could resolve relative displacements as
small as few Angstroms with a dynamic range of
125 dB. It was relatively insensitive to static pres-
sure and responded well to variations in a.c. pres-
sure for use as a hydrophone.

In reflective FO sensors, the measurand
induces modulation of the light reflected from a
reflecting surface. In its simplest form, a Y-coupler
fiber optic probe, consisting of two multimode
fibers cemented/fused along some portion of their
length (two bundles of fibers may also be substi-
tuted in their place) to form a power divider, con-
stitutes a reflective FO sensor. If light is injected
through port 1 of the Y-power divider on to a
reflecting diaphragm and the back reflected light
exits through port 3, its intensity depends on the
distance of the reflecting target from the fiber
probe as shown in Figure 7. The dynamic range of
such sensors can be enhanced by the use of a lens
between the fiber probe and the reflective target.
Such sensors are used to detect displacement, pres-
sure or even the position of a float in a variable area
flow meter. The use of such reflective FO sensors
have been demonstrated for determining surface
texture,” flow rates (in the range ~1-10 m/sec) of
pulp suspensions in tubes,' pressures over a range
of ~100 psi,'" in medical catheters as inter-cardiac
pressure transducers with a sensitivity ~1 mm of
Hg and linearity in the range of 0-200 mm of
Hg,'»" vibrations,'*"* and also as a fiber laser Dop-
pler anemometer (fiber LDA).'

) Photo
Light 3 Detector

source

Xj /\ Reflector

Figure 7: Schematic of a reflective sensor in
which one fiber/a bundle of fibers transmits light
from a source at port 1 to a reflecting surface and

another fiber/fiber bundle collects the reflected
light at port 2 as a conduit for detection by a detec-
tor at port 3.

The phenomenon of frustrated total internal
reflection (FTIR) forms the underlying basis of a
fiber optic-based threshold liquid level sensor as
shown in Figure 8. Light is coupled into a fiber,
which is cemented with an optical adhesive at one
end of the base of a 90° glass micro-prism and a
second fiber is optimally fixed at the other end
of the prism base for collecting total internally
reflected light. As the level of the liquid rises and
touches the prism, FTIR takes place resulting in a
dramatic reduction of light received by the second
fiber (as registered by the power meter). This sen-
sor configuration can be used to trigger an alarm
signal once a predetermined liquid level is reached
(in tanks and reservoirs for instance) to indicate
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Figure 8: Schematic of a liquid level sensor, whose working principle is based on frustrated total internal

reflection as described in the text.

when sufficient liquid levels have been achieved
and avoid spillage.

Extrinsic perturbations such as bends on a
fiber’s lay lead to transmission loss [see Fig. 9a].
This effect needs to be accounted for while lay-
ing a fiber for use in a telecommunication link so
that no tight bends are encountered by the fiber.
A simple experiment involving launching visible
laser light into a fiber when it is kept straight and
when the same fiber is bent in the shape of a cir-
cle (e.g. by introducing a tight bend in a fiber lay
through a loop around one’s finger) would imme-
diately reveal that a fiber suffers radiation losses at
bends. This can be understood by acknowledging
that the fractional modal power travelling in the
cladding along the periphery of a bent fiber would
be required to travel at a rate faster than the local
plane wave velocity of light in order to maintain
equi-phase fronts across radial planes. Since this
is physically not possible, part of the modal field
radiates away.'” In contrast to bend-induced trans-
mission losses due to constant curvatures, if the
fiber lay goes through a succession of very small
bends [see Figure 9b], the fiber exhibits transmis-
sion loss due to what is referred to as microbend-
induced loss in a fiber.

Physically, microbending leads to a redistribu-
tion of power amongst the modes of the fiber and
also transfers a fraction of the power from cer-
tain high order guided modes to radiation modes

a) Macrobend: Cladding

Radiation

Modal field

—_

b) Micro bending: Spacer

Example ofa —>
microbender/deformer

Example of a microbent fiber M

..

Figure 9: Schematic illustration of a) macrobend
and b) microbend intensity modulated fiber optic

sensor; A represents spatial wavelength of a
microbender.

leading to a loss in throughput power. Through a
theoretical coupled mode analysis, it can be shown
that strong coupling between the pth and qth mode
of a fiber occurs if A = |5 — B | matches the spa-
tial wave number (= 2m/A) of the microbending
deformer. This phenomenon is exploited for detec-
tion in a variety of FO sensors. Initially, these sen-
sors were used as hydrophones and displacement
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sensors. Depending on the configuration of the
microbender, the same phenomenon is used for
constructing FO sensors which determine changes
in parameters such as temperature, acceleration,
electric and magnetic fields."® For example, to func-
tion as a temperature sensor, the deformer needs
to be made from metal; for electric field, it should
be a piezoelectric material; for magnetic fields,
a magnetostrictive material, etc. The minimum
detectability of different environmental changes
achievable in fiber microbend sensors is tabulated
in Table 1.

An interesting application of microbend sen-
sors is for chemical sensing and involves an Opti-
cal Time Domain Reflectometer (OTDR) shown
in Figure 10, which is used extensively in the tel-
ecom industry for distributed monitoring of the
overall condition of an existing optical telecom-
munication network (e.g. detect fiber breaks,
localized excessive bends or microbends across the
fiber link, length of the link etc.).

Figure 11a represents a schematic of the fiber
cable configuration. These cables are tailored for
distributed microbend sensing. A specific poly-
mer material in the form of a gel, which swells

Table 1: Minimum detectability of environmental
changes.

Minimum
Environment detectability
Pressure 3 x 10 dyne/cm?
Temperature 4x10°%°C
Magnetic field 9.6 x 10° Oe
Electric field 1.7 x 107" V/m
Optical pulse (850 nm)

N~

Laser diode

when water ingresses into it, for example, sur-
rounds a central GRP rod; this combination is
held along its length within the cable along with
a multimode optical fiber by helically wrapping
a Kevlar rope around the polymer. This overall
combination is held within a protective sheath
having micro-pores. When there is water spillage
anywhere along the cable lay, water penetrates
into the cable through its pores, and the chemi-
cally active hydrogel swells due to the absorption
of water. This induces localized microbending of
the fiber within the cable as shown in Figure 11b,
resulting in loss at the spill location, which is
then instantly captured in the OTDR trace as
shown in Figure 11c. The same principle can be
employed to detect spillage of other liquids (pet-
rol, kerosene, diesel, crude oil) like gasoline, if
the hydrogel is substituted by another appropri-
ate substance.

The excitation and collection of fluorescence
from fibers is another example of FO chemical
sensing, as depicted schematically in Figure 12.
Since fluorescence is characteristic of a material,
its spectroscopic measurement yields informa-
tion about the presence and its concentration in a
solution. Fiber optic probes of various designs are
used in such measurements. These probes are also
referred to in the literature as “optrodes”.

A generic schematic of an optrode-based
optical sensing approach based on fluorescence
measurements is shown in Figure 13a, and few
examples of optrode cross-sections are shown in
Figure 13b. Optrode-based sensing techniques find
applications in biomedical optics for detection of
cancerous cells, diagnostics and monitoring of

\ Optical fiber
|A_'\ A under test

emitter I_‘/

Fiber coupler

Avalanche Amplifier

photodiode

detector Averaging

A/D converter

: Forward propagating light

{— : Backscattered
light

PC display

Figure 10: Schematic of an OTDR-based microbend intensity modulated fiber optic sensor (figure cour-

tesy B. Culshaw, EEE Department, University of Strathclyde, Glasgow, UK).
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a)
i 2,3 or 4 mm pitch
Multimode fiber Helical wrap
. Polymer Protective
coating sheathing
Central GRP rod
b)
O [a.
u OTDR trace
© 0 0 o
oo
Liquid spill
Swollen Polymer '
Optical fiber cable
undergoes microbent Kevlar p
c)
Intensity
OTDR trace when dry

Sensor cable

Length (km)

Liquid spill

-

Figure 11: a) Schematic of the fiber cable configuration for microbent fiber optic sensor; b) portion of the
microbent fiber cross-section due to swelling of the polymer due to water or liquid chemical ingress, and the

resultant OTDR trace from the fiber; ¢) Schematic of the OTDR trace from the sensing fiber cable under dry
and wet conditions (figure courtesy B. Culshaw, EEE Department, University of Strathclyde, Glasgow, UK).

anatomical sites, etc., while in chemical industries
these are useful in hazardous and aggressive envi-
ronments (acidic, nuclear, inflammable).

Similar optrodes can also be used as reflective
sensors mentioned earlier by using the central
fiber for illuminating the sample and collecting

the reflected light from the sample through the
peripheral fibers. Likewise, these can be deployed
to measure scattered light from a solution such
as for turbidity measurements. In a turbidity
sensor configuration (see Figure 14) reported in
Ref. [19], scattered light from a turbid solution
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optics XYZ translation
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Figure 14: Schematic of the experimental set-up
to collect the scattered light from the samples

(Prerana et al. 2012); distance d between concave
mirror and the optrode tip is variable.

02

0.18

Figure 12: Schematic example of a fiber optic 0.16
fluorescence sensor (personal communication, 0.14 0.08 cm!

=
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ferent interaction coefficient (u,), which labels the

@ @ @ different curves (After Ref. [19] © IEEE).
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Figure 13: Schematic of a) a fiber optic fluores- 0.12
cence sensor, in which fluorescence is excited and
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sible variations in the optrode cross-section, illu- g
minating fiber is indicated as filled circles (in red ::/ 0.08 0.088 cm'!
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ror. The turbidity of a specific solution can be
estimated in terms of total interaction coefficient, 0
which is defined as the sum of the absorption and
scattering coefficients.

The performance of this sensor, evaluated through Figure 15b: Experimental results for collected
extensive Monte Carlo simulations [see Figure 15a],  [ESMAKCSEREUSIEUCICACIECIECHRTIECECTIE)
with reference to the experimental set up (shown in sanjples, egclh characten'zed by d|fferentl Inter=
Figure 14) and corresponding experimental results action c:gmcl;er;t (1%) ©WITEKI;E labels ihe different
(Figure 15b) can be found in Ref. [19]. Turbidity is curves (After Ref. [19] )
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an important indicator for checking the quality of
various liquids such as water, olive 0il,? etc.

The measurement of refractive index is impor-
tant for many chemical industries. A multimode
fiber-based refractometer reported in Ref. [21] is
based on a plastic clad silica core multimode fiber
having a small tapered section. Figure 16 repre-
sents the geometry of the tapered fiber.

The tapered portion can be thought of as two
interconnecting fibers (referred to as Fibers 1 and
2) having core diameters 2a, 2a_(a < a, ) respec-
tively. Fibers #1, #2, as well as the tapered intercon-
necting zone, all have the same core and cladding
refractive indices 7, and n,, respectively, except for
the initial section of Fiber #1, in which the clad-
ding index is 1, i.e. the plastic cladding material.
A guided mode of effective index n, (= n, cosf,
0, being the characteristic mode propagation
angle) in Fiber #1 gets transformed to a corre-
sponding characteristic mode effective index n_,in
Fiber #2 as*'

Ny :[nlz ~R? (nlz —n? )}; (1)

where R (= a, /a ) is the taper ratio. For a mode to
be guided in Fiber #2, one requires

1
2 27,
n, —n i
n.> n2_ 1 L = pmin (2)
el 1 R2 el

If P represents the total power injected into
the guided modes of Fiber #1, then the power in

min

the modes with n,, >ng" would be given by

3)

2 2
n, —n
p=p—*—L
R2 (12 — 2
ny =1

<— Sensing zone —>

Figure 16: Refractometer based on a tapered
multimode fiber (After Kumar et al. 1984 © |EE)..

Thus, it is evident from Eq. (3) that power
coupled to Fiber #2 through the taper increases
linearly with proportional decrease in ;. This
result has been exploited to construct a fiber
refractometer based on a plastic-clad silica core
fiber by removing a small portion of the plastic
cladding and converting the bare fiber section
into a taper by heating and stretching in a flame
burner. The tapered zone was then immersed in a
liquid of refractive index n, (<n,). By immersing
the taper subsequently in other liquids, (and care-
fully cleaning the tapered zone each time), and
monitoring the corresponding power reaching
Fiber #2, a calibration curve was generated for the
fiber taper and it can be shown®' that P, decreases
linearly with 7} . In principle, the same technique
may be exploited to construct fiber optic tem-
perature sensors by surrounding the taper with a
thermo-optic liquid (whose refractive index varies
with temperature) in a metallic encapsulation. In
fact, plastic clad silica fibers provide an excellent
platform for a range of intensity modulated fiber
optic sensors.

Side Polished Single-Mode Fiber (SP-SMF) half-
coupler is another versatile sensor technology plat-
form, in which phase resonant evanescent coupling
of the SP-SMF with a Multimode Overlay Waveguide
(MMOW) forms the basis of operation as a sen-
sor. A high sensitive temperature sensor based on
evanescent field coupling between a Side-Polished
Fiber Half-Coupler (SPFHC) and a thermo-optic
Multimode Overlay Waveguide (MMOW) was
designed and realized? (see Figure 17).

This device as such essentially functions as
an asymmetric directional coupler with a band-
stop characteristic attributable to the wavelength-
dependent resonant coupling between the mode
of the SPFHC and one or more modes of the
MMOW. The wavelength sensitivity of the device
was ~5.3 nm/°C within the measurement range
of 26-70°C; this sensitivity is more than 5 times
higher compared to earlier reported temperature
sensors of this kind. The SPFHC was fabricated by
selective polishing of the cladding from one side of
a bent telecommunication standard single-mode
fiber and the MMOW was formed on top of the
SPFHC through spin coating. A semi-numerical
rigorous normal mode analysis was employed at
the design stage by including the curvature effect
of the fiber lay in the half-coupler block and the
resultant z-dependent evanescent coupling mech-
anism. The agreement between theoretical and
experimental results was excellent. The tempera-
ture range measurable by this sensor was limited
by the thermo-optic overlay material used; other
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Figure 17a: Schematic diagram of the sensing
device.
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sensitivity depends on two basic criteria: the effi-
ciency of the interface between the measurand and
the optical delay in the fiber and the ability to reject
the interfering measurands at the same time.”
Phase sensitivities also vary with measurands. Typ-
ical sensitivities for strain is around 10 radians per
microstrain per meter, for temperature, it is about
100 radians per degree per meter, and for pressure,
itis around 10 radians per bar per meter. In view of
the relatively higher sensitivity to strain, pressures
and magnetic fields are also measured through
corresponding transformations to strain as in fiber
optic hydrophones and magnetometers.”® There
could be a variety of FO interferometers—Mach-
Zhender, Michelson, Sagnac, and Fabry-Perot.

As shown in Figure 18a, FO version of a Mach-
Zhender Interferometric (MZI) sensor is formed
by concatenating two 3-dB (50/50) couplers in the
form of an interferometer.

If the amplitude of the light injected into
port 1 is E_, the corresponding intensity will be
I (= |E_|*). If we consider the light from port 1
reaching port 2 via the upper and lower arms of

3-dB fiber couplers

Light source

0 yS L 1 1 1 1 L L L
25 30 35 40 45 50 55 60 65 70
Temperature ("C)

Figure 17b: Shift in the resonance wavelength

with temperature; solid curve is a linear fit through
experimental data points.?

suitable MMOW material of appropriate thick-
ness can be chosen to adapt such a device for the
measurement of temperature in other ranges.
Further refinement in this fiber refractometer
was reported in Ref. [22], in which the role of a
tapered MMOW was investigated. Such an SPF-
MMOW configuration was earlier exploited as a
refractometer,” whose performance is theoreti-
cally explained inin Ref. [24].

4 Phase Modulated FO Sensors

Interferometric fiber optic sensors with ultra-high
sensitivities are based on interferometric measure-
ments of measurand-induced change in the phase
of the light propagating in a fiber.**** These sensors
offer huge potential for measurements of low mag-
nitudes. Often, their sensitivity impedes accurate
measurements due to perturbations arising from
ambient conditions and hence post-measurement
signal processing becomes critical. Interferometer

Figure 18a: A fiber optic Mach-Zehnder interfer-
ometer, in which two 3-dB fiber couplers (DC1,2)

are concatenated to form it; PD1, 2 are two photo-
detectors, either of which could be used to record
the interference pattern.

Normalized intensity (/,)
f=]
W

L 1y
Relative phase Ag

Figure 18b: Mach-Zehnder interferometer output
intensity /, with variation in phase; the quadrature

point at which Ag is 71/2 is represented through a
‘dot’ on the figure for which normalized /, is 0.5.
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the interferometer, its intensity detected by PD,
would be

E, [ei‘o‘ +e (1) :|
-ipy |, —i(7+p)
[ e ]M

:%(l—cosAw):Iin sinZT (4)

where Ap= ¢, — ¢,; ¢, correspond to respective
phase accumulated along lengths of the upper
and lower arms of the interferometer. In Eq.
(4), an extra /2 phase has been included which
originates from the fact that phase accumulated
by the crossed over light at each of the two fiber
couplers® is /2. This explains for the additional
phase of 7 accumulated by the light traveling via
the lower arm of the interferometer to reach PD,
after crossing over twice at the two couplers. By
complementarity, the intensity of light reaching
PD, will be given by

A
L=I, cosz%ﬂ (5)

Normalized I versus A@is plotted in Figure 18b.
For Ap=0,1,=1I_while for Ap=m, 1 =0.

The corresponding plot of I, with Ag would
be complimentary to it. In practice, measurand
induced A@ is small, and hence any variations in
¢ would be very small around the maximum and
minimum of I , as a function of Ag. The most
sensitive point of operation would correspond to
the quadrature point, where Ap = 2m + 1) 1/2;
m=0,1,2,... =2A@is /2, or 31/2, or 57/2, ... .
Around this region, I, varies linearly with phase.
This phase bias can be achieved by stretching the
fiber, for example, by wrapping a section of the
reference fiber arm on a piezoelectric drum driven
by a signal generator; any small deviation in Ag
around the quadrature bias point can be actively
controlled. Thus, if the measurand induced phase
change is 6@ around the quadrature point, Ap =
72 + d¢ and

I, =1, sin® (f+%)z%(l+§¢) (6)

It shows that I, o< 0@, i.e. the phase difference
is converted into intensity, which can be measured
by a square-law detector. For a shot noise limited
detection system, assuming SNR = 1, it can be
shown that the minimum detectable phase change
over a detection frequency bandwidth (Av) is
given by

A 1/2
Dy :z[e—Vj (7)
Iinp

where p is responsivity (amp/W) of the detec-
tor and e is the electron charge = 1.6 X 107" C.
If I =1mW,Av=1Hz,and p=0.5A/W, 69,
from Eq. (7) is = 3.6 X 107® rad, which is indeed
very small. However, since a detector is usu-
ally not shot noise limited, measurable 5(0Min is
about one to two orders of magnitude larger in
practice.

If the phase of the propagating light in a fiber
of length L varies due to a temperature change AT,
then A can be expressed as

dneff
Ap=ky| L-AT— T+ AL (8)

where dneﬁ/dT represents the thermo-optic coef-
ficient. Thus,

dn
S s — 9)
LAT dr LAT

In fibers, the thermo-optic coefficient domi-
nates over the linear expansion term, thus the first
term within the bracket in Eq. (9) is the dominat-
ing term for determining the phase change per
unit length of a silica fiber due to variations in
temperature. It is apparent from above that the
signal would vary from a maximum (=1 ) to a
minimum (= 0) depending on Ag. However, in
practice this complete modulation is not observed
and one can associate fringe visibility V defined
through

.. —1I_.
V= max min (10)
Imax +Imin
so that
Iin
I, =7(lchosA¢) (11)

In the early days of fiber optic MZI develop-
ment, detection of acoustic waves, which led to
development of fiber optic hydrophones (see
Figure 19) by scientists at Naval Research Labora-
tory in Washington USA, was the most widely pur-
sued sensing scheme based on fiber optic MZIL.*

In addition, fiber optic MZIs have been exten-
sively used to detect temperature, linear strain,

Journal of the Indian Institute of Science |VOL 94:3 | Jul.—Sep. 2014 | journal.iisc.ernet.in



Optical Fiber Sensors: A Versatile Technology Platform for Sensing

h

i\. <=m. Tiber Leads.

- 19 -~
k. & (3
] W ‘

Fiber
Reference - ey Wrapped

Fiber o, Sensor

Mandrels

Figure 19: Photograph (courtesy J. H. Cole of
NRL) of a Virginia class fiber optic hydrophone
developed at the Naval Research Laboratory,
Washington; adapted from (Cole et al. 2004) with
the permission of the Washington Academy of
Sciences.

axial load, electric field, magnetic field, seismic
signals, and vibration.”® In more recent times, a
pair of long period gratings (LPGs) within a fiber
was shown to effectively function as a MZI’'* as
illustrated in Figure 20.

Since n_ in the cladding is smaller than that
at the core, the two different paths taken by the
two distinct beams namely, a core mode and a
core-cladding-core mode, lead to an optical path
difference, and hence forms a two beam interfer-
ence pattern similar to that in a MZI described
earlier. Such LPG pair-based MZIs were shown to
be capable of detecting refractive index changes
as low as ~1.8 x 107 for hydrogen detection.”
Hydrogen sensing/leak detection have become
extremely important in the context of fuel cells in
recent times. Several other techniques have been
reported for forming in-fiber MZIs including the
use of photonic crystal fibers.”

Fiber optic Michelson Interferometers (MI)
form another platform for two beam interfero-
metric sensors similar to MZIs, the difference
being that they involve only one 3-dB fiber cou-
pler to split one beam into two, both of which are
reflected back by two mirrors placed at their ends
as shown in Figure 21a.

Thelight from the source splits into two beams,
shown in the figure as full thick arrows at the 3-dB
coupler. The reflected beams reach the photo
detector at port 4, where they interfere. These
beams destructively interfere at Port 1 as part of

LPG1 LPG2

O |||hﬁ|| |||P||10

Figure 20: Schematic of a MZ| formed with a pair
of LPGs separated by a certain distance. LPG,
induces partial coupling of power from the core
mode to a cladding mode, which after propagating

as a cladding mode re-couples back to the core
mode after interacting with the second LPG. These
two sets of beams taking different paths, when
recombine after the second LPG form interference
pattern that is characteristic of a MZI.

a)

Light source

b)
SL diode 2 I Mirror
L e
LPG

Figure 21: a) A fiber optic Michelson interfer-
ometer, in which one of the arms functions as a
reference arm. The other arm as the signal arm is
exposed to a measurand, which induces a change
in the optical path length and hence the relative
phase between the two light paths varies. As a
result an interference pattern is formed at the Photo

Detector (PD), which varies with the measurand;
b) an alternative version of a fiber optic Michelson
interferometer for sensing, in which an LPG is used
to split and recombine reflected core and cladding
mode lights to form interference and the same is
captured on an OSA; a circulator is used in place
of a fiber coupler (after Ref. [37] © |OP).

the reflected beams reaching back the source via
arms ‘@’ and ‘b’ reach there with a phase difference
of m. Algebraic analysis for the transmittance of
a MZI presented in the previous section can be
extended to analyse transmittance of a MI and it
can be shown that at the port containing PD*

I, =%(1+Vcos(A¢‘)) (12)

where Ap = @ — ¢,. Essentially, one MI is half
of one MZI. Thus, all discussions made earlier
for MZIs are valid here as well. The fiber coupler,
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in principle, can be replaced with a circulator
as shown in Figure 21b. An interesting compact
version of such a single fiber-based MI with-
out involving a fused fiber coupler was pro-
posed in the literature,*®’” the basic concept of
which is shown in Figure 21b.”” A Long Period
Grating (LPG) of about 50% coupling strength
divides the propagating light in the core into two
paths—one along the core via the LPG and the
other along the cladding as a cladding mode—
both of which are reflected by a common mirror
fabricated directly at the end of the fiber. These
two reflected beams form the two arms of the MI
and the interference fringes after being mixed
through the same LPG at the input side, which
is captured through a circulator on an Optical
Spectrum Analyser (OSA). Such an MI has been
used as a refractometer. Cross-sensitivity to tem-
perature is minimized in these measurements by
using two different types of fibers® or a photonic
crystal fiber.”

Rotation sensing is of significant interest in
several areas. Examples include inertial naviga-
tion systems in aircrafts/spacecrafts, in the deter-
mination of torsional oscillations in earth due
to earthquakes, determination of astronomical
latitude, and in monitoring polar motion due
to various geophysical effects.”” Traditionally,
rotations are sensed by mechanical gyroscopes
based on spinning wheels and have relied on the
conservation of angular momentum. However,
Fiber-based Optical Gyroscopes (FOGs) have
attracted a much stronger interest in recent times
due to the absence of moving parts and warm
up time and sensitivity to gravity. FOGs have
emerged as an offshoot of Ring Laser Gyroscopes
(RLG), first reported by Rosenthal in 1962. RLGs
are now routinely used for inertial navigation in
many passenger aircrafts™ whose navigational
controls depend critically on accurate rotation
sensors. Typical precision required for aircraft
navigation lies in the range of 0.001~0.01°/hr. In
terms of rotation rate of earth (€2, = 15°/hr), this
amounts to 10~*~10~ times Q. . The first proposal
for implementing a FOG in the form of a Sagnac
interferometer was made in 1976.*! These sensors
are fabricated commercially to support high-end
automobile navigation systems, for the pointing
and tracking of satellite antennas, inertial navi-
gation for aircrafts and missiles, and as back-up
guidance system for commercial aircrafts such as
Boeing 777.*2 Other areas where fiber gyros find
applications are mining, tunneling, radio-con-
trolled attitude control of helicopters, and guid-
ance for unmanned trucks and so on. In an FOG,
two oppositely directed light beams are divided

into two counter propagating beams through a
few hundreds of meter long single-mode fiber
coil/loop—one in clockwise (cw) and the other
in counter clockwise (ccw) direction as shown in
Figure 22a.

These counter propagating cw and ccw
beams exiting from the fiber loop are recom-
bined to form the interference pattern at the
photo detector (PD) for further signal process-
ing. Two couplers, FC1 and FC2, are required to
make the cw and ccw propagating beams expe-
rience identical paths, because an additional
fixed phase retardation of m/2 (in the absence
of measurand) is introduced by the coupler to
the coupled beam. In order to understand the
working principal, we outline below the simple
analysis given in," which ignores relativistic
mechanics. Let us consider a disc of radius R
that is rotating clockwise with an angular veloc-
ity Q about an axis perpendicular to the plane
of the disc as shown in Figure 22b. Two views of
practical versions of robust FOGs developed by
the FOG group at RCI Hyderabad are shown in
Figures 22c and d.

If we assume that two identical photons are
sent cw and ccw along the circumference starting
at an arbitrary location 1, then, by the time cw
propagating photon returns to its starting point,
the disc would have rotated to location 2. Thus,
this photon would be required to travel an extra
linear distance (as compared to the case when the
disc remains stationary, i.e. for Q = 0, in which
case physical path length L (= 27R, i.e. the perim-
eter of the disc)) of

L., =27R+RQt,, =c,,t,, (13)
and likewise, the ccw propagating photon would
take a shorter path length given by,

L., =27R—RQt,, = Cropteaw (14)
where RQ (= AS), and t. o Tepresent the times
taken to cover the distances LCW, o and €.\ ccry COT-
respond to velocity of light respectively. Thus,
the net time difference between the two counter
propagating beams to cover L is given by

27R 27R 47R?

At = - =
¢y —RQ ¢, +RQ  (?

=20 (3
c

where we have assumed that in vacuum light
velocity ¢, =c_ = cand the product R*Q’ is neg-
ligible relative to ¢*. Equivalently this time differ-
ence amounts to a path length difference of
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Figure 22: a) Fiber optic Sagnac interferometer for rotation sensing; FC1 and 2 represent two fiber couplers;
PD is photodetector for measuring the interference between the counter propagating cw and ccw beams; Q
represents angular velocity of the rotating frame on which the fiber loop is mounted; b) Functional principle
of Sagnac interferometer for rotation sensing (see text for explanation) (After Refs. [34,40]); c) Picture of a
practical FOG developed by the FOG group at RCI Hyderabad d) another view of such a practical FOG

[pictures courtesy Dr Jagannath Nayak].

AL=cAr=24q (16)
C

Even if the Sagnac effect is considered in a
medium of refractive index n, for which relativ-
istic addition of the light velocity in that medium
with the tangential velocity RQ is required, At and
AL would still be given by the Egs. (15) and (16),
respectively.”’ If that medium is a single-mode
fiber wound N number of turns in the form of a
coil as shown in Figure 22a then
_4AN 4AN

=— Q= AL=cAt=
c c

At

Q (17)

The phase difference A@ between the cw and
ccw propagating beams would be given by

AN A
Ap=kear =N g s ar 22
c k,
4A LD
N, LD, (18)
C C

where D is diameter of the fiber, and N=L/(7 D).
The output intensity from a Sagnac interferometer

due to interference between the cw and ccw propa-
gating beams can be shown by following the anal-
ysis identical to the one described for MZIs, as

I=%(1+COSA¢) (19)

Following the same arguments as in the case
of MZI before, the interferometer may be biased
through use of a PZT phase modulator at the
quadrature point (=A@="7/2 + ) so that Eq. (19)
becomes

PETIPR @

ou

since O in general would be small. If we assume
shot-noise limited detector as in the case of MZI
described above [see Eq. (3.4)], then minimum
measurable Q would be given by*

_A(ﬂj% 1)

™ T 4 7AN\ pI,
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If we assume a fiber length of 500 m spooled
in a loop of 3.2 cm radius, p = 0.5 A/W, I =
1 mW, 4 = 1.3 um, and Av = 1 Hz, then Q__ ~
30 X 10* rad/s. Several companies market appli-
cation-specific FOGs, e.g. for missile guidance
systems, commercial aircraft navigation systems,
military helicopters as well as marine and subma-
rine navigation systems, gas pipe mapping, com-
passes for tunnel construction, rockets, and even
for automotive navigation systems.* Birefringent
fibers (including birefringent microstructured
fibers) have been also used in fiber optic Sagnac
interferometers for measurement of pressure,*
temperature,* strain, and temperature,* multiple
beam Sagnac topology,* twist sensor,” cladding-
mode resonance-based Sagnac Interferometer®
and curvature.”

In all the above sensors, the interaction of the
measurand with the guided light in a fiber is most
important and the same needs to be maximized
for maximum sensitivity of the sensor. In order
to enhance this interaction, and hence the sen-
sitivity, one can design the sensor in such a way
that the light is made to traverse the same length
of the signal fiber several times, which is possi-
ble through use of multiple beam interferometry
like that in a Fabry-Perot Interferometer (FPI). In
general, an FPI, often referred as an FP etalon, is
composed of two parallel reflecting surfaces with
a small separation between them as shown in
Figure 23a.

In intrinsic fiber form (referred to as FFPI in the
literature), the reflecting mirrors are either within
the fiber itself as shown in Figure 23b by forming
Bragg gratings,”** or through micromachining,***

chemical etching,” or by coating the cleaved end
of the fiber with titanium dioxide and re-splicing
with a section of identical fiber.*” On the other
hand, an extrinsic version (referred to as EFPI)
is shown in Fig. 23¢, in which one mirrored end
of each fiber forms the two reflectors with an air
gap in between; portions of the two mirrored fiber
ends are kept inside a capillary for mechanical
stability. In both cases, R1 and R2 together with
a separation in between form a cavity of length L;
light entering the cavity through partially reflect-
ing R1 is partially reflected and partially trans-
mitted through R2. The reflected wave from R2
undergoes further partial reflections at R1 and
R2. Those wavelengths for which L is an integral
multiple of half the wavelength within the cavity
(resulting one round trip through the cavity is an
integral multiple of the wavelength), would add in
phase on transmission through R2. Any perturba-
tion to the cavity in terms of its length or refrac-
tive index by a measurand through either of the
mirrors would affect the optical path length of the
cavity. In principle, the cavity could be extremely
small mimicking a point sensor. It may be noted
that a fiber optic FPI sensor is less complex than
fiber optic MZI and MI sensors described earlier
as the FPI sensor does not require any couplers.
The earliest fiber optic FPI sensors used well
cleaved fiber end faces® or dielectric mirrors as
the mirrors.”®* If we neglect any potential loss
due to scattering and absorption in the mirrors,
classical expressions for transmittance, defined as
the ratio of transmitted power to incident power
and likewise for reflectance of the mirrors in a FPI
are given by®

R1 R2
a) P

b) R1 R2 ©) <M &

P, PP P P,

—> o <l —
Pl P P, P
o L > > L 1«

<+— Fiber —> <«—— Fiber——>» Ajr <«——Fiber——»

Figure 23: a) Basic structure of Fabry Perot Interferometer (FPI); input power P is incident on a mirror
having reflectivity R1. Part of this light is transmitted and partly reflected by the mirror, while the transmitted

light gets again partially reflected and transmitted at the mirror R2. b) Intrinsic and c) extrinsic FPI-based
fiber optic sensor (after Refs. [50,51]).
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Figure 24: FPI reflectance as a function of phase ® as determined by Eqg. (23) for R = 0.95 and R = 0.05.

For the latter case of low mirror reflectivity the full curve is obtained from the approximate relation Eq. (26),
indicating it is indeed a valid expression (Figure courtesy Ajanta Barh).

B T1T2
1+ R1R2 4+ 2+/R1R2 cos ¢

Typ (22)

_ RI+R2+2+RIR2cos ¢
1+ R1R2 +2+/R1R2 cos ¢

P (23)

where ¢ the round-trip propagation phase shift
through the cavity having a refractive index n, and
length L, is given by

_4znlL

z

¢ (24)

Naturally, T, is maximum for ¢ = (2p + 1)%
with p = an integer. The Eqns. (22) and (23) are
valid for fiber optic FPIs also. In particular, for
fiber FPIs (FFPIs) having low reflectance and by
assuming R1 = R2 = R (<<1), these equations sim-
plify to™
Typp =1-2R(1+cos @) (25)

Rypp =2R(1+ cos @) (26)

Equations (25) and (26) are plotted in Figure 24
as a function of round trip phase ¢. In order to
test the validity of the approximate expression Eq.
(26) for low mirror reflectivity, R as a function of
¢ 1is shown in the same figure as a full curve.

FFPI sensors provide high sensitivity, large
dynamic range, and fast response for measurement

of pressure, temperature, strain, displacement,
magnetic field, flow rate, etc. and can also be used
as embedded sensors in materials.’*>*! Detection of
acoustic noise bursts produced by breaking a pen-
cil lead on the surface of an aluminum sample by
an EFPI has also been demonstrated as a pressure
sensor.®’ Other FFPI sensors have been reported
for measurement of humidity,* displacement,****
and magnetic fields.®

5 Wavelength Modulated FO Sensors
In-fiber gratings are extensively used in dense
wavelength division multiplexed optical com-
munication links, and are also attractive as strain
and temperature sensors, in particular for dis-
tributed measurements.®® An important attribute
of fiber grating sensors over typical fiber optic
intensity modulated sensors is that the measur-
and information is wavelength-encoded, which
makes the sensor self-referencing, i.e., independ-
ent of fluctuations in source intensity during a
measurement.

A schematic of a Fiber Bragg Grating (FBG) of
spatial period A, which is written interferometri-
cally inside the photosensitive Germania-doped
silica core-silica clad single-mode fiber is shown in
Figure 25. Two obliquely incident UV beams are
made to interfere leading to a periodic variation in
refractive index in the photosensitive core region
exposed to the interference pattern.

When light from a broadband source propa-
gates in an FBG, a specific wavelength referred to
as the Bragg wavelength (4,) within the bandwidth
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Figure 25: a) Schematic of a Fiber Bragg Grating (FBG) inside the core which is wavelength encoded
with a specific Bragg wavelength A, which gets reflected out of a broad band light launched into the fiber,
rest of the spectrum is transmitted; b) typical reflection and transmission spectra of a FBG (Figure courtesy

Parama Pal).

Light source

Signal
Generator

Figure 26: A fiber optic Michelson interferometer containing a FBG spliced to one of its arms, which is
mounted on a PZ ceramic resonator driven by a signal generator, which could induce stretching of the FBG
containing arm. One of the wavelengths (A;) from a broadband light source is reflected by the FBG. The
reflected signal in both strained and unstrained cases are detected and measured in an Optical Spectrum
Analyzer (OSA) placed at the second input port.

of the source that satisfies the following phase
matching Bragg condition:

/ZB = 2neffA (27)

undergoes strong reflection while the rest of the
spectrum gets transmitted; here n, represents
the fiber mode effective index. This is depicted

in Figure 26b. Due to the wavelength-encoded
response (of the reflected light), several fiber grat-
ings of different spatial periods formed at differ-
ent locations on the same fiber enable distributed
measurements of strain and temperature. This
feature is very attractive for local damage detec-
tion in civil structures like bridges, buildings,”
and also aircrafts,’®”" etc., as well as for internal
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strain mapping with high spatial resolution.®®
The characteristic optical path length 7 in a fiber
grating is given by the product of n . with spatial
wavelength (A) of the grating. The parameter n
would depend on both stress (o) and temperature
(T), and hence, a change An in 77 with respect to a
reference value is given by’

Ap(Aa,AT)=7(0,T) - 17(0,.T,)

T

:[%} Aa+[¥} AT (28)
T T o

where the subscript ‘r’ refers to reference value,
while Ao and AT represent incremental changes
in the local stress and temperature from their
reference values. For an FBG, it is known that
peak reflection at the Bragg wavelength (4,) is
given by

R ., = tanh®(xL) (29)

pea

Thus Eq. (28) can be rewritten as
%: [i} +L(an_eff) (i) AO'
Ay A0l ng\ € Jp\do);
+ (i) + L(an—e“) AT (30)
aT neff aT o

where the strain, denoted by &, is given by

eziaTA (31)

The * signs represent tensile and compressive
stress, respectively. In terms of Young’s modu-
lus (Y,) and thermal expansion coefficient (¢,),
Eq. (30) can thus be rewritten as

%:L{l_}_i(a’q_gﬁj :|A0'
Ay Yy e \ € Jr
+ap+i(an—eff) AT
g \ OT o

2
= 1—”‘*—ffpe £+ ap+L(—aneffJ AT
2 ”eff aT o

=S, A0+S.AT (32)

where € is the strain along fiber axis, and p, rep-
resents an effective strain-optic or photo-elastic
coefficient defined through

p. = I:Plz - V(Pu + Plz)] (33)

Here p,, and p,, are Pockel’s (piezo) coeffi-
cients, i.e., components of the strain optic ten-
sor, v is Poisson’s ratio, while S, and S, represent
strain and temperature sensitivities, respectively.
For a typical germano-silicate fiber, values of p,
p,,» and v are 0.113, 0.252, and 0.16 respectively.
With . equal to 1.482 at 1550 nm, the strain sen-
sitivity at this wavelength region is 1.2 pm/ue*
and shift in Bragg wavelength is typically almost
linear with strain (&). The mirror characteristic of
FBGs opens new possibilities for interferometric
sensing. As an example, a fiber optic Michelson
interferometer based on a fiber coupler, in which
a FBG is placed in one of its arms, as shown in
Figure 26, is used to measure strain-induced shifts
in its Bragg wavelength.

Figure 27 depicts sample results from meas-
urements of small strains using FBGs fabricated
by the Fiber Optics Group at the Central Glass and
Research Institute (CGCRI, Kolkata, India), where
the sensitivity was 1.215 pm/ue.”"

Results reported on fiber grating sensors indi-
cate their capability to measure dynamic strain
from DC to over 10 MHz with strain resolutions
of 0.02 pe (DC to 10 KHz) to 25 pe (10 MHz).
Many bridges and other civil structures around
the world are now retro-fitted with FBGs as strain
gauges for distributed measurements of strain.
Large arrays of FBG strain sensors, each of which
is uniquely wavelength encoded in term of indi-
vidual A, can be sequentially interrogated by a
broadband source as shown in Figure 28. Differ-
ent topologies for multiplexing of fiber optic sen-
sors have been discussed in detail in Ref. [75].

FBGs are also used to detect ultrasound propa-
gating in structures and for monitoring both static
and dynamic strain fields.” Experiments have indi-
cated that dynamic strains up to 107 e or smaller
and frequencies ~1 MHz are detectable by FBGs.”
When cracks develop in a civil structure due to
fatigue and loading, bursts of ultrasonic waves are
generated that propagate through the structure.
By detecting this acoustic emission (which occurs
due to transient elastic waves within a material
caused by the release of local stress energy), alarms
can be triggered for signalling structural failure.

If we consider temperature sensitivity S,
[Eq. (32)], the first term ¢, representing ther-
mal expansion coefficient of the fiber, which
for silica is ~0.55 x 107%/°C, whereas the second
term namely, the thermo-optic coefficient term
is ~8.6 x 107%/°C, which is naturally the more
dominating term. At A, = 1550 nm, change
AA,~ 0.013 nm/°C. Temperature change strongly
impacts FBG signals, and hence it is impor-
tant to realize that precise strain measurements
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Figure 27: a) Optical spectrum analyzer trace of reflected light from a fiber Bragg grating showing shift of
the reflection spectrum due to strain and corresponding shift in the Bragg wavelength; b) measured shift

in Bragg wavelength as a function of strain (ue). These measurements were carried out in the Fiber Optics
Laboratory at CGCRI (Kolkata) [Figures courtesy T. K. Gangopadhyay].

Broadband source

Fiber Coupler

& |*

| Detector/Optical
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Figure 28: Distributed strain measurement with an array of FBGs of different pitch attached/embedded in

e.g. a civil structure or an aircraft or a ship for monitoring its health (Figure courtesy Parama Pal).

require proper temperature compensation. Since
fractional change in A4, depends on both strain 1552.0

and temperature, it is important to note that for

absolute measurements of either of these param- 155151

eters, one needs to de-convolve the second effect. E 1551.0.4

An additional FBG could be deployed in parallel, =

which is isolated from the measurand and through %“ 1550.5 4

appropriate calculation measurand signal could E 1550.0 ]

be corrected. Figure 29a depicts sample results on = '

temperature measurements with in-house fabri- 1549.5 4

cated FBG carried out by the Fiber Optics Group

at CGCRI (Kolkata); A, at room temperature of 0 40 50 60 70 80 90 100
this FBG was 1545 nm. CGCRI group, in collabo- Temperature (°C)

ration with SINTEF (Trondheim, Norway), had
successfully installed FBGs to monitor real-time
local temperature directly in real world 400 KV
electric power transmission lines of Power Grid

Figure 29a: Measured Bragg wavelength as a

function of temperature of a FBG having Bragg
wavelength of 1545 nm at room temperature.
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Figure 29b: Schematic layout of the field experiment carried out for real-time monitoring of temperature

with a pair of FBGs in a real-world 400 KV electric power transmission lines between power transmission
towers [Figures courtesy T. K. Gangopadhyay of CGCRI].

Corporation (India) at a location near Kolkata;™
Figure 29b is a depiction of the experimental lay-
out used for these measurements at that site.”*”
Long Period Gratings (LPG) could also be
used as fiber optic sensor.”” In Ref. [80] the authors
have demonstrated LPG-based sensors written on
standard telecommunication fibers with tempera-
ture, strain, and refractive-index resolutions of
0.65°C, 65.8 g, and 7.7 X 107°, respectively. The
characteristic period A, . of such in-fiber gratings
are typically few hundreds of um in contrast to
sub-um period in FBGs. The transmission spec-
trum of the LPG exhibits a bandstop kind of fil-
ter characteristics as the LPG induces coupling
of power from the core mode LP  to cladding
modes. In contrast to Eq. (27) the corresponding
phase matching equation for a LPG leads to

A =A(ng —ny) (34)

where A_is the center wavelength at which the
power coupling takes place, while n, , represent
mode effective indices of the core mode and the
cladding mode involved in this power coupling
process at this wavelength. Essentially the LPG
acts like a filter.?®* The cladding modes interact
with the surrounding environment as they are
formed through total internal reflection at the
cladding-air interface (see Figure 30), and hence
any change in the ambient properties of the sur-
rounding medium could be detected in terms of
the transmittance of the LPG and measured.
For a broadband light source, due to coupling
of power from a guided to several of the cladding
modes having little difference in their propaga-
tions constants, leaves a series of loss bands or

Figure 30: Schematic of a Long Period Grating
(LPG) which induces power coupling from the
core to the cladding modes at the phase match-
ing wavelength A_ given by Eq. (11); core and
cladding modes are represented schematically
through ray diagrams showing core and cladding
modes as being formed respectively through total
internal reflections at the core-cladding interface
and at the cladding-air interface.

resonance dips in transmission spectrum of a
LPG. Measurand-induced shift in these loss bands
caused by the modified cladding mode spectrum
could be exploited to get a measure of the meas-
urand. Readers may find more details about use of
in-fiber LPG as sensors in Ref. [81].

6 Polarization Modulated FO Sensors

The monitoring of electric currents in power sta-
tions is a critical requirement for reliability and
stability, since sudden surges need to be detected
so that the failed section can be isolated from
the power system network to minimize damage
and system failure. Current Transformers (CTs)
are most often used as current sensors in power
protection relay systems.*” In a CT, an iron core
and suitable wire windings are used as secondary
transformer to step down the high current flow-
ing in the primary to a much lower current (typi-
cally 1 Amp ~5 Amp). Unfortunately these devices
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are subject to electromagnetic interferences, and
can suffer distortions due to saturation effects and
residual fields in the magnetic cores, besides being
susceptible to insulation failure due to large cur-
rents (~kilo amp) in the system.* Due to these
factors, optical sensors have assumed consider-
able importance in recent years.” With typical
transmission voltages hovering around 400 kV
requiring control and switching of currents ~ few
kAmps, dielectric optical fibers have become very
attractive for use in communications and sensing
in the power industry.*” The basic concept behind
optical detection of electrical current is the classi-
cal Faraday Effect.®® Faraday effect states that if a
beam of plane polarized light is passed through a
transparent solid or liquid is placed in a uniform
magnetic field in a direction parallel to the mag-
netic lines of force (e.g. through the holes in the
pole shoes of a strong electromagnet), its plane of
polarization gets rotated (though remains plane
polarized) by an angle proportional to the mag-
netic field intensity. The modes of light propagat-
ing in the presence of a longitudinal magnetic field
are right and left circularly polarized light waves,
each of which propagates with different veloci-
ties. Silica fibers exhibit the Faraday effect. When a
single turn of a single-mode optical fiber encloses
a current carrying conductor, the magnetic field
generated around it due to the current influences
the State Of Polarization (SOP) of the light prop-
agating through the fiber through Faraday effect.
The Faraday rotation of the SOP is given by

o=VH.dl (35)
where H is the applied magnetic field intensity,

1 the length of the medium, and V is the Verdet
constant of silica, which is = 2.64 X 10~ deg/Amp

Polarized
laser
n ¥
PD 1
¥ — D,
PD2 2 —
~

Wollaston Prism/
Polarization
Beam splitter

Fib
" mo. e

(= 4.6 X 107 rad/Amp). If there are N turns of
fiber in the loop that surround the current carry-
ing conductor, then by Ampere’s law

gﬁﬁ.di: NI (36)
By combining Egs. (35) and (36), we get

#=V.N.I (37)

where I is the current enclosed by a single fiber
turn in the loop. Faraday rotation depends only
on the magnitude of the electric current regard-
less of the shape or size of the loop and position
of the conductor within the loop.* A schematic of
the Faraday effect based fiber optic electric cur-
rent sensor is shown in Figure 31.

Light from a polarized laser is passed through
a half wave plate and focused onto a single-mode
fiber. The fiber is wound around a current carrying
conductor. Output light from the fiber is passed
through a Wollaston prism or a polarization
beam splitter, which divides the Faraday rotated
light into two mutually orthogonal linearly polar-
ized components, which are then detected by two
independent photo detectors PD1 and PD2. The
difference between the two photo detector output
intensities, Im, is normalized with respect to their
sum, which is proportional to 6 (Lee et al. 2006)
i.e., for small O the ratio R is*

I,-I
1 Iz=sin2¢9:2¢9 (38)

1+

R=

This procedure also makes the output inde-
pendent of any laser power fluctuations or drift
during the measurement. In real world systems,
some random birefringence could also be present;

Fiber loop

TN

Current carrying
conductor

0/

Figure 31: Schematic of fiber optic Faraday sensor for measurement of large electric current; M.O. stands

for microscope objective. Functional principle is described in the text.
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besides there could be bend-induced linear bire-
fringence also present in the fiber loop especially
in case of small loop radii. In the presence of linear
as well circular birefringence, R is given by

R:ZH(SIHA) (39)
A

where

A’ =46 +0°; O=kyAng27RN (40)

with 6 1in radians; An g is the linear birefringence,
and R is the fiber loop radius. Linear birefringence
An g, is inversely proportional to square of R, and
directly proportional to square of fiber cladding
radius. For the case, in which circular birefrin-
gence due to Faraday Effect dominates over linear
birefringence, R is given by Eq. (39) whereas if lin-
ear birefringence dominates over circular birefrin-
gence then

sind

R=26 (41)

In the latter case, the sensitivity is rather low.”
Linear birefringence can be significantly reduced
or compensated by introduction of additional cir-
cular birefringence through twists in the fiber.
Fiber optic Faraday current sensors have been
successfully used to measure large currents (of the
order of a few kilo-amperes). Faraday rotations
can be also measured through fiber optic Sagnac
interferometers.®

7 FO Sensors for Biomedical
Applicationst

Fiber optics has gained in versatility and func-
tionality over the past few decades and has shown
significant applicability in biomedical applica-
tions, both in the laboratory as well as in clini-
cal settings. Optical fibers are used primarily as a
conduit, for the remote delivery of light and the
collection of scattered and/or fluorescently emit-
ted signals (from the tissue/sample of interest)
for applications in minimally invasive diagnos-
tics as well as therapeutic monitoring. Addition-
ally, advances in fabrication techniques have led
to fiber designs and fabrication optimized for
transmissions ranging from 200 nm (for UV reso-
nance Raman spectroscopy studies) upto nearly

"This section has been kindly contributed by Parama Pal
of Robert Bosch Center for Cyber Physical Systems, IISc

Bangalore.

3000 nm (for IR Raman spectroscopy as well as
laser ablation therapies).*’** The size and flexibil-
ity of optical fibers enable access to cavities and
hollow tracts and can be readily inserted into solid
organs, akin to a needle. Fiber sensors can also be
placed non-invasively against epithelial as well as
surgically exposed surfaces. In addition, the mate-
rials used in the fabrication of most optical fibers
are, as mentioned earlier in this article, chemically
inert and non-toxic, thus rendering them as ideal
biocompatible candidates for biological sensing
applications. A ‘direct’ clinical FO sensor, or a pho-
tometric sensor, is one wherein the intrinsic opti-
cal properties of the analyte or sample of interest
(such as backscattered light or autofluorescence/
Raman signals remitted directly from the sam-
ple), are measured. Indirect (or indicator-based)
sensors, on the other hand, involve an interme-
diary, such as tags, labels or any other bioprobe
with optically detectable characteristics (such as
color change, fluorescence) for measuring the
parameter of interest.” Biosensing (for glucose or
pH measurements) is done via spectroscopic or
fluorometric measurements using fibers that have
appropriate molecular reagents immobilized at
their ends.

White light spectroscopy, Raman spectros-
copy, optical coherence tomography and fluores-
cence based measurements are some commonly
used biomedical sensing modalities for diagnosis,
oximetry, dosimetry and drug concentration eval-
uations. The measurement parameters for these
modalities typically include absolute light intensi-
ties, scattering and absorption characteristics, and
birefringence and all of these techniques can be
differentiated on the ranges of sampled areas (or
volumes) achieved, the cost of instrumentation
and deployment, specificities and data processing
complexities. A vast body of literature has been
dedicated to the use of optical fibers in biomedi-
cal instrumentation and sensing and a detailed
description is beyond the scope of this article. For
a concise description of various sensing modali-
ties that use optical fiber technology extensively,
the reader is referred to Ref. [91].

Important considerations for choosing an
appropriate FO biomedical sensor include aspects
such as spatial resolution, sampling volume and
the extent of invasiveness that can be tolerated
along with the signal processing, and analyses of
algorithms are required for the specific application.
Biomedical fiber sensors are often deployed in the
form of catheters and probes with the smallest
dimensions that can be achieved. Flexible catheters
with overall outer diameters as low as less than
0.5 mm have been previously reported.”” A large
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number of research papers and scientific reports
have been dedicated to probe designs (often
referred to as optrode as mentioned earlier in the
article) and characterizations for sensing modali-
ties such as reflectance (both diffuse and polarized),
spectroscopic, fluorescence and Raman. Probe
dimensions and geometries are engineered for spe-
cific applications, whether it is imaging-based or
for therapeutic (such as laser ablation therapy or
thermal therapy) purpose. For instance, by altering
the distal tip of the probe fiber, the path of the light
entering or exiting the fiber can be redirected (to
increase fluence rates for instance) and numerical
apertures can be optimized so as to improve cou-
pling efficiencies with other optical components.”!
Typical fiber tip modifications include sculpting
ball lenses at the end of the fiber, which are basi-
cally hemispherical-shaped ends that adjust spot
sizes and beam divergences, and essentially act as
focusing lenses, as well as tapering, wherein the
cross-sectional dimensions of the fiber vary along
its length. These end modifications are usually
done by heating the fiber to a high temperature
and using either gravity or tensioning (for fabricat-
ing tapers) or surface tension (for fabricating ball
lenses). Raman sensing, based on the Raman effect,
which is an inelastic scattering process wherein the
incident photon of a certain energy (and hence,
frequency) gets scattered to a lower energy (lower
frequency) by a molecule as the molecule makes a
transition to a vibrational state, employs flexible
fiber bundles where a single fiber (typically the cen-
tral fiber of the closely packed bundle) delivers the
illumination and the surrounding fibers detect the
light remitted from the sample. Hexagonal packing
arrangements are typically the most optimal for
packing into a circular cross-section. If m denotes
the number of rings around the central fiber, then
the maximum number of fibers that can be packed
hexagonally (N, ) is given by”

N g =14 Y 6k (42)

k=0

Efficient fiber bundle designs have to take into
careful consideration factors such as total opti-
cally active area, exit surfaces (e.g. flat vs. beveled)
for the probe bundles and material choices for
biosafety compliance. Optical Coherence Tomog-
raphy (OCT) is a high-resolution, cross-sectional
imaging modality based on low coherence inter-
ferometry which is capable of producing depth-
resolved images that are derived from optical
scattering arising from internal tissue microstruc-
tures.” Fiber endoscopes with ball lenses at the
tips are often used in OCT catheters.”

Fiber optics offer unique sensing capabilities
for a diverse range of biomedical applications such
as diagnosis, therapy and treatment assessment
and monitoring. It has proven to be a safe, effective,
affordable, and easy to use platform with significant
potential for further miniaturization and expanded
sensing capabilities that incorporate multiple
sensing modalities into a single instrument.

8 Conclusions

This article attempts to present a unified descrip-
tion of the basic functional principles and applica-
tions of a variety of optical fiber sensor platforms
based on intensity, phase, wavelength, and
polarization modulation of light. The focus has
been to explain the physics behind these sensing
schemes and describe applications wherever fea-
sible/achievable with reference to already reported
results. The field of FO sensors is a subject in itself
and new varieties like distributed measurements
based on Brillouin scatter effect and exploitation
of surface plasmon resonance-based FO sen-
sors are lately attracting lot of attentions from
researchers. Even though functional principles are
rather well known, challenge lies in industrializa-
tion of these FO sensors.”
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