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Abstract

Vibration monitoring of machinery is reducing the overall operating costs of industrial plants. Conventional vibration sensors, based on
capacitive or piezoelectric principles, are limited in application due to the problem of electrical isolation. Fibre-optic based instrumentation is
thus an attractive alternative method of vibration measurement in the vicinity of electrical substation. This paper discusses several technique
of vibration sensing using optical fibre technology and assesses their potential for use on electromechanical equipment. Firstly an overvie\
of sensor based on In-Fibre Bragg Gratings is presented, and its potential for the measurement of strain and vibration is assessed. Secon
vibration sensing using fibre-optic intensity-based measurement is presented and then Fabry-Perot Interferometer (FPI) for vibratiol
sensing is critically reviewed. Of these, the FPI is the most attractive since it can easily be configured within a reflective fibre-optic probe.
However, reported FPI sensors have been highly sensitive to measurement errors caused by mechanical vibration, temperature, and acou
waves. This paper reviews technological developments of FPI to vibration sensing in extreme electromechanical environments and als
for non-contact measurement. Finally this paper presents an overview of dual-wavelength technique for assessment of vibration signatur
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Accelerometers are, perhaps, the most widespread, and are
conventionally based on capacitive or piezoelectric princi-
Vibrations developed in industrial machines are vital ples. A piezoelectric accelerometer is an electromechanical
indicators of their health. If a monitoring system records device that produces an electrical output proportional to
the vibration history, changing levels of vibration over time an applied vibratory acceleration. Piezoelectric transducers,
would warn a plant engineer of the need for maintenance however, are limited in application due to the problem of
to prevent breakdown or serious damdgje]. Expediting electrical isolation. They are thus not attractive for use in ap-
repairs by the early detection of faults would lead to con- plications at high electric potential. Conductors connecting
siderable cost—benefits since it prevents major equipmentconventional sensors are susceptible to electromagnetic
damage, minimizes interruption to the production or supply fields. Variations in line-voltage and ground loop problems
system, and increases safety. Hence, a measurement systegan cause havoc with electrical measuring equipment. Light-
(instrumentation) for vibration analysis is of fundamental ning is another source of electrical noise that adversely
importance to industries operating heavy electromechanicaleffects these conventional measurements. Selection and
equipment. Sensing elements for such instruments compriseinstallation of the sensor are important factors in diagnos-
displacement and velocity transducers, and accelerometersing equipment vibration. Motion sensors provide data on
displacement, velocity and acceleration, and their correct
- selection depends on the signal magnitudes and frequencies
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1.1. Why a fibre-optic approach?
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problem of electrical isolation. Such sensors also suffer from Photosensitivity in optical fibbers is the main phenomenon
malfunctions due to the presence of the high-voltages (typ- involved in writing Bragg gratings into the core of a fibre
ically 40kV or more), high magnetic fields up to 5T and [47,48] The most important advantage of an FBG sensor
the presence of the aggressive atmospheres (e.gr BF; is that the measurand is encoded directly in terms of wave-
gas) of electrical circuit-breakef8]. Fibre-optic based in-  length, which is an absolute paramdi9]. Hence, the out-
strumentation is thus an attractive alternative method of vi- put signal is independent of the intensity of the source, and
bration measurement in the vicinity of electrical substation losses in the connecting fibers and couplers. Furthermore,

[4—6]. an array of wavelength-multiplexed FBGs may easily be im-
. o o _ plemented for simultaneous multiple measurements.
1.2. Solution using fibre-optic instrumentation In this section, an overview of FBG sensor technology

. ] ) . ) is presented, and its potential for the measurement of strain
Optical fibre sensors were just introduced in the late gn4 vibration is assessed.

1970s. These technologies, combined with advances in op-
tical transducers, have enabled remote vibration monitoring
using compact portable instrument packages. With inher-
ent electrical isolation, superior dielectric properties and

immunity to electromagnetic interference, fibre-optic sen-

sors (FOS) offer remote vibration measurements in highly

localized parts of electrical machinery.

The advanced laser-based measurement techniques h
a number of significant advantages over other sensors for
monitoring of vibration. In particular, it offers a non-contact
perturbation-free means of monitoring test-objects. Such
laser and fibre-optic technologies are providing a new ap- u
proach to vibration monitoring in electromechanical equip- fi
ment.

Interferometric techniques are particularly attrac-
tive as they offer the highest measurement sensitivity.
Mach-Zehnder, Michelson, Sagnac, and Fabry-Perot (FP)
interferometers have all been reported in the literature
[7-31] for use in fibre-optic sensing configurations. Of
these, the FP interferometer is the most attractive for this

2.1. Principles of FBG-based sensing

Fibre Bragg gratings are periodic structures that are im-
printed directly into the core of glass optical fibers by pow-
erful ultraviolet (UV) radiation. Such structures consist of a
a \}%eriodically varying refractive index (RI) over typically sev-
eral millimeters of the fibre core. The specific characteristic
of FBGs for sensing applications is that their periodicity
causes them to act as wavelength sensitive reflectors.
During the imprinting process, the intensity of the UV il-
mination is made to occur in a periodic fashion along the
bre core. At a sufficiently high power level, local defects
are created within the core, which then give rise to a periodic
change in the local refractive index. The changes of index
created in this way are relatively permanent and are sensi-
tive to a number of physical parameters—notable examples
being pressure, temperature and vibration. Thus, by moni-
toring the resultant changes in reflected wavelength, FBGs

. . . . s . can be used in a variety of sensing applications to measure
work since it can easily be configured within a reflective Y g app

. ) hysical quantiti h as strain, temperature, pressure, ul-
fibre-optic probe. However, reported FP sensors have beerf ysical quantities such as strain, temperature, pressure, u

. " rasound, high magnetic field, force and vibration. One of
highly sensitive to measurement errors caused by mechan- . N .
. - ; the most important applications of FBG sensors is as part of
ical vibration, temperature, and acoustic way&8-31]

S . . . ; a ‘fibre-optic smart structure’, in which an embedded FBG
Hence, the motivation in the review work is to identify a ; o .
. o L array is used for quasi-distributed measurement of strain
more practical FP sensor for monitoring vibration.

i L . within a composite body.
There are many fibre-optic vibration sensors described . : . .
. : : : Fig. 1 shows, diagrammatically, the variation of the re-
in the literature[29-45] those based on interferometric o : .
. . . . : fractive index along the length of an FBG with being the
encoding via optical phase modulation offer the highest sen- X
o ! . . : depth of RI modulation.
sitivity. In previous paper, we introduced a critical review . . ' L ,
: . S In a single-mode optical fibre, light is guided along the
on speckle-pattern based vibration sensing in electrome-__. . .
} . . . . axis of the core in the fundamental mode. When the light
chanical equipmen46] for measuring microdisplacement .
L o . passes through an FBG, Fresnel reflections take place due
and vibration. In the present contribution this paper re-

views several techniques of vibration sensing using optical

fibre technology (based on Fibre Bragg Gratings (FBGS),

intensity-based and FPIs) and assesses their potential for 7 /[\

use on electromechanical equipment. Finally this paper on

presents a review of dual-wavelength signal-interrogation >{< -
techniques for the assessment of vibration signature. j"/

2. Vibration sensor based on In-Fibre Bragg Gratings K—¢ S

The Fibre Bragg Grating is one of the most exciting de- # (fibre axis)

velopments in the field of fibre-optic sensing in recent years. Fig. 1. Refractive index profile of an FBG.
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to the variations in refractive index. This is called coherent high magnetic field and high-acceleration are required
reflection. If the wavelength of the incident light satisfies [56—66]
the Bragg condition for constructive interferer{d€], then
2.3. The FBG sensor
A = 2nd 1)

) ) The potential of FBGs for use as sensors was recognized
wherexg is the Bragg wavelengtt, the average refractive  shortly after the discovery of FBGs. Particular effort was
index of the FBG, andi is the grating period. IBA is the  gjrected towards developing detection circuitry suitable for
range of the wavelength on which the grating is highly re- demodulating the reflected FBG spectrum into an electrical
flective thend/Ag = dn/n. When the Bragg condition is  signal. A typical FBG sensor system is illustratecig. 2,
satisfied, reflections from each successive period will be in i which a fibre y-coupler directs light from a light source

phase. Light that does not satisfy the Bragg condition passesyp the FBG and then splits off the modulated signal to a
through the FBG as if it were of uniform refractive ind@x  detector.

[47]. The primary advantage of FBG sensors is their capabil-
ity for multiplexed operation. A large array of FBG sensors
2.2. History of FBG development may be addressed by a single source and detector using one

or more of three standard techniques: time division multi-

FBG development extends from approximately 1978, plexing (TDM), frequency division multiplexing (FDM) and
when light from an argon-ion laser was first launched into wavelength division multiplexing (WDM).
a fibre using a microscope objective and an interference
pattern was generated along the fibre core by forward 2.3.1. FBG sensor using time division multiplexing
and backward propagating sign§3,50] In 1989, it was A schematic diagram for the TDM approach is shown in
demonstrated that exposure of a length of fibre core to Fig. 3 [57] The sensors have to connectin such a manner that
an interference pattern of UV light at 245nm could pro- there will be a time delay between the returning signals from
duce a periodic variation of refractive index that acted as a the individual gratings. A pulsed laser source is used for this
diffraction grating[51]. Many methods have been found to purpose. The pulse, which must be shorter than the round
increasesn by improving both the UV exposure method, trip time between reflections, is launched along a chain of
and the photosensitivity of the fibre cofg2]. Transverse  identical FBGs. The reflected FBG signals are directed to a
holographic methods are particularly useful for producing photodetector via a coupler. Individual FBG signals are then
the modulated UV since they can easily create FBGs with separated in times using switching electronics. The TDM
both the desired spectral response and at any position alongapproach is able to multiplex a large number of FBG sensors
the fibre[53]. The strength of the FBG reflectance peak without the need for wavelength selective components.
during the imprinting process increases with exposure to
the UV radiation. 2.3.2. FBG sensor using frequency division multiplexing

In 1993, an advanced FBG production technique was re- A schematic diagram for the FDM approach is shown in
ported[54,55], which involved the use of an optical phase Fig. 4 [57] A wavelength controlled laser source is used to
mask to generate interference fringes. Similar techniquesaddress a chain of identical FBGs. The source has a peri-
for FBG production are used in most current FBG sensor odically modulated chirp in frequency that is smaller than
work. Recently, it has been demonstrated that FBG sensorghe line width of the gratings. The reference signal from
have great potential for a wide range of applications where the first coupler interferes with the reflected FBG signals.
quasi-distributed measurements of physical parameterslf the FBG sensors operate at different frequencies, the sig-
such as strain, pressure, vibration, temperature, ultrasoundpals from each can be separated using switching electronics.

Light source

with isolator

Y-coupler Fibre Bragg grating

Detector &
processing
instrument

Fig. 2. Schematic of a typical FBG sensor system.
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Fig. 3. Schematic diagram for a TDM FBG sensor sys{éif].
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Fig. 4. Schematic diagram for an FDM FBG sensor sysgm).

Successful demultiplexing relies on no overlap between the 2.3.4. FBG interferometric sensors
FBG modulation frequencies. For many applications where one wants to measure quan-
tities such as electric and magnetic fields, acoustic waves,
2.3.3. FBG sensor using wavelength division multiplexing or very small temperature or strain changes, the wavelength
A schematic diagram for the WDM approach is shown in shift of the FBG may not be sufficient to give a good mea-
Fig. 5. A broadband source is used to interrogate a chain of surement. The sensitivity can be enhanced by using pairs
wavelength-multiplexed FBGs. of FBGs as the reflectors of a Fabry-Perot Interferometer
Since FBGs have a wavelength selective reflection, they (FPI). In this case, the measurand acts on the fibre between
lend themselves conveniently to wavelength multiplexing the FBGs and small phase shifts can be detected. By coat-
schemes. A quasi-distributed chain of FBGs would then be ing the fibre between the gratings with an electric, magnetic,
multiplexed in the wavelength domain to separate the indi- or acoustic enhancing coating, the technique can be used
vidual sensor signals. The FBG sensors would be assignedo measure particularly small changes in these measurands
an operating wavelength band wide enough to cover the[57].
measurand-induced wavelength shift without ovef&fi.

2.4. Applications of FBG sensors

3 dB coupler Fibre Bragg gratings
Br:;ldrlzind S HH—H HH 2.4.1. Strain measurements
= FBG, FBG, FBG, When an FBG is strained, the Bragg wavelength
changes due to both the changed grating spacing and a
photoelasticity-induced change of the refractive index. The
photoelastic component is determined by the photoelastic
constant, which for silica is 0.22. The Bragg wavelength
thus changes with applied strefs7]. Fig. 6 illustrates a
typical technique for wavelength encoding the output from
Fig. 5. Schematic diagram for a WDM FBG sensor system. a narrowband FBG strain sensor. Here, the FBG sensor is

Spectrum analyzer

Photodetector

A A A,
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3 dB coupler Fibre Bragg grating
Broadband — N 111l
source L1 TTTTI
Isolator <>
Microstrain
P
Pl (P1-P2)/(P1+P2)
—>
Wavelength P Output
dependent
coupler

Fig. 6. Strain measurement using an FBG sensor and a wavelength-dependent division [6alipler

connected to a broadband source via one port of a 3dB
coupler. The FBG signal returned through this coupler is [Broadband - {Tsolator]
directed towards a wavelength dependent coupler while L_souree

<> I ],

/v\ I_E Dynamic

being blocked from the source by a fibre isolator. Detec- v strain signal
tion of the output intensity from both ports (P1 and P2) 2 Photo-

Fibre Bragg grating
L1l
it

3 dB coupler

of the coupler and the use of simple electronic processing /,(T@ detector
reveals a voltage directly proportional to the FBG strain Plezoelectric device Phase drif l —

. ectrum
[6 1] . compensation g al:lalyser
2.4.2. Vibration measurements Fig. 7. Vibration measurement using an FBG ser{56i.

2.4.2.1. Vibration due to strain.Using a single FBG sen- | bal q h-Zehnder interf f th
sor in conjunction with an unbalanced fibre interferome- M a}ance Ma_c 'Zﬁ nder |3tei\r eré)m_eter. (?_ge arm OhF ©
ter wavelength discriminator, vibration can be detected with Interferometer Is phase-modulated via a fibre-stretching

high resolution(59]. Wavelength-shift of the FBG detected piezoelectric device with detector feedback for phase drift
in this way results in an interferometric signal outp() compensatlon.. E_xperlment_al results show. that the FBG
which may be expressed as wavelength shift is proportional to the applied strain, and

that the dynamic strain sensitivity is nearly Gs6,/Hz at

I(A) = A{1+ bcosp(2) + @)} (2) frequencies above 100 Hz.

and 2.4.2.2. Acceleration due to strain.Theriault et al.[65]

o) = 2rndL 3) demonstrated a technique to measure acceleration using an
A FBG (Fig. 8. The technique is based on fibre elongation with

strain, which increases the period of the grating and shifts
the spectral response toward longer wavelength. The sensing
element involves an FBG in a short length of single-mode
optical fibre that is clamped in a mount with 1 cm of free
fibre to stretch or compress. The spectral profile of the re-
flected signal depends on the strain distribution produced
along the length of the FBG. The system operated linearly
with applied acceleration up to 170,aQ whereg, is the

¢ free fall acceleration (9.8 nflk

wherea is FBG wavelengthA a constant depending on the
light source and coupling losses,the fringe visibility, ¢
the phase difference between the interferometer apritse
induced phase shifth the refractive index of the interfer-
ometer medium anélL is the optical path-difference (OPD)
between the interferometer arms.

If the wavelength-shift of the FBG i8x and the fibre
strain isdo, thensh = k o, wherek is a constant de-
pending on the strain-to-wavelength-shift responsivity o
the FBG. Thus, the change of phase shift can be expressed
from Eq. (3) as[59]

Strain due to applied

2nnéL . 4 aceceleration
o(A) = —T8K Sinwt 4) 3 dB coupler —p
. . . . . Laser diod, Isol [
where i sinwt is the dynamic strain-induced modulation /v\ N Fi‘be‘:r‘B‘re‘x
of the reflected wavelength. A schematic diagram of the .l gmtinggg

reported system is shown Fig. 7.

The FBG sensor is attached to a piezoelectric trans-
ducer that produces a dynamic strain. The reflected
wavelength-modulated light is processed by means of an Fig. 8. Acceleration measurement using an FBG sef&®r

Photo-diode
detector
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device Perturbing force (measurand)
T T T T T T Light Source Mode
| Perturbing field (Measurand) | Multimode fibre (@) stripper )
< (@) <

Fig. 9. Basic configuration for intensity-modulating systems.

. . . . . Mode
2.5. Discussion on vibration sensor based on In-Fibre M stripper

Bragg Gratings

AAAAA Detector
A brief description is given of FBGs and their sensor ap- |Perturbing field (measurand)|

plications. FBGs have many advantages for use as sensors.

FBG sensors provide an absolute measurement insensitive tdig- 10. Intensity-based system incorporating fibre microbending losses.

adventitious fluctuations in intensity, since their output sig-

nal is wavelength-encoded. FBGs can easily be tailored for calibrated output of the sensor and thus obtain an accurate

different reflectivities and bandwidths, and the fibre prepa- measuremen{73,74] Without referencing, an additional

ration during the writing process is minimal, requiring only error will be introduced due to optical power fluctuations in

the temporary removal of a small section of the coating. the light source, couplers, connectors or any other optical

FBG sensors are inherently small and, comprising little more components in the system. An intensity-based FOS in a

than an optical fibre, are considerably less complex thanreflective configuration is an appropriate incoherent means

other proposed types of fibre sensor. FBG sensors are parof measuring microdisplacemefms,76]

ticularly suited to surface-mounting or embedding, and are

very strong candidates for the generation of smart structures3 1. Reported sensing configurations

[62,66] The FBG has also proven to be a powerful tool for

some sensing applications within the electric power indus- A fibre microbending type of intensity-based FOS was

try, e.g. the measurement of transformer-winding tempera- reported by Pitt et al[70]. The system, shown ifig. 10

ture [64], highg acceleratior{65]. utilizes a force sensor in which a fibre is placed between two

The FBG sensor is also a capable device for the monitor- corrugated plates. On application of a vibrating body to one

ing of dynamic strairf59]. However, FBG vibration sensors  corrugated plate, the induced fibre microbending leads to

are not suitable for a non-contact method of measurement. an optical transmission loss that is a measure of the applied
force or vibration. Indirectly, the system can also be used for
the measurement of small displacements. Step-index MMF

3. Vibration sensing using intensity-based measurement is particularly suitable for this type of microbending loss
sensor.

Many fibre-optic sensors based on intensity modulation — Kersey et al[73] described an intensity-based closed-loop
techniques have been demonstrated in past years (duringystem for displacement measurement, as shovAginl 1
1980-1990). Some of these techniques; fibre microbend-

ing, fibre-to-fibre coupling, moving masks/gratings and Multimode fibre - Dither

modified cladding, are described by Giallorenzi et[@¥], e
Culshaw [68] and Pitt et al.[69,70] A wide range of et T \ —r
measurand fields can be measured using various config- displacement bi—l%%rph amplifier

urations of these incoherent sens¢vd,72] A general
schematic for systems based on intensity-modulated signals

transducer

-imcgralor

is shown inFig. 9 With signal transmission based gen- o

erally on multimode fibers, such systems are very simple ~
in concept, reliable, low cost and offer a relatively high

measurement sensitivity, primarily via the initial conver- Closed loop

output

sion of the measurand to displacement. However, in many
cases, a referencing mechanism is necessary to maintain &ig. 11. Intensity-based closed-loop system for displacement measurement.
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Light in Todetector  Light in To detector Light in To detector
—> —> —> —> —> —>
Fibre Fibre Fibre Fibre Fibre Fibre
Bimetal strip
vV A VA
Wizzzzzzz772 —— YA

i Transducer
Transducer Mirror @

(a) (b) (c)

Fig. 12. (a—c) Reflective configurations of intensity-based displacement sensor.

In this system, two coaxially aligned multimode fibers are
butted in a fibre-to-fibre coupling technique. The position of LED Coupler ~ Fibre :
maximum coupling can be determined by applying a small Source
displacement ditheryg sinwot) to one fibre, and monitor- e, ?

@ Sensor head
Detector; Detector,

ing the harmonic content of the variation in the coupled
intensity received by the other. As the system is symmet-
rical, the maximum coupling state can be characterized by
a null in the amplitude of the intensity modulation devel- Fig. 13. Reflective intensity-based displacement sensor with source—
oped by the dither frequenayy. The null response is main-  intensity referencing.
tained via feedback to a bi-morph transducer attached to
the receiving fibre. Displacement of the input fibre, which
is allowed to move under perturbation by the measurand Wherelg is the intensity of light source the splitting ratio
field, is then determined via the location of the receiving Of the couplery the coupler losses arM is the modulation
fibre. factor introduced by the sensing technique. The rati,

In another example, an intensity-based displacement sen-r,
sor can be realized by guiding light through the fibre onto a > = (1= C)aM (7
reflective material whose reflectance changes in accordance
with the measurand. Lewis et §¥5] and Murray et al[76] is thus independent of the power of the light source,
demonstrated configurations in which the collection of the and linearly proportional to the modulation factor. This
reflected light is either by a second fibre or the same incident intensity-referenced system thus first performs the division
fibre (Fig. 12). The transducer itself may be a simple mirror ©Of two analogue detector outputs and then estimates the
surface that is attached either to the surface of a vibrating displacement of the moving piston via a PC program. How-

body or a bimetallic strip. ever, the arrangement suffers the added complexity of com-
Lourenco et al.[74] described the intensity-based Parison, arithmetic operations, convolution and PC-based
displacement-sensing configuration shownFig. 13 In digital signal processing.

this configuration, the movement of a piston changes the Recently, Gangopadhyay et &29,31] described an
displacement between the fibre end-face and a reflective@lternative intensity-based sensor configuration for vibra-

surface within the sensor head. The intensity of the signalstion measurement. The sensor, showrFig. 14 is both
at detectors 1 and 2 can be expressed as extrinsic and reflective. The design uses two multimode

(50um/125um) fibers for signal transmission, and a mov-
I = Ip(1 - O)Ca?M (5) able reflective surface for signal transduction. The presented

design thus acts as a simple proximity transducer in which
Ir = IpCu (6) displacement of the reflective surface is encoded as a varia-

Laser diode GRIN lens Free end of lens

NNAAN

Optical fibres Y

pm———— 7
i % M

= ovement
S —]

RNNNAN

%z Reflective

Probe-head surface

Photodiode detector

Y x
"

Fig. 14. Intensity-based multimode sensor design.
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Signal bration, most utilize a quadrature-based measurement for
@_’ processor increased sensitivity. Quadrature-based systems which need
@ active phase-contrd4] or sophisticated signal-recovery
techniqueq25] tend to be expensive and complex. How-
Reference fibre ever, one scheme utilizes a relatively simple quadrature
\ (@) W’ setting via a wavelength-tuned laser-diode soufté],
while another avoids quadrature entirely via a more com-
Sensing Fibre plex arrangement of two sensing hedd8]. Such schemes
¢ are establishing FPI as a versatile tool for fast and sensi-
Tttt tive vibration analysis, which can automatically monitor
| Perturbing field (Measurand) | extended surfaces in real-time without contact or pertur-

bation, and which can be combined with fibre-optic signal
transmission for rugged performance in harsh engineering
environments.

tion in signal intensity caused by changing geometric path  This section reviews FPI based vibration sensing
between the two fibers. This sensor has a demonstrated disand assesses its potential for use on electromechanical
placement measurement range of 4.5mm with a resolutionequipment.

of better than 2%um and its potential applications include

displacement measurement in mechanized, high-voltage, q Principles of FPI based sensing

and hazardous environments.

Fig. 15. Basic configuration for phase-modulated sensors.

) . i . o i The FP cavity is the most convenient interferometric
3.2. Discussion on intensity-based vibration sensing configuration as it is simply formed from the space between

o ) ) ] ) two, typically parallel, mirror surfaces. The round-trip
_ The capabilities of mtensﬂy-bgsed flpre-optlc Sensors are phase-lag within such a cavity is given bf79].
discussed. Although easy to build, a disadvantage common

to all unreferenced intensity-based FOS systems is measure-,  2r(2ndcos)
ment error due to adventitious changes in signal intensity. © A

Referencing for source—intensity fluctuations is relatively . L di b h
easy to implement. However, the measurement accuracyWheren is the refractive index of the medium between the

will still be degraded over long periods due to signal-level Mirrors,dthe mirror separatiors) the angle of incidence and

changes caused, for instance, by losses in the sensor heafi IS the propagating wavelength. If the cavity is air-filled

and changes in detector sensitivity. The need for complex (* = 1, andi can be approximated by its free-space value

referencing arrangements to overcome adventitious change¢©) @nd the incident illumination is norma# & 0), Eq. (8)

of intensity, makes intensity-based systems relatively PECOMES

unattractive. A7d

While the discussed intensity-based sensing techniques¢’ = )»_o ©)

are principally concerned with the measurement of dis-

placement, it is thus believed that an interferometric ap- 4.1.1. High finesse operation

proach is more suited to the transient monitoring needs for The use of a pair of mirrors of high reflectivitR, cre-

fibre-optic vibration sensor. Such an approaétig( 15, ates a one-dimensional resonating optical cavity known as

based on phase-modulated signal processing, would elimi-an FP-etalon. Acting essentially as a periodic ultra-narrow

nate the need for complex intensity referencing, and provide linewidth filter, the FP-etalon outputs a series of sharp peaks

increased measurement sensitivity and accuracy. (or fringes) in wavelength space when the small fractions of
escaping light due to multiply reflected beams are additive
in phase. For an FP-etalon viewed in reflection, the intensity

(8)

4. Vibration sensing based on Fabry-Perot Ir of these fringes is given bjB0].
I nterferometer
_ Fsirf(¢/2) (10)
While the beam-splitting requirements of Mach-Zehnder, R= 1+ Fsin’(¢/2)
Michelson and Sagnac interferometers present signifi-
cant impediments to both miniaturization and embedding, Where
the classical Fabry-Perot Interferometer has a convenient . g (11)
2-mirror cavity arrangement which can be used in either © ™ 7 gin-1((1 — R)/2/R)
reflection or transmission, and needs neither a reference
arm nor sophisticated stabilizatidi]. Of the various re- is the finesse of the cavity. Exploiting changedadndue to

ported FPI-sensing schemes suited to displacement or vi-changes in cavity length is attractive for signal transduction



28 T.K. Gangopadhyay/Sensors and Actuators A 113 (2004) 20-38

Alignment tube

i
R, 4_) Multimode \ Iget = A2 |:1 + (
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written as[24]

2Tr
r + 2d tan[sin 1 (NA)]

> (4nd>
cos| —

A0
Tr

2
* <r+ Zdtan[sin_l(NA)]) ]

r Single-mode
\ fibre

(15)

4.2. Measurement performance

Fig. 16. Geometry of a reflective FPI sensor defined by two fibre end-faces

[24]. An attractive feature of interferometry for measurement

purposes is its sensitivity and absolute calibration. Optical
phase-modulation encodes signals on the wavelength-scale
as multiple passes within a high finesse cavity increase theof |ight. By mixing phase-modulated light with a reference
sensitivity with respect to other types of interferometer. signal, the FPI produces an optical output consisting of a
series of light and dark fringes, which are of high contrast
4.1.2. Low-finesse operation if the relative phase is constant across the region of mix-
Low-finesse cavities, in which one or both mirror reflec- ing. In a typical reflective FPI sensor, the static input mir-
tivities are low, however, are more commonly used in sensing ror of the cavity provides the reference signal, while the
applications. The operation of such cavities may be domi- other mirror provides the phase-modulated signal by being
nated by a single reflectioRig. 16is an example of areflec-  attached to the vibrating surface being monitored. As one
tive sensing configuration with a bulk-optic FP cavity and fringe is equivalent to a change in optical path-difference of
fibre-optic signal transmission described by Murphy et al. one wavelength, the equivalent displacement recorded by a

[24]. The input side of the cavity is via a single-mode fibre.
The other side of the cavity is the end-face of a multimode
fibre. Ry andR; are the reflectivities of the cavity surfaces,
andd is the cavity length. An air-filled FP cavity ensures
low-finesse operatiorR; and R, are then determined sim-
ply by the reflectivity of an air—glass interface—in this case
~0.02.

By applying the plane-wave approximation to the inter-

reflective FPI sensor in ain(= 1) is a half-wavelength. The
displacemenD of the vibrating surface is thus given by

D= 1N (16)

whereN is the number of fringes. Due to the periodicity,
fringe-counting methodf21,84,85]may be used to deter-
mine displacements over multiple wavelengths.

The power signal-to-noise ratio of a PIN-diode optical

ference of superimposed signals from a two-wave interfer- heterodyne-detector is generally given[Bg].

ometer[7,24,81,82] the reflected intensitig from the FPI

can be expressed as
Ir = AT + A5+ 2A1A7cOS¢1 — ¢2) (12)

whereA; and A, are the amplitude coefficients of the re-
flected signals due t&; andRp, and¢1 and ¢» are their

B (2ne2/ hv) PLP,
N = 2Af(Py+ Pp) + (hKTa Af/e2nRL)
wheren is the quantum efficiency of the detector<Qje| <

1 the heterodyning efficienci, the Planck’s constant, the
frequency of the light Af the bandwidth of the detector,

(17)

corresponding phase-lags. The subscripts 1 and 2 refer, reP1 and P, are the powers of the two beams incident on
spectively, to the reference and sensing signals of the FPI.the detectork the Boltzmann’s constanf, the absolute

Rewriting for conveniencel; = A, and usingR1 = Ry =
R, the amplitude coefficient of the sensing sigrfgl, can
be expressed 424,83]

Tr
A=A ( —
r+ 2d tan[sin = (NA)]
whereT = 1 — R, r is the radius of the fibre-corg the
distance separating the mirror-surfaces, ai#dis the nu-
merical aperture of the fibre defined by

NA :,/n%—n%

with n; andn, representing, respectively, the refractive in-
dices of the core and cladding of the fibre. Assuming no
further optical loss and using1 — ¢2 = ¢, the intensity
detected from the low-finesse FP cavilyg, can now be

(13)

(14)

temperature of the detectog, the charge of the electron,
andR;, is the load resistance. We have assumed that dark
current and background light may be neglected. In an FPI
system,P; relates to the reference beam dPgrelates to

the beam reflected from the target. For systems with a high
fringe contrastP; ~ P, = P, giving

§ . (21’]82/ hv) P2
N 4AfP+ (hkTa Af/e2nR|)

(18)

4.3. Forms of fibre-optic FPI sensor

A number of FPI sensing configurations of great sensi-
tivity have been reported, including those with conventional
cavities, solid etalons and fibre-optic resonators. FPI vibra-
tion sensors may either be extrinsic so that the FP cavity
is external to the transmitting fibre, or intrinsic so that FP
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Fig. 17. Schematic diagram of a simple FFPI sensor system. Fig. 19. Schematic diagram of an FFPI sensor system used as an ac-

celerometef20].
cavity is contained within the transmitting fibre. FP sensing

cavities may also be used either in transmission or reflection.

FFP sensor

4.3.1. In-Fibre FP Interferometry Laser
Fig. 17 shows a simple vibration-sensing configuration diode

in which a partially transmitting mirror surface is applied

to either end of a length of optical fibre to produce the | Detector

FP cavity. When the partial mirror-surfaces are inside the

fibre, the configuration is known as an in-fibre Fabry-Perot (a) Transmission type FFP
Interferometer (FFPI). _

In 1982, Yoshino et al[81] demonstrated detection of Beams"h“er FFP sensor
impact vibration using a 10 m singlemode FFPI with 70% | Laser [ Fibre
end-reflectance. A schematic diagram of the developed sys-—22% 4 @ """ ARy
tem is shown irFig. 18 An output in the form of changed m
optical fringes was obtained when a mechanical impact was @

applied to the optical bench. The impact strength was suffi-
cient to induce phase modulation of severah the fibre.
In 1983, Kersey et al[20] demonstrated a single-mode Fig. 20. A modular approach to the construction of transmission- and
FFPI with uncoated fibre ends as an accelerometer. The ex~eflection-type FFPI sensor systeifiid].
perimental set up is shown fig. 19 With 10 turns of fi-
bre wound on a solid rubber cylinder and a loading mass
of 0.2 kg, the system had a phase sensitivity-@00 rad/g 4.3.2. Extrinsic FP interferometry
up to the resonant frequency of 150 Hz. The minimum de- Sensors based on extrinsic Fabry-Perot interferometry
tactable phase shift was 19rad at 1 kHz, and 4 10~°rad (EFPI) have been discussed by a variety of authors. In 1993,
at 100 Hz, giving a limiting sensitivity of 2 10~7 g with a Sudarshanam and Cla[i&8] demonstrated an EFPI system
peak of 3x 108 g at the 150 Hz resonance. with quadrature phase biasingi§. 21). The configuration
Kist et al.[21] studied a FFPI strain gauge sensor element
manufactured from gradient index fibre. The approach fea-
tured easy coupling between the input and output fibers as —
well as a modular concept of constructing both transmissive i —
and reflective forms of FFPI sensor, as showfrig. 20 A
fringe-counting method was used to determine the excursion
of a cantilever at increments of Qu2n.

(a) Reflection type FFP

Microscope i —
Objeft 0ty Remote sensor
Stabilized head
He-Ne "—H—D Photo- Pen SMF couplers
laser Multiplier [ recorder
or memory Computer
Polarizer PZT tube scope
| Oscilloscope H Amplifier HDét1|
Fibre Fabry-Perot interferometer Detl & Det2: Detector 1&2, SMF & MMF: Single-

mode & multimode fibre, HCF: Hollow core fibre
Fig. 18. Schematic diagram of an FFPI sensor system used to detect

impact vibration[81]. Fig. 21. Split-cavity cross-coupled EFPI sensor sysfé8].



30 T.K. Gangopadhyay/Sensors and Actuators A 113 (2004) 20-38

Oscilloscope

Single mode

SMEF links to remote FP[ cavity Mirror
sensor head

« fibre couplers

motor

Hemispherical

Feedback I— mirror s
Diaphragm P
Spectrum iMirrors
analyzer | Sensor /‘ ........................
CEELETTTTTTTY e I Local receiving
Det1& Det?: Detector 1&2 Vibration movement Michelson

interferometer

Fig. 22. Hemispherical air-spaced EFPI sensor system used as an aC'Fig. 24. EFPI sensor system using a synthesised (white-light) s{@0te
celerometef87].

was increased by tilting second-mirror. The signal visibility
was monitored as a function of the increase in tilting-angle.
In 1993, Belleville and DuplainN89] demonstrated a

white-light EFPI strain gauge constructed by using multi-
mode optical fibers (5Am/125um step-index). The FPI
avity length was measured with the help of a fizeau inter-
erometer. They demonstrated that the sensor is perfectly
linear, with a sensitivity estimated at 0/25and a range of
§train adjustable to 10,00@.

utilized two sensor heads on a single directional coupler
in a split-cavity cross-coupled EFPI to provide four-beam
interference. The need for quadrature phase biasing is
eliminated using a spectrum analysis detection scheme.

In 1989, Gerges et a[87] demonstrated a technique to
measure acceleration using a hemispherical air-spaced EFP
and a weighted diaphragrri. 22. The technique involves
attaching a hemispherical mirror to the diaphragm and then

using EFPIto measure its displacement. The sensing elemen In 1095, Rao and Jacks¢80] described a long-distance

is a loaded elastic diaphragm with a rigid disk at the center. fibre-optic white-light displacement sensing scheme using

The measured optical phase changes versus frequency were : . )
combined with the 4 10-5rad//Hz phase resolution to an EFPI at the remote sensing end, with the sensor signal be

. . e ing interrogated by a local receiving Michelson interferom-

calculate the acceleration resolution. The cross sensitivity to . ; :
: eter ig. 24). A source synthesized from the combined out-
orthogonal components of acceleration was measured to be
better than-32.1 dB puts of two low coherence sources at wavelengths i3

In 1992, Chen et al[88] demonstrated an EFPI con- and 1.57Mm madg precise |dent|f|gat|on of the peak of the
: ) . . central fringe possible. The FP cavity was formed between
structed by using multimode optical fibers (d/125pm ' :
. . ) . the cleaved end of the fibre and a mirror attached to a dc
step-index). They demonstrated that if certain precautions . : .
: : stepping motor. Using a cavity length of 5@fn, the system
are followed in the sensor head and system design, mul-_ " ; .
: . ' " achieved a displacement-range to resolution of better than
timode optical fibers are capable of transmitting a stable . 4. ) .
: . : . ' . 10*1. The system is thus suitable for any measurand such
phase signal with a good SNR in an optical fibre interfer- . o )
. ! . : - as strain or vibration that can be transduced to displacement.
ometric configuration. An FPI system is used as sensing

) T ; In 1996, Bhatia et a[28] demonstrated an absolute EFPI
interferometer and a processing interferometer is used to

. o ) . system for measuring values of cavity lengihranging
convert the phase information into an intensity-modulated . ;
signal Eig. 23. To verify the common-mode condition from 40 to 30Qum (Fig. 25. With a demonstrated spectral

theory, the angle between the two mirrors of the FPI cavity

Hollow core fibre

A e

;Singlc mode fibre Multimode fibre

Multimode fibre

Broadband
source

Multimode

_u Second mirror
coupler A

Remote
sensor head

Single-mode
; coupler
——OxscilTator _ Sensing P
interferometer : :
Detector |> rrrrrrrrrrrr
Processing Remote sensor
interferometer head
Translation
stage - 1
| Oscilloscope H Detector | lnc.lex
matching gel

Fig. 23. Absolute EFPI sensor system constructed by using multimode

fibers [88]. Fig. 25. Absolute EFPI sensor systd&8].
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Laser abry-rerot 1 —d —»
light <Oﬁ> vy - 3 Two optical GRIN Lens Aircavity  Reflective
N fibres . surface
Directional Moving mirror Fig. 28. Geometry of a reflective FPI sensor with two multimode fibre
coupler [29].
Signal Reference
monochromator| monochromator . ) ) )
1 In 1998, Mio et al[91] studied an EFPI system with bire-
Line scan Line scan fringent mirrors for detecting extremely small vibration. The
et - oo -
technique exploited the polarization change of the transmit-

ted cavity light caused by the natural birefringence appear-
ing on interferential mirrors—an effect, which is enhanced
by the cavity resonance. Since there were no additional
polarization-changing elements within the cavity, a high fi-
nesse was achieved which was indispensable for sensitive
vibration measurement.

In 1997, Gangopadhyay et 4P9] demonstrated a sys-
resolution of 0.1 nm, the system was successfully applied totem employing an alternative EFPI configuration for the
measuring the strain induced in a concrete specimen withsensing of vibration and is shown Fig. 27. The sensor
internal axially loaded reinforcement rods. A thin layer of probe, shown irFig. 28 utilizes a simple extrinsic FP cav-
metal, such as gold or aluminium, was deposited on the ity in a reflective configuratiof29—-31] An adjacent pair of
ends of the two fibers enclosing the cavity to increase the 50um/125um step-index multimode optical fibers couple
interface reflectivity and hence enhance the finesse of thelight into and out of the cavity. lllumination is provided by a
cavity. low-power laser diode. A movable reflective surface acts as

In 1996, Ezbiri and Tatani26] demonstrated a passive the transducing device and a 0.25-pitch gradient-index rod
signal-processing technique for a miniature low-finesse (GRIN) lens is used for efficient light-guiding between the
EFPI based on a phase-stepping technidftig. (26. An input and output fibers. A coating of partial reflectivigg
FP cavity length of 174m was demonstrated as both a on the output face of the GRIN lens provides the interfer-
vibration and temperature sensor. The technique featuredence reference. A reflective surface of reflecti®ymoves
auto-compensation for errors due to higher order reflec- in sympathy with the target vibrations, providing the inter-
tions, 50dB dynamic range and 9 mradHiZ sensitivity ference signal. The FP cavity has a lengtlin air. With

Processing @
Spectrum analyser

Fig. 26. Miniature EFPI sensor system with passive signal procefzihg

at 40 Hz. this scheme, static calibration demonstrated a displacement
LD Power AC power
. l—
driver supply supply
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Fig. 27. Proposed multimode EFPI sensor sysfaé31]
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Fig. 29. Proposed singlemode EFPI sensor sy§&ir92]

measurement range of ABn giving a measurement reso-
lution of better than 0.03@m [29]. With the same scheme
the displacement measurement further enhanced far89
[30]. Dynamic tests demonstrated a working range of at leas
3.74pm at 2 kHz[31].

In 1999, Gangopadhyay et §1,92]demonstrated a sim-
ple variation of the EFPI vibration sensor using singlemode
fibre. Shown irFig. 29 the sensor system is supplied by one
singlemode 4.m/125pum fiber pigtail and adjacent launch
optics (instead of the multimode fibre pair). The pigtail is
spliced to a 2« 2 singlemode fiber-optic coupler. Back re-
flection from the fourth and unused fiber port is avoided by
immersion in index-matching gel. lllumination is provided
by a laser-diode (SHARP LT024MD) emitting at 780 nm.
The sensor probe, shownhig. 30 utilizes a simple extrin-
sic FP cavity in a reflective configuration butted with one
single-mode fibr¢31,92] The sensor uses the same coated
GRIN lens and movable reflector (as in the multimode fi-

bre probe). Demonstrated result shows a dynamic working

range of at least 4.20m at 2 kHz[31] and the measurement
is further enhanced to 13.26n [92].

4.4. Discussion based on vibration sensor using
Fabry-Perot interferometry

Fabry-Perot interferometry is the most sensitive and ex-
citing tool in the field of optical metrology. This section
reviews its methods and application to vibration sensing.
By combining optical fibers together with solid-source laser
sources, FPI systems excel in their flexibility, sensitivity, and
ability to provide real-time measurements of surface vibra-

Rl Rl
y «—
—d —

One optical
fibre

GRIN Lens Reflective

Air cavity
surface

Fig. 30. Geometry of a reflective FPI sensor butted with one $82F.
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tion. Systems based on FFPI and EFPI are easy to imple-
ment and are free from false signals due to reference-arm
perturbation. EFPI with CW illumination is in common use
for spectral analysis.

EFPI combined with fibre-optic data-transmission ap-
pears most suited to harsh engineering environments such
as high-voltage circuit-breakers and other electromechani-
cal equipment. For these applications, the main challenges
are the monitoring of simultaneous multiple frequencies
and transient events.

FPI sensors with singlemode fibre transmission are rela-
tively new but appear to be the most suited to high-frequency
monitoring in industrial environments. In conclusion, this re-
view is concerned with the performance, implementation and
applications of measurement systems based upon fibre-optic
versions of the classical Fabry-Perot Interferometer.

+5. Dual-wavelength technique for assessment of

vibration signature

Fibre-optic sensing instrumentation needs to transform the
optical signal from the sensor into an electrical signal as a
real representation of the physical parameter to be measured.
For sensing purposes and to evaluate small vibration signal
via an interferometric method, it is often sufficient and even
useful to work with a low-finesse Fabry-Perot cavity so that
the signal is of cog shape, where the phageds related to
the measuring parameter like vibration that changes in time
[21]. The principle of operation of quadrature phase-shifted
and dual-mode interferometric sensors has been described
in detail by Keise(83].

There are various methods to evaluate the optical signal
from an interferometer. Amongst these, dual-wavelength
signal processing is a strong candidate. In this technique,
the optical path-difference between the two beams of an
interferometer is determined within a certain range by in-
terrogating the phase of the interferometric signal at two
wavelengthg93]. The range over which the OPD can be
uniquely determined is set by the separation of the source
wavelengths. Dual-wavelength interferometric processing
has been discussed in a number of contributions by Kersey
and co-workerg§94—-96] The technique can be utilized as
a signal-processing scheme for the vibration sensor since
this utilizes an extrinsic Fabry-Perot Interferometer (EFPI)
with a transfer function very similar to that of a two-beam
interferometer.

This section reviews dual-wavelength processing scheme
for the measurement of vibration and assesses its potential
to overcome direction ambiguity problem during vibration
measurement.

5.1. Principle of operation for dual-wavelength EFPI

An EFPI vibration-sensing configuration with dual-
wavelength illumination is shown irFig. 31 As the
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If the two sources have a relatively small wavelength sepa-

LD . . .
1 ration, they combine to generate an effective wavelength

Newport Detector

M gel Vibrating given by
LD, surface M2
-« e = (—) >> A1 OF A (24)
DET, @ ﬂ A2 — Aql
In this case, the unambiguous range of the interferometric
EFPI sensor output becomes.e so that the limitation of the relatively

small unambiguous range of singleavelength detection
is overcomg13].

Practical implementations of the technique include illu-
minating the interferometer at; and A» sequentially in
configuration is based on a two-wave interferometer, its time, and the use of wavelength selective detectors so as to

Fig. 31. EFPI vibration-sensing configuration with dual-wavelength illu-
mination.

output intensityl can be expressed as measure the interferometer phaggs= 27nl/1; and¢, =
2mnl /A2 explicitly. A high resolution output can be obtained

I'=1Io(1+Vcosg) (19) from either of these phases. The measurement range can
wherelg is the mean fringe intensity the fringe visibility, then be defined as
and¢ is the phase delay between the sensing and reference [A2 — A1]
signals. If the EFPI has a path-lengtt can be expressedas %1 ~ 92 = 2l < 1 ) (25)

_ 2”_”' (20) Dual-wavelength techniques determine the interference

A order as well as the phase difference, thus allowing the ab-

wheren is the refractive index within the EFPI andis the ~ Solute value of a measurand to be determined over a much
propagating wavelength. wider unambiguous range when the sensor is initialized. The

A classical technique for extending the measurement difference in the phase shift varies linearly with both the op-
range and determining the order of interference is to il- tical path-lengti and the wavelength differencp — 11]),
luminate the interferometer with two optical sources of and can exceed more than 100 individual interferometic

wavelengthi1 and,, each of which alone would produce ~fringes in practical systen{§3].

a unity visibility interferogran{97,98] The interferometer One way of implementing dual-wavelength interrogation

signal can then be written as is by current modulation of semiconductor laser diodes. The
effect of this is to induce an amplitude modulation due to

I = Io[1 + cos¢1] + Io[1 + cospy] (21) change in the laser's operating point and a frequency shift

due to the alteration of the optical path length of the laser
cavity [99]. This frequency shift can be used to obtain FM
modulation in coherent optical systefd®0].
In 1986, Behein{101] demonstrated a fibre-optic inter-
A A i i
[ = Iod1+ Vcos|and 1+ A2 22) ferometerV\_/h|ch uses dua! frequency modu_Iated Iaser(_jmdes
A2 and a two-fibre configuratiori={g. 33. One singlemode in-
put fibre launches light into the sensor and one multimode
fibre (50pnm/125um step-index) transmits the modulated
Ao — A i ircui i
Vil = COS[471d <| i . 1I>] 23) signal to a phase measurement circuit. Advantages of this
142

where¢1 = 2znl/i1, and¢, = 27nl/1;. For a practical
EFPI, the cavity medium is ain(= 1) and! = 2d whered
is the distance between the two mirroFsg. 32. Now

where the visibility of interferenc®gyyq is given by

1 Coupler Input single-mode fibre

Output multimode fibre

Mirror 1 Mirror 2 N i ‘Bcam splitter
EFPI cavity - Y - e
Light beam Lok PD, PD; 4
‘ ‘ ma By | @z @t

) Mirror-2  Mirror-1
l——— d —

I=2d

Oscillator

Phase measurement
circuit

Sensor output signal

Fig. 33. Schematic diagram of a dual-wavelength interferometer with a
Fig. 32. Light propagation within an EFPI cavity. multimode output fibrg101].
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Fig. 34. Schematic arrangement of a multiplexing sensor network with dual-wavelength signal prof@3}sing

technique include high immunity to the effects of optical loss system exploited synthetic wavelength and heterodyne sig-
and compatibility with inexpensive multimode fibre-optic nal processing to obtain a wide dynamic range and linear
components. scale factor. The system is complex, the sensor is integral
An extension of such frequency modulation tech- (and thus not suitable for point measurements), and ad-
nigue, Webb et al[97] demonstrated a technique for ditional phase-bias stabilization-loop may be required to
extended-range interferometric measurement by combiningavoid ambient disturbance.
coherence multiplexing with dual-wavelength processing. In addition to the above reported results, a comprehen-
In this technique, the interferometer is illuminated with a sive review of literature had been carried out. Most of
single source and the two wavelengths are obtained at thethe systems in which many difficulties have been encoun-
output by means of an interference filter. The system is com- tered, an ideal dual-wavelength sensor device can play a
plex and the resolution of the interferometric measurement special role due to its practical viability. It appears that
is 7.5, limited primarily by thermally and mechanically the dual-wavelength interrogation technique can be im-
induced movement of the mirrors (used in interferometer), plemented with the help of the proposed EFPI in two
and perhaps by drift within the phase detection circuitry. different ways: (i) by current-induced frequency modu-
The coherence length of the unfiltered spectrum limits the lation of a single laser-diode source connected with the
range of relative phase measurement and hence it is notsensor system or (ii) by using two separate wavelengths
possible to extend the range of the system by the fall 2 from two laser diodes with the sensor system. In the first
differential phase change. method, a frequency-modulated source can increase the
In the similar attempt, Ribeiro et d93] demonstrated a  effectiveness of the interferometer by exploiting the mutual
multiplexed displacement sensor network which combines frequency-shift between the output signals. The laser-diode
dual-wavelength signal processingid. 34 with low co- frequency is controlled via its drive currerf@9]. An ad-
herence interferometry. The system uses two multiplexed vantage of the first method is that a single source is easier
bulk-optic Michelson interferometers and two multimode to stabilize for its intensity. For the second method, two
laser-diode sources (SharpLT023MC) with central wave- different laser sources are required which should be in-
lengths of 781 and 789 nm for dual-wavelength operation. dependently intensity stabilized. The second method uses
The fringe visibility at the output of each sensori80%. two fibre-couplers (one for coupling laser signal to the
The system uses two switches. When switch-1 is ‘on’, sensor head and another for returning the modulated signal
sensor-1 outputs;sand $ (corresponding, respectively, to to the detector) and time-delay circuitry to drive the two

A1 and Ap) are in quadrature, i.eA¢p = 90°. Similarly, laser diodes. Also, a synchronous detector circuit may be
when switch-2 is ‘on’, sensor-2 outputgs and s are in required to capture the sensor outputs.
phase, i.eA¢ = 0°. An EFPI vibration-sensing configuration with dual-

A system for detecting the vibration of a flexible beam wavelength illuminatiof102] is shown inFig. 31 The sys-
by means of a two-wavelength fibre-optic Michelson inter- tem uses two AlGalnP laser diodes (Hitachi HL6726MG)
ferometric sensor was reported by Chien et[&B]. The pigtailed to monomode optical fibre. The central emission
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wavelengths of the diodes are 670 nm ¢)and 682 nm their simplicity, while phase-modulated systems offer high
(LD2). The wavelength difference between the laser diodes measurement sensitivity.

is 12 nm givingiesf ~ 36m. The optical output from the Hence, this paper reviews several techniques of vibra-
two pigtails (of average total powet60uw) is directed to- tion sensing using optical fibre technology and assesses
wards the vibrating surface via two single-mode 50:50 fibre their potential for use on electromechanical equipment.
couplers. G is the coupler for the laser diodes andi€the In the review part, firstly an overview of sensor based on

coupler for the sensor head. One output arm pisdised as In-Fibre Bragg Gratings technology is presented, and its
an intensity reference by means of a Newport detector. Thepotential for the measurement of strain and vibration is
other output arm of gilluminates G. One output arm of  assessed. Secondly, vibration sensing using intensity-based
C, illuminates an EFPI (optical gauge) having a sinusoidal measurement is presented. Finally, the Fabry-Perot Interfer-
transfer function. The other output arm of & immersed ometers (In-fibre Fabry-Perot and extrinsic Fabry-Perot) for
in index-matching (IM) gel to eliminate back reflection. vibration-sensing technology are critically reviewed. In this
LD; and LD, are modulated by a square wave of (chop- part, a non-contact vibration-monitoring technique based
ping) frequency ranging from 1 to 100kHz via a pro- on transient measurements from an extrinsic Fabry-Perot
grammable signal generator (Hewlett-Packard HP33120A), Interferometer is also assessed. At the end of this paper
and a time-delay driving circuit is used. The signal from the dual-wavelength signal-processing techniques are also
the EFPI is monitored at DETusing an IPL (10539HAL) briefly reviewed. Hence, the interferometric implementation
photodiode in conjunction with a simple detector circuit. was assessed in conjunction with an absolute processing
The interference signal using the output of either LD or the scheme for the measurement of vibration. It was observed
combined output of both LDs can be captured on one out- from the review that the phase-detection ambiguity of
put channel using DEI When both LDs are in operation, single-wavelength interferometers can be overcome using
synchronous detection may be used to separate and outputlual-wavelength interferometers.
the two interference signals on different channels. In conclusion, the power industry, where the monitoring
of small displacement with complete electrical isolation
5.2. Discussion on dual-wavelength signal processing for is essential (for instance, within generators, motors, me-
assessment of vibration signature chanical turbines and precision universal ac/dc motors),
fibre-optic sensors are most useful. Most of these areas need
The main requirement to use dual-wavelength signal- the reflective extrinsic type of monitoring. Some of the sen-
interrogation technique is to resolve the direction ambi- sor configurations reported in this review article thus have
guity in interferometric multi-fringe responses generated potential applications in a much wider range of engineering
by a single-wavelength interferometer. In this section, the environments.
principle of operation of an absolute fibre-optic signal-  Therefore, it is the author’s belief that, in the future,
processing scheme has been discussed. The scheme employghen the fibre-optic instrumentation presented in this paper
dual-wavelength signal processing and has been demondulfils its potential as a means for vibration measurement,
strated in conjunction with a miniature low-finesse EFPI it would also find wider application in other engineering
sensor. Absolute fibre-optic sensors are expected to play dields.
vital role in the growing need to monitor the vibration of
electromechanical equipment.
The performance of the dual-wavelength signal-processingAcknowledgements
scheme depends on the absolute stabilities of the source
wavelengths, which are known to be temperature depen- T.K. Gangopadhyay acknowledges the support of the Di-
dent. Therefore, to ensure that there are no errors in therector, Central Glass and Ceramic Research Institute (CSIR),
determination in the fringe number, fringe contrast and Calcutta, India and Australian Agency for International De-
measurement range, both laser sources must be temperatureglopment (presently AusAID). The author would like to
stabilized. acknowledge Associate Professor A.D. Stokes and Dr. G.E.
Town of the School of Electrical and Information Engineer-
ing, Sydney, NSW 2006, Australia. T.K. Gangopadhyay is
6. Conclusions grateful to Dr. Philip J. Henderson, Kent University, UK, for
his generous help, encouragement and suggestions in this
Due to the problems of electrical isolation and electro- research for several occasions.
magnetic interference, and the need for non-contact mea-
surement, conventional piezoelectric instrumentation was
shown not to be well suited to the application such as elec- References
tromechanical equipment. A fibre-optic solution was thus
sought. A survey of fibre-optic vibration instrumentation (1] 3 R. McEwan (Ed.), Condition Monitoring, vol. 3, Gulf Publishing,
showed that intensity-modulated systems are attractive for Houston, 1991.



36

[2] M. Serridge, What makes vibration condition monitoring reliable?
Noise Vibration Worldwide 22 (8) (1991) 17-24.

[3] M. Lequime, Fibre sensors for industrial applications, in: Proceed-
ings of the 12th International Conference on Optical Fibre Sensors,
OSA Technical Digest Series, vol. 16, OSA, Washington, DC, 1997,
pp. 66—-71.

[4] R. Medlock, Fibre optics in process-control, Control Instrum. 21 (4)
(1989) 105-108.

[5] V. Demjanenko, H. Naidu, A. Antur, M.K. Tangri, R.A. Valtin,
D.P. Hess, S.Y. Park, M. Soumekh, A. Soom, D.M. Benen-
son, S.E. Wright, A noninvasive diagnostic instrument for power
circuit-breakers, IEEE Trans. Power Delivery 7 (2) (1992) 656—
663.

[6] M. Runde, T. Aurud, L.E. Lundgaard, G.E. Ottesen, K. Faugstad,
Acoustic diagnosis of high voltage circuit-breakers, IEEE Trans.
Power Delivery 7 (3) (1992) 1306-1315.

[7] D.A. Jackson, Monomode optical fibre interferometers for precision
measurement, Instrum. Sci. Technol., J. Phys. E: Sci. Instrum. 18
(1985) 981-1001.

[8] D.A. Jackson, J.D.C. Jones, Fibre optic sensors, Opt. Acta 33 (12)
(1986) 1469-1503.

[9] A. Dandridge, A.D. Kersey, Overview of Mach-Zehnder sensor
technology and applications, in: Proceedings of the Fiber Optic
Laser Sensors VI SPIE, vol. 985, Boston, 1988, p. 34.

[10] E. Tapanes, Real-time structural integrity monitoring using a pas-
sive quadrature demodulated, localised Michelson optical fibre in-
terferometer capable of simultaneous strain and acoustic emis-
sion sensing, Proc. SPIE—Int. Soc. Opt. Eng. 1588 (1991) 356—
367.

[11] K. Weir, W.J.O. Boyle, B.T. Meggitt, A.W. Palmer, K.T.V. Grattan,

A novel adaption of the Michelson Interferometer for the mea-
surement of vibration, J. Lightwave Technol. 10 (5) (1992) 700—
703.

[12] C. McGarrity, D.A. Jackson, Time division multiplexed topology
for Michelson interferometer sensors to measure low frequency
measurands, Opt. Commun. 104 (4-6) (1994) 280-284.

[13] P.-Y. Chien, Y.-S. Chang, M.-W. Chang, Vibration suppression in
a flexible structure based on fiber optics Michelson interferometric
sensor, J. Intelligent Mater. Syst. Struct. 7 (1) (1996) 65-70.

[14] S.C. Lin, T.G. Giallorenzi, Sensitivity analysis of the sagnac-effect
optical-fiber ring interferometer, Appl. Opt. 18 (1979) 915-931.

[15] K. Bohm, P. Martin, K. Petermann, E. Weidel, R. Ulrich, Low-drift
fiber gyro using a superluminescent diode, Electron. Lett. 17 (1981)
352-353.

[16] R. Bergh, H. Leferere, H.J. Shaw, All single mode fibergyroscope,
in: Proceedings of the 3rd Interferometer Conference on Integrated
Optical and Optical Fiber Communication, San Francisco, CA, April
1981, paper W12.

[17] K. Bohm, P. Martin L. Staudigel, E. Weidel, Fiber optic gyro with
digital data processing, in: Proceedings of the OFS'84, 1984, p. 251.

[18] S.J. Petuchowski, T.G. Giallorenzi, S.K. Sheem, A sensitive fibre
Fabry-Perot Interferometer, IEEE J. Quant. Electron. QE-17 (11)
(1981) 2168-2170.

[19] T. Yoshino, K. Kurosawa, K. Itoh, T. Ose, Fiber-optic Fabry-Perot
Interferometer and its sensors applications, IEEE J. Quant. Electron.
QE-18 (4) (1982) 626-665.

[20] A.D. Kersey, D.A. Jackson, M. Corke, A simple fibre Fabry-Perot
sensor, Opt. Commun. 45 (2) (1983) 71-74.

[21] R. Kist, S. Ramkrishanan, H. Wolfelschneider, The fiber Fabry-Perot
and its applications as a fiber-optic sensor element, in: Proceedings
of the SPIE: Fiber optic Sensors, vol. 586, 1985, pp. 126-133.

[22] F. Farahi, T.P. Newson, J.D.C. Jones, D.A. Jackson, Coherence
multiplexing of remote fibre optic Fabry-Perot sensing system, Opt.
Commun. 65 (5) (1988) 319-321.

[23] H.J. Arditty, J.P. Dakin, R.Th. Kersten (Eds.), Optical Fiber Sensors:
Proceedings of the Sixth International Conference, OFS, Paris,
France, 18-20 September 1989.

T.K. Gangopadhyay/Sensors and Actuators A 113 (2004) 20-38

[24] K.A. Murphy, M.F. Gunther, A.M. Vengsarkar, R.O. Claus, Quadra-
ture phase-shifted, extrinsic Fabry-Perot optical fiber sensors, Opt.
Lett. 16 (4) (1991) 273-275.

[25] A. Ezbiri, R.P. Tatam, Passive signal processing for a miniature
Fabry-Perot interferometric sensor with a multimode laser-diode
source, Opt. Lett. 20 (17) (1995) 1818-1820.

[26] A. Ezbiri, R.P. Tatam, Interrogation of low finesse optical fibre
Fabry-Perot Interferometers using a four wavelength technique,
Meas. Sci. Technol. 7 (2) (1996) 117-120.

[27] P.C. Beard, T.N. Mills, Extrinsic optical-fiber ultrasound sensor us-
ing a thin polymer film as a low-finesse Fabry-Perot Interferometer,
Appl. Opt. 35 (4) (1996) 663—-675.

[28] V. Bhatia, K.A. Murphy, R.O. Claus, M.E. Jones, J.L. Grace, T.A.
Tran, J.A. Greene, Optical fibre based absolute extrinsic Fabry-Perot
interferometric sensing system, Meas. Sci. Technol. 7 (1996) 58—61.

[29] T.K. Gangopadhyay, P.J. Henderson, A.D. Stokes, Vibration mon-
itoring using a dynamic proximity sensor with interferometric en-
coding, Appl. Opt. 36 (22) (1997) 5557-5561.

[30] T.K. Gangopadhyay, P.J. Henderson, Interferometrically decoded
fibre-optic vibration sensor using low-power laser diode, in:
Technical Digest of Spring Topical Meeting of Optical Soci-
ety of America—Laser Applications to Chemical and Environ-
mental Analysis, vol. 3, Orlando, FL, USA,—81 March 1998,
pp. 34-36.

[31] T.K. Gangopadhyay, P.J. Henderson, Vibration: history and mea-
surement using an extrinsic Fabry-Perot sensor with solid-state laser
interferometry, Appl. Opt. 36 (12) (1999) 2471-2477.

[32] V. Mohanan, B.K. Roy, V.T. Chitnis, Calibration of accelerometers
by use of an optical fibre vibration sensor, Appl. Acoust. 28 (2)
(1989) 95-103.

[33] G. Conforti, M. Brenci, A. Mencaglia, A.G. Mignani, Fiber op-
tic vibration sensor for remote monitoring in high power electric
machines, Appl. Opt. 28 (23) (1989) 5158-5161.

[34] M. Brenci, A. Mencaglia, A.G. Mignani, Fiber-optic sensor for si-
multaneous and independent measurement of vibration and temper-
ature in electric generators, Appl. Opt. 30 (21) (1991) 2947-2951.

[35] W.R. Philp, D.J. Booth, A. Shelamoff, M.J. Linthwaite, A simple
fibre optic sensor for measurement of vibrational frequencies, Meas.
Sci. Technol. 3 (6) (1992) 603-606.

[36] F. Pigeon, S. Pelissier, A. Mure-Ravaud, H. Gagnaire, S.I. Ho-
sain, C. Veillas, A vibration sensor, using telecommunication grade
monomode fibre, immune to temperature variations, J. Phys. Il
France 3 (9) (1993) 1835-1838.

[37] J. Marty, A. Malki, C. Renouf, P. LeCoy, F. Baillieu, Fiberoptic
accelerometer using silicon micromachining techniques, Sens. Ac-
tuators A: Phys. 47 (1-3) (1995) 470-473.

[38] P.D. Dinev, A two-dimensional fiberoptic vibration sensor, Meas.
Sci. Technol. 6 (9) (1995) 1395-1398.

[39] J.A. Ferrari, P. Garcia, Optical-fiber vibration sensor using step
interferometry, Appl. Opt. 35 (28) (1996) 5667-5669.

[40] H.M. Wang, Design of a non-interferometric viborometer, Opt. Lasers
Eng. 27 (2) (1997) 191-200.

[41] E. Ollier, P. Labeye, P. Mottier, Integrated micro-opto-mechanical
vibration sensor connected to optical fibers, Electron. Lett. 33 (6)
(1997) 525-526.

[42] T.K. Gangopadhyay, Measurement of vibrational amplitude using
fibre-optic sensor, in: Proceedings of the International Conference
on Fibre Optics and Photonics, Photonics-98, IIT, New-Delhi, India,
14—-18 December 1998, pp. 1113-1116.

[43] J. Kalenik, R. Pajak, A cantilever optical-fiber accelerometer, Sens.
Actuators A: Phys. 68 (1-3) (1998) 350-355.

[44] G.S. Spagnolo, D. Ambrosini, D. Paoletti, Measurement of vibra-
tion amplitude by an optical fiber-based moire interferometer, Opt.
Lasers Eng. 30 (2) (1998) 213-223.

[45] V.S. Sudarshanam, New spectrum analysis technique for interfer-
ometric vibration measurement, Opt. Commun. 88 (4-6) (1992)
291-294.



T.K. Gangopadhyay/Sensors and Actuators A 113 (2004) 20-38

[46] T.K. Gangopadhyay, P.J. Henderson, Review article-prospects for
speckle-pattern based vibration sensing in electromechanical equip-
ment, Meas. Sci. Technol. 10 (1999) R129-R138.

[47] J.E. Sipe, L. Poladian, C. Martijn de Sterke, Propagation through
nonuniform grating structures, JOSA-A 11 (4) (1994) 1307.

[48] K.O. Hill, Y. Fuji, D.C. Johnson, B.S. Kawasaki, Photosensitivity in
optical fibre waveguides: application to reflection fibre fabrication,
Appl. Phys. Lett. 32 (10) (1978) 647—649.

[49] T.A. Berkoff, M.A. Davis, A.D. Kersey, Fibre optic sensors for
distributed vibration monitoring, SPIE Vibration Monitoring and
Control, vol. 2264, 1994, pp. 148-154.

[50] B. Kawasaki, K.O. Hill, D.C. Johnson, Y. Fuji, Narrow-band Bragg
reflectors in optical fibers, Opt. Lett. 3 (2) (1978) 66—68.

[51] G. Meltz, W. Morey, W. Glenn, Formation of Bragg grating in
optical fibre by the transverse holographic method, Opt. Lett. 14 (15)
(1989) 823-825.

[52] P. Coll, Holographically Written Bragg Gratings in Photosensitive
Optical Fibre, Research Project Report, University of Sydney/OFTC,
1993.

[53] W.W. Morey, G. Ball, G. Meltz, Photoinduced Bragg gratings in
optical fibers, Optics and Photonics News February (1994) 8-14.

[54] A.D. Kersey, W.W. Morey, Multiplexed Bragg grating fibre-laser
strain-sensor system with mode-locked interrogation, Electron. Lett.
1 (1993) 112-114.

[55] K.O. Hill, B. Malo, F. Bilodeau, D.C. Johnson, J. Albert, Bragg
gratings fabricated in monomode photosensitive optical fibre by
exposure through a phase mask, Appl. Phys. Lett. 62 (1993) 1035—
1037.

[56] W.W. Morey, G. Meltz, W.H. Glenn, Fiber optic Bragg grating sen-
sors, SPIE, Fiber Optic and Lasers VII, vol. 1169, 1989, pp. 98-106.

[57] W.W. Morey, Distributed fiber grating sensors, in: Proceedings of
the 7th International Conference on Optical Fibre Sensors, IREE,
Sydney, Australia, 1990, pp. 285-288.

[58] W.W. Morey, G. Meltz, J.M. Welss, Evaluation of fiber optic Bragg
grating hydrostatic pressure sensors, in: Proceedings of the 8th
International Conference on Optical Fibre Sensors, Post Deadline
Paper, PD 4, Monterey, Cavity, USA, 1992.

[59] A.D. Kersey, T.A. Berkoff, Interferometric signal processing for
strain and vibration sensing using two-mode and Bragg grating
fiber sensors, in: Proceedings of the ADPA/AIAA/ASME/SPIE on
Active Materials and Adaptive Structures, IOP Publishing, Bristol,
UK, 1992, pp. 65%656.

[60] M.G. Xu, H. Geiger, J.P. Dakin, Optical in-fibre grating high pres-
sure sensor using acousto-optic tunable filter, Electron. Lett. 29
(1993) 398-399.

[61] M.A. Davis, A.D. Kersey, All-Fibre Bragg Grating strain-sensor
demodulation technique using a wavelength division coupler, Elec-
tron. Lett. 30 (1) (1994) 75-77.

[62] E.J. Friebele, C.G. Askins, M.A. Putnam, Distributed strain sensing
with Fibre Bragg Grating arrays embedded in CRTM composites,
Proc. SPIE 2361 (1994) 338-341.

[63] A.D. Kersey, M.J. Marrone, T.A. Berkoff, Fibre Bragg
high-magnetic-field probe, in: Proceedings of the 10th International
Conference on Optical Fibre Sensors (SPIE), Glasgow, 1894,
pp. 53-56.

[64] T.E. Hammon, A.D. Stokes, Optical Fibre Bragg Grating temper-
ature sensor measurements in an electrical power transformer us-
ing a temperature compensated optical Fibre Bragg Grating as a
reference, in: Proceedings of the 11th Conference on Optical Fi-
bre Sensors, Sapporo, Japan, May 1996, IEICE and IEEJ, 1996,
pp. 566-569.

[65] S. Theriault, K.O. Hill, F. Bilodeau, D.C. Johnson, J. Albert, High-
accelerometer based on an In-Fibre Bragg Grating sensor, in: Pro-
ceedings of the 11th Conference on Optical Fibre Sensors, Sapporo,
Japan, May 1996, IEICE and IEEJ, 1996, pp. 4969.

[66] Y.J. Rao, In-Fibre Bragg Grating sensors, Meas. Sci. Technol. 8
(1997) 355-375.

37

[67] T.G. Giallorenzi, J.A. Bucaro, A. Dandridge, G.H. Sigel Jr., J.H.
Cole, S.C. Rashleigh, R.G. Priest, Optical-fibre sensors technology,
IEEE J. Quant. Electron. QE-18 (4) (1982) 626—665.

[68] B. Culshaw, Optical fibre sensing and signal processing, P. Pergri-
nus, London, 1984.

[69] G.D. Pitt, et al., IEE Proc. J. 132 (1985) 214.

[70] G.D. Pitt, P. Extance, R.H. Pratt, Optical-fibre sensors, IETE Tech.
Rev. 3 (8) (1986) 379-417.

[71] R.S. Medlock, Fibre optic intensity modulated sensors, in: A.N.
Chester, S. Martellucci, A.M.V. Sheggi (Eds.), Optical Fibre Sen-
sors, NATO ASI Series-E: Applied Science, No. 32, Martinus Ni-
jihoff Publishers, Dordrecht, 1987.

[72] B.E. Jones, R.S. Medlock, R.C. Spooncer, Intensity and wavelength
based sensors and optical actuators, in: B. Culshaw, J.P. Dakin
(Eds.), Optical Fibre Sensors, Artech House, Boston, 1989 (Chapter
12).

[73] A.D. Kersey, F. Bucholtz, A. Dandridge, Simple intensity-
modulation based on displacement sensor with closed loop opera-
tion, in: Proceedings of the OFS’86, Optical Fiber Sensors, Tokyo,
Japan, October 1986, pp. 295-298.

[74] J.M. Lourenco, P.M. Cavalerio, Data processing for intensity based
fiber optic sensors, Appl. Opt. 35 (1996) 6835-6836.

[75] N.E. Lewis, M.B. Miller, W.H. Lewis, Fibre optic sensors utilising
surface reflections, in: SPIE, Fibre Optic and Laser Sensors 2, vol.
478, 1984, p. 39.

[76] R.T. Murray, E.R. Cox, D.E. Smith, P.G. Wright, Fibre optic sensors
for automobile, J. Opt. Sens. 1 (1986) 317.

[77] AJ. Coleman, E. Draguioti, R. Tiptaf, N. Shotri, J.E. Saunders,
Acoustic performance and clinical use of a fibreoptic hydrophone,
Ultrasound Med. Biol. 24 (1998) 143-151.

[78] V.S. Sudarshanam, R.O. Claus, Split-cavity cross-coupled extrin-
sic fiber-optic interferometric sensor, Opt. Lett. 18 (1993) 543—
545,

[79] B.E.A. Saleh, M.C. Teich, Fundamentals of Photonics, Wiley, New
York, 1991.

[80] J.M. Vaughan, The Fabry-Perot Interferometer, History, Theory,
Practice and Applications, Adam Hilger, IOP Publishing Ltd., Bris-
tol, 1989.

[81] T. Yoshino, K. Kurosawa, K. Itoh, T. Ose, Fiber-optic Fabry-Perot
Interferometer and its sensors applications, IEEE J. Quant. Electron.
QE-18 (4) (1982) 626—665.

[82] K.A. Murphy, M.F. Gunther, A. Wang, R.O. Claus, Extrinsic
Fabry-Perot optical fiber sensor, in: Proceedings of 8th Optical
Fiber Sensors Conference, Monterey, 1992, pp.—1955.

[83] G. Keiser, Optical fiber communications, McGraw-Hill, New York,
1983, p. 134.

[84] A.D. Kersey, T.A. Berkoff, A. Dandridge, Interferometric optical
fiber sensors for absolute measurement of displacement and strain,
SPIE, Fiber Optic Sensors: Engineering and Applications, vol. 1511,
1991, pp. 40-50.

[85] C.D. Butler, G.B. Hocker, Fiber optic strain gauge, Appl. Opt.
17 (18) (1978) 2867—28609.

[86] P. Buchhave, Laser doppler vibration measurements using variable
frequency shift, DISA Information Measurement and Analysis, No.
18, 1975, pp. 15-20.

[87] A.S. Gerges, T.P. Newson, J.D.C. Jones, D.A. Jackson, High sensi-
tivity fiber-optic accelerometer, Opt. Lett. 14 (4) (1989) 251-253.

[88] S. Chen, A.W. Palmer, K.T.V. Grattan, B.T. Meggitt, Extrinsic
optical-fibre interferometric sensor that uses multimode optical
fibers: system and sensing-head design for low-noise operation,
Opt. Lett. 17 (10) (1992) 701-704.

[89] C. Belleville, G. Duplain, White-light interferometric multimode
fibre-optic strain sensor, Opt. Lett. 18 (1) (1993) 78-80.

[90] Y.J. Rao, D.A. Jackson, Long-distance fibre-optic white-light dis-
placement sensing using a source-synthesising technique, Electron.
Lett. 31 (4) (1995) 310-312.



38

[91] N. Mio, T. Yuzawa, S. Moriwaki, Vibration transducer using an
optical cavity comprising birefringent mirrors, Appl. Opt. 37 (1)
(1998) 166-169.

[92] T.K. Gangopadhyay, G.E. Town, A.D. Stokes, Noncontact vibration
monitoring technique using a single-mode fibre sensor, in: Pro-
ceedings of the Australian Conference on Optical Fibre Technology
(ACOFT-99), Sydney, Australia,-49 July 1999.

[93] A.B.L. Ribeiro, Y.J. Rao, D.A. Jackson, Multiplexing interroga-
tion of interferometric sensors using dual multimode laser diode
sources and coherence reading, Opt. Commun. 109 (1994) 400—
404.

[94] A.D. Kersey, et al., Two-wavelength, wide dynamic range fibre
gyroscope, in: Proceedings of the 10th Anniversary Conference on
Fibre Gyros, SPIE, vol. 719, Cambridge, MA, 1986, p. 135.

[95] A.D. Kersey, et al., Dual wavelength, interferometric sensing, in:
Proceedings of the Fibre Optic Sensors Il, SPIE, vol. 798, The
Hague, 1987, p. 176.

[96] A.D. Kersey, T.A. Berkoff, Dual wavelength fibre interferometer
with wavelength selection via Fibre Bragg Grating elements, Elec-
tron. Lett. 28 (13) (1992) 1215-1216.

[97] D.J. Webb, J.D.C. Jones, D.A. Jackson, Extended-range interferom-
etry using a coherence-tuned* synthesised dual-wavelength tech-
nique with multimode fibre links, Electron. Lett. 24 (18) (1988)
1173-1175.

[98] D.J. Webb, J.D.C. Jones, R.M. Taylor, D.A. Jackson, Extended-
range monomode fibre-optic sensors: spectral and polarisation tech-
nique, Int. J. Optoelectron. 3 (1988) 213.

[99] A. Dandridge, L. Goldberg, Current-induceed frequency modulation
in diode lasers, Electon. Lett. 18 (7) (1982) 302—-304.

[100] S. Saito, et al., Optical heterodyne detection of directly frequency
modulated laser signals, Electron. Lett. 16 (1980) 826-827.

[101] G. Beheim, Fibre-optic interferometer using frequency modulated
laser diodes, Appl. Opt. 25 (19) (1986) 3469-3472.

[102] T.K. Gangopadhyay, et al., Dual wavelength signal processing for
assessment of fibre-optic vibration sensor, Opt. Lett. May (2003),
communicated and now under revision.

T.K. Gangopadhyay/Sensors and Actuators A 113 (2004) 20-38

Biography

Tarun Kumar Gangopadhyaywas born in
Gopalpur, WB, India in 1959. He graduated
bachelor of electrical engineering with first
class in 1989 and master of electrical engi-
neering in 1991 with first class, both from the
Jadavpur University, Calcutta, India. He car-
ried out research in the area of ‘Fibre-optic
transducers’ in his thesis submitted for mas-
ter degree. He joined in the Dishergarh Ther-
mal Power Station, India, working in the area
of ‘power generation and transmission’. Later he was appointed
as electrical engineer in the Central Glass and Ceramic Research Insti-
tute (CSIR), India. There he carried out research work in the area of
‘development of varistor materials for high-voltage applications’. During
1995-1999, he went to Australia in AusAID scholarship for common-
wealth countries and there he was involved in the research and devel-
opment of optical fibre vibration sensors for electrical power industry
with High Power Testing and Optical Fibre Sensors Group, School of
Electrical and Information Engineering, The University of Sydney, Aus-
tralia. He worked there in the field of intrinsic and extrinsic single-mode
fibre-based sensors and fibre-optic interferometry. He has got many awards
and prizes for his research work from The University of Sydney and Aus-
tralian Photonics. He visited many countries for attending international
conferences.

He has authored several journal papers and international conference pa-
pers. He has done some theoretical research work and publication jointly
with the University of Kent, Canterbury, UK.

He is currently involved in R&D work of optical fibre fabrication and
characterization, fibre-optic amplifier and fibre-optic components such as
bi-directional coupler, WDM coupler in Central Glass and Ceramic Re-
search Institute (CSIR), Kolkata, India. His current research interests are
development of Fibre Bragg Grating sensors, bio-medical sensors and PM
fibre coupler for Gyro application. He is a member of IEEE, OSA and
The Institution of Engineers, India.



	Prospects for Fibre Bragg Gratings and Fabry-Perot Interferometers in fibre-optic vibration sensing
	Introduction
	Why a fibre-optic approach?
	Solution using fibre-optic instrumentation

	Vibration sensor based on In-Fibre Bragg Gratings
	Principles of FBG-based sensing
	History of FBG development
	The FBG sensor
	FBG sensor using time division multiplexing
	FBG sensor using frequency division multiplexing
	FBG sensor using wavelength division multiplexing
	FBG interferometric sensors

	Applications of FBG sensors
	Strain measurements
	Vibration measurements
	Vibration due to strain
	Acceleration due to strain


	Discussion on vibration sensor based on In-Fibre Bragg Gratings

	Vibration sensing using intensity-based measurement
	Reported sensing configurations
	Discussion on intensity-based vibration sensing

	Vibration sensing based on Fabry-Perot Interferometer
	Principles of FPI based sensing
	High finesse operation
	Low-finesse operation

	Measurement performance
	Forms of fibre-optic FPI sensor
	In-Fibre FP Interferometry
	Extrinsic FP interferometry

	Discussion based on vibration sensor using Fabry-Perot interferometry

	Dual-wavelength technique for assessment of vibration signature
	Principle of operation for dual-wavelength EFPI
	Discussion on dual-wavelength signal processing for assessment of vibration signature

	Conclusions
	Acknowledgements
	References


