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1.  Abstract

Fiber-optic sensors will get their share of the sensor market only if they can be made
available at low prices or if they can solve metrological problems that have no suitable
solutions within conventional sensor techniques. Since fiber-optic components are in
general still high cost items, fiber-optic sensors are not likely to become competitive in this
respect within the near future. These sensors do provide, however, important specific
advantages such as isolation against high voltage, immunity against electromagnetic fields
as well as explosive and/or corrosive environments, possibility of miniaturized and
compact packaging of the sensing element, and application within a broad temperature
range. Multimode fiber-optic sensors for parameters such as temperature, pressure, level ,
and refractive index are on the market already or very close to being commercialized.
Monomode fiber-optic sensors are not yet on the market due to their more demanding
technology and the corresponding higher cost level . They are expected, however to
provide at acceptable costs in a forseeable future high precision solutions for metrological
tasks under specific conditions (e.g. Sagnac gyroscopes, hydrophones, temperature
measurement in a microwave field).

2.  Introduction

The development of glass fibers for communication on techniques has since several years
opened up a new field of metrology:  fiber optic sensors (FOS). Application of these novel
sensors for measuring parameters such as position, level , length strain , acceleration,
vibaration, pressure, refractive index, temperature, magnetic field, current, voltage is of
particular interest in environments that are characterized by chemically aggressive or
corrosive atmospheres, explosive gases, radioactive contamination, high voltages, and
large electromagnetic perturbations. Also the high sensitivity that can be achieved with
fiber optic sensors may be the reason to select such a sensor for solving a particular
metrological problem. In addition fiber technology allows the development of sensor



elements adapted to given geometries with small, compact packaging. Finally , the
common technological base of fiber optic sensors with optical communications [1]
presents an important advantage, since many components (i.e. fibers , sources , detectors ,
couplers etc.) are developed for communication purposes , but can be used for sensors and
interfaced with future sensor highways.

Fiber optic sensors represent the third step in the evolution from the electronic through the
electrooptic to the optic sensor. Whereas in the electronic sensor supply of energy and
signal transmission are of electric nature, the electrooptical sensor exhibits an optical
signa1 transmission. In the fiber optic sensor the energy, too, is provided optically through
the fiber waveguide.

Fiber optic sensors in a strict sense are sensors, in which the parameter of interest acts
directly on the fiber and modulates characteristic properties of the guided light wave, i.e.
amplitude, phase, polarization, and wavelength (all fiber sensors). In a more general sense
also sensors with the fiber acting only as a means to guide light to and from a sensing
element are called (hyprid) fiber optic sensors.

Optical fibers consist of a core with refractive index n1 and a cladding with refractive index
n2 (fig. 1.), n1 being somewhat larger than n2 , so that the light waves are totally reflected at
the core cladding interface and thus guided in the fiber. The wavelength, the index
difference )n = n1 !n2 and the core diameter determine whether one ore more light waves ,
called modes, can propagate in the core. In the former case the fiber is called monomode,
having a core diameter of typically 10µm or smaller. In the latter case the fiber is called
multimode with core diameters of usually 50µm or more.

Fiber optic sensors are usually grouped into monomode and multimode sensors, depending
on the type of optical fiber (monomode or multimode) used. A detailed review of the
physical principles and the technology of fiber optic sensors, both, multimode and
monomode, representing the state of the art up to the end of 1981, can be found in [2]. The
present paper deals with some of the progress that has been achieved since then.

3.  Sensors with multimode fibers

This class of sensors relies on the intensity modulation of the guided light wave caused by
the interaction with the measuring parameter [3]. A simple displacement or pressure
transducer can be made with two opposite and axially aligned fibers, one of which is
rigidly fixed and the other laterally mobile. The end faces of the fibers may be polished
normally or obliquely with respect to the fiber axis. The light intensity coupled from one to
the other fiber is modulated by mechanical forces that displace the mobile fiber. This
device has been proposed as fiber optic switch and relais [4].



If at the tip of the mobile fiber a mass of a few mg is attached, this low inertia arrangement
can be used as transducer for vibration, acoustic waves, especially as hydrophone [5]. 0ne
measures the ratio I1 /Io of the coupled to the initial intensity. This measuring priciple
allows for sensitivities of the order of 10 nm for displacement and several mPa for pressure
within a relatively small measuring range of about 100µm. for displacement . A
particularly high resolution (0,1 nm and 0,1 mPa, respectively) can be achieved, if two
grids between the two fiber ends are desplaced against each other according to fig. 2 [6].
The light coupling between the fibers accurs through two gradient index (GRIN)-lenses, so
that the light is collimated at the grid location.

A device in which the light leaving the end face of a fiber is reflected by a facing surface
back into the same or a neighboring second fiber and detected (fig. 3) allows to measure
distance as well as pressure. The double fiber version (fig. 3a) and the one fiber version
with coupler (fig. 3b) exhibit a dependence of the output to input intensity ratio I1 /Io on the
normalized distance L/D according to figs. 4a and b, respectively [7]. Version b allows to
resolve distance variations of the order of 0,1µm within a measuring range of a few mm.

The arrangement provides a pressure transducer, if the reflecti ng surface is shaped as a
membrane, which is exposed to the pressure to be measured. The pressure then modulates
the intensity of the portion of the reflected light that reaches the detector. Fig. 5a shows
such a pressure sensor developed for automobile application [8]. Fig. 5b shows the
calibration curve. This fiber optic pressure sensor for measuring the dynamic pressure in
the combustion chamber of car engines has in contrast to piezoelectric transducers - the
advantages of not being sensitive to electromagnetic perturbations produced by the ignition
suystem and not needing a temperature compensation.

The single fiber as well as the double fiber version can be transformed into a liquid level
sensor, if the light is totally reflected by the conically shaped fiber end or by a prism back
into the single or the neighboring fiber, respectively (figs. 6a and 6b). If the sensor tip
enters a liquid of higher refractive index than the one of silica (n . 145), light is coupled
out of the fiber core into the liquid thus providing a sharp intensity drop at the detector. In
this way liquid levels can be determined within 0,lmm.

The same principle allows to construct a refrectometer to measure the refractive index of
liquids. To this end a portion of the cladding is removed and this piece of “naked” fiber is
bent into a U-shape (fig.7). For this purpose plastic clad silica (PCS) fibers with core
diameters of several 100µm are particularly well suited. In the U region a fraction of the
light is coupled into the liquid in proportion to the refractive index, the intensity at the
detector being varied accordingly. It has been shown [9], that this sensor can measure
refractive indices of liquids in the range from 1,33 to 1,40 with absolute accuracy of 10-3

with a linea r characteristic between transmitted intensity and refractive index.



If a fiber is bent with a sufficiently small bending radius, part of the guided light intensity
escapes into the cladding [10]. This microbending effect which is produced elastooptically
by mechanical stress can be used for measuring pressure [11]. As shown in fig. 8 the fiber
is periodically bent between two plates that are sinusoidally shaped at the surface. With
increasing pressure, i.e. decreasing bent radius, the wave structure of the fiber becomes
more pronounced so that the transmitted intensity decreases due to the increasing
microbending effect. This method allows to resolve pressure changes of the order of 1mPa.

There are some fiber optic temperature sensors already available on the market or are
expected to be commercialized in the near future. The first one, offered by LUXTRON,
makes use of the temperature dependence of the photoluminescence of a phosphor that is
attached to the fiber end [12]. Fig. 9 explains the operation of this sensor in more detail.
The Eu-doped La2O2S phosphor is excited by the 250 to 400 nm spectral portion of a UV
lamp through the fiber. The photoluminescence light emitted in the range of 460 to 650 nm
is guided through the same fiber back to the detectors via two filters that select two
emission lines (R and Y). The signal evaluation electronics produces the ratio of the Y and
R intensities which is a monotonous function of temperature in the range from -50EC to
250EC. The resolution of the sensor is indicated to be 0,1EC.

The second temperature sensor, developed by ASEA, carries at the end of the fiber a
photoluminescent AlGaAs crystal [13]. As shown in fig. 10 light provided by a LED with
intensity maximum at around 750 nm excites the AlGaAs embedded in a silicon resin
through the fiber. The crystal emits photoluminescence light back into the detector section
via two interference filters by which two spectral bands are selected at 800 and 900 nm,
respectively. The signal evaluation determines the intensity ratio I(800nm)/I(900nm) which
depends monotonically on temperature. This ratio method makes the measurement
independent from intensity fluctuations of the LED, in the fiber cable and plugs. The
temperature sensor works in the range from 0EC to 200EC with an accuracy of about 1EC
and a resolution of 0,1EC.

An interesting modification of this sensor principle leads to a vibration sensor. An elastic
body produced by anisotropically etching an AlGaAs cristal is glued to the obliquely
polished fiber end. The elastic body is excited by vibrations so that the photoluminescence
light coupled back into the fiber is periodically modulated. ASEA indicates a resolution of
0,05g and a 70dB dynamic range for this vibration sensor.

A third temperature sensor developed at the National Bureau of Standards for high
temperatures [14] makes use of the thermal radiation emitted by a black body cavity
sputtered to the end of a high temperature resistive saphire monocrystal fiber (fig. 11). The
end of this fiber (5 to 30cm long) is coated by a Ir-film that acts as black body which itself
is protected by a Al203 film. The spectral flux of this black cavity radiator is detected



through a lower temperature fiber in the wavelength ranges 0,4 to 0,5µm and 0,6 to 0,7µm
and analyzed according to Planck’s radiation law. The tensor is suited for accurate (better
than 0,05%) temperature measurements in the range from about 600EC to 2000EC with a
high frequency response for fast temperature fluctuations of up to 100kHz.

In general fiber optic sensor technology does not exploit the fact that optical fibers are of
low loss and low dispersion. These specific properties do gain, however, importance, if
many fiber optic sensors are to be operated at large distances in a so called sensor highway
system. Fig. 12 shows as an example a sensor bus made from microbending pressure
sensors. At each sensor a small fraction (approx. 1 % ) of the guided light of initial
intensity Io is coupled into the cladding of the main fiber from where it is fed into a signal
fiber attached to the main fiber [15]. A mode stripper is attached to each sensor to remove
residual cladding modes thus improving the signal to noise ratio in the corresponding
signal fiber.

4.  Sensors with monomode fibers

In monomode fibers only one light wave mode can propagate so that the phase

(1)

along the fiber axis z is uniquely determined. In equation (1) $ is the propagation constant,
n the effective refractive index, as defined through $ = 2Bn/8o for the wavelength 8o .
Monomode fiber sensors rely on measuring the phase difference

(2)

between a measuring fiber (index M) of geometrical length LM and a reference fiber
(index R) of geometrical length LR. The parameter P acts only on the refractive index nM

and LM of the measuring fiber. The optical length nR LR of the reference fiber must not be
affected by P. In addition the wavelength 8o of the coherent light source must be stable,
since any change *8o produces a phase change *N, which would erroneously be
interpreted as a parameter change *C.

LM is modulated by temperature (thermal expansion), stress (strain), magnetic field
(magnetostriction) and electric field (electrostriction). The refractive index nM is moduled
by temperature (thermooptic effect), stress (photoelastic effect), magnetic field
(magnetooptic effect), and electric field (electrooptic effect).



Optical phase difference is measured by means of interferometers. Fig. 13 shows
schematically the two beam interferometers according to Michelson (A), Mach-Zehnder
(B) and Sagnac (C) as well as the multiple beam Fabry Perot interferometer (D). All these
fiber optic interferometers require directional monomode couplers as well as the specific
preparation and packaging of the proper sensitive fiber section. In order to avoid
undesirable cross sensitivity, i.e. sensitivity of the measuring fiber against several
parameters, special coatings have been applied to reduce drastically the sensitivity against
pressure, acoustic fields, and temperature [2,17].

The Michelson interferometer is mainly used for high resolution (µm range) strain
measurements. Also temperature measurements have been achieved with this
interferometer type [18]. In this case the sensitivity of the sensor has been raised to 320
rad/EC by bonding part of the measuring fiber to a metal strip.

The Mach-Zehnder interferometer requires a second directional coupler to recombine the
measuring and the reference light wave. In addition a phase offset of B/2 must be
maintained by means of a controlled phase shifter in order to operate the interferometer at
quadrature, i.e. at maximum sensitivity and linearity. The fiber optic Mach-Zehnder
interferometer has been applied to measure sound, vibration and ac magnetic fields. The
measurement of static or slowly varying parameters still presents problems due to poor
long term stability of the device. On the other hand, considerable progress has been
achieved on the signal detection and evaluation side by application of the homodyne
(phase modulation) detection scheme as shown in fig. 14 for a fiber optic Mach-Zehnder
interferometer that has been used as microphone and hydrophone [19]. The difference
signal I1 - I2 in which the amplitude noise of the laser is essentially eliminated, is fed
through a low pass filter to an integrator which controls a cylindrical piezoceramic
transducer (PZT), around which the reference fiber is wound (phase shifter). Drift and
fading effects in the phase difference are compensated by stretching the PZT
correspondingly. Fast phase variations due to the effect of the parameter P to be measured
are detected at the output of the high pass filter which also receives the intensity difference
signal I1 - I2 Homodyne-sensors of this type allow to resolve phase changes of the order of
10-7 rad per meter fiber length in the frequency range of about one kHz and above.
Fig. 15 shows a fiber optic Mach-Zehnder sensor for measuring ac electric fields [20]. The
E-field is coupled to the fiber via a coating that consists of vinylidenefluoride and
tetrafluoroethylene which is electrically polarized P(VDE-TFE) and coated with metal film
electrodes. The detector signal is measured directly with an oscilloscope and in addition
analyzed spectrally. The piezoelectric properties of the P(VDE-TFE) allow to measure
electric fields aboved 30µmV/m, with the fiber coated over a length of 1Km exhibiting a
phase sensitivity of the order of 10-7 rad. In the frequency range from 1 to 100kHz this
fiber optic E-field sensor shows a linear relationship between the phase difference at the
fundamental frequency of the oscillating field and the field strength.



The Sagnac-interferometer (fig. 13C) is mainly used so far for measuring rotation rates S
[21]. The laser light is split by a directional coupler and coupled into both ends of a coiled
fiber. Rotation of the coil leads to different propagation times for the clockwise and
counterclockwise wave. The wave propagating clockwise, i.e. in the direction of the
rotation, reaches the detector earlier than the counterclockwise wave. This produces a
phase difference

(3)

which is proportional to S and does not depend on the medium (refractive index). The
proportionality factor simply contains the coil area A, the vacuum wavelength 8o and
velocity co of light. The two opposite and phase shifted waves interfere at the detector, and
the interference fringes are analyzed.

Several technical concepts are pursued in different laboratories to develop sensitive and
reliable fiber optic rotation sensors. One of the most successful laboratory models is the
“all-fiber-gyro” with phase modulator and polarization controle developed at Stanford
University [22]. Its sensitivity is better than 0,1E/h. This may be compared with machine
and robot control for which the required sensitivity is of the order of 500 to 30E/h. For
vehicle navigation it is 10E to 0,1E/h, whereas for air and sea navigation the sensitivity
must reach 0,1 to 0,001E/h.

The sensitivity of fiber optic rotation sensors is practically limited by various perturbations
such as non reciprocal effects (Faraday-effect for example), polarization changes,
variations of the light source, backscatter and back reflection. These perturbation effects
require special care in controlling relevant system parameters. Fiber optic gyros are
particularly interesting, since they do not contain moving mechanical parts and since they
promise low production costs. Their sensitivity, however, does not yet reach the
corresponding values of mechanical gyros.

In ideal monomode fibers the core and cladding geometry is perfect, so that the two modes
carried by the lateral x and y axes are degenerate. Real monomode fibers, however, are
bimode since the lateral modes have slightly different refractive indices nx and ny (nx - ny =
) n . 10-7) s o that the phase propagation constants $x and $y are different, too. This
phenomenon is called birefringence. Strongly birefringent fibers with )n = nx - ny . 10-4 to
10-3 are obtained for example by making the core elliptical or by freezing in mechanical
stress.



Two waves with linear polarization propagating in x and y direction, respectively, acquire
after propagating some length L in a birefringent fiber a differential phase

(4)

which is proportional to the refractive index difference )n. If L as well as nx and/or ny

depend on an outer metrological parameter P, the differential phase R changes with P and
the sensitivity of such a fiber optic polarization sensor becomes

(5)

A laboratory model of a temperature sensor working according to this principle showed a
sensitivity of 2,5 rad K-1m-1 [23]. Another type of polarization sensor is shown by fig. 16.
This sensor makes use of the rotation of the polarization plane of linearly polarized light in
the presence of a magnetic field (Faraday-effect) produced by an electric current I to be
measured. The angle of rotation is

" ( I ) = 2 N@V@I (6_

with N being the number of turns of the fiber coiled around the conductor, and V the
Verdet constant of the fiber material. This sensor has been proposed for measuring
currents in the 0,2 to 2000 A range on high voltage power lines [24].

The fiber optic Fabry Perot (FFP) interferometer as shown in fig. 13D produces sharp
transmission maxima as well as reflection minima as function of the optical length n@L (8o

being constant) due to the multiple interference of the waves which are reflected back and
forth between the mirrors. Fig. 17 shows a sequence of such transmission (IT ) and
reflexion (IR extrema generated by temperature tuning the optical length of the FF [25].
The FFP was produced by polishing the end faces of a 30mm piece of monomode fiber and
vacuum coating them with dielectric mirrors.

Fiber optic Fabry-Perot interferometers can be used as sensors for measuring parameters
that influence the optical length of the resonator. Laboratory FFP-sensors have been
realized for measuring sound, ac voltage and magnetic field [26]. The FFP sensor concept
offers important advantages such as localized measurement (short FFP) and linear
topology (long fiber plus FFP sensing element ). To evaluate the measurement one either
counts the number of transmission maxima (or reflection minima) or controls the
wavelength of the laser diode via its injection current such that the system is locked to a
given transmission or reflection extremum. The latter method has been applied to realize a
FFP-thermometer for medical applications [27] which is shown schematically in fig. 18.
The light of the laser diode (LD) that is temperature stabilized using a Peltier element



(PE) is coupled into the single mode fiber (SMF) via a 3dB coupler to the FFP exposed to
a biological tissue of temperature T. The reflected signal is phase sensitively detected with
respect to an ac current modulation I~ that modulates the laser diode wavelength, which is
linearly dependent on the injection current, at a few kHz. A low pass filter (LPF) provides
integration of the synchronously detected signal (Uin) which serves as input signal for the
current control unit. If the temperature T changes by )T, the FFP signal would be shifted
towards a neighboring interference order, say from k to k+1 (see insert of fig. 18). This
shift is, however, counterbalanced by the current and hence wavelength control unit. The
output voltage UI of this unit is calibrated against temperature. Fig. 19 shows a calibration
curve of such a sensor for a temperature interval of 20EC that is required for application of
this sensor in a hyperthermia system.

The FFP interferometer can also be used as a fiber optic spectrum analyzer to monitor the
spectral behaviour of the laser source in a fiber optic system. Resolution of the order of
100 MHz has been demonstrated which allowed to distinguish the two longitudinal modes
(spectrally separated by 640 MHz) of a He-Ne laser [25].

A third application of the FFP is the frequency stabilization of semiconductor lasers, where
the FFP is temperature stabilized to the order of 1mK and serves as the frequency
reference. This laser stabilization is necessary for both, monomode fiber optic sensors, and
coherent communication systems. Frequency stabilization to within a few 100 kHz has
been achieved with such a FFP stabilized system [28].

5.  Concluding remarks

Many ideas for fiber optic sensors have been investigated in the laboratory, published and
patented in recent years. New ideas and proposals are constantly being produced. It seems
that the potential represented by various effects, materials and techniques is by far not yet
explored and exploited. On the other hand the number of fiber optic sensors available on
the market is very small, a fact that has raised the question “Fiber optic sensors - profit or
prophecy?” [29]. This signalizes specific difficulties and long time constants for
transforming laboratory fiber optic sensor models into commercial versions. Packaging and
larger series production of fiber optic sensors often lead to problems related to materials
and process techniques which have to be solved not only technically, but also with respect
to reliability, systems interface and acceptable price.

Besides the temperature sensors based on photoluminescence that already are on the
market fiber optic liquid level sensors and refractometers have been transferred to industry
for production. Fiber optic pressure sensors based on the reflection of light at membranes
seem to be promising for automobile applications.



Fiber optic single mode sensors still need a substantial development period which reflects
the fact that in optical communications, too, the monomode components and systems
development is lacking behind multimode components and systems by a few years. These
single mode sensors are expected to reach at first market niches that call for specific
properties of optical fibers such as immunity against electromagnetic perturbations,
corrosive/explosive environments, high voltages. These markets are not determined by
price considerations in the first place (military, medical, power plants etc.)

The incrasing interest and financial involvement of the industry in the new field of fiber
optic sensors seems to indicate that in the nearer future this novel transducer technique will
grow out of the prophetic laboratory environment into profitable industrial initiatives.
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8.  Figure Captions

Fig. 1 Schematics of a monomode (a) and a multimode (b) fiber.

Fig. 2 Displacement/pressure sensor with a fixed and a movable grid [6].

Fig. 3 Fiber optic distance sensor making use of light reflection a) into a neighboring
fiber or b) back into the transmitting fiber [7].

Fig. 4 Intensity versus normalized distance for the distance sensor fig. 3.

Fig. 5 Pressure sensor with sending and reflecting fiber and membrane for automotive
application; a) cross section of the sensor head with M indicating the membrane,
b) optical output versus pressure p [8].



Fig. 6 Liquid level sensor making use of total reflection at the conically shaped fiber tip
(a) and at a prism attached to the paired fiber end (b) [9].

Fig. 7 Refractometer for liquids, using a U-shaped piece of fiber with removed cladding
[9].

Fig. 8 Microbending pressure sensor [11].

Fig. 9 LUXTRON fiber optic temperature sensor with phosphor layer attached to the
fiber tip [12].

Fig. 10 ASEA fiber optic temperature sensor with photoluminescent AlGaAs crystal
attached to the fiber tip [13].

Fig. 11 NBS fiber optic high temperature sensor with black body cavity sputtered on the
fiber tip [14].

Fig. 12 Sensor bus consisting, of microbending sensors on a main fiber with attached
signal fibers [15]

Fig. 13 Principle of fiber optic two beam interferometers after Mach-Zehnder (A),
Michelson (B) and Sagnac (C),and multiple beam Fabry-Perot interferometer
(D); L=laser, D=detector, C=directional coupler, P=metrological parameter.

Fig. 14 Mach-Zehnder interferometer with homodyne detection used as microphone and
hydrophone [19].

Fig. 15 Mach-Zehnder interferometer with measuring fiber coated with P(VDE-TFE) for
measuring ac electric fields [20].

Fig. 16 Fiber optic current sensor based on the Faraday-effect [24].

Fig. 17 Sequence of reflected (IR ....) and transmitted IT ...) intensity extrema of a
temperature tuned Fiber Fabry-Perot interferometer (length L=3nm,
Finesse = 35) [25].

Fig. 18 Fiber Fabry-Perot thermometer for medical applications, principle of operation
and block diagram [27].

Fig. 19 Fiber Fabry-Perot thermometer for medical applications, control voltage versus
temperature [27].
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