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9.1 Glasfaser-MeBwertaufnehmer und ihre Anwendungen

Optical Fibre Transducers and Applications

B. Culshaw

University College, London, Dept. of Electronics and Electrical Engineering, UK,
Tel. 013877050

Abstract

Light travelling in an optical fibre may be directly modulated by external
parameters such as pressure, strain, temperature, etc. Thus the fibre may
form the basis of a transducer involving neither moving parts nor
electrical connections. Another class of transducers uses the fibre as a
means of guiding light from a monitoring point to the measuring point
where the light is externally modulated. This paper presents an overview
of the current status of optical fibre sensors and discusses their future
potential.

1. Introduction

The potential application of optical fibres as transducers has only been
recognised within the last decade (1,2,3). However, a considerable amount
of research and development work has been completed over the last five
years, and it is the aim of this paper to review this work and examine the
true potential of the fibre sensor.

There are a number of potential advantages in the use of fibres as sensors.
The most obvious is the lack of electrical bias at the sensor, thereby
removing electromagnetic interference problems and numerous safety
considerations for operation in hazardous areas. The fibre is a low inertia
transducer, which allows it to respond to stimulus changes over a very wide
frequency range. It is chemically inert, and can transmit over a very long
distance (Vkm) without serious attenuation. There are other possibilities,
as yet unexploited, which include the use of optical signal processing
techniques to provide passive "smart sensors" and multiplexing
architectures which will allow both sensor and data transmission channels
to use the same fibre path.

The applications of fibre optic sensing diverge over a large range.
Microphones and hydrophones have received much attention (4,5,6) and the
fibre optic gyroscope (8,9) is probably the other principal research topic
at present. Fibre sensors have also been reported to measure strain (10),
temperature (11), magnetic fields (10) and acceleration (13). There is
also considerable activity, little reported in the literature, in
developing other simpler sensors for use in immediate applications.

This paper reviews the basic principles of light modulation in fibres and
continues to describe in more detail, a few specific systems. It will
become apparent that there is considerable scope for the development of
simple but very effective transducers as well as more complex systems
relying on advanced optics. Finally some of the more advanced future
concepts are described, and the applications potential is discussed. The
overall conclusion is that a wide range of optical fibre transducers are
feasible with current technology, but many of the more advanced devices
await the arrival of suitable components (many of which are currently under



investigation by PTT operators) using both fibre and integrated optic
building blocks.

2. Modulation of light in optical fibres

A light beam can be modulated in five of its basic properties, intensity,
phase, polarisation, wavelength and spectral distribution. Most fibre
sensors utilise the first three, though there is considerable potential
in exploiting the last two. It is useful to consider briefly the optical
requirements for all of these.

2.1 1Intensity sensing

The modulation process is effected either by bending the fibre (14,15) or
by introducing some form of shutter which moves across the fibre. This may
be either due to relative motion of the fibre or to motion of a mask or
reflector relative to fixed fibre ends.

The principal complication from these systems results from the fact that
optical sources are all prone to intensity drift with aging and so a
reference channel is always needed. These can usually be designed into the
system with a little ingenuity.

2.2 Phase modulation

Detection of optical phase changes offers a means of measuring very small
variations in physical parameters. Detection of optical phase must be
performed interferometrically, which implies that a steble reference is
required. The basic arrangement of one interferometer (the Mach Zehnder)
is shown in Figure 1. In the heterodyne form, the Bragg Cell provides a
frequency shifted reference beam and the phase shift is detected at the
difference frequency. This is usually the most convenient form of the
interferometer, though a homodyne version with a complex feedback bias
arrangement has been described. (16)

Phase modulation schemes also require a coherent source, which must be a
laser. HeNe gas lasers are the most convenient and economical, though
semiconductor lasers (17,18) may be used, but with due caution. Finally it
should be mentioned that interference only occurs between waves of similar
polarisation, and changes in the output polarisation state from the fibre
will alter fringe contrast, and thus either the SNR - for the heterodyne
interferometer - or the calibration for the homodyne system.

The preceding discussion has also implied the use of monomode optical
fibre, with consequent mechanical constraints (the core of a monomode fibre
is only a few microns in diameter). The mechanical problem is eased in
multimode fibres, and both heterodyning (19) and homodyning (20) inter-
ferometers have been investigated using multimode fibre in the single arm.
These systems replace the alignment of single mode interferometers with a
fading and signal distortion problem and a complete lack of any sensible
low frequency capability.

A third multimode phase sensitive system exploits the "Fibredyne" process.
This is very simple but is difficult to both linearise and stabilise.
However, it has been used as the basis of both a direct (22) measuring flow-
meter and a vortex shedding meter (23).



2.3 Polarisation

Variations in light polarisation are difficult to interpet in optical fibre
transducers, since the fibre is often itself inherently birefringent and
this birefringence varies with time. However, with special fibres (24),
sensors which rely on detecting polarisation variations can be built. The
principal application is in measuring Faraday rotation induced by a
magnetic field produced by a large (Vv100A) electric current. The basic
detection scheme (25) is shown in Figure 2. Faraday rotation simply
produces a polarisation rotation in the fibre proportional to the magnetic
field produced by the wire. The variation is easily detected, and provided
that the only variation is that due to magnetic fields (hence the special
fibre) then a very successful sensor can be - and has been - constructed.

2.4 Wavelength modulation

One form of wavelength modulation is simply Doppler shift which may be
produced by, for instance, backscatter from moving particles at the end of
the fibre. This forms the basis of the fibre optic Doppler anenometer (25).
This does, of course, require a coherent source.

A more general form of wavelength modulation may occur when, for instance,
incoherent light is transmitted along a large core fibre to phosphorescent
material, any light emitted from the phosphor is at a different wavelength.
The wavelength and/or intensity of this return light will be a function of
the parameter to be measured, and hence remote monitoring may be performed.
Clearly much depends on the stability of both the light source and the
phosphor (Figure 3).

2.5 Wavelength distribution modulation

There is obviously an overlap between wavelength modulation and wavelength
distribution modulation. The latter implicitly requires that white light
(or at least broadband illumination) be transmitted along a large core
fibre to the sensing region. Here it is modulated by a filter which alters
its spectral band pass characteristic with variations in the parameter to
be measured. The spectrum of the return light is analysed and subsequently
related to the initial parameter.

Note that some form of spectrometer is now required, and this may take
several forms. The PTT industry is interested in wavelength multiplexing
devices (26,27) which may be immediately exploited here. Similarly a very
simple prism or grating spectrometer is readily assembled. It is even
possible to use the fact that the change in return spectrum will produce a
change in amplitude on the photodetector by virtue of the latter's inherent
filtering properties.

2.6 Discussion

This section has then summarised the available techniques whereby light
guided by an optical fibre may be modulated and some of the means whereby
that modulation may be detected. Interferometric techniques are doubtless
the most complex, but offer probably the most potential. However, simple
intensity and/or wavelength modulation provides the basis of a large
variety of sensing functions. Some specific examples of transducer
investigated to date follow.



3. Examples of specific senscrs

This section will indicate the diversity of functions which may be
performed by optical fibre sensors. It is by no means an exclusive
account!

3.1 Vernier positional indicator

A possible configuration for an optical fibre position sensor is shown in
Figure 4. This is essentially a vernier device where a line of nine input
fibres illuminates ten output fibres. With appropriate attention to the
input and output fibre spacing, resolutions of the order of 0.05% of the
fibre diameter should be attainable by suitable processing of the output
intensities. Some computational facility should be available to compensate
for component drifts. This device is as yet undeveloped but a much simpler
device, a strain gauge "tell tale" (29) using an array of variable breaking
strain fibres is at the prototype stage.

3.2 Optical fibre microphone

Numerous schemes have been suggested to realise an optical microphone.
These schemes come into two categories, those using modulated reflection
or transmission and those using phase modulation (see section 3.3).

A very simple, but effective, reflection modulation microphone - suitable
for use in telephony - uses the principles shown in Figure 5 (30).

Movement of the diaphragm modulates the amount of light reflected back
along the illuminating fibre, and performance acceptable for telephony has
been achieved. It is interesting to note that sufficient optical power

(a few milliwatts) can be transmitted along the fibre from an exchange to

a subscriber to sound an audible alarm at the subscriber's end, so that all
optical telephone links do become feasible. An alternative scheme, based
on frustrated internal reflection has recently been proposed (31).

There are many other techniques available. One reflection technique (32)
uses a central illuminating fibre surrounded by six return fibres. Sub-
nanometre resolution is claimed for displacement of the reflector along the
fibre axis.

3.3 Phase sensitive acoustic sensors

The phase of light passing along an optical fibre may be varied by changes
in environmental parameters such as pressure, temperature or strain. The
phase sensitivities, per metre of fibre, are of the order lOOrads/OC,
10/rads/bar (1 bar = 1.018x105N/m2) and lOrads/microstrain.

-4 .
Phase detectogg can, quite readily, be made to detect 10 radians, and
with care, 10 radians sensitivity can be achieved.

Optical fibre hydrophones may be readily fabricated from a coil of single
mode fibre . (Multimode fibre may also be used with some
penalties in noise and stability). This fibre forms one arm of a hetero-
dyning Mach Zehnder interferometer, and sensitivities superior to
piezoelectric devices have been reported (33). The sensitivity may be
varied by using specially coated fibres (34), but there remain a number of
problems. The sensitivity of the hydrophone should increase linearly with
interaction length, but our own measurements have shown a saturation
effect. There is also a significant problem in that the fibre leading to



and from the hydrophone is itself acoustically sensitive, and this length
may often exceed the length of the fibre in the hydrophone proper. There
are several suggested solutions to these problems but the possibilities
are as yet not completely evaluated.

3.4 The optical fibre gyroscope

The optical fibre gyroscope is based on exploitation of the Sagnac effect,
originally described more than half a century ago (35). The basic
principle is shown in Figure 6. Light from the laser is split into two
equal components launched in opposite directions into the fibre loop. If
the loop is rotated, then light travelling with rotation will remain in the
fibre for a slightly longer time than light travelling in the opposite
direction.

An intuitive theoretical description of the gyroscope gives the phase
difference A between the two emerging beams as

4TLRQ
8 = 5=

o

which is the non-relativistic limit of the device characteristics. The
fibre gyro could be an inexpensive, fairly low quality disposable device

or, perhaps in the future, a high sensitivity but complex, inertial
navigation instrument. Current experimental performance figures attain a
sensitivity of the order of lo/hr, (36,37) though it is theoretically
possible to obtain significantly better performance. Detailed understanding
of the system physics is still incomplete (38), and doubtless future
improvements in system configuration and component design will achieve
orders of magnitude higher sensitivity levels.

3.5 Thermometric probes

Optical fibres may form the basis of a wide variety of thermometric probes,
many of which can be so tiny they may be inserted into a hyperdermic
needle. Interferometric probes have as yet been relatively unsuccessful
due, ironically, to excessive sensitivity. Recently, single fibre inter-
ferometers using the temperature dependence of differential delay between
orthogonally polarised modes in birefringent fibre (31) as indicated
schematically in Figure 7, offer potential solutions.

The most promising thermometric probes are the self luminescent and
phosphorescent (41) types as shown schematically in Figure 3.

Observation of temperature dependent delay time of phosphorescence is the
essential principle of the latter, while the former may even be
implemented on the basis of measuring black body radiation coupled into
the fibre. 1In both cases, rugged, compact and accurate fast response
thermometers may be fabricated.

3.6 Discussion

The preceding examples have barely scratched the surface of optical fibre
sensors. However, the principal modulation techniques have been
illustrated. The design of a real transducer reduces to the engineering
problem of enhancing the modulation sensitivity to the required
parameters and reducing its sensitivity to other parameters. Successful
solutions to these problems will involve research into materials, optical
architectures and electronic and optical signal processing.



For the wide variety of intensity modulation sensors, the required
development falls more into the realm of transducer engineering development
than optics research, and much has already been achieved on this basis.

The general conclusion, bourne out in our own experiments and other
laboratories is that intensity sensors can themselves be remarkably
sensitive to within two order of magnitude or thereabouts of that
attainable with interferometric devices (42).

Most coherent (interferometric) sensors are at a relatively early stage in
their development (43). It is only recently (August 1981) that the US
Naval Research Laboratory (44) tested a prototype ruggedised optical fibre
hydrophone. This device, sketched in Figure 8, functioned very well, but
note that it does require a power supply and that the output from the
hydrophone is electrical. The optical fibre lead sensitivity to and from
the sensor remains a problem and the NRL prototype is recognised as an
intermediate step to the true all fibre interferometric sensor. The Sagnac
interferometer is the only current truly self compensating arrangement, and
even this must be carefully adjusted with respect to launch and receive
polarisations. The Sagnac configuration is clearly capable of detecting
parameters other than rotation, and recently (45) use of the fibre ring
interferometer as an alternative current measuring device has been reported.
It should also be noted that the Faraday rotation current sensor (24) has
enjoyed considerable success and prototype production devices are currently
under construction.

4. Future prospects

It will probably be some time before the full potential of optical fibre
sensors is realised. There will be inevitable engineering development of
intensity based sensors to take them into the real market-place, but
exciting conceptual advances remain to be made in the realm of inter-
ferometric sensors at the component level and in all optical sensors at the
system level.

A number of important component developments currently under way will
greatly influence the future of interferometric fibre sensors. These
include several investigations into enhancing the stability of single mode
semiconductor lasers using analogues to phase lock loops and similar
configurations (46,47). These may be either used to lock the laser
frequency or the error signal may itself provide the sensor output when the
fibre forms, effectively, part of the laser cavity (Figure 9).

Birefringent fibres, and, more so, associated polarisation selective
components will allow significant additional flexibility in sensor
configuration. In particular, polarisation rotation could form the basis
of a new family of lead insensitive, compact interferometric sensors.
Initial simple estimates indicate that a strain gauge of total

dimensions much less than lmm could be readily fabricated. This device
requires polarisation selective couplers, but should be within the scope of
integrated optics processing.

This technology (integrated optics) (48) will play a necessary role in
future PTT systems and the techniques thus developed will be directly
applicable to interferometric sensing. It is likely that one form of the
strain gauge would be as a fully integrated optic Mach-Zehnder (M-Z) inter-
ferometer, and indeed an integrated M-Z interferometer could be configured
as a wide variety of sensors.



It is similarly likely that this technology will provide essential
components such as local oscillator modules for heterodyne systems (49) and
splitter, combiner and phase bias components for a variety of applications,
most notably at present, the gyroscope (50).

Interface problems also require completely satisfactory solutions.
Particularly from semiconductor laser to integrated optic waveguide, and
from waveguide to fibre. BAmong the most promising approaches is the use
of an anisotropically etched V groove in silicon as the locating jig from
monomode fibre to monomode guide (51). Semiconductor lasers with lens-
ended single mode fibres pigtailed permanently in place are now becoming
available (52), and it seems likely that direct planar launch from lasers
into integrated optics will similarly be soon available.

It is however at the system level that optical fibre sensors offer really
significant advantages. Already, the geometrical flexibility of the fibre
hydrophone allows for unique variations in polar and frequency response of
underwater acoustic monitoring systems.

Numerous architectures have been suggested to allow multiplexing of many
fibre sensors on to one fibre loop. and one of these is shown schematically
in Figure 10. Variations include wavelength multiplexing and sensor
operational frequency multiplexing. As a final step in the multiplexing
chain, it is perfectly feasible to combine this sensor multiplexing with a
Fibredyne (21) data link along the same fibre thus using the fibre path and
component set to its utmost.

Finally, the fact that the optical medium is well suited to performing
instantaneous Fourier related (53,54) signal processing on spatial signals
has, to date, been completely ignored in sensing systems. This capacity
can be used to encode spatial data, perhaps concerning the position of the
reflector in an incoherent system, into another form - possibly digitised -
by the use of suitable correlation filters. It may also be used to perform
pattern recognition on to fault conditions or to change the form of the
spatial data into a more readily recognised format - for instance a
spectral representation.

Conclusions

This has been a wide ranging, and therefore often superficial, account of the
prospects for optical fibre sensing. In the final reckoning, the eventual
success of these techniques will depend on their position in comparison to
other, often well established measurement techniques. Comparisons may be
made in terms of cost, sensitivity and applications suitability. Present
day sensors are remarkably, and necessarily, economic, but it does seem
that both the sensitivity of fibre sensors and the applications flexibility
will prove to be the attractive features. At present, fibre sensors are
well suited to applications requiring spark-proof devices, for instance in
petrochemical plant, even though sensitivities are probably comparable. In
the future, multiplexed transducers on to the same fibre path, especially
with a parallel data route, coupled with on-line instantaneous signal
processing will offer unique flexibility to the system designer.

The possibilities are remarkable. The bounds are imposed only by the
designer's imagination and, in some, but not all, cases by the limits of
available technology. There is, without doubt, an interesting future for
optical fibre sensors and systems.
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FIGURE 1: Basic Mach-Zehnder interferometer. The Bragg Cell causes
a frequency shift of the laser beam passing through it, and hence
this acts as a local oscillator. The phase modulation caused by

the sensed field is then transferred to the intermediate frequency
set by the Bragg Cell.

Laser
Electric current
ultiple turns of single mode fibre
Polarisation
analyser and
Bus bar > y

signal processing
electronics

FIGURE 2: Schematic of a polarisation rotation current monitoring probe
suitable for use in public utility applications. The laser injects
linearly polarised light, and the output light is rotatec in polarisation
by the Farady effect in the silica fibre guide.
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