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Abstract

When the highest measurand sensitivity is required, interferometric techniques are appropriate. The
general principles, techniques and some applications of interferometry and polarimetry useful in opti-
cal sensing technology are addressed and discussed in this chapter.

12.1 Introduction

Optical interferometry has long been associated with precision metrology, and is the basis by
which the fundamental length standard is transferred to practical measurements. An optical inter-
ferometer is an instrument in which two or more optical path lengths may be compared; when
mutually coherent beams of light corresponding to two different paths fall on a square-law detec-
tor, then the resultant intensity varies with the relative path difference with a period equal to the
optical wavelength. Thus, optical path lengths can be measured on the scale of the wavelength of
light.

The advent of single-mode optical fibre and related components has made it possible to con-
struct interferometers that are sufficiently robust to be used in applications beyond the metrology
laboratory. Fibre optic interferometers are now the basis of a wide range of new kinds of meas-
uring instruments. This chapter is concerned with the sensors in which the transduction principle
is the modulation of the optical path length of a fibre sensing element in response to the meas-
urand. The optical path change is measured by interferometry and the measurand is hence re-
vealed.

It is now more than 25 years since the connection between the optical path length of a fibre-
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guided mode and the physical environment was first recognised, during research into coherent
optical communication systems. There quickly followed the realisation that the environmental-
dependence of path length in single-mode optical fibres could be used to measure temperature
and strain. The earliest major research programme on optical fibre sensors was for applications in
acoustic pressure sensing, in hydrophones. The contemporary development of the optical fibre
gyroscope is described in Chapter 16 of this book.

Closely related to interferometric sensors are those based on polarimetry. A polarimetric sen-
sor is one in which the measurand controls the state of polarisation of the guided beam. That state
can be considered as a superposition of two orthogonal polarisation eigenstates. In many po-
larimetric sensors the transduction mechanism is the modulation of the optical phase difference
between the eigenstates. Such sensors are therefore directly analogous to interferometers (see
Chapter 27).

12.2 General Principles

An optical sensor may be formally defined as a device in which an optical signal is modulated in
response to a measurand field. Let us assume that the source has some well-defined wavelength
spectrum, and that the electric field at wavelength A is E(A ) in unit bandwidth. If the corre-
sponding received electric field is £'(A ), then

E(A)=T(X,A)E(1) (12.1)

where T(X,A) is the propagation matrix describing the sensing element and X is a vector describ-
ing the physical environment, including terms representing temperature, stress, and electromag-
netic fields. The function of the signal processing used in the sensor system is to invert (Figure
12.1) to find 7, invert again to find X, and then to identify and evaluate the relevant component(s)
of X to recover the desired measurand. We shall see that in an interferometric sensor the effect of
the measurand is to modulate the phase of the electric field, where phase is converted to an inten-
sity change in the interferometer.

It is instructive to express T as a product of terms, each describing a physically observable
effect on the transmitted beam, such that

T =ae B (12.2)

where a is the scalar transmittance, ¢, the mean phase retardation and B the birefringence matrix
of the element; a, ¢, and B are all both dispersive and environmentally sensitive.

In single-mode fibres, sensing mechanisms based on modulation of any one or a combination
of the parameters a, ¢, and B are feasible. In practice, however, the transmittance shows only
weak environmental sensitivity, and sensors are thus generally based on phase and polarisation
modulation, recovered using interferometry and polarimetry respectively. It is necessary to con-
sider only the ellipticity and azimuth of the state of polarisation of the guided beam so that the
polarisation properties of the guiding medium may be adequately described by a 2 x 2 unitary
complex matrix — the Jones matrix [1]. Hence we may describe the transfer function of a single-
mode sensing element by

j¢1

E'=a,Ee'" B (12.3)
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where a, is a scalar constant (the transmittance) and B is the Jones matrix.

For a fibre possessing perfect cylindrical symmetry, B becomes the identity matrix /, but in
general it is necessary to consider the effects of birefringence within the fibre. For example, for a

linearly birefringent fibre
ig)/2
B :B{e 0 } (12.4)

0 o272

Such a fibre is characterised by two linear polarisation eigenmodes, such that ¢, is the induced
relative phase retardation between the eigenmodes caused by propagation through the fibre. For a
circularly birefringent fibre

BB - {cos A —sin@} (12.5)

sing; cos ¢,

where 2 ¢; is the induced relative phase retardation between the eigenmodes, which in this case
are left and right circularly polarised states.

It is therefore possible to characterise the fibre in terms of the three phase constants ¢, ¢, and
@;. They are dependent on the material properties and geometry of the fibre, and also on the
physical environment. These phase sensitivities may be exploited either to form fibre optic sens-
ing elements, or as the basis of phase or polarisation state modulators. The environmental sensi-
tivity of the fibre may be expressed in terms of dependence of the ¢ (i = 1, 2, 3) on external stim-
uli such as temperature (7'), pressure (P) and strain (A//7), such that
o, :m(niaz”an,) . X=T,PAlL.. : i=123 (12.6)
ox A oxX oX
where / is the length of the fibre; n; is the effective index of the fibre; n, is the difference between
the refractive indices for the two orthogonal linear polarisation states, and #; is the difference for
the orthogonal circular states. The first term within the brackets corresponds to the physical ex-
tension of the fibre, and the second to changes in the various terms in the refractive index [2,3].

The first single-mode fibre intrinsic sensors were true interferometers, in which light from the
source was divided to follow two (or more) fibre-guided paths. The beams were then recombined
to mix coherently together. From the intensity observed at the output from the interferometer, the
phase difference between the optical paths, ¢, may be determined. Instruments such as these are
termed interferometric, and for optimum performance the states of polarisation of the recombin-
ing beams should be equivalent. Most fibre interferometers are two beam devices in which one
fibre is exposed to the measurand (the final fibre) and the other is isolated from it (the reference
fibre).

Consider an optical fibre strain gauge. For simplicity, it is assumed that the sensing element is
a length of nominally cylindrically symmetrical fibre with no birefringence. It is assumed also
that the measurand is a purely axial strain, with no transverse components. The application of
strain to the fibre has three effects: firstly, the fibre is physically extended; secondly, the strain
modifies the refractive index of the fibre core; and thirdly the dimensions of the core are modi-
fied. The first effect is the dominant one, and if the others were negligible then increasing the
length of the fibre by one wavelength would produce an optical path difference change of one
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wavelength in the interferometer. However, the second effect is about 20 % as large as the first in
fused silica and is of opposite sign to the first, thus reducing slightly the sensitivity. The third
effect is more complicated. The effective refractive index of the guided mode lies between that of
the core material and the cladding material, and in practical fibres is close to that of the core.
Reducing the diameter of the core pushes the effective index closer to that of the cladding. Thus
increasing axial strain reduces the effective index. However, for practical fibres the third effect is
negligible. Thus a typical overall strain sensitivity for a fibre at a wavelength of 633 nm would be
about 6.5 x 10° rad/m[4] .

An analogous argument applies to temperature sensitivity where there are again three effects:
thermal expansion of the fibre length; modification of the core index via the thermo-optic effect;
and thermal expansion of the core radius. In fused silica the thermal expansivity is small, and it is
the second term which is dominant. The third term is negligible. A typical overall thermal sensi-
tivity at 633 nm is 100 rad/K for a 1 m sensing element length [5].

One can go on to derive the sensitivity of the fibre to other measurands. For example, the ef-
fect of pressure on the fibre is to reduce the physical length and diameter, and to modify the re-
fractive index via the strain-optic effect [6].

The function of an interferometer is to transduce phase changes to intensity changes. How-
ever, the transfer function in the simplest case is periodic, with period 27 radians. Thus a chal-
lenge in the design of signal processing systems is to recover the phase free of the ambiguity
imposed by the periodicity.

For normal fibres with nominal circular symmetry, the polarisation terms ¢, and ¢; are rela-
tively insensitive to the environment, so that such fibre is not generally useful for polarisation-
based sensing purposes. However, highly birefringent fibres have been commercially available
for many years [7], and are well-suited to many sensing applications based on the modulation of
@, (polarisation ellipticity). The response of such a fibre to strain or temperature depends on the
structure of the fibre, and in particular how the birefringence is induced. For the fibre in the above
reference, the birefringence is induced by thermal stress. The fibre is made from a preform where
the cladding contains sectors of different coefficient of thermal expansion than the surrounding
main cladding material. Thus when the fibre cools down after drawing, considerable anisotropic
stress is set up across the core.

Consider the application of such a fibre for temperature measurement [8] . The fibre can be
visualised as guiding two linear polarisation eigenmodes of azimuth aligned to the principal stress
directions, e.g. the horizontal and vertical states of polarisation, with distinct effective refractive
indices. When the temperature changes, so does the physical length of the fibre. Because the re-
fractive indices of the two modes are different, there is a small change in their relative path
length. A much larger effect is caused by the change in stress distribution generated by the tem-
perature change, thus changing the difference between the effective refractive indices of the two
modes. Thus the sensitivity of such a sensing element is strongly dependent on the structure of
the fibre. One parameter describing the structure is the polarisation beat length [9] which is the
distance over which a path difference of one wavelength accumulates between the polarisation
eigenmodes. For a thermally-stressed fibre of the type described above having a beat length of
about 3 mm, a typical thermal sensitivity would be about 5 rad/K for a 1 m sensing length [10].

A similar argument applies to polarimetric strain measurement. Here, the strain modifies the
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relative refractive index of the eigenmodes as well as producing a physical extension of the fibre
[11]. It is the changing relative index that dominates.

Sensors have been developed which are based on the modulation of ¢;; that is, devices in
which the measurand controls the circular birefringence of the sensing element, thus producing a
rotation in the polarisation azimuth of the guided beam. The most important class of circular bire-
fringence sensor is formed by those based on Faraday rotation [12] for the measurement of mag-
netic fields (see Chapter 27). However, sensors based on circular birefringence modulation have
been demonstrated for other measurands. For example, Langeac [13] has reported a thermometer
in which the sensing element was a length of single-mode fibre which had been twisted to induce
a relatively high degree of circular birefringence.

12.3 Interferometry

It was shown in the previous section that in single-mode systems a range of physical measurands
can be transduced to phase or polarisation modulations, expressible in terms of three phase con-
stants. An interferometer converts a phase change to an intensity change. The simplest kind of
interferometry to visualise is an optical arrangement that causes two mutually coherent beams of
light to follow physically distinct paths. One of those paths contains the sensing fibre and the
other path is used as a reference. When the two beams are combined on a non-linear detector then
they produce a resultant intensity that changes periodically with the phase difference, with perio-
dicity 2m. Such an arrangement is suitable for sensors based on the modulation of @, in the no-
menclature of the analysis above. A polarimetric sensor can be thought of as one in which the
two beams occupy essentially the same volume of space but are distinguished by the orthogonal-
ity of their states of polarisation. In order to make the two orthogonal states interfere on a non-
linear detector, they must each be resolved to give components in a common direction. For ex-
ample, by placing a polariser in the output of a highly birefringent fibre, the two modes are made
to interfere provided that the azimuth of the polariser does not coincide with that of just one of the
modes. All practical detectors of optical radiation are non-linear in that they respond to the power
of the radiation rather than its electric field strength, averaged over some time period which is
long in comparison with the period of an individual optical wavelength.

12.3.1 Two beam interferometers

A common form of optical fibre interferometer is the Mach-Zehnder configuration, with a simple
example shown in Figure 12.1. The source is coupled into a single mode fibre downlead and is
amplitude-divided into two fibre arms, which can be thought of as representing a signal beam and
a reference beam, the measurand modifies the phase of the signal beam, whereas the reference
beam enjoys a constant environment. The two beams then recombine at a second directional cou-
pler (DC) into two upleads terminating in photodetectors giving an electrical output proportional
to the power incident upon them.

It can be shown [14] that the detector signals are given by:
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Figure 12.1 An optical fibre Mach-Zehnder interferometer.

I, =1,[1-Vcos (¢, —¢,)] (12.7)
and

I, =1)[1+Vcos (¢, —¢,)] (12.8)

where ¢, and ¢, are the phases for the signal and reference beams, / is a mean signal level, and
V' is the visibility of the interference. Visibility depends on the relative intensity of the signal and
reference beams, their relative states of polarisation, and their mutual coherence. In the optimum
case, the relative intensities and states of polarisation are equal and the optical path length differ-
ence between the signal and reference beams is much smaller than the coherence length of the
detected light. Good spatial coherence is intrinsic to the use of single-mode optical fibre. Under
these optimum conditions, the visibility is unity. In practical circumstances the visibility can take
any value between zero and unity. Notice that the two outputs are in antiphase, so that the sum of
the two outputs is constant irrespective of relative phase. Having access to the two outputs can be
used to compensate for the effect of changing source intensity.

The relative intensities of the two beams depend on the coupling coefficients of the directional
couplers used, fixed during manufacture for those of fused type. The relative state of polarisation
depends on the birefringence of the fibres and the couplers. Whilst it is possible to fabricate the
entire interferometer from highly birefringent fibre and components, and to work with a fixed
polarisation eigenstate, most interferometers are constructed from normal cylindrically-
symmetric fibre. Thus environmental effects cause the recombining states to be unequal. Under
these circumstances, some form of explicit birefringence control is needed to preserve visibility;
one common means is to induce controlled birefringence by bending the fibre [15].

The coherence length is set by the bandwidth of the light at the detector, and is usually domi-
nated by the properties of the source. The properties of interferometers illuminated with low co-
herence sources are considered further below.

Closely related to the Mach-Zehnder interferometer is Michelson’s spectral interferometer,
shown in Figure 12.2. Here, the signal and reference beams terminate in reflectors so that they are
folded back on themselves to recombine at the same coupler that was used to divide them.

The double-pass of the signal beam effectively doubles the sensitivity of the interferometer.
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Figure 12.2 Fibre optic Michelson interferometer.

However, directing one of the interferometer outputs into the source is disadvantageous as such
feedback causes instabilities [16], especially with diode lasers which are the source of choice for
fibre sensors. In practical situations it is usually necessary to incorporate an optical isolator be-
tween the source and the coupler. The normal choice of isolator is of the Faraday type: a linearly
polarised incident beam passes through an aligned polariser, and then via a magneto-optic crystal
in a permanent magnetic field that rotates the polarisation azimuth by n/4 radians to be aligned
with a polarisation analyser at the output. Thus, a counter-propagating (feedback) beam passing
through the device will have its polarisation azimuth rotated in the crystal so that it cannot pass
through the polariser. Difficulty of access to the antiphase output of the interferometer is also a
disadvantage.

The recombining beams in the output arm of the Michelson interferometer are always of equal
intensity, irrespective of the coupling ratio. However, the highest mean intensity is achieved for a
50:50 split ratio. Polarisation effects are similar to those in the Mach-Zehnder interferometer.
However, there is an interesting means of ensuring equality of polarisation states without having
to resort to an adjustable polarisation controller, in which the reflectors at the distal ends of the
signal and reference fibres are replaced by ‘Faraday mirrors’ [17]; these devices are essentially
the same as Faraday isolators from which the polarisers have been removed.

Thus, the returning signal and reference beams are in the states orthogonal to those of the out-
going beams, so that they return to the coupler in the same states as when they left it, irrespective
of any birefringence en route, thus optimising the visibility.

A special and important two-beam interferometer is the Sagnac, shown in Figure 12.3.

Source
Sagnac
4— fibre
loop
Detector

Figure 12.3 The fibre Sagnac interferometer.
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The fibre Sagnac interferometer has been developed principally for the purpose of measur-
ing angular velocity, as a gyroscope [18], and is considered in Chapters 16 and 28.

The signal and reference beams now occupy the same space, and are the clockwise and
counter-clockwise beams propagating in the loop of fibre that forms the interferometer. At first
sight it would appear that the phase difference between the beams would always be zero, as in-
deed it is for all reciprocal effects. However, non-reciprocal effects, such as angular velocity
[19], magnetic fields [20] or dynamic measurands [21], all produce a phase shift. For example,
consider the effect of a dynamic strain close to one end of the fibre loop. The counter-propagating
beams returning to the detector at a given instant have ‘seen’ different values of the strain, and
therefore exhibit a phase difference. Figure 12.3 shows the simplest possible version of the inter-
ferometer. In practice, it would be more usual for the source and detector to share the same
downlead via an additional coupler, in order that the signal and reference beams would undergo
more nearly reciprocal paths [22].

12.3.2 Polarimeters

Figure 12.4 shows a simple arrangement for a polarimetric sensor, which is closely analogous to
the two-beam interferometer. A linearly polarised source is used, which couples to the two polari-
sation eigenmodes of a fibre with high linear birefringence. The two states of polarisation are
now the equivalents of the signal and reference beams of the interferometer. The states propagate
through the fibre, acquiring a measurand-dependent phase difference as described previously.
Orthogonal states of polarisation do not interfere. Thus a polarisation analyser is used to resolve
the two states into a common azimuth so that they interfere to produce the detected output inten-
sity given by:

I=1,(1+Vcosg,) (12.9)

where ¢, is the phase difference between the polarisation modes.

The similarity with Equation 12.7 is obvious. As before, the visibility depends on the relative
intensities of the recombining modes. Optimum intensity and visibility are achieved by using a
source polarised at n/4 radians to the eigenaxes of the fibre, and an analyser at n/4 to the ei-
genaxes at the output. Modified forms are available to give two antiphase outputs, of which the
simplest merely replaces the output analyser with a polarising beamsplitter.

Analyser

Source AV(
/= ¢ —

Birefringent fibre Detector

Figure 12.4 Simple polarimeter. The arrows indicate: the polarisation azimuth of the input beam; the directions
of the eigenaxes of birefringence of the fibre; and the polarisation azimuth of the analyser.
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Figure 12.5 Fibre Fabry-Perot interferometer.

12.3.3 Multiple beam interferometers
So far we have considered only arrangements in which two beams interfere. However, multiple
beam interferometry is also useful, and the most familiar form, the Fabry-Perot, with a fibre optic
arrangement is shown in Figure 12.5. The transfer function is given by the well-known Airy func-
tion [23]
— 10

1+ Fsin’ ¢/2
where ¢ is the round-trip phase retardation and £ is the finesse, which characterises the phase
resolution of the device, where

I (12.10)

F =4R/(1-R)* (12.11)
where R is the mirror reflectance and attenuation is neglected.

The effect of the multiple transitions of the signal beam backwards and forwards between the
mirrors that form the cavity is to increase the sensitivity. The higher the reflectivity of the mir-
rors, then the greater the number of circulations within the cavity that the beam can make before
it is too greatly attenuated. Thus the finesse, reflectivity and sensitivity are related, as indicated in
Figure 12.6.

There are obvious practical difficulties in depositing high-reflectivity mirrors onto the end-
faces of fibres (although it can be done [24]), particularly if the coated fibre is then to be in-
corporated into a more extensive fibre system.

Intensity

Low finesse

High finesse

Phase

Figure 12.6 Transfer function in transmission for a Fabry-Perot interferometer.
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In consequence, most fibre Fabry-Perot interferometers actually use low-reflectivity mirrors.
A common form is simply to exploit the natural Fresnel reflection of about 4 % that takes place at
the un-coated fibre-air interface. Under those circumstances, the transfer function is more like the
low-finesse case shown in the diagram above. More recently, in-fibre Bragg gratings have begun
to be used to define the mirrors to form the interferometer [25].

The extreme limit of low-finesse corresponds to two-beam interference, when the arrange-
ment is more properly called a Fizeau interferometer. The Fizeau interferometer operated in re-
flection gives good visibility provided that the two reflections are of comparable intensity [26].

A multiple beam interferometer need not use any explicit reflections. A multiple beam inter-
ferometer related to the Sagnac arrangement is the ring-resonator, shown in Figure 12.7. Here, the
beam propagates in only one direction, with a small fraction of the intensity coupling into an
output port at each circulation. Thus, the interferogram is formed from successive circulations of
the ring [27].

12.3.4 Dual wavelength interferometry
The periodicity of an interferogram is inherently one wavelength. An established technique to
extend the range is to use two similar wavelengths [28]; the technique is often employed in fibre
optical interferometry [29].

When a two-beam interferometer is illuminated by two monochromatic sources of wave-
lengths A; and A,, each of which alone would give a unit visibility interferogram of mean irradi-
ance [, then the observed irradiance is clearly

I:10(1+coszﬂnlJ+Io((l+cos 27;’“} (12.12)

1 2

which may be rearranged to give

1= 1{1 T Vcos(ﬂ-n-l/wﬂ (12.13)
A4,

where V is the fringe visibility, which may be found from

- cos{ﬂ-n-l[wﬂ (12.14)
ﬂ’]ﬂ’Z

Detector

Sensing
elemen

Figure 12.7 The fibre optic ring. resona-
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Hence in such an arrangement, the resolution is equivalent to that in a single-wavelength in-
terferometer. The unambiguous range is defined by the period of the visibility function, so that
the dynamic range is increased by a factor of 1,/(1,-4;) in comparison with that obtained with the
interferometer illuminated by A, alone.

12.3.5 Low coherence interferometry

In an interferometer, fringes are visible only when the optical path difference is less than the co-
herence length of the beam at the detector, where the coherence length, /., is inversely propor-
tional to the spectral width of the source, 44, thus /.~ A/AA. Thus a typical diode laser source has
a coherence length of tens of cm to m, whereas an LED may have a coherence length of tens to
hundreds of pum. Thus when an interferometer is illuminated with a low-coherence source, it is
possible to identify the position of zero Optical Path Difference (OPD) by looking for the highest
visibility fringe [30]. It is therefore feasible to use coherence techniques to identify a unique ref-
erence OPD, and hence to overcome the fringe-order ambiguity inherent in interferometry.

It is possible to measure the OPD of a remote interferometer using a tandem interferometer ar-
rangement [31], as shown in Figure 12.8. The sensing interferometer has an OPD greater than the
source coherence length and no fringes are produced. Consider what happens as the OPD of the
receiving interferometer is scanned. When its own OPD is zero, then fringes are observed. As the
OPD is increased beyond the source coherence length, the fringes disappear. As the OPD is in-
creased further to approach that of the sensing interferometer, then interference is possible be-
tween the pair of waves in which one takes the long path in the sensing interferometer and the
short path in the receiving interferometer, and the other the short path in the sensing interferome-
ter and the long path in the receiving interferometer; when the difference between the paths is less
than the coherence length, then fringes are again observed. Thus fringe visibility shows a local
maximum when the OPDs of the sensing and receiving interferometers match. It is then relatively
straightforward to measure the OPD of the sensing interferometer separately in order to recover
the measurand. A common technique is to use a separate high coherence source in the receiving
interferometer, and to use conventional interferometry (e.g. counting fringes) to measure the dis-
tance between the zero OPD point and the path-matched OPD [32].

OPD
control
Source Detector
\J \/ \/ \/
Sensing Receiving
interferometer interferometer

Figure 12.8 Tandem interferometry.
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Intensity

0 OPD

Figure 12.9 Schematic representations of interference fringes in tandem interferometry.

Practical schemes differ in the means used to scan the OPD and to analyse the interferograms
produced. Path length scanning can use mechanical translation of the mirror in one arm of a bulk-
optic receiving interferometer [33] or a shearing interferometer with an array detector such that
the OPD is a function of position across the array [34]. An all-fibre technique that can give short
scans involves using a travelling flexure wave in birefringent fibre to produce a travelling distur-
bance that couples light from the ‘fast’ to the ‘slow’ polarisation mode, thus changing its overall
OPD [35]. For simple applications, analysis of the data need only be the identification of the cen-
tral fringe. Higher performance can be achieved by capturing the complete interferogram and
then using Fourier transform techniques to find the OPD [36] (Figure 12.9).

12.4 Phase Recovery

In most of the foregoing schemes, the signal recorded by the detector takes the form of Equations
12.7 and 12.8, i.e:

I=1,[1+V cos(d, — ¢,)] (12.15)

where ¢, and ¢, are the phases of the signal and reference beam. To visualise the problem of re-
covering the signal phase, consider the condition of a small harmonic signal ¢,, sin@,? superim-
posed on some large static phase shift which we shall include as part of ¢,.

Figure 12.10 shows (as expected) that the amplitude of the output intensity change for a given
amplitude of phase signal is greatest where the transfer function is steepest, i.e. at position Q
rather than position R. The position of greatest sensitivity corresponds to

¢, —¢, =74+ Nrx (12.16)

the so-called quadrature condition, where N is an integer,. In a practical interferometer, slowly
varying changes in ¢, are inevitable due to environmental effects, so that the sensitivity of the
interferometry would continually drift. Various techniques have been developed to recover the
signal phase with constant sensitivity.

Homodyne techniques depend on controlling ¢, to maintain the quadrature position. The first
of these, which is highly effective, was to actively control the phase in the reference arm of the
interferometer by using a piezoelectric cylinder to stretch the fibre modulation [37]. An electronic
servo loop applies a voltage to the cylinder to maintain the phase at a fixed value. If the band-
width of the servo loop is wide enough to encompass the measurand, then the voltage applied to
the modulator follows the signal.
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Figure 12.10 Recovery of harmonic phase signals.

For a low amplitude (<< 1 rad), high frequency measurand it is often preferable to use a low-
bandwidth servo loop to accommodate only the drift. Thus, at quadrature, the photodetector sig-
nal is proportional to the measurand, in the small angle approximation.

As an alternative to modulating the reference arm, it is possible instead to modulate the source
wavelength, recalling that

¢, — =27l 2 (12.17)

where L is the OPD. This technique has been used to great effect with diode laser sources [38],
where the wavelength can be modulated over a limited range by controlling the injection current
[39]. Thus an arrangement can be constructed in which the feedback loop operates on the diode
current rather than on an explicit phase modulator.

An interesting variant on this technique has been adopted for sensors based on in-fibre Bragg
gratings (see Chapters 17 and 23). Here the measurand modulates the reflected wavelength. It is
possible to use an unbalanced interferometer with a phase modulator and feedback loop to meas-
ure the wavelength, exploiting Equation 12.17; the changing wavelength is transduced to chang-
ing feedback voltage [40]. The sensitivity can be increased simply by using a longer OPD.

Passive phase recovery techniques are also possible, effectively the same as ‘phase stepping’
techniques that are used in full-field interferometry. They consist of deriving a sequence of out-
puts from the interferometer, where between each output the reference beam is ‘stepped’ by a
known increment [41]. The simplest version to visualise generates four outputs separated by n/2
radians giving ideally:

I, =1[1+V cos(¢+im/2)] (12.18)
where i = 1 to 4, so that
L =1, = tan ¢ (12.19)
1,-1,

These passive techniques work particularly well with polarimetric sensors, where the phase
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shift can be produced using a wave-plate. For example, consider the simple polarimetric sensor of
Figure 12.4. Adding a quarter wave plate between the fibre and the output analyser would ‘step’
the phase by n/2 radians, provided that the eigenaxes of the wave plate were aligned with those of
the fibre [42]. In interferometry, using a ‘3 by 3’ output coupler in the Mach-Zehnder arrange-
ment provides three outputs, ideally separated by 2n/3 radians [43].

Heterodyne schemes represent an alternative to homodyne ones. Here, a frequency shift is ap-
plied to the reference beam to produce a signal of the form

I=1[1+Vcos (4, -9, —.t)] (12.20)

producing the familiar form of the phase modulated carrier, which can be demodulated by a
phase-locked loop or frequency discriminator. The practical difficulty is in producing the fre-
quency shift. Bulk optic components, such as Bragg cells, can be used. Alternatives involve using
periodic frequency shifts, e.g. using a piezoelectric fibre stretcher or by wavelength modulation
of a diode laser by controlling its current in an unbalanced interferometer [44]. Various tech-
niques have been reported involving gating and multiplication of the output [45,46]. Integrated
optic phase shifters are also suitable. Research continues into all-fibre frequency shifting tech-
niques [47]. Passive heterodyne processing may also be achieved by phase biasing, using the
techniques described above [48].

The ultimate resolution with which phase may be recovered is normally limited by noise. The
fundamental noise source is shot noise at the detector, set by the quantum nature of light and the
Poissonian statistics of natural light sources, where the shot noise at the detector is [49]

Ly = [(2el yAf) (12.21)

where Af" is the modulation bandwidth of the signal. However, in most situations the shot noise

limit is not reached because of excess noise generated either by the source or the environment.
The source imposes excess intensity and frequency noise. Intensity noise is relatively easily com-
pensated. For example, having access to both antiphase outputs from an interferometer (see Equa-
tions 12.7 and 12.8) reveals both interferometer phase and source intensity [50]. Source fre-
quency (wavelength) noise produces phase noise in the interferometer via Equation 12.17, which
shows its effect to be directly proportional to the interferometer OPD [51]. In principle it is possi-
ble to use stabilisation or compensation techniques for frequency noise [52], but the usual ap-
proach is simply to minimise the OPD.

12.5 Multiplexing

In many situations, the decisive reason for using optical sensors is that it is possible to multiplex a
set of sensing elements into a single measurement system (see Chapters 21 and 22) A discussion
of multiplexing techniques [53] is beyond the scope of this chapter, but a few of the principal
techniques will be mentioned here.

a) Time division: the sensing elements are deployed along a single or multiple
downlead/s such that when they are illuminated by a pulsed source, the returning pulses
reach the common detector at distinct times, from which the individual sensor can be
identified [54].
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b) Wavelength division: each sensor contains a spectrally-selective element, so that the
signal from each sensor occupies a unique wavelength range. Thus by wavelength se-
lection at the detector, the sensors can be identified.

c) Frequency division: heterodyne processing is employed, where each sensor uses a
different carrier frequency. Thus demodulation is achieved electronically [55,56].

d) Coherence division: the sensors are illuminated by a low-coherence source. Each sen-
sor has a different OPD, where all OPDs are greater than the coherence length, and dif-
fer from each other by more than the coherence length. Thus by using a tandem ar-
rangement and scanning the OPD in the receiver interferometer it is possible to derive
sequentially interferograms corresponding to each of the sensing interferometers [57].
A disadvantage is the substantial incoherent background inevitable as the number of
sensors is increased.

12.6 Applications and Summary

The literature of interferometric and polarimetric sensors is now very extensive, and only the
briefest indication of their range of applications can be given here. Probably the most useful,
direct sensitivity of fibres, is to strain, and this has led to several important classes of sensor. The
simplest of these are for the measurement of axial strain, where the most significant example is in
structural monitoring. Fibre can be embedded into composite materials without compromising
integrity. Long sensing lengths can be used to give a measurement integrated over a large system.
Most often, multiplexed arrays are required to diagnose the state of the test object. A significant
difficulty is to define sensing elements inside the test object, where for embedded systems it is
obviously not possible to use components such as directional couplers. The advent of in-fibre
Bragg gratings [58] to define reflectors in fibres has proved very useful for forming interferome-
ters [59]. However, Bragg gratings make useful sensors on their own, and it is probably fair to
say that for many structural monitoring applications involving large multiplexed arrays they are a
more convenient design choice than the interferometer [60]. Nevertheless, there are some situa-
tions where interferometry is more appropriate. One example is the use of sensing elements to
measure length changes in civil engineering structures. The sensing elements are essentially air
cavities addressed by fibres, where the OPD changes in response to external dimensional changes
[61]. The sensing elements are addressed by tandem interferometry to give absolute, high accu-
racy measurements. An advantage of using air-cavity sensors is that they avoid the temperature
sensitivity inherent with fibres.

Fibre sensing elements are also capable of responding to transverse strain components. The
application of transverse strain to a fibre induces linear birefringence; thus transverse strain
measurement is polarimetric. This approach has been used most effectively with Bragg grating
sensors in birefringent fibres to distinguish axial and transverse strain components [62,63].

Chapter 19 describes techniques for strain-temperature discrimination. However, in many
situations the best approach is either to make a separate strain measurement, or to use common-
mode rejection - i.e. to make differential strain measurements, where both sensing elements are
exposed to the same temperature. An interesting example of common mode rejection occurs in
the use of multicore fibre to measure bending. Each of the cores is used to form an interferome-
ter. When the fibre is bent, the relative length of the cores changes, revealed as a phase change.
Temperature affects each core equally and does not produce a phase shift [64,65].



242 HANDBOOK OF OPTICAL FIBRE SENSING TECHNOLOGY

The basic mechanisms for strain and pressure sensing are the same: physical changes in fibre
dimensions and the strain-optic effect. By far the most important application of optical pressure
sensing is for underwater acoustic measurements in hydrophones. Modern optical fibre hydro-
phones use coils of fibres on mandrels, air-backed or otherwise. The effect of pressure is to
change the dimensions of the fibre and hence to modulate phase. Development programmes are
far advanced with many examples of full-scale sea trials [66,67]. These sensors are always de-
ployed in multiplexed arrays. Frequency, time and wavelength division have all been used.

The small size of optical fibres lends them to high spatial resolution and high resonant fre-
quencies. One of the fastest pressure sensors reported is a miniature air-cavity terminated in a
miniature metal diaphragm that also serves as a reflector to form an interferometer. The applica-
tion of this instrument is in aerodynamics research, where ~MHz bandwidths are required
[68,69].

Many other measurands can be transduced to strain. An important early example was in sensi-
tive measurements of magnetic fields. The primary sensing element is a magnetostrictive strip
bonded to the fibre [70]. Thus the measurand magnetic field strains the fibre and so produces a
phase change in the interferometer. The magnetostrictive effect is nonlinear, so that sensitivity is
optimised by applying a bias field. By adding a harmonic ‘dither field’, the quasi-static meas-
urand field is transduced to the frequency of the dither. Thus it is possible to distinguish the mag-
netic field from the effect of slowly-varying temperature [71]. Furthermore, by using different
dither frequencies for different sensors, frequency division multiplexing is possible [72].

Optical techniques have considerable attractions for making measurements in high voltage
systems, because of their intrinsically dielectric nature. Analogues of conventional voltage and
current transformers have been developed, where the output is applied to a piezoelectric element
which in turn strains a fibre [73]. Considerable development effort has been expended on direct
measurements of magnetic and electric fields by magneto- and electro-optic effects [74]. As can
be see in Chapter 27 the most investigated systems have been based on the Faraday effect: in a
medium, the polarisation azimuth of a beam is rotated by an amount proportional to the compo-
nent of the magnetic field in the direction of the beam [75]. The Faraday effect in fused silica is
small, but can be amplified by using a very long interaction path produced by coiling the fibre
around the current-carrying conductor [76]. However, there are problems with other unwanted
sources of birefringence, notably stresses induced by vibration [77]. Special fibres with higher
sensitivity have been developed. Some successful systems use bulk-optic materials with high
sensitivity as the sensing elements, addressed by fibres.

The intrinsic sensitivity of fibres to temperature is in most cases a disadvantage. However, it is
of course useful in the measurement of temperature itself. The Bragg grating is in many cases a
more appropriate technique: it is a simpler structure than an interferometer, demodulation is
straightforward and there is no problem with fringe-order ambiguity [78]. However, for the high-
est resolution, interferometry is inevitably superior [79]. Thus interferometric sensors for special
applications continue. Examples include miniature fibre Fizeau interferometers for turbomachin-
ery measurements [80], based either on short fibre sensing elements [81,82], or coatings of high
thermo-optic coefficient materials on the end faces of fibres [83]. In each case, um-scale spatial
resolution has been achieved with bandwidths up to tens of kHz.
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