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Abstract

A theoretical and experimental characterisation of a self-referenced fibre optic intensity sensor based on a multiple beam
Ž .Sagnac configuration is conducted. Via the definition of the measurement parameter R parameter sensor linearity and

sensitivity are analysed. Theoretical and experimental results are compared, being considered the problem of sensor design
and optimisation. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Optical fibre intensity-modulated sensors are very
attractive since they are conceptually simple, reli-
able, small-sized and offer a wide range of applica-

w xtions at lower costs 1 . However, to ensure accurate
measurements by the optical fibre intensity modu-
lated sensors, the implementation of a reference
channel is vital. Such a channel should provide
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insensitivity to source intensity fluctuations and to
variable optical transmission losses in the fibre link,
couplers and connectors, which are often indistin-

w xguishable from transducer caused effects 2 .
The implementation of a certain referencing tech-

nique in order to eliminate the effects of unwanted
modulation depends in general on the specific sensor
transduction mechanisms. There are several ways to
perform a reference channel and usually all tech-
niques that were previously reported belong to one
of the following encoding mechanisms: time-of-flight

w x w xdifference 3 , wavelength encoding 4 or frequency
w xresponse 5 .

The use of the interfering concept as the basis of a
self-referenced intensity type sensor has already been
identified in the literature, in an approach that is
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w xknown as amplitude-phase conversion 6,7 . There,
the optical power injected into the system is sinewave
modulated. In the sensing head a fraction of that
power is not affected by the measurand, constituting
a reference signal. This, when combined with the
other fraction that was intensity modulated by the
measurand, gives a resulting optical power sinewave
with a phase relative to the electrical signal that
modulates the optical power emitted by the optical
source. This phase is only dependent on the optical
loss induced in the sensor head by the measurand
Žapart from a constant factor determined by the

.length of the leadrreturn fibre . The evaluation of
this relative phase allows to obtain information about
the measurand status independently of the optical
power fluctuations that can occur outside the sensing
head.

We have developed another frequency based ap-
proach to have a self-referenced intensity type opti-

w xcal fibre sensor 8,9 . It relies on the degree of
constructive interference between the intensity
sinewaves generated in the sensing cavity when it is
illuminated by light from an optical source with its
intensity modulated at different frequencies. For a
fixed cavity length this degree of constructive inter-
ference is only dependent on the sinewave fre-
quency. Therefore, when it is done the ratio of the

Žamplitudes of the two signals, corresponding to the
interference of the waveforms arriving from the sens-

.ing cavity obtained when the intensity of the optical
source is modulated at two different frequencies,
then the result only depends on the losses induced by

the measurand in the sensor head, being independent
on any other optical loss that can occur along the
remaining optical system. In the present work this
concept is developed further and the performance of
the interferometric intensity sensor based on a multi-
ple beam Sagnac sensing head topology is evaluated
in detail.

We begin by characterising the sensing head
transfer function. The measurement parameter is de-
fined, allowing to analyse the sensor linearity and
sensitivity. A comparison of its characteristics for
two realisations of the sensing configuration is also
presented. Finally, the theoretical and experimental
results are compared and paths for future work are
given.

2. Sensor concept

The proposed sensor concept is illustrated in Fig.
1. It is based on a Sagnac topology with some degree
of feedback from the mirrored end face of port 4 of
fibre coupler 2. The frequency response of this struc-
ture when the input optical power from an optical
source intensity is modulated at a particular fre-
quency shows that for some frequencies the ampli-
tude of the output optical power waveform is maxi-

Ž .mum constructive interfering frequencies , while for
other frequencies it results in a smaller value for that

Žamplitude the off-constructive interference frequen-
.cies . Therefore, equal intensity modulation of the

light injected into this fibre structure but at different

Fig. 1. Block diagram of the sensing structure based on a multiple beam Sagnac topology. V and V are respectively voltage amplitudesOI I
Ž .proportional to the amplitude of the output optical power sinewave waveforms at an off-constructive interference frequency f and at aOI

Ž .constructive interference frequency f .I
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frequencies results in different amplitudes for the
output optical power waveforms. The plot of these
amplitudes versus the optical source electric modu-
lating frequency gives the transfer function of this
sensing configuration. Fig. 2 illustrates such transfer
function when the Sagnac structure is subjected to

Ž .losses k s0.5 . This function comes from the theo-2

retical analysis given next section and will be ad-
dressed in detail later. The parameter g indicates the
optical power attenuation factor externally induced
in the fibre structure. For gs1, there is no induced
optical loss and the amplitude of the modulated
output light is maximum, while for gs0 the light is
completely lost. It can be seen that when the value of
the induced losses rises, in other words when g gets
closer to zero, the difference between the peaks and
the valleys shortens until the frequency response
becomes an horizontal line correspondent to no light
exiting the cavity. On the other hand, when there are
no external losses induced in the fibre interferometer
Ž .gs1 , the differences between the peaks and the
valleys are at their maximum, being only dependent

Žon the internal losses of the fibre structure losses in
.fibre, splices, couplers, etc. .

As will be shown in the next section, the ratio of
the value of the transfer function at an off-construc-
tive interference frequency to its value at a construc-
tive interference frequency depends only on the opti-

Žcal losses inside the fibre sensing structure intrinsic
.and induced losses , being not influenced by optical

power fluctuations that can occur outside the sensing
head. Therefore, the modulation of that ratio pro-

Fig. 2. Transfer function of the multiple beam Sagnac topology
with the induced optical power loss factor g as a parameter.

vides a self-referencing scheme that makes the mea-
surand read-out independent of possible unwanted
light intensity modulation along the optical system.

3. Theoretical analysis

3.1. Transfer function

For the topology shown in Fig. 1, let the optical
power into the system be:

I s I q i 1Ž .in o in

Ž .where I is a constant term and i sA cos v t is ao in
Žphasor modulated at the angular frequency v vs

.2p f . Neglecting the constant terms of the optical
power and considering only the phasors, it turns out:

2i s 1yg 1yk 1yk i q 1yg k iŽ . Ž . Ž . Ž .2,2 1 2 in 2 2,4

2Ž .
2i s 1yg 1yk k i q 1yg 1yk iŽ . Ž . Ž . Ž .2,3 1 2 in 2 2,4

3Ž .

i s 1yg 1yk h L geyjf iŽ . Ž . Ž .2,4 2 2,2

q 1yg k h L geyjf i 4Ž . Ž . Ž .2 2,3

2 yjfi s 1yg k 1yk h L ge iŽ . Ž . Ž .out 1 2 2,3

2 yjfq 1yg k k h L ge i 5Ž . Ž . Ž .1 2 2,2

where iX s i considering a perfect mirror, i is2,4 2,4 x ,m

the optical power at port m of the x th coupler with
Ž .coupling coefficient k , 1yg is the excess lossx

factor of the couplers, g is the measurand induced
loss factor and eyjf is the factor that represents the
time delay of the optical power that travels through

Ž .the fibre loop of the structure, where fs2p nfLrc
is the static electric phase difference, being n the
refractive index of the fibre, c the velocity of the
light in vacuum and L the length of the fibre loop. In
Ž . Ž .4 and 5 h is the light propagation attenuation

Ž . Žya Lr10.factor in fibre, which is given by h L s10
where a is the fibre propagation loss per unit length
expressed in decibels per metre.

Defining the system transfer function as the mod-
ule of the complex ratio i ri , it turns out theout in

Žresult illustrated in Fig. 3 k s0.5, gs0.04, gs1,1
.ns1.48, Ls1125 m . For these conditions, the
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Fig. 3. Transfer function of the multiple beam Sagnac configura-
Žtion versus the coupling coefficient k it is assumed that no2

.losses are induced in the fibre structure, i.e. g s1 .

maximum difference between peaks and valleys oc-
curs for a k s0.18 or k s0.82. This difference2 2

between the peaks and valleys in the transfer func-
tion is very important because it is directly related to
the sensitivity and measurement range of the sensor.

Ž . Ž .Fig. 4 a and 4 b show in more detail the transfer
function versus the modulating frequency for the
cases, k s0.5 and k s0.18, respectively. As it can2 2

be observed, these pictures are two slices of the
Ž .previous graph Fig. 3 at the points k s0.5 and2

k s0.18. The frequencies corresponding to the first2

valley and to the first constructive interference peak
are 90.09 kHz and 180.18 kHz, respectively.

To explain the operation principle of the sensing
head let us consider first that the mirror, shown in
Fig. 1 was not inserted in the structure. For that
situation, the static electric phase difference would
be null, since the optical light at coupler 2 would

Ž .experience two similar paths i and i and2,2 2,3

consequently, the transfer function would be a hori-
zontal line. The insertion of the mirror into the
topology allows the static electric phase difference to
be different from zero, since light that leaves coupler
2 by port 1 after travelling once through the fibre
loop interferes with light that has travelled twice,
three times or more through the fibre loop due to one
or more reflections in the mirror, resulting in a
multiple beam interference system. In principle, light
that travels p times through the fibre loop interferes
with light that travels pqq times in a way that
depends on the loop optical length and on the modu-

Ž .lation frequency p, q: integers . Obviously, due to

propagation losses in the fibre and due to the inser-
tion coupler loss, the highest interference effect will
occur between light that has travelled once through
the fibre loop with light that has travelled twice
through the same loop. Therefore, the existence of a
non-zero static electric phase difference between
these recirculating beams is responsible for the varia-
tion of the transfer function accordingly to the fre-
quency value at which light is being modulated.

The values indicated above for the valley and
peak frequencies are inversely proportional to the
fibre length of the interferometer. In general, it is
desirable to have a limited fibre length for these
structures, being therefore needed a larger modula-
tion frequency, which is not demanding in terms of
system bandwidth considering the sinusoidal modu-
lation employed does not introduce higher harmonics
than the fundamental. For example, for a fibre length
of 50 m with a fibre core refractive index of 1.48,
the first constructive interference peak would occur
at a modulation frequency of 4.054 MHz. The reason

Fig. 4. Transfer function of the multiple beam Sagnac configura-
Ž . Ž . Ž .tion for k s0.5 a and k s0.18 b g s1 .2 2
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Fig. 5. Measurement parameter for the multiple beam Sagnac
Ž . Ž .topology for k s0.5 a and k s0.18 b versus the induced2 2

loss factor g and the off-constructive interference frequency.

of having selected the fibre length of 1125 m for the
simulation results presented in this section is due to
the fact that value was the fibre length of a fibre coil
existent in the laboratory which was used in the
experimental set-up.

3.2. Measurement parameter

In this section the behaviour of the sensing struc-
ture is further analysed. It is clearly important to
know what is the best value for the off-constructive
interference frequency and for the coupling coeffi-
cient of the Sagnac coupler in order to optimise the
sensitivity and linearity of the sensor. The sensing
operational concept is based on the definition of the
following parameter, hereafter referred as the mea-
surement parameter:

VOI
R' 6Ž .

VI

where V and V are voltage values proportional toOI I

the amplitudes of the optical output sinewaves at an
off-constructive interference and at a constructive

Ž .interference frequency, respectively Fig. 1 . Fig.
Ž . Ž .5 a and 5 b show this parameter for the Sagnac

structure when k s0.5 and k s0.18, respectively,2 2

with two variables, namely the induced optical loss
Ž .factor g and the off-constructive interference fre-
Ž .quency f . The loss factor was varied from 0 to 1,OI

while the off-constructive interference frequency was
changed from the value correspondent to the first
valley up to the one associated with the first con-

Žstructive interference peak the other parameters had
.the values stated before . As it can be observed, in

both cases the measurement parameter converges to
Žunity in two regions. One of them is when gs0 no

.light exits the sensing structure , situation in which
the transfer function is constant for all frequencies,
i.e., Rs1. The other region is when the off-con-

Fig. 6. Measurement parameter for the multiple beam Sagnac
Ž . Ž .topology when k s0.5 a and k s0.18 b versus the induced2 2

loss factor g for several values of the off-constructive interference
frequencies.
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structive interference frequency approaches the con-
Ž .structive interference value 180.18 kHz .

The freedom in choosing the off-constructive in-
terference frequency allows sensor optimisation in
order to reach a compromise between sensor sensi-
tivity and linearity. The optimum value for the off-
constructive interference frequency was found to be

Ž . Ž . Ž .the valley frequency 90.09 kHz . Fig. 6 a and 6 b
show the measurement functions for several values
of the off-constructive interference frequencies con-
sidering k s0.5 and k s0.18, respectively.2 2

With respect to sensor measurement linearity the
configuration with k s0.5 is more favourable than2

that associated with k s0.18. For k s0.5 the best2 2
Žperformance occurs for f s120 kHz, linear corre-OI

.lation coefficient of 0.9984 , while for k s0.18 it2
Žhappens when f s150 kHz, linear correlation co-OI

.efficient of 0.9593 .
Relatively to sensor sensitivity only the configura-

tion with k s0.18 and f s90.09 kHz is able to2 OI

address the full range of R values presenting in
general a larger sensitivity. It is also important to

Ž .state that the value found for k s0.18 that max-2

imises the difference between the peaks and valleys
of the system transfer function is not a fixed one but
depends actually on the intrinsic losses of the Sagnac
topology. In fact, for higher intrinsic losses than the
ones considered here, values smaller than 0.18 for
the Sagnac coupling coefficient are required, allow-

ing the sensor to address the full range of the mea-
surement parameter.

4. Experiment

To demonstrate the sensing concept described
above, the experimental arrangement shown in Fig. 7
was implemented. Two sets of data were obtained,
one related with k s0.51 and the other with k s2 2

0.17. The coupling ratio of the input coupler was
k s0.5 and the excess loss of the couplers were1

g sg s0.045, respectively. Two sinusoidal elec-1 2

trical signals with different frequencies were super-
imposed on the bias current of the light source

Žemitting at 1300 nm Edge Emitting LED, MRV
.MREDMP020-1 . Multimode fibre and couplers

Ž .50r125 mm were used. The length of the fibre roll
used was approximately 1125 m. In combination
with the fibre core refractive index, this corresponds
to a frequency for the first constructive interference
peak of 180.18 kHz. A multimode fibre attenuator
Ž .JDS Fitel was used to induce power loss in the
Sagnac structure. The fibre end reflectivity of port 4
of coupler 2 was approximately 100% by utilisation
of an appropriated silvering technique. A mode
scrambler was inserted in order to equalise the modal

Fig. 7. Experimental arrangement.
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distribution in the input fibre. To observe the sensor
transfer function one of the electrical signals was
swept. In order to obtain the R parameter two band
pass filters centred at the frequencies of the sinewaves
that modulate the injection current of the optical
source were used, being determined the rms values
of the correspondent output voltage signals which
are proportional to their amplitudes.

5. Results

Ž . Ž .Fig. 8 a and 8 b show the experimentally deter-
mined transfer functions for the multiple beam
Sagnac configuration when k s0.51 and k s0.17,2 2

respectively. They clearly show the importance of
the choice of the coupling coefficient value of the

Ž .Sagnac coupler. For these two cases, Fig. 9 a and

Fig. 8. Experimental transfer functions for the multiple beam
Ž . Ž .Sagnac topology when k s0.51 a and k s0.17 b .2 2

Fig. 9. Experimental and theoretical results for the measurement
Ž . Ž .parameter when k s0.51 a and k s0.17 b .2 2

Ž .9 b plot the results obtained for the R parameter for
the two cases, when the off-constructive interference
frequency was set to the one relative to the first

Ž .valley 90.09 kHz .

6. Discussion

Comparing the theoretical with the experimental
results, it can be stated that they are in fairly good
agreement. The sensing structure reveals good sensi-
tivity for k around 0.2, being the optimum value2

dependent on the intrinsic losses of the configura-
tion. In what concerns the measurement range, it can
be increased if the intrinsic optical losses in the

Žsensing structures are reduced losses in couplers,
.splices, fibre, etc . A feature also evident from data

of Fig. 9 is that the sensor linearity obtainable with
k s0.5 is better than the one which results when2

k f0.2. However, further processing can always2

improve this characteristic.
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A sensing structure with high sensitivity is partic-
ularly important for monitoring dynamic parameters
Ž .e.g. vibration , which do not normally have large
amplitudes and, consequently, originate correspond-
ingly small induced optical losses. It must be empha-
sised that the sensitivity to a given measurand de-
pends not only on the primary sensitivity of the
sensing structure but also on the interface between
the measurand action and the optical loss induced in
the sensor head. This is clearly an important issue,
which needs to be addressed in each particular case.

The measured system resolution was found to be
'y14.5 dBr Hz . It is important to keep in mind that

the sensing concept described in this work is particu-
larly favourable in what concerns the minimisation
of system noise. This happens because what is moni-
tored is the amplitude of two sinewaves, i.e. the
detection bandwidth can be made as narrow as prac-
tically feasible, with the consequent decrease of the
system noise level.

The sensing configuration described in this work
is a versatile structure for monitoring of static and
dynamic physical parameters, requiring a small num-
ber of optical components and simple signal process-
ing. Of relevant importance is the underlying concept
of self-referencing which naturally solves the prob-
lem related to optical power fluctuations and others
that can occur along the system.

In conclusion, in this paper we have described a
concept of self-referenced intensity based optical
fibre sensor and applied it to a multiple beam Sagnac
configuration. Theoretical and experimental results
were presented. The model developed proved to be
effective in describing the sensor properties, which
validates its utilisation for sensor design and optimi-
sation.
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