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Abstract

Distributed measurement often relies on sensor networks. In this paper, we present the construction of low-
coherence fiber-optic Fabry-Pérot sensors connected into a quasi-distributed network. We discuss the mechanism
of spectrum modulation in this type of sensor and the constraints of assembly of such sensors in the network.
Particular attention was paid to separate the signals from individual sensors which can be achieved by cavity
length-based addressing. We designed and built a laboratory model of a temperature sensors network. The
employed sensors are low-coherence Fabry-Pérot interferometric sensors in a fiber-optics configuration. The
extrinsic sensor cavity utilizes the thermal expansion of ceramics, and the sensors are addressed by the different
lengths of the cavities. The obtained test results show that the signal components from each sensor can be
successfully separated, and the number of sensors could be expanded depending on the FWHM of the light source.
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1. Introduction

Over the years, fiber-optics sensors (FOSs) have been employed in many metrological
applications. They enable precise and high-resolution measurements of various physical
quantities, among others: refractive index [1-3], displacement [4, 5], vibration [6, 7], strain [8,
9], pressure [10], temperature [11, 12], humidity [13], magnetic field [14], liquid level [15], and
concentration of liquids [16]. In the very basic configuration, a FOS contains a light source, an
optical fiber, a modulator, and a detection system [17]. Such a sensor uses the modulation of
the light propagated in the fiber or an element of the fiber-optic path, to encode the information
about the measurand.

Fiber-optics sensors are versatile in their applications. Both point and distributed
measurements can be performed using FOSs, as well as quasi-distributed measurements when
many of them are connected into a network [18-21]. FOSs are very small in size — the diameter
of standard single-mode fiber is 125 microns. Also, they can be used for even very remote
measurements. In such operation mode, the measurement signal is provided directly to the
receiving system without conversion to an electrical signal, giving another advantage which is
lack of risk of electric discharge. It enables applications for normally inaccessible areas and
harsh environments, for instance, flammable substances extraction areas [19, 20].

The very common limitation of fiber-optic sensors-based measurement systems is the noise
caused by time changes of the fiber-optics attenuation. This limitation can be overcome only
for the particular types of FOSs. One of them are sensors for which the measurand changes the
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spectrum of the signal. Examples of such sensors are low-coherence fiber-optics sensors (LC-
FOS) for which the interference causes a change of the signal spectrum. Besides the ability to
analyze the signal in the spectrum domain, LC-FOS can be easily miniaturized and applied in,
e.g., ultra-low-volume samples, or fast-changing parameters measurements dependent on the
sensor time constant [22, 23].

The low-coherence fiber-optic sensors with a Fabry-Pérot cavity are well described in the
literature and still explored for new applications and improved performance [24, 27]. There are
reports about FOSs with Fabry-Pérot cavities made with nanosecond or femtosecond lasers [28,
29], lateral offset splicing [30], cavities created during the fiber splicing process [31], or using
different types of fiber-optic, e.g. hollow core or microstructured optical fibers [5, 32]. For
instance, in 2019, Marta Nespereira et al. proposed a refractive index sensor with a Fabry-Pérot
cavity manufactured in standard single-mode telecommunication fiber using nanosecond-pulse
NIR Q-switched Nd:YAG laser [29]. In so prepared Fabry-Pérot cavity, its length was adjusted
by a cleaver. For the proposed constructions, the sensor enables measurements with sensitivity
up to 0.31 nm™!/RIU using later analysis, or 54 dB/RIU using fringe visibility analysis. Another
reported solution utilizes a capillary for in-fiber Fabry-Pérot cavity manufacturing [31]. So
prepared strain sensor enables very-high sensitivity measurements (7.53 pm/ue) for a cavity
length of 2.189 um. The main disadvantage of the mentioned solutions is the complicated and
expensive process of Fabry-Pérot cavity manufacturing, requiring sophisticated equipment and
training.

In this work, we proposed a low-coherence fiber-optic sensor with an extrinsic Fabry-Pérot
cavity, placed at the end of the fiber and connected with a low-coherence measurement system.
We chose this particular design because of, among others, the possibility of sensor
miniaturization even down to hundreds of microns. In our solution, the standard SMF-28 optical
fiber, or another type of fiber can be employed, which significantly decreases the time and cost
of producing such a sensor. Moreover, sensors can be connected to form a network enabling
simultaneous measurements at many points. The use of sensors with the Fabry-Pérot cavity
operating in a sensor network is a new concept that requires a solution to the problem of
addressing these sensors. The paper proposes a method of addressing them, which has been
theoretically analyzed and tested experimentally. For a correctly designed sensor network, the
proposed signal analysis enables to obtain separated signals from all sensors.

2. Low-coherence interferometric sensors with extrinsic Fabry-Pérot cavities
2.1. Principle of operation

The principle of operation of low-coherence interferometric sensors with extrinsic Fabry-
Pérot cavities is based on measurement of the reflection (or transmission) spectrum of radiation
propagated through or reflected from the cavity located at the end of the optical fiber. If the
measurand changes this spectrum (e.g. as a result of a change in the Fabry-Pérot cavity length
or refractive index of the substance filling the cavity), then, by its analysis, the measurand value
can be determined. Since the optical radiation reflected from the Fabry-Pérot cavity can be
treated as the sum of many interfering beams coming out of the cavity, the amplitude spectral
density at the sensor output is equal to the sum of the amplitude spectral density of individual
beams, so the power spectral density Pout(4) of radiation at the output of the sensor can be
determined as:

2
Pout (/1) = |U out (ﬂ’)|2 = ’ (1)

> U,(2)
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where Uout(4) is amplitude spectral density of radiation reflected from the Fabry-Pérot cavity,
Uo(4) is amplitude spectral density of radiation that reflected from the boundary surface
between the end of optical fiber and the cavity, and Ui(4) (for i > 0) are the amplitude spectral
densities of beams that propagated at the distance equal to 2iL inside the cavity (where L is the
length of the cavity) and next were coupled to the optical fiber, and 1 is the wavelength in a
vacuum (note that the amplitude spectral densities Uout(1) and Ui(4) are complex functions and
describe the radiation inside the optical fiber — see Fig. 1).

Contrary to classic Fabry-Pérot interferometers, which use interference of an infinite number
of planar waves propagated between two parallel mirrors, fiber optic sensors with extrinsic
Fabry-Pérot cavities use interference of an infinite number of non-planar waves derived from
the beam outgoing from the end of the optical fiber. A detailed analysis of the operation of these
sensors taking into account effects such as the diffraction phenomenon of the optical radiation
beam inside the cavity, the phase shift caused by the Gouy effect (the Gouy effect means an
additional slight phase shift of the wave compared to a plane wave of the same frequency as the
distance from the wave source increases; in the case of a Gaussian beam, this shift increases
from zero to m/2 as the distance increases from zero to infinity from the beam waist), and the
coupling coefficients ci(1) of the waves from the cavity that are transmitted through the interface
between the cavity and the core of the optical fiber is presented in [33, 34].
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Fig. 1. Optical radiation propagating in the fiber-optic sensor with the extrinsic Fabry-Pérot cavity.

When the coefficient of reflection of the boundary surfaces between the optical fiber and the
cavity or between the cavity and the center located behind the cavity is much smaller than 1,
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then the amplitude spectral densities Ui(4) for i > 1 are negligibly small (compared with Uo(2)
or Uy(4)) and then the dependence (1) will take the form

P (1) =|U, () +U, (D) - ()

Amplitude spectral density Uo(2) can be determined directly from the Fresnel equation
describing the ratio of reflected wave amplitude spectral density to the incident wave amplitude
spectral density at the boundary of two media:

U, (4) =1, (AU;, (1), (3)

where Uin(2) is the amplitude spectral density of the incident beam at the Fabry-Pérot cavity,
ri2(2) is the complex amplitude reflectance at the interface between the optical fiber and the
cavity:

n (l) —Neay (l) (4)

= D

and n1(4) and ncav(4) are the refractive indices of the fiber core and the medium inside the cavity,
respectively.

Determining amplitude spectral density U1(4) is slightly more complicated than determining
amplitude spectral density Uo(1). Apart from the Fresnel phenomenon, one should also take into
account the phenomenon of diffraction causing the beam to widen inside the cavity and
changing the wavefront radius of curvature of the beam, the attenuation of the beam inside the
cavity, the phase shift proportional to the distance that beam propagates inside the cavity, the
Gouy effect causing an additional phase shift of the beam, {i(4), and coupling of the beam
coming out of the cavity with the beam propagating in the core of the optical fiber. Taking all
these phenomena into account, U1(4) can be determined as

Arln_, (4 .
0,0 =t ONT I o0 <1 D expl i, (e (L), )
where t12(1) and t21(4) are the complex amplitude transmittances at the interface between the

optical fiber and the cavity from the optical fiber to the cavity and from the cavity to the optical
fiber, respectively:

t,(A) =1+1,(2), (6)
t, (1) =1-r,(4). (7

Tcav(4) is the power transmittance in the cavity at the distance of 2L:
Tea (A) =exp[-2L 1, (A)], (8)

where L is the length of the cavity, ua(4) and ncav(4) are the absorption coefficient and the
refractive index of the medium that fills the cavity, respectively, and ci(1) is the complex
coupling coefficient of the beam coming out of the cavity with the beam propagating in the core
of the optical fiber which includes a mismatch of diameters of beams outgoing from the cavity
and propagating in the core of the optical fiber and curvatures of the wavefronts of these beams.

For a step-index single-mode optical fiber, the beam propagating inside the cavity can be
approximated by a Gaussian beam for which [33]

exp[ic;(M]e (1) =5 — ﬁ(%v\,f,g 2/V1V; g j)2L/”t |

(9)
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where wo(4) is the fundamental mode field radius and L is the cavity length.
By substituting (3) and (5) into (2), we finally obtain

P (1) = R (2) + B(A) + 2R (A)R,(2) cos[Ap(A)], (10)
where:
R(A) =[U, (D[ =R, (DR, (D). (12)
and
[27n,,, ()wE(D) |

P.(1) (12)

in

P.(2) = U, ()| =Ry (D[1- Ry, (A)] Tea (4) .
[ 270, (W5 (4) | +(2LA)°

are the power spectral densities of the beams that are reflected at the interface between the
optical fiber and the cavity and the interface between the cavity and the medium behind the
cavity, respectively, R12(1) and Rz3(1) are the power reflectances (Ri2(4) = |ri2(2)[?> and Rzs(1) =
[r23(A)[?), Pin(2) is power spectral density of the beam incident on the cavity and

Ap(2) = ¢ (1) — 9, (1) (13)

is the phase difference between the phase shifts of the beams reflected at the interfaces between
the cavity and the medium behind the cavity, ¢1(1), and between the optical fiber and the cavity,
po(4), relative to the incident beam phase.

If N1>Ncav, po(4) = 0, otherwise po(2) = n. The phase shift p1(2) is the sum of the phase shift
associated with covering the distance in the cavity by the beam, ¢1.(4) = 2nLncav(1)/4, the phase
shift associated with the reflection, ¢1r(4), and the total shift associated with the coupling and
the Gouy effect, picc(1) (i.e. p1cc(1) includes the phase shift caused by the curvature of the
wavefront of the beam outgoing from the cavity, @ic(4), and the phase shift caused by Gouy
effect, p16(1): p1ce(d) = @1c(d) + p1c(4). p1r(L) = 0, if ncav™>n3 Or p1r(L) = 7, if Ncav<nz. The phase
shift p1cs(4) we can obtain as the argument of the right side of (9):

2
P (4) =arg CaL™ (f)wo (/1_) =arctan 2LA 5 . (14)
2 IF]cav (A)WO (i) - 12 LA 27Z.ncav (ﬂ“)WO (l)
As the Rayleigh range of the Gaussian beam inside the cavity is
2
ZO (i) — ”ncav (Z)WO (/1) , (15)
A
the relationship (14) can be rewritten as:
(1) =arctan L (16)
(chG Zo (l) '

In a special case, when ni>ncav and ncav<ns, from (13) we obtain

Ap(A)=2zLn,, (1)/ A+ 7 +arctan { L } : @17
2,(4)

Note that the total phase shift associated with the coupling and the Gouy effect,
p1cc(A) = arctan[L/zo(1)], is smaller than the phase shift caused only by the Gouy effect,
p16(4) = arctan[2L/zo(4)].
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2.2. Using sensors in the sensor network

The key aspect of using a given type of sensor to build a sensor network is the separation of
measurement signals derived from individual sensors so that signals from one sensor do not
interfere with signals from other sensors. One of the most frequently used signal separation
methods in networks is based on wavelength-division multiplexing of the optical signal. Each
sensor modulates the transmission of radiation in a narrow wavelength band with a different
center wavelength. This method is applied e.g. in sensor networks using Bragg gratings.
Another well-known signal separation method is the use of measurement of the time of flight
of optical signals from the radiation source to sensors and back by the optical time-domain
reflectometry (OTDR) or frequency-domain reflectometry (OFDR) systems [35, 36]. The
mentioned systems are applied in intensity modulation fiber-optic sensor networks.

Since low-coherence interferometric sensors with extrinsic Fabry-Pérot cavities modulate
the power of the optical signal over a very wide range of wavelengths, more advanced methods
are needed to separate the signals from these sensors connected to the sensor network than the
methods used in the sensor networks mentioned above. The problem is that any sensor using
the Fabry-Pérot cavity modulates the signal over the entire wavelength range of the radiation
source used in the sensor network which does not allow for the separation of signals from
individual sensors with the use of narrowband optical filters or signal analysis from an optical
spectrum analyzer measuring the level and position of spectral lines of the optical signal at the
output of a sensor network (as is the case in sensor networks using e.g. Bragg gratings). The
fact that the spectrum modulation rate changes with cavity length (see (10), (13), and (17)) can
be used to separate the measurement signals derived from individual low-coherence
interferometric sensors with extrinsic Fabry-Pérot cavities. For example, Fig. 2 a) and b) present
examples of calculated power spectrum densities at the output of sensors that use an empty
cavity formed by two end surfaces of single-mode type SMF-28 optical fibers (a refractive
index of the core equal to 1.452, core diameter equal to 8.2 um, and mode field diameter equal
t0 9.2 um at 1290 nm [37, 38]) for a cavity length of 126 pm and 460 pm. It was assumed that
the profile of the radiation beam coming from the optical fiber can be approximated by
a Gaussian beam with the waist diameter equal to the fundamental-mode size width [33, 39].
This diameter is equal to 8.5 um at 1290 nm which is less than the mode field diameter
(provided by manufacturers of optical fibers according to the Petermann I mode field diameter
definition). In calculations, it was assumed that the sensors were excited by the radiation source
having a Gaussian spectrum distribution with a central wavelength Ao = 1290 nm and a spectral
width Ak = 50 nm at FWHM. The densities and their Fourier transforms are shown in Fig. 2 c)
and d).
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Fig. 2. Calculated power spectral densities at the output of sensors and the Fourier transforms of these power
spectral densities. It was assumed that the sensors use an empty cavity formed by two end surfaces of single-
mode type SMF-28 optical fibers for a cavity length of 126 um (a) and 460 pum (b), and the radiation source has
a Gaussian spectrum distribution with the central wavelength Ao = 1290 nm and spectral width at FWHM
AX\ =50 nm. The Fourier transforms of calculated power spectrum densities for a cavity length of 126 pm and
460 pum are shown in Fig. (c) and (d), respectively.

Each Fourier transforms shown in Fig. 2 ¢) and d) has two components: the first component
depends on the spectrum of the radiation source only, while the second one depends on both:
the spectrum of the radiation source and the spectrum modulation rate. In sensor networks, the
latter component can be used to measure changes in the length of the cavity on the basis of
which the measured quantity is measured. In the case of multiple sensors, these components
could be separated by filtering if they do not overlap. Assuming the Gaussian distribution of
the radiation source and assuming the same distributions of beams reflected from the cavity
(with the accuracy of a constant factor) and also assuming that the phase shift Ap(1) is
proportional to the length of the cavity (by neglecting the Gouy effect — see (17)), the dispersion
of the glass from which the optical fiber is made, and the mode field diameter dependence on
the wavelength), it can be shown from (10) that it is possible to filter the above-mentioned
components if the minimum difference in the length of the cavities of individual sensors, ALmin,
satisfies the relationship [40, 41]:

2:In2 A
AL . = —.
Lmln T Al

It was assumed in (1) that individual components of the Fourier transform can be separated
if they are separated by a value equal to at least their length. In practice, to avoid crosstalk
between signals coming from individual sensors, having different signal levels, and taking into
account neglected effects when determining the relationship (18), the differences in the length
of the cavities of individual sensors should be minimum twice the calculated value ALmin. FOr
example, for Ao = 1290 nm and AX = 50 nm, from (18) we obtain ALmin = 14.7 um which means
that the differences in lengths of the cavities of individual sensors in the sensor network should

(18)
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be not smaller than approximately 30 um. If we assume that the shortest Fabry-Pérot cavity
length should exceed 30 um (i.e. so that main spectrum components can be separated from the
constant component resulting from the Fourier transform — see Fig. 2 c)), and the longest should
not exceed e.g. 0.5 mm (the maximum length of the cavity depends on many factors, including
the resolving power measurement of the spectrum and the adopted required depth of spectrum
modulation), we obtain that the maximum number of sensors connected in the network is 16.
This number is directly proportional to the spectrum width of the broadband light source to be
used. The 50 nm width of light results from available, relatively cheap broadband sources using
super luminescence diodes. If it is necessary to build a network consisting of a greater number
of sensors, sources using several super luminescence diodes with different central wavelengths,
or much more expensive sources using the generation of supercontinuum or broadly tunable
lasers can be used. The latter two types of sources are available and widely used in frequency-
domain optical coherence tomography (FD-OCT) [42—44].

3. Experiment

The design of a low-coherence interferometric sensor with extrinsic Fabry-Pérot cavity
length-based addressing is schematically shown in Fig. 3. In this construction, the first
interferometer mirror is the polished end face of the single-mode SMF-28 optical fiber, ended
with FC/PC connector. The second mirror is the end face of the single-mode SMF-28 optical
fiber which is placed in a flat polished ferrule. Both mirrors are positioned by using a brass
sleeve. Another advantage of such a solution is the possibility to change the Fabry-Pérot cavity
length through the spreading or narrowing of mirrors relative to each other. However, due to
the design difficulties related mainly to problems in carrying out an accurate reference
measurement of the Fabry-Pérot cavity length, significantly different cavity length were set for
both sensors, despite calculating the minimum difference at 30 um.

The sensor was designed for temperature measurements. The thermal expansion coefficients
of ferrules and sleeves are about 0.5-107%/°C and 17-107%/°C, respectively. Since the thermal
expansion coefficients of ferrules and optical fibers are relatively very small and very similar,
the cavity length changes due to temperature change primarily depended on the linear thermal
expansion of the sleeves. On the other hand, a high difference in thermal coefficients of ferrules
and the sleeve can cause a mutual shift of these elements as a result of stress caused by
temperature changes. However, as the experiments showed (see Section 4), the measurements
are repeatable, therefore, the mentioned shift can be neglected.

Assuming no shift between the ferrule and the sleeve, and a very little thermal expansion
coefficient of the ferrule (negligible in comparison to thermal expansion coefficient of the
sleeve), the length change of the cavity AL is a product of the air gap length Lo (that can be
bigger than the Fabry-Pérot cavity length due to cut edges of the front faces of ferrules) and the
thermal expansion coefficient of the sleeve a:

AL=L,+a-T, (19)

where T is a temperature.


http://mostwiedzy.pl

A\ MOST

262

263
264

265

266

267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291

Metrol. Meas. Syst., Vol. 28 (2021), No. 2, pp. XXX—XXX.
DOI: 10.24425/mms.2021.136608
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< \rg
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sensor 1 sensor 2

Fig. 3. The idea of a low-coherence interferometric sensor with extrinsic Fabry-Pérot cavity length-based
addressing.

4. Sensor network
4.1. Network topology

Several network topologies can be applied to optical fiber-based sensor networks. The most
popular ones are a bus, a dual bus (also called a ladder), and a star. In this work, we proposed
a sensor network using the star topology. The easiest way to create such a network is to couple
N sensors with a 1xN fiber-optic coupler. For an ideal star-topology sensor network, the power
of the light source is divided into each of the sensors in ratio 1/N (when the coupler splits the
power evenly). If needed, the optical power for each sensor can be adjusted using couplers with
different couple ratios r. The star topology has an important advantage — new sensors can be
added or removed without disturbing the sensors, making the network easy to scale. Also, if
one sensor breaks down, it does not affect other sensors.

The use of couplers in the network allows for far-reaching network optimization from the
point of view of the level of the received signal from individual sensors, e.g. couplers with
a division different than 50:50 can be used. The use of couplers, although it complicates the
construction of the network, is particularly beneficial if individual sensors show large losses
(that is, if the sum of the power of radiation reflected from and transmitted by the Fabry-Pérot
interferometer and then transmitted in the core of the optical fiber is much smaller than the
power of radiation falling on the interferometer). It can take place, e.g., if the cavity length is
greater than the Rayleigh range of the beam subject to the phenomenon of diffraction inside the
interferometer cavity. In such case, big losses result from the fact that part of the radiation
power instead of further propagation in the fiber core is lost in the cavity. The phenomenon of
diffraction and its consequences can be omitted in sensors with very short cavities (i.e. shorter
than the Rayleigh range). In this situation, it is possible to build a quasi-assembled sensor
consisting of a series of fiber optic-wire cells.

In general, it can be said that the design of networks consisting of low-coherence fiber optic
sensors using external Fabry-Pérot interferometers is much more difficult, especially in relation
to networks consisting of sensors with Bragg networks. The latter can be designed to have very
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low losses. Moreover, they show very selective reflection for radiation of a specific wavelength
(for which Bragg condition is met) and very high transmission for other wavelengths. Radiation
that has not been reflected from the Bragg grating can be used for other sensors with another
fixed network in the Bragg grating. Such possibilities are not provided by low-coherence fiber
optic sensors with Fabry-Pérot interferometer, where the reflected and transmitted radiation is
modulated over the entire spectrum of the radiation source and which often show much higher
losses.

The output signal is a superposition of the signals from each sensor in the network.
Therefore, a crucial thing is to keep the sensor signal modulated individually for each network
component. If not, signal recovery from a particular sensor will be impossible.

4.2. Measurement setup

To experimentally prove the idea of a low-coherence fiber-optics sensors network,
a dedicated laboratory setup was built. The setup consists of two low-coherence sensors
(described in 3.1) for temperature measurements, whose cavities were equal to 126 um and
460 um, a superluminescent diode (S1300-G-1-20 by Superlum, Ireland), and an optical
spectrum analyzer (AQ6319 by ANDO, Japan), all connected with the 2x2 single-mode fiber
coupler (coupling ratio 50:50). Moreover, a temperature calibrator (ETC-400A by Ametek,
USA) was used for temperature changes. It ensures high-temperature stability at the level of
+0.15 °C (application note [45]). The sensors of the developed network are completely
independent, that is, they allow the simultaneous measurement of two different temperatures.
The measurement setup is presented in Fig. 4.

SLD light source

sensor 2
constant temperature 22 °C --
_C_— 9
\ - ..
S |} |
O ?} 30 °C . ==o
2:2 fiber coupler
sensor 1 optical spectrum
in temperature calibrator analyzer
T=30+130 °C

Fig. 4. Measurement setup.

The optical spectrum analyzer could be replaced by a much faster and cheaper optical
spectrometer, using a diffraction grating and a CCD or CMOS detector matrix. Such a solution
reduces the data acquisition time up to 5 orders of magnitude. A similar approach is applied in
Spectral Domain Optical Coherent Tomography (SD-OCT) systems, where it enables data
acquisition at a frequency of tens of kilohertz. Unfortunately, because of the number of detector
pixels, the spectral resolution of such a solution is lower than the spectral resolution of an optical
spectrum analyzer. For now, the most promising way to reduce the cost of the setup and keep
the high precision and resolution of the measurement seems to be the use of the tunable laser.

For verification of the operation of the sensor network, several measurements have been
taken. It had been decided, that during the experiment, one of the sensors was kept at the
constant temperature of 22 °C, while the temperature of the other sensor was increased and
decreased in the range from 30 °C to 130 °C, with 10 °C steps. The measurement signal from
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both sensors was registered at the same time and on one interferogram. Selected interferograms
acquired during the measurements are presented in Fig. 5 as an example.

———T=30°C
1 T=70°C

0.8+

0.6 1

Pla.u]

0.4 1

0.2+

0= T T T T T T T - 1
122 1250 1275 1300 1325 1350
A [nm]

Fig. 5. Registered interferograms for temperatures equal to 30 °C and 70 °C for the sensor 1 heating cycle.

As shown, the interferograms acquired for a different temperature of at least one sensor vary.
Nevertheless, it is hard to extract information about the temperature for individual sensors of
the network. Thus, advanced signal processing is required.

4.3. Signal analysis
For the signal analysis, the Fourier transformation was employed. This operation enables to

separate signals from both sensors connected in the network. The selected interferogram
acquired during the measurements and its Fourier transform are presented in Fig. 6.
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Fig. 6. Signal analysis of registered interferograms. a) Registered interferogram for the temperature of 70 °C for
the sensor 1 heating cycle. b) Fourier transform of registered interferogram with components of sensors 1 and 2
marked with a black and red arrow, respectively. ¢) Calculated interferogram for the temperature of 70 °C for
heating cycle for sensor 1. d) Calculated interferogram for the temperature of 70 °C for heating cycle for sensor
2.

For each acquired interferogram, the Fourier transform was calculated using the MATLAB
built-in fft() function. The acquired interferogram was padded with trailing zeros to length
2048, and then Fourier transform was calculated. Since the SLD source has Gaussian spectral
characteristics, no windowing function was applied. As shown in Fig. 6 b), the Fourier
transform of the acquired signal consists of the component depending on the spectrum of the
radiation source only (the DC component with a spatial frequency close to 0) and components
depending on both the spectrum of the radiation source and the spectrum modulation rate (the
sensor components). Due to the selected parameters of sensors cavities lengths, the sensor
components of the spectrum are well separated in the spatial frequency domain. The main
spectrum component from sensor 1 is marked with the black arrow, whereas the main spectrum
component from sensor 2 is marked with the red arrow in Fig. 6 b).

To obtain information about the spectrum fringes separation, the inverse Fourier transform
of the signal components was employed. The inverse Fourier transform was calculated using
the MATLAB built-in ifft() function. The length of the computed interferogram was kept the
same as the length of the acquired interferogram, i.e., equal to 2001. For each sensor, only the
main components were taken into account. Also, the DC component was omitted because of
the impossibility of its separation. Due to that, the shape of the processed interferogram is quite
different from the original one. The processed interferograms (for sensor 2 temperature equal
to 70 °C) for both sensors are shown in Fig. 6 c) and d). For separated sensor interferograms,
the number of maxima is higher for sensor 2 whose temperature is higher than for sensor 1. It
is in line with our expectations — the length of the sensor 1 cavity is smaller than that of sensor
2 which influences the length of the optical path in the interferometer cavity. Therefore, for
sensor 2, the number of maxima in the calculated interferogram is higher than the number of
maxima in the calculated interferogram for sensor 1. Moreover, the maximum wavelength
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values for sensor 2 in various temperature conditions are different — the temperature is higher,
the maximum wavelength is red-shifted.

4.4. Results

The analysis described in Section 4.3 was performed for each acquired interferogram, and
the calculated interferograms (see Fig. 6 c) and d)) were analyzed. Then, using the fitting
method based on the developed software, the sensor cavity length was determined for each
performed measurement.

The analysis in the function of temperature above was performed for both sensors of the
network. We observed dependence between the cavity length wavelength corresponding to the
obtained signal interferogram and the temperature calibrator reading. The cavity lengths of both
sensors as the function of temperature are presented in Fig. 7 a) and b), respectively.

= > cooling 5460‘8' > cooling
21264 ® heating = ] ® heating
= * ‘= 460.6 -
<) @ l
5 S 460.4
2 L 460.4
> 12624 >
£ £
i ® 460.2
~ 126.0- . 1 %
8 8460_0, **x**%xxxx
4 4 ]
0 0
12558+———7—— 77— 45984+—F—7—F—F———F——— T
20 40 60 80 100 120 140 20 40 60 80 100 120 140
Temperature of sensor 1 [°C] Temperature of sensor 1 [°C]

Fig. 7. Relationship between the maximum wavelength position in the function of temperature.

For sensor 1, we observed an increase of the calculated cavity length while temperature
increased. The obtained data were fitted with a linear function with a very high determination
coefficient R? value equal to 0.976. Apart from minor changes in the interferograms for the
same temperature between heating and cooling cycles, the calculated cavity length remained
the same. Assuming that the output value of the system is the calculated cavity length, the slope
of the characteristic (sensor temperature sensitivity) can be estimated as 4.70 nm/°C.

5. Summary

In this paper, we proposed a fiber-optic sensor network using low-coherence interferometric
sensors with extrinsic Fabry-Pérot cavities. We validated the network both numerically and
experimentally. The signals from individual sensors can be easily separated using a Fourier
transform. The proposed solution requires only one broadband light source with wavelengths
lying in the transmission band of the optical fiber. These wavelengths should be longer than the
cut-off wavelength of the optical fiber. The spectrum width of this source has a significant
impact on the maximum number of sensors that can be used in the network so that signals from
these sensors can be separated. Theoretically, more sensors in the network could be used for a
wider spectrum. So far, only models of temperature sensors have been used in the work to check
the possibility of building a network of fiber optic sensors using external Fabry-Pérot cavities.
For practical applications, these sensors should be miniaturized. In the miniaturized version,
the use of these sensors in the network can be particularly attractive for monitoring
infrastructure in the power industry (e.g. transmission lines or cables) due to the possibility of
transmitting measurement signals over a long distance in the presence of strong electromagnetic
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interference. Sensors of this type can be particularly attractive if dielectrics (e.g. ceramics) are
used instead of metal elements for their construction. Another potential application area for a
network of these sensors could be the monitoring of pipelines, highways, and any other structure
requiring remote measurements over long-distance. After meeting the requirements for the
accumulation of electrostatic charge, these sensors can also be used in mines and the
petrochemical industry.

Although the described concept has been validated based on the temperature sensor network,
the conclusions can be extended to networks of sensors of other physical quantities, if their
operation is based on an interference sensor with Fabry-Pérot cavity.
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