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Abstract: The design and usage of the addressed combined fiber-optic sensors (ACFOS) and the
multisensory control systems of the greenhouse gas concentration on their basis are investigated.
The main development trend of the combined fiber-optic sensors (CFOSs), consisting of the fiber
Bragg grating (FBG) and the Fabry-Perot resonator (FPR), which are successively formed at the op-
tical fiber end, is highlighted. The addressed fiber Bragg structures (AFBS) usage instead of the FBG
in the CFOS leads not only to significant cheapening of the sensor system due to microwave pho-
tonics interrogating methods, but also to increasing its metrological characteristics. The structural
scheme of the multisensory gas concentration monitoring system is suggested. The suggested
scheme allows detecting four types of the greenhouse gases (CO2, NOz, CHs, Ox) depending on the
material and thickness of the polymer film, which is the FPR sensitive element. The usage of
Karunen-Loeff transform (KLT), which allows separating each component contribution to the re-
flected spectrum according to its efficiency, is proposed. In the future, it allows determining the gas
concentration at the AFBS address frequencies. The estimations have shown that the ACFOS design
in the multisensory system allows measuring the environment temperature in the range of
—60...4+300 °C with an accuracy of 0.1-0.01 °C, and the gas concentration in the range of 10...90%
with the accuracy of 0.1-0.5%.

Keywords: environmental monitoring; greenhouse gases; multi-sensor system; combined fiber op-
tic sensors; fiber Bragg grating; addressed fiber Bragg structure; Fabry-Perot resonator; Carunen-
Loeff transforms

1. Introduction

The fiber optic sensors (FOS) in the environmental monitoring are of global im-
portance. The growing interest to the FOS is due to their advantages in comparison with
the electronic sensors. The FOS have numerous advantages such as a small size, a low
weight, a high speed of response to the gas concentration changing, an indifference to the
electric and magnetic noises, a remote sensing ability and a resistance to the harsh envi-
ronmental conditions [1]. Originally, the FOS were developed as the point sensors. A point
sensor is less effective compared to a distributed or quasi-distributed sensor array in the
amount of information, since it provides data collection from the single control point. The
different technologies have been developed to implement multipoint and distributed
sensing for this reason [2]. The fibers with etched cladding in the FBG area [3], the plastic
optical fibers [4], the Fresnel interferometers with various sensitive coatings were pro-
posed as the sensing elements. The multipoint sensors can also be implemented using the
optical fiber sounding methods. These methods have wide functional capabilities, and
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most of them show a linear response. However, a number of them are very unstable (due
to the interferometric nature of the measurements), and some of them require the expen-
sive peripheral equipment, while others have low reliability in the fiber breaking case (due
to the serial connection) [5].

Using the multimode interference effect (MMI) [6,7] is a promising method of the
FOS creating. The FOS on MMI principle are convenient because their architecture is sim-
ple, they are easy to manufacture and compact. In addition, the spectral response of this
class of sensors works like a narrow bandpass filter. In its simplest form, the FOS on MMI
includes a section of the multimode fiber (MMF) placed between two single-mode fibers
(SMF). These are commonly referred to as “SMF-MME-SMF” structures [8,9]. Even this
simple design allows measuring various physical and chemical parameters such as tem-
perature, humidity, vibration, salinity, pH, etc [10]. The narrowband spectral response of
the FOS on MMI can be easily tuned by a wavelength, adjusting its optical and geometrical
parameters. The FOS on MMI can be easily used to design a fiber optic multisensory sys-
tem by wavelength-division multiplexing. Although these sensor systems show a high
measurement sensitivity, the multisensory system of this class requires the additional
photonic devices to integrate the sensors with the tunable lasers to interrogate them. The
additional complexity is in realization of the high reflectivity fiber ends, which is quite
difficult to obtain in the infrared spectrum range.

In choosing the direction of sensor development for an environmental monitoring,
the focus is on the fiber optic Fabry-Perot end resonators (FPR) [11]. The FPR is the classic
sensitive element of pressure [12] and gas or liquid [13-15] concentration sensors. An open
FPR for gas concentration control is made by splicing capillary tubes or photonic crystal
fibers with the SMF [16]. The open resonator design allows gas flowing freely into the
resonator cuvette, which changes the air refractive index between the mirrors. Despite
this, the open FPR does not allow measuring the concentration of numerous gases, includ-
ing greenhouse gases because the change in its concentration is too small to noticeably
change the air refractive index between the FPR mirrors. Thus, the key to design the green-
house gas sensitive element of the FPR is finding or creating the material, refractive index
of which is noticeably sensitive to the gas concentration variation [11].

The transparent materials that are sensitive to carbon dioxide (CO2), for example, can
be used as the sensitive film of the FPR resonator, where carbon dioxide interacts with the
film material and changes its refractive index [17]. However, in practice, the sensors using
a functional material are known only in the fiber optic refractometers, basing on the light
attenuation effect [18]. The light attenuation coefficient depends on the refractive index of
the sensitive film material, which is defined by interaction of the film material with the
gas. Thus, the sensor design as the end FPR is characterized by simplicity, usage of inex-
pensive absorbing materials, and durability. Their design is a relevant task, due to the
simplicity of production and use.

Fiber optic sensors (CFOS) based on combination of FBG and FPR for simultaneous
gas, temperature, and pressure measurement have recently undergone considerable de-
velopment [19]. As estimations show, a promising sensitive structure for environmental
monitoring should consist of FPR in the form of a thin film at the end face of the optical
fiber with FBG near it. The film refractive index is reversibly changed depending on the
gas concentration. The interference pattern of the thin-film FPR is sensitive to all environ-
mental parameters, in particular to the changes in temperature, pressure, and gas concen-
tration. The FBG spectrum depends mainly on the temperature, and it has a weak depend-
ence on other external parameters changing. Thus, CFOS allows measuring temperature
and gas concentration simultaneously. The problem is that environmental pressure and
humidity are usually left out of the measurement [20]. A united CFOS sensor architecture
not only serves as an effective method for single-point measurement of the gas concentra-
tion and temperature, but also has the great potential for the sensors multiplexing. How-
ever, the cost of the system increases significantly due to the switching to a wide spectral
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range, which requires usage of the expensive optoelectronic interrogator to separate the
spectral responses from FBG and FPR [21].

In order to eliminate the abovementioned problems while preserving the functional
advantages, the current work proposes the usage of the Addressed Fiber Bragg Structures
(AFBSs) instead of conventional FBGs. AFBS is a fiber Bragg structure which optical re-
sponse includes two narrowband optical frequencies, while their difference is constant
and lies in the microwave frequency range [22-24]. The difference of two optical frequen-
cies is named “address frequency”, and it must be unique for each AFBS in the sensor
system. A characteristic feature of the AFBS is the invariance of the address frequency
under deformation and temperature influence. It allows using the AFBS address fre-
quency for their multiplexing in the sensor array [22]. AFBS performs the triple function
in the fiber-optic sensor systems: a sensor; a two-frequency light generator, and a multi-
plexer. The central wavelength of AFBS can be detected without scanning its spectral
range. It is the AFBS key feature. The AFBS interrogation scheme is much simpler com-
pared to a classical optoelectronic interrogation scheme. It consists of a broadband optical
light source (e.g., a super luminescent diode), an optical filter with a predefined frequency
response with an inclined profile and a photodetector. The AFBS interrogation principle
allows combining several AFBS with the identical central wavelengths and the different
address frequencies into a unified measurement system [22,25].

The goal of this work is the task statement of designing the addressed combined fi-
ber-optic sensors (ACFOS) as the key element of the multisensory measurement system.
ACFOS can be used as the temperature and gas concentration sensors simultaneously.
ACFOS is based on AFBS (instead of FBG) combined with FPR, with improved metrolog-
ical characteristics and possibility of their multiplexing and interrogation in the fiber optic
multisensory systems for greenhouse gas monitoring.

To achieve this goal, the following tasks had been formulated:

— the design of ACFOS, based on AFBS and FPR, with analysis of their manufactur-
ing technology (first section);

— the analysis of the principles of separate analyze of the AFBS and FPR responses
by temperature and gas concentration based on the sensitivity matrix (second section);

— the analysis of the ACFOS multiplexing principles based on the AFBS address
properties and additional spectral analysis of the AFBS and FPR responses to eliminate
their cross-distortions using Karunen-Loeff transform (third section);

— the design of the structural scheme and the interrogation principle for the multi-
sensory system for environmental monitoring of the greenhouse gases (the fourth section).

The task formulation for further research themes is in focus of conclusion.

2. ACFOS Model

The structural diagram of ACFOS, is shown in Figure 1. ACFOS can be represented
as a layered structure consisting of three different layers for broadband laser light propa-
gation: the fiber core; AFBS, consisting of the two homogeneous FBG with close but not
equal central frequencies; and FPR. The thin film of the transparent organic polymer ma-
terial, with thickness , as the gas-sensitive layer of FPR, is applied to the end face of the
optical fiber [26]. The film thickness and the polymeric material are selected based on the
type of the gas under test. The thin film refractive index depends on the tested gas con-
centration. The sensors considered in this paper utilize a standard single-mode optical
fiber with the core diameter of 8.2 um, and the core and cladding refractive index of 1.4682
and 1.45, respectively.

The manufacturing of ACFOS can be performed using two technologies similar to
the CFOS fabrication technique. Using an ultraviolet continuous laser, the process starts
with the two FBG forming. Then FPR is formed at the fiber end face. In some cases, high
temperature is required to FPR forming, which can “erase” FBG or its part. For this reason,
FPR is usually located at the distance from 1 to 4 cm from AFBS. To reduce this distance,
the FBG streaming technique can be used [27,28]. First, FPR is formed at the fiber end face,
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then a femtosecond laser is focused through a glass capillary into the core of the fiber for
AFBS forming.
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Figure 1. The structural diagram of the ACFOS.

To measure the greenhouse gas concentration, the FPR gas-sensitive layer is formed
from different polymers: PEI/PVA — for CO2[29]; polyaniline/C03Os — for CO [30]; LuBcz2 -
for NO2; PDMS/PMMA - for NHs [31]; Cryptophane A — for CHs; Cellulose - for Ox. Hu-
midity measurement can be performed using PVA coating [32]. It must be noted that the
choice of polymers is not limited to the abovementioned types, and the sensors utilizing
other polymers can be developed as well. The film thickness is tens of microns. AFBS is
formed at the 1550 nm range, due to both the advanced elemental base for the telecom-
munication systems and the spectral response of polymers and gases in this range.

3. The ACFOS Principle

The ACFOS sensor consists of AFBS combined with FPR, which is formed as a poly-
mer film at the fiber end face, Figure 1. FPR consists of two reflective surfaces: the interface
between the fiber core and the polymer film (interface 1), and the interface be-tween the
polymer film and environment (interface 2). The directed broadband light is initially re-
flected from AFBS, then the passed light is reflected from FPR. Two reflected beams inter-
fere with each other due to the phase delay caused by the difference in optical paths. Since
the reflectivity of the optical fiber end face and the surface of the polymer film are weak,
the effect of multiple reflections can be neglected. This allows to consider only the first-
order reflected beams. Consequently, the intensity of the ACFOS out-put light can be ex-
pressed as a combined spectrum, similarly to [33]:

2
Iow =1 |:Q1+Qz+(1_91_92) QFP]’ (1)

where 01, 02 and grr are the spectral reflectances of the FBG components of AFBS and FPR,
which are defined as [33]:

0, =R exp[—()\—}\i)zlwz} ()
and
Qe = 2Ry [1+cCOS(4NL/ A +7)],, )

where Ri are the peak reflectances of the first and second FBG: (i=1,2, Ri=0.6 +0.8), A
are their central wavelengths and o is bandwidth of the FBG, Rswmr is the reflectance of the
optical fiber end face, L is the FPR length [34]:

L= AA,2(A,—Ay), 4)
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where A1, A2 are the wavelengths of the neighboring maximums of the FPR reflectance
spectrum comb.

It is possible to conclude that the resulting ACFOS spectrum is the superposition of
the AFBS and the FPR spectra. The sensor response to the gas concentration change can
be related with the elastic-optical effect, which leads to the change in the FPR polymer
film thickness. The temperature response of the sensor can be explained by the thermal
expansion effect and the thermooptic effect of the polymer. The thermooptic effect also
changes the FPR wavelength and simultaneously changes the AFBS component wave-
lengths. The central wavelength shift of the FBG components of AFBS is defined as [22]:

AA, = 20N A, )

where Ai are periods of homogeneous sections of the first and second FBG, dnet is the
change in the effective refractive index of the optical fiber core.

Simultaneous measurement of the gas concentration and the temperature, can be
made by measuring the comb wavelength of FPR and the central wavelength shift of the
FBG components of AFBS. When the wavelengths of the FPR spectral response AArr and
the central wavelengths of the FBG components of AFBS AAarss (AAarss = AA1 = AAz, as it
follows from the AFBS theory [22]) are determined, the matrix of the sensor sensitivity

can be constructed:
{ Ahgp :|: KFP,C KFP,T {AC} ©)
A}\‘AFBS KAFBS,C I<AFBS,T AT ,

where Krr,c 1 Kerr are FPR sensitivities, and Karssc u Karsst are AFBS sensitivities for the
gas concentration and the temperature. The relative values of the gas concentration and
the temperature can be obtained from the sensitivity matrix:

[AC}ZL{ KAFBS,T _KFP,T:||: A7\’FP } @)
AT M _KAFBS,C KFP,C A}\’AFBS ,

M = KargsKepc = KarsscKepr/ 8)

where

is the determinant of the sensitivity matrix.

The matrix coefficients can be determined through measuring the sensor characteris-
tics separately for the temperature and the gas concentration by calibrating the wave-
length comb of the FPR spectrum and the AFBS central wavelength.

Simulations of the spectral response of ACFOS with 1 pm resolution between 1520
and 1580 nm have shown that the spectrum (at room temperature and 1 atm pressure)
shows ultrahigh spectral contrasts of about 18 and 9 dB for FPR and AFBS, respectively.
The reflected spectrum is shown in Figure 2 for the case of a typical concentration of car-
bon dioxide in the air.
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Figure 2. CFOS reflected radiation spectrum (laboratory conditions)

4. ACFOS Modeling

As it was mentioned above, the AFBS consists of the two homogeneous FBG with
close but not equal central frequencies. AFBS can be formed with two FBGs inscribed se-
quentially or on the same section of the optical fiber [35]. At the same time, it is required
that the AFBS has spectral components, the full with at half maximum (FWHM) of which
are much smaller than the address frequency of the AFBS [22]. The FWHM of the AFBS
spectral components define the width of the address frequency spectrum at the photode-
tector’s output, which in its turn defines the calculation accuracy of the AFBS central
wavelength shift. Therefore, the bigger the AFBS physical length, the higher accuracy is
provided by it. AFBS formed by two sequential FBGs requires very precise temperature
control of the fiber section incorporating the AFBS in order to ensure the constancy of the
address frequency. This condition is not always easily met, especially when the AFBS
length is several dozens of millimeters. Therefore, the inscription of the two homogeneous
FBGs on the same fiber section is a more promising solution.

Despite the presence of the common assumptions and conclusions from the FBG the-
ory, it is preferable to have a complete mathematical model, which could simulate the
ACFOS as a whole. A model of a plane electromagnetic wave propagation through a lay-
ered structure can be used as a basis for modeling of the optical radiation propagation
through the ACFOS [36]. Indeed, an FBG can be represented as a layered structure con-
sisting of numerous homogeneous transparent layers of silica glass with alternate refrac-
tive index. The AFBS model is formed by two FBGs with different grating periods located
sequentially or in the same fiber section. FPR is modelled as the final homogeneous trans-
parent layer with the parameters of the gas-sensitive film. The Cartesian coordinate sys-
tem with the origin at the beginning of the AFBS is chosen for modeling [36]. Then for the
plane electromagnetic wave propagation, the continuity of the electromagnetic field is re-
quired. This implies that the electric and the magnetic fields are equal at each optical layer
interface:

,1i=0,N-1, )

{Ei (Zi): Ei+1(zi)
Hi(zi): Hi+1(zi)

where Ei and Hi are the vector magnitudes of the electric and magnetic fields, respectively;
i is the layer number, so that i =0 is the layer of silica fiber from the optical source to the
AFBS, i=1, N -2 are the layers of alternate refractive index, i=N —1 is the layer of the
gas-sensitive film, i = N is the layer of environment. For the plane electromagnetic wave,
the system of equations (9) is formulated as follows:
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Wi Wi+l

Here ti and ri are the transmittance and reflectance of each layer, z: are the coordinates of
the interfaces between layers, ki is the wavenumber and wi is the wave impedance of each
layer:

2n

—n,

27
K (Mg, ) =—4&L = i
(i) o, "

A

W (ky,8) = VHibo /€8,

taking into consideration that c,/e,u, =1, where, A = c¢/f is the wavelength, w = 27tfis the

circular frequency, i is the permittivity and i is the permeability of the layer, which are
determined by the corresponding coefficients of the layers, multiplied by the absolute per-
mittivity €0 and the absolute permeability o of the vacuum, c is the light speed in vacuum.

The system of equations (10) provides 2-N equations for finding the 2:(N + 1) un-
known quantities. It is assumed that all wave intensity that comes from the light source
into the first layer passes through it without loss and there is no reflection from the far
boundary of the third layer. These conditions make it possible to determine the reflection
and transmission coefficients for the zero and the last layers (fo=1, rn+1=0). Hence, we
obtain a system of 2-N linear equations for 2-N unknown complex variables 7;, ti.

The solution of the system of equations allows to define the transmittance and reflec-
tance for each layer at any wavelength. The solution of the system of equations for each
wavelength in a particular range enables complete modeling of the AFBS reflectance spec-
trum.

The system of equations (10) is initially formulated on condition that the layer inter-
faces coincide with the chosen coordinate grid zi. In this case, as it was mentioned before,
zi is chosen so that at i =1, N - 2 they would form layers with alternate refractive indices.
Such choice of the coordinate grid is convenient for the homogeneous layer calculation.
However, this approach is problematic in the case of modeling of two periodic structures
formed on top of each other, since it is not possible to impose two periodic structures with
different periods on the same coordinate grid.

On the other hand, the conditions of electromagnetic field continuity are met not only
at the interface between layers but also in every point of electromagnetic wave propaga-
tion. This fact allows to use the coordinate grid z: that does not coincide with the layers’
interfaces.

The induced refractive index of the optical fiber changes harmonically. Therefore, if
the coordinate grid does not coincide with the layers of periodic structure, it is necessary
to define the value of the induced refractive index for each layer. For that, it is sufficient
to define the permittivity of each layer, superimposing the periodical variation of ¢ on the
arbitrary uniform coordinate grid under the assumption that the permeability of all the
layers is equal to one:

T . (2rn 7,47 ))1-j-tan(a
8i=[(”§+nf)+§(“§—nf)sm(x' 5 D > (o), (12)

where no and m are the refractive indices of the FBG layers, A is the FBG period, tan(a) is the
dielectric loss tangent of the optical fiber, zi is the arbitrary coordinate grid.

The convenience of the arbitrary coordinate grid usage lies in the fact that by adding
other summands with different period of harmonic variation of the refractive index to the
equation (12), it is possible to model any number of FBGs inscribed on the same section of
the optical fiber. The usage of the coordinate grid which is not linked up to the FBG period
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makes it possible to model various ACFOS configurations with different address frequen-
cies and to obtain the values of the induced refractive index change along the optical fiber
for ACFOS point-by-point inscription with the desired spectral response.

Figure 3 shows the results of the numerical simulation of the ACFOS spectral re-
sponse using the mathematical model introduced above. The address frequency of the
ACFOS is 80 GHz.

1

0.8

0.6

0.4

Reflectance

0.2

0
15401107 % 15441107 % 15481107 % 1.5521x107°  1.5561x107°  1.5601x10 °

Wavelength (m)

Figure 3. ACFOS reflected radiation spectrum (numerical simulation)

As it can be seen from Figure 3, the ACFOS spectrum response is comprised of a
sinusoid-like spectral shape formed by the Fabry-Perot cavity and two narrow peaks
formed by the FBGs. It must be noted that the spectral response contains dips near the
reflection peaks of the FBGs, which can be explained by the interference of waves reflected
from the FBG, which received a phase shift when passing through the Fabry-Perot cavity.

Using the proposed mathematical model, it is possible to study the nonuniform heat-
ing of the ACFOS along its length, to analyze the usage of chirped and complex apodized
FBGs in the structure of ACFOS; the model also enables studying the spectral response
variation due to the gas concentration and temperature influence on the sensor.

5. ACFOS Multiplexing

The sensor multiplexing is based on the address measuring conversion for the AFBS,
namely: “the AFBS central wavelength — the difference frequency between the first and
the second FBG components of AFBS — the photodetector output beat frequency — the
AFBS microwave frequency address”. Simulations of the AFBS sensors with different ad-
dress frequencies were performed. The dependence of the address frequencies on the grat-
ing period of the constituent FBGs in the range up to 20 GHz was obtained (Figure 4). The
address frequencies of 8, 15.6, and 19.2 GHz were obtained. The dependence of AFBS
spectral response on the FBG length was also established, as shown in Figure 4,d). With
the increase of FBGs lengths, their reflectance also increases. Therefore, a tradeoff between
the sensor length and the reflectance must be achieved. The dependences clearly demon-
strate the possibility of the sensor multiplexing in a narrow wavelength range compared
to the operating wavelength of 1550 nm with full addressability.

Numerical experiments for the multisensory gas concentration control system were
performed in the Optiwave System software. The sensor addressability was determined
by the nonequivalent conditions of the AFBS address frequencies (« # ()j, where k and j
are the indexes of AFBS in the sensor array, k, j € N, and N is the number of AFBS. The
difference |Q« — Q| also must not be equal or multiple to each of the address wavelengths
Qk and Qj [24].

The frequency difference between two neighboring sensors is about 100 MHz. If the
address frequencies of ACFOS do not exceed 20 GHz and the sensor number is no more
than 200, then they can be differenced by the Fast Fourier Transform. The sensor number
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will be less, if the bandwidth is decreased to 120 MHz (which is corresponded to the FBG
recording technology with a minimum bandwidth of 1 pm [37]). The existing methods of
the AFBS central wavelength determining, based on the optical filter with an inclined pro-
file [22] and based on the Fast Fourier Transform [25], allow determining the absolute
temperature with an error not exceeding +0.1 °C and +0.01 °C respectively. The main con-
dition of the accurate temperature determination is equality of the reflection coefficients
Ri of both FBGs forming ACFOS. The ACFOS spectrum is a superposition of the AFBS and
FPR spectra, hence, the condition of equality is not fulfilled.
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Karunen-Loeff transform (KLT) can be used to solve this problem [38]. The ability of
KLT to separate the FBG and the FPR spectra can be successfully used for interrogation of
the ACFOS spectrum. This is a common procedure used in multisensory systems for oil,
gas and geothermal engineering, where the combined sensors operate in the temperature
range from — 60 to 300 °C and high pressure (up to 100 atm). The KLT procedure is also
applicable for environmental monitoring, where the conditions are similar in temperature
and in gas concentration changes from 10 to 90%.

The data separation from seven sensors is demonstrated in [21]. The first five sensors
are the FBGs with the similar reflection coefficients. They are uniformly distributed in
1550 nm range, and have different reflection amplitude at the central wavelength due to
the overlap with the FPR spectrum. The sixth sensor is the external FPR with a maximum
reflectance of 33% and the resonator length of 25 um, designed to control the external
influences. Finally, the seventh sensor is the weakly reflective FPR (0.95%) which simu-
lates a pressure sensor. The total ACFOS reflectance spectrum has the width of 60 nm.
After KLT is applied, the components of each sensor are separated, while all FBGs have
equal reflection amplitudes.

The KLT algorithm usage can change the structure of wave multiplexing multisen-
sory systems, in particular for the high density sensors [39]. The typical principle of such
systems is based on the wavelength separation, assigned as the sensor work range. This
approach is very vulnerable due to the spectra overlapping possibility. We eliminate this
disadvantage by using AFBS, which can also operate at the common central wavelength
[24]. In additional, the KLT algorithm usage allows eliminating the ambiguity of the sen-
sor readings, since each sensor is encoded in its spectrum part.

The discussion in this section represents the first step towards combining the ad-
dress-based approach in ACFOS with the KLT algorithm. The goal statement for further
research is to investigate the possibility of applying of two-, three-, and four-component
AFBS [24,25,38] with a strongly reflective FPR for the temperature compensated gas con-
centration measurements and with a weakly reflective FPR for ambient pressure compen-
sation.

6. Multisensory Environmental Monitoring System

Let us focus on the task statement of the ACFOS multisensory system creating, the
core of which must be an interrogator. The design of the interrogator is important, not
only because it determines the system performance and the measuring conversion princi-
ple, but also because it must ensure its working ability not only in the laboratory, but also
in the field conditions. For ACFOS, the system requirements are as follows.

Physical requirements: The optical fibers guarantee small sensor size, easy-to-lay cable,
and lightweight construction. Small size is essential for environmental applications where
the key requirement is minimizing the control point size.

Metrological requirements: Most ACFOS provide high conversion accuracy, linear cal-
ibration function and fast response.

System requirements: ACFOS enables multisensory architectures in which sensors can
be fabricated on a single fiber or combined across different topologies into a single inter-
rogation system. ACFOS allows constructing the quasi-distributed measurement systems
with high spatial resolution.

The field measuring systems must comply with the following requirements: the interrogator
cost must be limited by its specific application; the size, weight, and shape of the interro-
gator must match the size of the rack of the automatic air pollution monitoring station; it
must have low-power consumption with the battery power backup; the data recording
rate for each channel must be 10 times more than the possible variation of the measured
value; the number of ACFOS must be determined by the measuring requirements.

The most important factor of any measuring system is its cost. The cost depends on
many factors. The subsystem that has a dominant part of the cost is usually determined
by its functional purpose. In some applications, a fiber cost may be dominant, in others
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the multiplexing scheme. In the sensor systems, the interrogator typically has a dominant
part of the cost. In [22,25] we show that the cost of the microwave photonic interrogators
for AFBS can be in tens of times less than the classical optical-electronic interrogator cost.
Consequently, the main challenge for the system developers is to obtain information
about the FPR shift on the address frequencies of the sensor using the KLT algorithm.

The structural diagram of the designed system working on the reflection principle is
shown in Figure 5. The sensors (6.1) — (6.N) are mounted remotely, and the microwave
photonic interrogator is mounted in the automated control rack. The light source (1) is a
broadband laser diode (LD) in the range of 1550 nm. Its temperature must be stabilized
by the thermoelectric controller, which is critical to ensure stable output power of the light
source over the operating wavelength range. The optical radiation from the source (1) is
divided into two channels by means of fiber-optic splitter (2) in order to compensate pos-
sible instabilities in the LD output power through the normalization of the signal ampli-
tudes in both channels. In the channel 1, the reflected radiation from the ACFQOS sensors
(6.1) — (6.N) connected through the splitter (5) is directed to the photodetector (7.1)
through the optical circulator (4.1), while the source (1) is isolated from the reflected radi-
ation by optical isolator (3.1) (>20 dB). Each ACFOS can use FPR with different polymer
films. The output signal of the photodetector (7.1) is converted by means of the analog-to-
digital converter (ADC) (8.1) and processed by the computer (10). Similarly, in the channel
2, the radiation reflected from the reference sensor (9) is guided to the photodetector (7.2)
through the circulator (4.2), while the source being isolated from it with the isolator (3.2).
The reference sensor (9) has the reference spectrum equal to the spectrum of the measure-
ment sensor at the calibration points. It allows additional consideration of variations in
LD parameters. The output signal of the photodetector (7.2) is also converted by the sec-
ond ADC (8.2) and processed be the computer (10).

The ACFOS packaged design in the ferrule is shown in Figure 6,4. The overall design
of the microwave photonic interrogator (MPI), considering the functional electronics and
the commutation fibers, is shown in Figure 6,b. In addition, the Ibsen I-MON optical-elec-
tronic interrogator, using to control and compare measurement results, is installed in the

housing.
N o
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Figure 5. Schematic diagram of a multi-sensor greenhouse gas monitoring system: (1) wideband
light source, (2) and (5) fiber-optic splitters, (3.1) and (3.2) optical isolators, (4.1) and (4.2) fiber-optic
circulators, (6.1) - (6.N) ACFOSs, (7.1) and (7.2) photodetectors, (8.1) and (8.2) ADCs, (9) reference
sensor, (10) computer.
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(a)

Figure 6. A prototype of CFOS (a) and interrogator (b) for a multi-sensor system

MPI consists of the following nodes:

1) Optical-electronic module (OM) of microwave photonics type;

2) Cross-1 (KP1) (for switching the optical-electronic module with sensors through a
fiber optic cable);

3) Cross-2 (KR2) (for splitting the fiber optic cable for 24 channels for sensor connect-
ing);

4) Fiber optic cable connecting the KP1 and KP2;

5) Patch cords for connecting the RC2 and ACFOS.

The usage of the non-electrical measuring instruments and the fiber-optic cable al-
lows applying MPI for environmental monitoring at the energy, oil and gas, chemical in-
dustries (including manufacturing with aggressive gases), metallurgical enterprises, and
in medicine.

ACFQOS, that are not included in MPI kit, consist of electrically non-conductive mate-
rials, which allows using them in the high voltage areas. In addition, they are manufac-
tured in the enclosure, which is not susceptible to corrosion. ACFOS are also immune to
electromagnetic noises and do not interact with other electrical devices. They can be used
safely in potentially explosive environments without risk of sparks. The sensors have the
high accuracy and the wide operating temperature range from -60 to +300 °C, depending
on the type of fiberglass cable protection. If necessary, it is possible to combine (multiplex)
numerous sensors into one measurement network, with the measurement module, placed
at the distance up to 10-30 km. Estimations have shown that the ACFOS design and sys-
tem as a whole allows measuring the gas concentration in the range of 10-90% with an
error of 0.1-0.5%.

The ACFOS undoubted advantages are their high speed, passivity, resistance to elec-
tromagnetic noises, dielectric nature, fire safety, low weight and dimensions, operability
in a wide temperature range and interference immunity of the data transmission channel.
This approves the possibility of building on their basis promising tools and multi-sensor
systems for environmental monitoring of green-house gas concentrations.

7. Conclusions

As the result of this research, the concept of development of multisensory systems
for environmental monitoring of greenhouse gases of various levels is developed. The
concept allows by 2030 forming a deployed network of control posts for enterprises, re-
gional formations and the whole country. The proposed concept is based on the current
level of information technology and computational tools, which allows improving sys-
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tems of monitoring and management of the environmental situation. Intelligent technol-
ogies and monitoring means based on fiber optic technologies should become the priority
directions for increasing the ecological safety level. To create an intelligent system of the
greenhouse gas monitoring is necessary to solve the tasks of creating workable in the field
conditions:

— the address CFOS, based on AFBS and FPR, capable to distinguish the gas type,
determine its concentration, have a built-in system of temperature, atmospheric pressure
and ambient humidity compensation;

— the microwave photonic interrogator for construction of multisensory system of
ecological greenhouse gas monitoring, possessing possibility of control of ACFOS address
and analysis reflection from them in the narrowband, limited by AFBS address frequen-
cies, with transformation into digital data package;

— the multisensory system software to process a digital data package allowing sepa-
rate registering of AFBS and FPR responses for gas concentration, temperature, pressure
and ambient humidity based on the single multi-parameter sensitivity matrix and
Karunen-Loeff transformation algorithms to eliminate cross-distortions;

— the passive fiber optic communication network of hybrid structure with time and
wave multiplexing, providing data exchange channels between ACFOS and dispatch cen-
ter, with possible use of wireless access networks;

— the artificial intelligence technology and processing of large amounts of data for
operational decision-making to ensure the maximum level of environmental safety at var-
ious levels of the system.

Each of the above-mentioned tasks requires a scrupulous study and presentation of
detailed results obtained at each stage of implementation, which is the subject of our fur-
ther research. In this article, the authors did not go into detail about the measurements
performed, but focused on the problem statements, excluding the last two. Expanded in-
formation will be the subject of future publications.
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