Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2022 doi:10.20944/preprints202210.0109.v1

Review

Addressed Fiber Bragg Structures: Principles and Applications
Overview

Timur Agliullin !, German II'In 2, Artem Kuznetsov !, Rinat Misbakhov !, Rustam Misbakhov 3, Gennady Morozov
1, Oleg Morozov »*, IlInur Nureev ! and Airat Sakhabutdinov !

1 Department of Radiophotonics and Microwave Technologies, Kazan National Research Technical Univer-
sity Named after A.N. Tupolev-KAI, 10 K. Marx St., Kazan 420111, Russia; taagliullin@mail.ru (T.A.), aakuz-
netsov@kai.ru (A K.), energy@zerdex.pro (Rin.M.), gamorozov@kai.ru (G.M.), iinureev@kai.ru (I.N.),
azhsakhabutdinov@kai.ru (A.S.)

2 Department of Electronic and Quantum Means of Information Communication, Kazan National Research
Technical University Named after A.N. Tupolev-KAI, 10 K. Marx St., Kazan 420111, Russia; giilin@kai.ru

3 Almetyevsk Branch, Kazan National Research Technical University Named after A.N. Tupolev-KAI, 9b

Stroiteli Avenue, Almetyevsk 423400, Russia; rushmisbakhov@kai.ru

Correspondence: microoil@mail.ru

Abstract: Five years ago, the concept of addressed fiber Bragg structure (AFBS) was proposed,
which is a special type of fiber Bragg grating simultaneously performing the functions of a two-
frequency radiation shaper and a sensitive element. AFBS forms a two-frequency optical spectral
response at its output, the difference frequency of which is invariant to measured physical fields
and is referred to as the address frequency of the AFBS. Each of the AFBS in the system has its own
address frequency, therefore, a number of such structures can be interrogated simultaneously ena-
bling the addressed multiplexing. In this article, we provide an overview of the theory and technol-
ogy of AFBS, including the structures with three or more spectral components with various combi-
nations of difference frequencies, both symmetrical and asymmetric. The subjects of interrogation
of AFBSs, their fabrication and calibration are discussed as well. We also consider a wide range of
applications in which AFBS can be used, covering such areas as oil and gas production, power en-
gineering, transport, medicine, etc. In addition, the prospects of AFBS further development are pro-
posed that mitigate the shortcomings of the current AFBSs’ state of the art and open up new possi-
bilities of their application.

Keywords: addressed fiber Bragg structure; fiber Bragg grating; fiber-optic sensor; microwave pho-
tonics; microwave-photonic sensor systems

1. Introduction

Fiber Bragg gratings (FBG) have acquired widespread application since their intro-
duction in the late 1970s [1], especially as sensing elements for measurement of various
physical fields. Their attractive properties such as small footprint and low weight, im-
munity to electromagnetic disturbances, high sensitivity and possibility of multiplexing
several FBGs into a single system provide advantages in numerous areas, including aero-
space [2], automotive [3], biomedical [4], civil engineering, oil and gas industry [5], etc.

Several techniques for FBG multiplexing and interrogation have been developed to
date. The most common approaches, such as wavelength [6], frequency [7], time [8] and
spatial [9] division multiplexing are implemented using complex and costly optoelec-
tronic devices, such as spectrum analyzers, tunable Fabry-Perot interferometers, diffrac-
tion gratings, etc. Another problem of the traditional interrogating methods is the lack of
sensor addressability which leads to interrogation errors when spectrum overlapping
takes place. In order to mitigate this issue, optical spectrum-coded FBG interrogation
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methods were proposed [10,11], in which the sensors are interrogated in real time accord-
ing to autocorrelation between sensor spectra and its code signature, thus allowing to dis-
tinguish several FBGs within the same spectral range.

A different approach was proposed, in which FBG performs triple function: besides
sensing, it acts as a two-frequency radiation shaper as well as enables address-based mul-
tiplexing. Such FBGs are referred to as addressed fiber Bragg structures (AFBS) [12,13].
An AFBS is a type of FBG, the spectral response of which has two narrow components
(notches). When an AFBS is connected to a wideband optical source, it forms an output
radiation consisting of two narrowband frequencies, the difference between which is
called the address frequency and belongs to the microwave range (GHz). The address
frequency is invariant to the AFBS central wavelength shift when it is exposed to strain or
temperature variations. Therefore, the address frequency is used as a distinguishing pa-
rameter which makes it possible to interrogate several AFBSs even if their central wave-
lengths coincide.

The usage of AFBS significantly simplifies the interrogation scheme compared to the
abovementioned optoelectronic methods, as it requires only a broadband light source, an
optical filter with a predefined frequency response with an inclined profile and a photo-
detector.

The concept of AFBS was subsequently expanded to include the structures with three
or more spectral components forming two or more address frequencies, which are also
known as multi-addressed fiber Bragg structures (MAFBS) [14]. The increased number of
address frequencies allows to enhance the accuracy of the central wavelength determina-
tion as well as to expand the sensor capacity of the system.

The current paper presents a comprehensive classification of addressed fiber Bragg
structures, including both AFBSs and MAFBSs with various relative positions of the spec-
tral address components. The theoretical and technological aspects of AFBS implementa-
tion are also discussed. An overview of a wide range of AFBS applications is given along
with the directions of AFBS further development.

2. Classifications of Addressed Fiber Bragg Structures

The following classifications consider AFBSs with up to three spectral components.
AFBSs with four or more address components can be classified in the same manner. Two
approaches to the formation of AFBS have been proposed: the introduction of two or more
phase mt-shifts into the periodic structure of FBG (Nm-FBG, where N is the number of
phase shifts, Figure 1) [15] and the sequential recording of several ultra-narrowband FBGs
with different central wavelengths (NA-FBG, Figure 2) [16]. For the former type, the trans-
mitted radiation is used for interrogation, while for the latter type, the reflected light is
utilized. Thus, the reflecting and transmitting AFBSs constitute the first AFBS classifica-
tion.

The second classification of AFBS is according to the number of address frequencies:
a single-addressed AFBS (Figure 1, a, Figure 2, a), which is a double-component AFBS
(DCAFBS); a two-addressed AFBS (Figure 1, b, Figure 2, b), which is a symmetrical triple-
component AFBS (STCAFBS) with lateral address components spaced at the same address
frequency from the central address component. A three-addressed AFBS (Figure 1, c, Fig-
ure 2, ¢) is an asymmetric triple-component AFBS (ATCAFBS) with lateral address com-
ponents spaced at different address frequencies from the central address component.

The third classification is the classification according to the coincidence of the fre-
quency of the central address component and the Bragg frequency of the entire structure
as a whole. The possibility of Bragg frequency definition for the entire structure as a whole
follows from the invariance of the position of the address components when physical
fields are applied to the structure. The Bragg frequency can be defined to be in the middle
between the frequencies of lateral address components (FLACs) (Figure 1, a) coinciding
with the frequency of the central address component (FCAC) in the case of STCAFBS (Fig-
ure 1, b), or it cannot coincide with FCAC in the case of ATCAFBS (Figure 1, c).
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Figure 1. Reflected spectrum of AFBS (Nn-FBG type): (a) double-component AFBS (DCAFBS) with
the Bragg frequency (BF) in between the frequencies of lateral address components (FLACs); (b)
symmetric triple-component AFBS (STCAFBS) with the BF coinciding with the frequency of the
central address component (FCAC); (c) asymmetric triple-component AFBS (ATCAFBS) with the
BF not coinciding with the FCAC.
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Figure 2. Reflected spectrum of AFBS (NA-FBG type) with: (a) double-component AFBS (DCAFBS)
with the Bragg frequency (BF) coinciding with the left frequency of lateral address component
(FLAC); (b) symmetric triple-component AFBS (STCAFBS) with the BF coinciding with the right
FLAG; (c) asymmetric triple-component AFBS (ATCAFBS) with the BF coinciding with the fre-
quency of the central address component (FCAC).

Alternatively, the Bragg wavelength can be defined to be coinciding with the FLAC
of the DCAEFBS (Figure 2, a), or the STCAFBS (Figure 2, b), or to be coinciding with the
FCAC of the ATCAFBS (Figure 2, c).

3. Interrogation of Addressed Fiber Bragg Structures

Typical schemes for AFBS interrogation are presented in Figure 3. The scheme for the
transmitting Nt-FBG AFBS is shown in Figure 3, a, while Figure 3, b represents the one
for the reflecting NA-FBG structures. In the schemes below, double-component AFBSs are

used as an example. The schemes for the structures with three or more components are
designed in the same way.
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Figure 3. Interrogation schemes for AFBSs of: (a) transmitting type; (b) reflecting type; (1) wideband
light source, (2.1) — (2.N) AFBS sensors, (3.1) and (3.2) optical filters with linear inclined frequency
responses, (4.1) and (4.2) photodetectors of the measuring channels, (5.1) and (5.2) ADCs of meas-
uring channels, (6) and (9) fiber-optic splitters, (7) photodetector of the reference channel, (8) ADC
of the reference channel, (10) fiber-optic combiner, (11) fiber-optic circulator; inserted diagrams: (a)
spectrum of the wideband light source, (b) and (c) spectra of light propagated through the AFBS
sensors, (d1) and (d2) spectra of AFBS sensors at the output of the optical filter, (e) spectra of AFBSs
in the reference channel; blue connection lines represent optical fibers, black connection lines repre-
sent electrical wires.

The schemes operate as follows. An optical source (1) generates a wideband optical
radiation (insertion a), the bandwidth of which covers the whole range of AFBS compo-
nents’ wavelength shifts. The radiation passes through N addressed structures 2.1 - 2.N
connected either in parallel using fiber-optic splitter 9 and combiner 10 (in the case of
transmitting AFBS, Figure 3, a), or sequentially (in the case of reflecting AFBS, Figure 3,
b). At the output of each AFBS, a radiation with two spectral components is formed, the
spacing between which corresponds to the address frequency of the AFBS and is unique
for each sensor in the system. The combined multi-frequency radiation from all the AFBSs
(insertions b and c) is divided by means of a fiber-optic splitter 6 into two measuring and
one reference channels. In each measuring channel, the radiation passes through an opti-
cal filter (3.1 and 3.2) with a linear inclined frequency response, which modifies the am-
plitudes of the frequency components of the AFBSs according to its known frequency re-
sponse. The key difference between the measuring channels is that the optical filters 3.1
and 3.2 have different known temperature sensitivities of their spectral responses. The
optical radiation in all the channels is received by the corresponding photodetectors 4.1,
4.2 and 7, at the output of which the electric beating signals are generated at the address
frequencies of the AFBSs. The electric signals are digitized using ADCs 5.1, 5.2 and 8, and
the subsequent calculations of the AFBS central wavelengths are carried out for the ratio
of the power of each measuring channel to the power in the reference channel. This elim-
inates the influence of the optical source fluctuations on the AFBS interrogation process.

One of the key components of the AFBS interrogation scheme is the optical filter with
a linear inclined frequency response. Such filter can be fabricated based on an FBG with
the known spectral response having linear slopes. The deviation from the linear approxi-
mation of the optical filter frequency response is one of the main components of the meas-
urement error, since the position of the AFBS spectrum is determined relative to it. There-
fore, for the given FBG-based filter, the acceptable range of the AFBS spectral components
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shifts is determined, in which the deviation of the filter spectrum from the linear approx-
imation does not exceed the desired value, as it is discussed by the authors in [17].

As it follows from the principle of AFBS interrogation, in order to correctly determine
the AFBS central wavelength, it is necessary to take into account the temperature drifts of
the optical filters 3.1 and 3.2. For this reason, the filters are located close to each other in
the system layout so that their temperature is assumed to be the same. Therefore, knowing
the difference between the center wavelengths of the same AFBS determined using the
filters, it is possible to calculate their temperature using the pre-defined temperature char-
acteristics of the filters [17].

Consider the output optical radiation of the i-th AFBS, which is represented as a sum
of two harmonic oscillations spaced by the address frequency Q::

Ei(t) — Aiejwzt+(PAi + Bief(w,*gi)f“{’m , (1)

where A;, Bi are the amplitudes of the AFBS spectral components passed through the op-
tical filter ((3.1) or (3.2) in Figure 3); wi is the frequency of the “left” spectral component of
the i-th AFBS; Qi is the address frequency, ¢, @si are the initial phases, which can be
unequal, but their difference is constant over time.

The luminous power received by the photodetector from N double-component AF-
BSs can be expressed by multiplying the equation (1) with its complex conjugate:

N N~ N , _ N , ,
P(t) = (Z Ei(t)j[z Ei(f)] — (Z(Aie]wit+@m + Bie](w,-+§1,)t+%,- )](Z(Ake(]wktwn\k) + Bke*(](wwﬂk)mpnk) )J —
i=1 i=1 i

i-1 k=1
A A cos((@; —w )+, —@ )+
N N N N | AB —w, —Q)t+@, — +
— YA+ B2 AB cos(@f +p, —,)+2Y. 3 | 40 O @ T QTN @)
=1 =1 i1k | BA, cos((w; —w +Q)E+ @ =@, ) +
BB, cos((w,; —w, +Q, =Q )t + @, —¢y)

2)

Thus, the oscillation of the amplitude of the electric signal of the photodetector at the ad-
dress frequency of the AFBS Qiis proportional to the amplitudes of the AFBS optical spec-
tral components Ai and Bi, which are defined by the parameters u (the slope) and v (the
intercept) of the linear function describing the inclined frequency response of the optical
filter ((3.1) or (3.2) in Figure 3):

A =L,-(uw,+v), B,=L;-(u-(w, +Q,)+0), (3)

where Lo is the initial amplitude of the AFBS optical spectral components at the input of
the filter with inclined linear frequency response. By measuring the amplitude of the pho-
todetector output signal at the address frequency (J; it is possible to define the central
frequency shift (or the frequency of the left spectral component wi) of the AFBS relatively
to the inclined frequency response of the optical filter. However, due to the appearance of
the additional frequency components in the last sum of the equation (2), the filtering of
the electrical signal at the address frequencies is required.

By assuming that Bi = Ai + u- Qi (which follows from (3)) and by filtering the photo-
detector output signal at the address frequency, the system of equations for calculation of
the AFBS spectral components’ positions is obtained:

AA F(Q,w, —w )+
N N

A(A +u, Q) F(Q,w, —w, —Q, )+
22 4 A ) F@ o 10 =D, Vj=1N, @
—d L A (A +1,Q) - F(Q, 0, —w, +Q,)+ !

(A +u Q) (A +1u, Q) F(Q, 0, —w, +Q,-Q,))

where the function F(Q), w) describes the frequency response of the bandpass filter of the
address frequency. The system of equations (4) in the variable w: is solved numerically
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(for example, using the Levenberg-Marquardt or the Newton—-Raphson algorithms), tak-
ing the previously calculated value of wi as the initial conditions.

In most cases, the error of the AFBS spectral position calculation does not exceed
0.1 pm even in multi-sensor systems comprised of double-component structures [18].
However, in certain cases of the AFBS spectral components’ relative positions when the
components of different AFBSs coincide or the third summand in (2) coincides with the
address frequency of any of the structures, the error can reach 2 pm [18]. This issue can be
mitigated with the usage of the addressed structures having three or more spectral com-
ponents forming two or more address frequencies [14].

As it is known, fiber Bragg gratings are sensitive both to strain and temperature at
the same time, therefore FBG-based sensor systems generally include at least one FBG
isolated from any physical influence except for the temperature in order to perform ther-
mal compensation of the other sensors. Thus, it is necessary to define a method for the
combined calibration of strain and temperature sensors. In the work [19], the following
procedure is described, considering a combination of strain and temperature sensors as
an example. The value of strain € causing the central wavelength shift AA: of an AFBS can
be expressed as a third power polynomial:

e=a, A +a,-AA>+a,-AA, +a,, (5)

where a;, i=1..3 are certain coefficients. In its turn, the value of temperature T causing the
wavelength shift AAr of the sensor is defined as a second power polynomial:

T=c, - AA2 +c,-AA +¢,, (6)

where c;, i=1,2 belong to the other set of coefficients. In order to take into account the ther-
mal wavelength shift of the strain sensor, the coefficients ao...a3 in (5) can be expressed as
the functions of temperature, similarly to (6):

e=a,(T)-AAS +a,(T)-AA? +a,(T)-AA, +ay(T), (7)
where
a,(T)=c,, A +c,,-AA; +¢,,, n=1{0,1,2,3}. (8)

The resulting strain dependence on the central wavelength shifts (AAr, AA:) can be
expressed as follows:

3
e=F(AA AA e, )=D D ¢, -AAT-AA] . )
m=0 n=0

During the sensor calibration, the dataset {AATi, AA«i, T;, &i} is obtained, in which AAri
is the central wavelength shift of the temperature sensor, AA.i is the central wavelength
shift of the strain sensor, T;, & are the values of temperature and strain induced by the
thermal chamber and the translation stage, respectively, i is the number of test measure-
ment. The unknown coefficients {cun} of the approximating surface (9) are defined from
the conditions of the minimal deviation of the measured dataset {AATi;, AA«, Ti, €} from this
approximating surface. The unknown coefficients {cmu} are calculated using the least
squares method so that the surface (9) follows the strain sensor behavior as precisely as

possible at various strain-temperature combinations [19], i.e. the condition is met:

N

d= i(s—ai)z =Y (F(AA;,AA ¢, ) —¢)" — min. (10)

i=1

The minimum condition of (10) requires all partial derivative of the function ® with
respect to all of the {cm} to be equal to zero:
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Thus, the system of 12 equations is obtained, by solving which the 12 unknown coef-
ficients {cm} are calculated.

4. Fabrication Methods of Addressed Fiber Bragg Structures

This section considers the fabrication techniques for transmitting (Nm-FBG) and re-
flecting (NA-FBG) AFBS separately. As an example, the fabrication of asymmetric triple-
component AFBSs is discussed.

4.1. Fabrication of transmitting AFBS

For the fabrication of the transmitting addressed structures with ultra-narrowband
transparency windows in their spectra, the following techniques were chosen: the tech-
nique involving the spectra overlapping of two identical FBGs [20], the technology based
on a stepped phase mask [21], and the method based on changing the geometry of an
optical fiber using an electric arc of a welding machine [22]. All three methods use phase
masks to record conventional FBGs, and a special mask with a thickness difference of 2300
nm was utilized in [21], using which a phase shift is formed at the place of the mask thick-
ness step.

Based on the abovementioned methods, the following technique for Nn-FBG fabri-
cation has been established. In a single-mode optical fiber (for example, SMF-28) an FBG
is recorded using conventional holographic recording schemes based on the Lloyd’s in-
terferometer [20]. After that, the fiber is shifted transversely to the recording beam using
a high-precision translation stage, and another FBG is recorded. The displacement and the
beam size are chosen in such a way that the FBGs are superimposed, thus, a phase shift is
created and a 2m-FBG-type structure with length Li is formed. For more accurate control
of the shift value, the scheme can use a Michelson interferometer based on bulk optical
elements [20]. Then, in accordance with the technique presented in [22], the fiber is dis-
placed by a distance equal to the first 2r-FBG length (L:) and the distance between the
gratings (Al), after which the second 2nt-FBG with the length L2# L1 is recorded using the
technology [20]. Since the recording conditions remain unchanged, the characteristics of
both 2mt-FBGs will be basically the same, except for a slight difference in the bandwidth of
their spectra. At the next step, the fiber is placed in a splicer, and the electric arc induces
a phase difference between the radiation reflected from both structures, thus creating a
3m-FBG structure, as it is shown in Figure 4.The bandwidth of the AFBS transparency
windows created using the presented method is 30 — 35 MHz [22].

L] Al Ly#L;

@\ Electrodes

Figure 4. The structure of an asymmetric 37-FBG fabricated using a combination of techniques [20]
and [22].

The work [23] studies the influence of the Nnt-FBG structure parameters on the spec-
tral response of such structure. Thus, an increase in the induced refractive index and the
length of the outermost uniform sections of the AFBS has the greatest effect on reducing
the width of the transparency windows. Asymmetric change of address frequencies is
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achieved by varying the phase shifts. The findings of [23] can be used to obtain the re-
quired spectral characteristics of the Nn-FBG structure.

4.2. Fabrication of reflecting AFBS

The reflecting NA-FBG addressed structures can be fabricated by sequential record-
ing of N conventional FBGs with different Bragg wavelengths using a standard setup
based on a 244-nm ultraviolet laser and the nanometer translation stages, such as
STANDA-8MT173 [24,25].

The work [26] presents a method suitable for NA-FBG fabrication using strain of an
optical fiber and a phase mask. A translation stage is used to move the phase mask, while
a spring induces tension on the optical fiber. Using the presented method, two identical
FBGs were recorded with the difference in the Bragg wavelength of 1 nm and a bandwidth
of 0.3 nm [26]. It is possible to obtain narrower grating bandwidths by increasing their
lengths, as we demonstrate in Figure 5, where the spectral response of a 2A-FBG with the
component bandwidths of 110 pm is shown.
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Figure 5. Reflectance spectrum of a 2A-FBG recorded at KNRTU-KAL

Another method for NA-FBG fabrication uses structured grating technology by alter-
nating sections with an induced grating and “empty” sections of the fiber [27]. During the
recording, the phase mask is fixed, and the fiber is displaced with an accuracy of 10 nm.
At certain fiber positions, the recording ultraviolet beam is turned off. The parameters of
the resulting NA-FBG structure are adjusted by varying the displacement step of the trans-
lation stage. In [27], a cascaded connection of structured FBGs with the estimated band-
widths of 1 pm is proposed.

Thus, it is recommended to use the NA-FBG structures recorded with the conven-
tional phase mask method in the applications with small number of sensors, while the
technology of structured FBG recording should be used for the sensors applied in high-
resolution measurement systems with large number of sensors due to the narrower band-
widths of the spectral components.

5. Application of Addressed Fiber Bragg Structures

In this section, several examples of AFBS application are discussed. Generally, the
AFBSs can be used in various systems instead of conventional fiber Bragg grating sensors,
providing such advantages as simplified interrogation scheme and enhanced metrological
performance, including higher measurement resolution and rate. It must be noted that the
NA-FBG structures are commonly longer than the Nt-FBGs, which limits the applicability
of the former in the areas where the sensor length is restricted. On the other hand, the NA-
FBGs can be connected sequentially and recorded in the same optical fiber, thereby
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providing more flexibility in the system layout in comparison with the Nn-FBGs that re-
quire parallel connection.

5.1. Power Engineering

The features of fiber-optic sensors, namely immunity to electromagnetic interference,
ability to operate in harsh environment, suitability for remote sensing, intrinsic galvanic
isolation, etc. make them advantageous in various monitoring system for power engineer-
ing [28]. An example of such application is the vibration monitoring of underground
power transmission lines, which is necessary for detecting destructive vibrations and pre-
venting the damages. The systems for simultaneous vibration and temperature measure-
ment are of particular interest for power transmission lines monitoring. Such distributed
acoustic sensor (DAS) systems can be based on a distributed array of a large number of
FBGs. However, the common disadvantages of the DAS systems based on an array of
ultra-weak FBGs [29,30] is the high cost of optoelectronic interrogator and the complexity
of the interference device, its calibration and control. In order to eliminate these issues,
the work [31] introduced the microwave-photonic DAS system based on NA-FBG ad-
dressed structures.

Another proposed application of AFBS in power engineering is the measurement of
relative humidity of switchgear devices [32]. Relative humidity (RH) is an important pa-
rameter that is used to determine the possibility of the intensity increase of partial dis-
charges, formation of an arc, etc. RH sensor can be developed using an FBG with hygro-
scopic coating instead of the standard silicone covering. The most widely used coating
material for RH sensors is polyimide [33,34], which provides the sensitivity of 2 — 6 pm/%.
Figure 6 presents an RH sensor developed in [32] consists of three 2rt-FBG AFBSs: AFBS:
is a strain sensor with polyimide coating (binding areas are shown in checkered filling,
and flexible zones are highlighted with oblique filling), AFBS: with etched cladding acts
a refractometer sensor, while AFBSs — as a temperature sensor.

Radiation
absorber

Splitter
1x3

2 EEE TR TS]

AFBS: AFBS: AFBSa

Figure 6. Scheme of an RH sensor based on three AFBSs [32].

In addition to RH measurement, the proposed sensor provides measurements of con-
densed moisture, which are also important in high-voltage power applications, by means
of a refractometric sensor with an etched cladding (AFBSz). The sensor’s temperature
measurement range is -60...+180 °C with the error of +0.1 °C, and it demonstrated the
sensitivity of RH measurement of 6 pm/% in the range of 30%...80% [32]. By multiplexing
a number of such RH sensors, it is possible to create a multi-sensor system for distributed
monitoring of RH, amount of condensed moisture, the level of partial discharges, the tem-
perature of buses, contacts and other elements of power systems.

5.2. Oil and Gas Industry

Fiber-optic sensors are widely used in oil and gas industry due to their inherent ad-
vantages, namely the ability to operate in harsh environment, including at temperatures
exceeding 250 °C, the possibility to create systems for distributed and remote measure-
ments over long distances, as well as the lack of electrical power supply in sensing loca-
tions [5]. Distributed fiber-optic sensor systems based on Raman and Brillouin scattering
[35,36] have been used for thermal monitoring, by means of which, for example, pipeline
leak detection can be performed. In addition, pipeline structures are prone to damage due
to ground movement caused by earthquakes, erosion, etc., and the strain measurement
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technique based on Brillouin scattering has been used to monitor the movement of the
pipeline [36].

The work [37] proposes a combined sensor system for simultaneous local and dis-
tributed strain and temperature measurements for downhole telemetry. The scheme of
the system is presented in Figure 7 [37].

Fiber

i MIM‘ H E @ _@_ s
Laser €1 Cod TEFBS,

Circ. 1 Fiber ~2.1 km

OF 2 e —@-
I TEFBS ¢

—

_—. @ ﬂ G
Vector PD1
Analyzer TEFBS
Signal -— OF
Processing 2 GHz
PD2

Figure 7. Scheme of combined sensor system for local and distributed downhole monitoring [37].

The system includes a DFB laser generating continuous narrowband radiation, which
is divided into two branches by means of fiber-optic coupler Ci. In one of the branches, a
continuous signal for Brillouin pumping is formed, while in the other branch, a continu-
ous temperature probe is created. A wideband optical radiation from another source (LD)
is directed to the addressed structures TEFBS:1 and TEFBS: (referred to as double-compo-
nent AFBS (DCAFBS) in the current paper), which serve as local temperature sensors. The
radiation from LD then enters the fiber from the side of the pump arm after the circulator
Circ. 1. The polarization controller PC: and the Mach-Zehnder modulator MZM: con-
trolled by a vector network analyzer (Vector Analyzer) are utilized for sinusoidal modu-
lation of the continuous radiation intensity from DFB laser. Noise is removed by an optical
filter OF1, and a polarization coder (Pol. Cod.) depolarizes the pump signal and allows to
avoid fluctuations caused by polarization in Brillouin amplification. In the second branch,
the optical radiation is modulated by another modulator MZM: in accordance with a mi-
crowave signal generator to create a probing signal. After that, optical filter OF: selects
the low-frequency probe (Stokes component), removes noise as well as the secondary car-
rier, and it also selects a high-frequency probe sideband (anti-Stokes component). The
pump laser radiation passes through an optical circulator (Circ. 1) and enters a ~ 2.1-km
standard single-mode fiber (SMF-28), which is also used to select both the probe signal
and the reflected components at the pump frequency. Both radiation components are di-
rected to the optical circulator (Circ. 2), after which the addressed structures’ components
are selected with the filter OF TEFBS and are transmitted through the filter with inclined
frequency response (IF) and received by the photodetector PD1, while the reflected pump
light filtered by 2 GHz OF is received by PD:. The work [37] reported that the system
allows to simultaneously and independently carry out distributed and local temperature
measurements with the resolution of 0.01 °C providing the benefits of addressed interro-
gation of local sensors.

5.3. Automotive Engineering
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The significantly reduced costs of AFBS interrogation systems due to their significant
simplification (as it was described in Section 3) in comparison with the traditional optoe-
lectronic FBG interrogators open up opportunities of FBG-based sensor application in the
areas where it has not been economically viable, such as automotive engineering.

One of the examples of such AFBS application is the instrumentation of the load-
sensing wheel hub bearings [13]. The load-sensing bearing is the promising type of the
automotive sensing components that enhance the efficiency of various active safety sys-
tems of vehicles [38]. For instance, when the vehicle brakes or accelerates, the load sensing
wheel hub bearings detect the maximum wheel load, and the wheel slip ratio is corrected
in such a way as to maintain the peak value of the wheel load, therefore enhancing the
effectiveness of the wheel-road interaction [39].

The load-sensing wheel hub bearing operates by measuring the strain of the bearing
outer ring, which is used to estimate the load applied to the bearing. The research con-
ducted in [13] demonstrated feasibility of AFBS usage as sensing elements in automotive
load-sensing bearings. Figure 8 shows an experimental setup for static load tests including
a prototype bearing with two AFBS sensors. The first AFBS acts as a strain sensor detect-
ing the tangential deformation of the bearing outer ring, and the second AFBS (not shown
in Figure 8) is isolated from strain and serves for thermal compensation of the strain sen-
Sor.

Figure 8. Automotive load-sensing baring with AFBS sensor during static load testing [13].

In this application, minimal sensor length is required, therefore a 2r-FBG structure
was used with the typical length of 5 - 7 mm, since the N7t-FBGs are generally shorter in
comparison with NA-FBGs. This is due to the fact that in order to ensure the narrow band-
width of the FBG spectrum, its induced refractive index must be low, which in its turn
necessitates the increase of the FBG length to keep the resulting FBG reflectance suffi-
ciently high.

Another development direction of the automotive sensor systems is the so-called “in-
telligent tires”, which provide real-time measurements of tire grip parameters, including
tire-road friction, contact patch dimensions, loads, etc. in various driving conditions [40].
Fiber-optic sensors also possess benefits in intelligent tire instrumentation due to their
small footprint, low weight, flexibility and the possibility to be embedded in the tire struc-
ture. Figure 9 shows an FBG-based strain sensor attached to the inner surface of a proto-
type intelligent tire [40].
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Figure 9. FBG-based strain sensor attached to the inner surface of the tire [40].

The works [19,41] propose the usage of AFBSs instead of conventional FBGs to meas-
ure strain and temperature of intelligent tires. Additional advantage of the simplified in-
terrogation scheme of AFBS besides the reduced costs is the possibility to create a compact
and vibration-proof interrogator suitable for in-wheel installation. In the proposed sys-
tem, a flexible ring model [42] is used to analyze the tangential deformation of tire.

5.4. Medicine

Fiber-optic sensors also offer benefits in a range of biomedical applications due to
their small cross-section, lightness, flexibility and chemical resistance, which makes them
minimally invasive and suitable for in vivo measurements (i.e. measurements directly in-
side a patient) [4]. Pressure measurement is an important asset in various medical proce-
dures, including cardiovascular, urologic diagnostics and monitoring of invasive treat-
ments. A significant research effort is dedicated to the development of catheters for high-
resolution manometry, which presupposes the spatial resolution of pressure measure-
ment of 1 —2 cm [43].

Addressed fiber Bragg structures were utilized in a catheter for esophagus sphincters
monitoring proposed in [44]. The scheme of the catheter placement is shown in Figure 10.

Catheter

Upper sphincter

Array of AFBSs
|

il g
S

=t L

Lower sphincter

/

T bbbl

. T3
L Sreie L

.

Figure 10. Scheme of catheter placement for esophagus sphincters monitoring, according to [44].

The catheter is instrumented with an array of 2m-FBG addressed structures that
measure pressure caused by the sphincters of esophagus. The interrogation of AFBSs is
implemented according to the scheme described in Section 3 of the current paper, which
provides benefits in terms of implementation costs in comparison with the conventional
FBG sensors. The experimental investigation of the catheter was carried out taking the
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values of pressure measured by certified insufflator for reference. The maximum devia-
tion of the pressure values measured with the catheter was +0.1%, which meets the re-
quirements for medical applications [44]. In addition, the catheter with larger number of
AFBS sensors (up to 72) was proposed for intestinal peristalsis monitoring [44].

5.5. Environmental Monitoring

A significant research effort is now dedicated to the development of various sensors
for environmental monitoring, particularly, for concentration measurement of green-
house gases. An attractive solution for simultaneous gas, temperature, and pressure meas-
urement is based on the combination of FBG and a Fabry-Perot resonator (FPR). Such
combined fiber-optic sensors (CFOSs) consist of an FPR formed of a thin film at the end
face of the optical fiber with FBG near it [45]. The film is made of a polymer, the refractive
index of which reversibly changes depending on the gas concentration. The spectral re-
sponse of the FPR is sensitive to various environmental parameters, including the changes
of gas concentration, temperature and pressure, while the FBG central wavelength shift
depends mainly on the temperature, which enables simultaneous measurement of tem-
perature and gas concentration using the CFOS.

The usage of AFBS instead of conventional FBG in CFOS has the advantage of sim-
plified interrogation scheme as well as the possibility to include several AFBSs with iden-
tical central wavelength and addressable interrogation. The scheme of the addressed com-
bined fiber-optic sensor (ACFOS) incorporating a 2A-FBG structure is presented in Figure
11 [45]. The thickness of the film & and its material are selected based on the type of gas
under test. For instance, PEI/PV A coating is used for CO2 concentration measurement [46];
polyaniline/Co3Os — for CO [47]; LuBc2 — for NO2; PDMS/PMMA - for NHs [48]; Crypto-
phane A — for CH: and others. Humidity measurement can be performed using PVA coat-

ing [49].
FPI
Ferrule
E ./
Cladding E %
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Fiber Core ‘é §
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Interface 2
Ferrule Interface | ———

5]

Figure 11. The structure of ACFOS [45].

The ACFOS spectrum is a superposition of the AFBS and FPR spectra, therefore it is
necessary to separate the FBG and the FPR spectra in order to successfully interrogate the
combined sensor, which can be achieved using Karunen-Loeff transform [50]. According
to estimations, the sensor system based on ACFOS allows measuring the gas concentra-
tion in the range of 10-90% with an error of 0.1-0.5% [45].

6. Development Prospects of Addressed Fiber Bragg Structures

Based on the theoretical and implementation background of the addressed fiber
Bragg structures reviewed above, several shortcomings of the current AFBS techniques
can be identified. The disadvantage of the NA-FBG addressed structures, in general, is that
they have significantly greater length in comparison with the Nn-FBGs, which makes it
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problematic to ensure the uniform temperature and strain variations of all the FBGs con-
stituting the NA-FBG in order to maintain the address frequencies unchanged. In addition,
some applications require the usage of AFBSs with high difference frequencies between
their spectral components (up to hundreds of GHz). In order to obtain the corresponding
beating frequency of the electrical signal, a high-speed photodetector is required, which
significantly increases the total cost of the system. However, a number of directions of
AFBS further development can be drawn that mitigate the abovementioned shortcomings
of the current AFBSs’ state of the art and expand the possibilities of their application.

6.1. Moiré recording of NA-FBG

As it was stated before, the NA-FBG addressed structures are formed by sequential
recording of several ultra-narrowband FBGs with different central wavelengths. In order
to provide ultra-narrowband spectral response, it is necessary to increase the FBG length,
and the sequential recording of a number of such FBGs results in the total length of NA-
FBG reaching centimeters or even dozens of centimeters. However, in order to maintain
the address frequency unchanged, it is crucial to ensure that all the FBGs belonging to the
same AFBS are subjected to the same strain or temperature impact, which is problematic
in case of extensive structure length. This issue can be mitigated by using the moiré re-
cording technique [51,52]. During the moiré fabrication, the first FBG is written using con-
ventional recording method, such as the one using phase mask, then the fiber is stretched,
and the second FBG is written directly over the first grating. Stretching the fiber between
the recordings changes the length (and the period) of the initial grating with respect to the
second. Since both FBGs are located in the same section of the optical fiber, they are always
subjected to the same temperature and strain, therefore the address frequency of such 2A-
FBG remains invariant.

6.2. Transverse load sensing using 21-FBG

Fiber Bragg gratings can be used not only to measure axial strain of the optical fiber
but also to measure transverse load applied to it, which is possible due to the induced-
birefringence effects of the FBGs [53]. Axial strain results in linear shift of the FBG central
wavelength, while the transverse load causes an additional birefringence in the optical
fiber, creating two different Bragg wavelengths corresponding to each of the polarization
modes. This effect can be utilized to measure transverse load since the wavelength differ-
ence between the two Bragg wavelengths has a linear relationship with the applied load.
However, due to the significantly lower sensitivity to the transverse load in comparison
with the axial load sensitivity, limits the measurement resolution of the transverse load of
the conventional FBGs, which have much wider spectral bandwidth than the wavelength
shift induced by the birefringence. For this reason, the usage of the FBG with phase shift
provides more accurate measurements of the transverse load because of the narrowness
of the transmission window of such FBG [54].

If a 21-FBG structure is subjected to the transverse load, then the output optical ra-
diation includes four components:

I(t) = I-l-lcos((‘)-l-lt) + I-1+1cos(w-1+1t) + I+1-1cos(w+1-1t) + I+1+lcos(w+l+1t)/ (12)

where w-11, w141, w41, w4 and L1, I+, [, [na are the frequencies and the amplitudes
of the spectral components of the optical signal formed due to the induced-birefringence
effect. The address frequency (2 is equal to the difference between the maximum beating
frequency and the half of the minimal beating frequency:

Q= (w+1+1 - w-l-l) - (w+1+1 —W,, ) / 2. (13)

The frequency resulting from the transverse load corresponds to the minimal beating
frequency. Therefore, the main requirement of the 2mt-FBG for the transverse load sensing
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is the minimal beating frequency at the maximum transverse load being lower than half
of the address frequency, i.e. (w++1 — ws11) < Q.

6.3. Address frequency downshifting

In some applications, it is necessary to use the AFBS with high address frequency to
ensure the sufficient difference of the spectral components” amplitudes. An example of
such application is the probing of the spectral response of the Fabry-Perot interferometer
(FPI) in order to define its position relative to the AFBS spectrum, which can also be used
in gas concentration measurements. In Figure 12, the dashed line represents a spectral
response of the Fabry-Perot interferometer, while the solid lines denote the spectral com-
ponents of the AFBS. In order to provide the sufficient difference of the AFBS spectral
components’ amplitudes, the difference frequency (s must be rather high, reaching hun-
dreds of GHz, due to the slow variation of the FPI amplitude over frequency. Therefore,
the usage of the double-component AFBS in this application is problematic since it re-
quires the usage of high-frequency photodetector to generate the beating frequency of
hundreds of GHz. This issue can be solved by using the AFBS with four spectral compo-
nents, as it is shown in Figure 12. The difference frequency between the first and the sec-
ond component ({)1), as well as the third and the fourth one (€2) are in the range of several
GHz, which is significantly lower than Qs. Using the amplitudes of the beating frequencies
(1 and (2 and knowing the difference frequency s, it is possible to define the position of
the FPI spectrum relative to the AFBS spectral response, using comparatively low-fre-

quency photodetector.
Q
0 —>
- e
" ”:.'-_-I-~~
s L , v
S - N R 7
2 o
[ 3

Frequency
Figure 12. Probing of the Fabry-Perot interferometer using AFBS.

The proposed “downshifting” of the address frequency can also be implemented in
the cases when it is required to separate the spectral components by high frequency in
order to ensure that they do not coincide with the components of another AFBS.

7. Conclusions

The current paper is dedicated to comprehensive review of the works on the subject
of addressed fiber Bragg structures (AFBS) covering theoretical background, interrogation
principles, fabrication, calibration, as well as implementation examples. Generally, AFBS
can be used in all the applications of conventional FBG-based sensors offering a simplified
interrogation scheme, which can provide additional benefits in some areas, such as in-
creased measurement rate and resolution. Based on the presented review, the directions
of AFBS further development are proposed, including the moiré recording of the NA-FBG
structures and the transverse load sensing using AFBSs with phase shifts.
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