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Preface

This reprint wishes to explore one of the most popular trends of relevance to sensors, which

represents an influential platform for the exchange of scientific knowledge in the field of fiber Bragg

gratings (FBGs) from the point of view of recent advances and future perspectives. The 35 years’

history of FBG development has already transformed them from exotic novelties to classical sensors,

without which it is impossible to imagine any of the technical and cyber-physical systems rounding

the man. We are opening a little, but new, page in their history and giving the floor to three different

groups of scientists. The first group consists of those who are just discovering FBGs and admire their

capabilities in comparison with electronic and other types of optical sensors. The second comprises

those who are masters of using FBGs and are trying to expand the scope of their applications toward

infinity. Still others are those who, in spite of the conservatism of the classical mathematical models

describing FBG structure, break it with new decisions or turn FBG interrogation systems on their

heads, making them faster, more accurate, and, most importantly, cheaper. The ultimate goal of this

reprint is to find ways to build smart FBG systems and identify their future applications, put together

by authors representing the best scientific schools in the world. Modernization of FBG basics and its

performances in various conditions are presented by H. Li et al. for line-by-line inscriptions of tilted

FBGs, A. Morana et al. for studies of radiation effects on FBGs, and H.V. Tran and S.-Y. Seo for the

short-term creep effect on strain transfer from fiber-reinforced polymer strips. New approaches are

proposed for interrogation methods. V. Anfinogetov et al. consider in detail the algorithm of FBG

spectrum distortion correction for classical OSA with CCD elements. U. Nordmeyer et al. perform

noise analysis for new microwave photonic interrogation of fiber-based sensors. The next section of

this reprint reflects the results of using FBGs in aviation systems: R. Nigmatullin et al. continue the

topic of noise processing, namely noise cancellation of helicopter blade deformation measurement;

H. Wu et al. design a high-precision shape sensor for wing shape reconstruction; and Z. Li et al.

are developing a medium-frequency accelerometer based on flexible hinges. Separately, we discuss

the transfer of FBG technologies to new devices based on integral photonics and new mediums in

which FBGs can gain new life: G. Voronkov et al. are modeling a fully integrated micro-ring-based

photonic system for liquid refractometry; I. Stepanov et al. are designing wavelength-tunable vortex

beam emitters based on silicon micro-ring, twisted few-mode optical fiber with improved height of

quasi-step refractive index profile, as proposed by A. Bourdine et al. The editor thanks all authors for

their contributions to this reprint.

Oleg G. Morozov

Editor
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Abstract: In this paper, we studied the basic characteristics of tilted fiber Bragg gratings (TFBGs),
inscribed line-by-line. Experimental results showed that if the TFBGs were located within different
planes parallel to the fiber axis, the spectra performed differently. For 2◦TFBG, if it was located
near the central plane, the Bragg resonance was stronger than ghost mode resonance, and the order
reversed if it was located near the boundary between core and cladding. As the tilted angle increased,
the range of cladding mode resonance increased. When the tilted angle was larger than 12◦, the
birefringence effect was observed. Based on the birefringence phenomenon, torsion characteristics
were experimentally studied; the sensitivity was about 0.025 dB/degree in the linear variation range.
The harmonic order of TFBGs also affected the transmission spectrum. Leaky mode resonance was
observed in the 8th order TFBG, and torsion (or polarization) influenced the spectrum of the 8th
order TFBG. Our research represented the theory of line-by-line inscribed TFBGs and provided an
inscription guidance for TFBGs.

Keywords: femtosecond laser; direct writing; tilted fiber Bragg gratings

1. Introduction

TFBGs can realize the coupling between core mode and cladding modes [1,2]. Owing
to the characteristics of cladding mode, TFBGs play an important role in fiber sensing. For
example, small angle (<23◦) TFBGs, which couple the forward-propagating core mode to
backward-propagating cladding modes [1], are largely used in temperature sensing [3] and
refractive index sensing [4]. If coated with metal, TFBG-assisted surface plasmon resonance
can be excited, with which high sensitivity sensing can be carried out, such as gas/acoustic
sensing [5], biological sensing [6], electrochemical activity in supercapacitors [7], and
anemometers [8]. In excessively tilted fiber grating (Ex-TFG) (tilted angle > ~70◦), the
coupling occurs between core mode and cladding modes transmitted in the same direction,
which behaves like long period fiber grating. Birefringence characteristics also presents in
Ex-TFG. Thus, Ex-TFG is a good candidate for polarization-dependent sensing [9,10]. 45◦

TFBGs experience high polarization-dependent loss, which provides a method to realize
an all-fiber polarizer [11]. In addition to their application in fiber sensing, TFBGs have
been applied in fiber lasers. Small angle TFBGs were utilized to suppress the stimulated
Brillouin scattering effect in high power fiber lasers [12]. 45◦ TFBG could play the role of
saturable absorber in mode-locked fiber lasers [13,14].

Different methods have been reported to inscribe TFBGs. Ultraviolet exposure is the
most common method used [15]. This method can inscribe TFBGs with low insertion loss
and high stability. However, the inscription process is complex. Hydrogen loading and
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annealing are unavoidable during inscription. In the present study, the inscription of Ex-
TFG was achieved by adjusting the optical system. Additionally, the resonant wavelength
was limited by phase mask (PM). TFBGs could also be made by PM and femtosecond laser
radiation [3,16]. Benefits from the femtosecond laser, hydrogen loading, and annealing
were avoided, but limitations in the scale and depth of the femtosecond laser focus created
difficulties in fiber alignment. To expand the area of refractive index modulation (RIM)
and stretch the length of the grating, a complex electrical translation stage was necessary.
The resonant wavelength was also limited by PM in this condition. Femtosecond laser
plane-by-plane direct writing was an effective method to inscribe TFBG. The tilted angle
was controlled by electrical translation stage [17] or the rotating angle of a cylindrical
lens in the optical system [18]. The resonance could occur at any wavelength, triggered
by adjusting the period of gratings. The birefringence decreased because the RIM was
more uniform than TFBGs inscribed with PM [17], but insertion loss increased in the
direct writing process. These methods could only fabricate non-localized TFBGs, in which
the transmission spectrum was only influenced by the tilted angle. The RIM in the non-
localized condition covered the whole core region and the coupling process was relatively
stationary [19,20].

Another femtosecond laser direct writing method—namely, line-by-line inscription [21,22]—was
also a potential method of fabricating TFBGs. In the year of this study’s writing, Liu et al.
proposed TFBGs inscribed line-by-line using femtosecond lasers [23]. Comparing their
method with the aforementioned three methods, the TFBGs inscribed line-by-line were
highly localized. A benefit of line-by-line inscription was that the insertion loss of TFBGs
was low. Additionally, the range of cladding mode resonance was wider than TFBGs
inscribed with other methods. Ref. [23] provided preliminary guidance for line-by-line
inscription of TFBGs. Further investigation should be carried out to improve this method
and the relevant theory of TFBGs.

In this paper, we investigated the fundamental characteristics of TFBGs inscribed
line-by-line. The influence of the tilted angle, the line position, and the harmonic order
of grating on the transmission spectrum of TFBG were experimentally studied. Some
torsional experiments were also carried out to investigate the polarization-dependent effect
of TFBGs inscribed line-by-line. Our research works improved the theory of line-by-line
inscribed TFBGs and presented guidance for a femtosecond laser direct writing technique.

2. Inscription Method

Figure 1 shows the schematic of line-by-line inscription of TFBGs. In our experiment,
an oil-immersion lens with a magnification of 100×was used to focus the femtosecond laser.
The wavelength of the femtosecond laser was 515 nm, the repetition rate was 1 kHz, and
the pulse energy after oil-immersion lens was about 36 nJ. The period of grating (Λ) and the
tilted angle (θ) were controlled by an electrical 3D translation stage. During inscription, the
focus of the femtosecond laser translated from point A to point B. Then, the femtosecond
laser was shut off, and the focus of the femtosecond laser moved to the beginning of the
next line (point C in Figure 1). After the focus reached point C, the femtosecond laser
switched on and began to generate the next line.
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Figure 1. Phase matching condition of the first order harmonic resonance.

The relationship between these three points (A(x1, y1), B(x2, y2) and C(x3, y3)) is
as follows: 




y1 = −y2 = y3
x2 = 2|y1| tan θ + x1

x3 = x1 + Λ
. (1)

In order to cover the core diameter, the value of |y1| is 16 µm. By varying the period
of grating (Λ), the resonant wavelength could be tuned. Cladding mode coupling was
affected by tilted angle (θ). In our experiment, TFBGs were inscribed on single mode
fibers (Corning, SMF28). The number of the period was 3000. A sweeping wavelength
laser (resolution: 6 pm, and wavelength range: 1503.4–1620nm) was used to record the
transmission spectra.

3. Effect of TFBG Plane Position on Transmission Spectrum

Figure 2 demonstrates the spectra and microscopies of two 2◦TFBGs inscribed on two
different planes parallel to the fiber axis. The period of grating was 1.11 µm. Comparing
with Figure 2d,f, 2◦TFBG-1 was located on a plane near the boundary between core and
cladding (off-center inscription in z-direction), and 2◦TFBG-2 was located at the central
part of the core. That is to say, the overlap between core (or fundamental mode) and
RIM of 2◦TFBG-2 was stronger than that of 2◦TFBG-1. As shown in Figure 2a,b, both the
Bragg resonance and the cladding mode resonance of 2◦TFBG-1 were weaker than that of
2◦TFBG-2 as a result of lower overlap between fundamental mode and RIM. Additionally,
the ghost mode resonance of 2◦TFBG-1 was stronger than the Bragg resonance; however, the
relationship between these two resonances was reversed in 2◦TFBG-2. For non-localized
inscriptions like the ultraviolet exposure method, the relationship between the Bragg
resonance and the ghost mode resonance in TFBG is mainly influenced by tilted angle.
As for highly localized inscriptions like femtosecond laser line-by-line inscription, the
relationship is also affected by the grating position, and the overall resonant intensity will
decrease if the off-center inscription is carried out—which is different from what occurs in
non-localized conditions [19,20].

Figure 3 reveals the calculated results of the overlap integrals under different grating
planes. As shown in Figure 3a, the offset distance between the fiber axis and the grating
plane is defined as d. The overlap integral is read as

A =

+∞∫

−∞

dx(
x

S

∆ñ ·
→
E01 ·

→
E
∗
coupled · circ(r ≤ rcore)drdϕ) · ei· 4π

Λ ·x (2)

∆ñ = ∆n · δ(z− d) · δ(y− cot θ(x + m ·Λ)) (3)

Here, E01 is the normalized electric field of fundamental mode, Ecoupled is the nor-
malized electric field of the mode that fundamental mode couples to, and ∆n is the RIM.
Additionally, rcore is the radius of the core (in our simulation, this value was 4 µm). The
value of θ was 2◦. The integral along x axis was used to extract the Fourier-expansion
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coefficient of the second order grating. Additionally, n (an integer) represents different
lines causing effects on one specific cross section of the fiber core. Although the form of
the function of RIM distribution is expressed as impulse function (δ) along the z axis, we
set the modulation region to have a 0.6 µm length along the z axis in simulation. This was
done in order to press close to the real inscription in line-by-line condition.
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Here, E01 is the normalized electric field of fundamental mode, Ecoupled is the nor-
malized electric field of the mode that fundamental mode couples to, and ∆n is the RIM.
Additionally, rcore is the radius of the core (in our simulation, this value was 4 µm). The
value of θ was 2◦. The integral along x axis was used to extract the Fourier-expansion
coefficient of the second order grating. Additionally, n (an integer) represents different
lines causing effects on one specific cross section of the fiber core. Although the form of
the function of RIM distribution is expressed as impulse function (δ) along the z axis, we
set the modulation region to have a 0.6 µm length along the z axis in simulation. This was
done in order to press close to the real inscription in line-by-line condition.

Figure 3b demonstrates the overlap integral of fundamental mode, which decreased
with increases in d. Figure 3c shows the overlap between fundamental mode and the first
50 cladding modes under different offset distances (d). These overlap integrals showed
decreasing trends when d increased, especially for lower order cladding modes. These
phenomena agreed well with what we observed in our experiment.

4. Effect of Tilted Angle on Transmission Spectrum

Figure 4 illustrates the transmission spectra and the microscopy images of TFBG with
different tilted angles (2◦, 4◦ and 6◦). The period of grating was 1.11 µm, which guaranteed
the 2nd order resonance at C + L band and the Bragg resonance near 1605nm. Moreover,
these three TFBGs were located near the center of the core to avoid weak coupling. As the
tilted angle increased, both the Bragg resonance and the ghost mode resonance showed a
weakening tendency. Additionally, the envelope of the cladding mode coupling showed an
expanding trend and shifted to a shorter wavelength. In other words, a larger tilted angle
excited a number of higher order cladding modes and suppressed the coupling of lower
order cladding modes.
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Figure 5 performs the transmission spectrum and microscopy image of 12◦TFBG,
15◦TFBG and 18◦TFBG. Considering the limited wavelength range of sweeping wavelength
laser, the period of grating is set as 1.13 µm. Except the similar phenomena observed in
Figure 3, birefringence is clearly seen on the spectra. Dual dips phenomenon occurs within
several resonance wavelengths. Comparing with Figure 4a–c, the envelop of cladding
mode coupling becomes blurred. These phenomena are polarization-dependent.
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Figure 5. Transmission spectra of (a) 12◦TFBG, (b) 15◦TFBG and (c) 18◦TFBG, and microscopy image
(100×) of (d) 12◦TFBG, (e) 15◦TFBG and (f) 18◦TFBG.

To test the polarization-dependent characteristics, the spectra of 18◦TFBG (under
different polarization states) were measured. The schematic of spectrum measurement
system is illustrated in Figure 6a. After passing through a polarizer, light output from C +
L ASE source became linearly polarized. Then, a polarization controller was utilized to
adjust the polarization state. Finally, light with different polarization states passed through
the TFBG and arrived at an optical spectrum analyzer (OSA). Figure 6b shows the spectra
of 18◦TFBG under different polarization states. It was obvious that the polarization state
had a large impact on the transmission spectrum. Either of the resonant dips could be
totally suppressed by tuning the polarization state of the input light.

We also investigated the torsional effects of 18◦TFBG. The torsional detection setup
is illustrated in Figure 7. The polarized laser output from a sweeping wavelength laser
system, and then passed through a TFBG. After that, a power meter (integrated in the
sweeping wavelength laser system) was used to record the spectra of TFBG. The TFBG was
fixed between a fiber holder and a fiber rotator. By adjusting the rotating angle of the fiber
rotator, different torsional stresses were exerted on the TFBG.

Figure 8 shows the spectra of 18◦TFBG under different twist angles. For the purposes
of our investigation, we only presented the spectra from 1508 nm to 1516 nm. Obviously,
twist angles influence the spectrum of 18◦TFBG. To quantify our study, we chose two dips
(dip A and dip B in Figure 8) near 1510 nm to characterize torsional effects. The resonant
wavelengths varied with the twist angle, which could have been induced by stress along
the fiber axis in the process of twisting. However, the wavelength shift was extremely small
and presented no regular change. The twist-related depth variations of dip A and dip B
were much more obvious when compared to wavelength shifts. If one of them deepened,
another would weaken.
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Figure 9 shows the depth variation of dip A and dip B as the twist angle increased with
steps of 30 nm. The difference between dip A and dip B was also performed to magnify
the twist-related variation. As shown in Figure 9, all the curves took on sine-like shapes.
During twist angle increases, the polarization state of input light also rotated; thus, the
variation of dip A and dip B also presented a periodical shape. As the blue line shows,
the slope (sensitivity) between 120◦ and 270◦ was about 0.025 dB/degree. TFBGs with a
tilted angle greater than 12◦ inscribed line-by-line are good candidates in torsional sensing
applications. Compared with other kind of torsion sensors, the proposed torsion sensor in
our manuscript was highly localized. This provided for the possibility of further integration
and would be suitable for narrow area torsion sensing. Moreover, among the benefits of
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femtosecond laser direct writing, the cladding layer of our sensing head remained intact, a
feature which could extend the service life of torsion sensors.
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5. Effect of Harmonic Order on Transmission Spectrum

In addition to the tilted angle, the harmonic order was another factor that influenced
the shape of TFBGs. Figure 10 demonstrates the spectra and microscopy images of 6◦TFBGs
with different harmonic orders. Figure 10a shows the spectrum of the 4th harmonic order
6◦TFBG (Λ = 2.22 µm). The characteristics of the 4th harmonic order 6◦TFBG were similar
to that of the 2nd order (see Figure 4c). However, when the harmonic order increased, the
spectrum deteriorated. Figure 10b demonstrates the spectrum of the 6th order 6◦TFBG.
We observed some tiny fluctuations occurring on the spectrum, which were not present
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in the 2nd or 4th order 6◦TFBG. The spectrum of 8th order 6◦TFBG (Figure 10d) was
chaotic. Except for the coupling between forward-propagating fundamental modes and
backward-propagating cladding modes (the basic characteristics of TFBG), the coupling
between the fundamental mode and higher order cladding mode transmitted in the same
direction, occurred in the spectrum (the characteristics of LPFGs). Similar phenomena were
reported in TFBGs inscribed plane-by-plane, and the authors described this phenomenon
as leaky mode resonance (LMR) [24,25]. Additionally, the Bragg resonance and ghost mode
resonance disappeared, as shown in Figure 10d. To confirm the existence of the Bragg
resonance and ghost mode resonance, we measured the spectrum of 6◦TFBG immersed
in refractive index matching oil (Figure 10c). Cladding modes were stripped out of the
cladding layer, and the Bragg resonance and ghost mode resonance existed in the 8th order
6◦TFBG.
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The torsional effect of the 8th order 6◦TFBG was also investigated. The experimental
setup was the same as that depicted in Figure 7. Figure 11 perform the spectra under
different twist angle. Obviously, the intensity of LMR varied with twist angle, and the
resonant wavelength also shifted. To exemplify that, the LMR was relatively weaker
when the twist angle was 0◦ or 360◦, the dips reached their deepest points when the
twist angle was 180◦, and the resonant wavelengths also shifted to longer wavelengths.
However, with the impact of the coupling between forward-propagating fundamental
mode and backward-propagating cladding modes, we could not simply describe this
process by tracking the variation of the resonant wavelengths or the depth of LMR. A more
appropriate methodology should be used to study this process.
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Figure 11. Spectra of the 8th order 6◦TFBG under different twist angles: (a) 0◦, (b) 90◦, (c) 180◦,
(d) 270◦ and (e) 360◦.

Correlation is a proper method to consider all phenomena simultaneously. The
correlation can be calculated as
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Here, Sα[i] represents the ith point on the spectrum of the 8th order 6◦TFBG when the
twist angle is α. The total number of points on the spectrum was defined as n. Figure 12
illustrates the correlation function verses the twist angle. The whole curve took on a sinu-
soidal tendency, which indicates that the 8th order 6◦TFBG was a polarization-dependent
device. The slope (sensitivity) between 30◦ and 150◦ was −0.001/degree, and the slope
(sensitivity) between 240◦ and 330◦ was 0.001/degree. These two ranges were deemed
suitable for twist sensing.
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6. Conclusions

In conclusion, we experimentally studied the characteristics of line-by-line inscribed
TFBGs. Studies show that, if the TFBG is located at a different plane parallel to the fiber
axis, the transmission spectrum will show large differences. By increasing the tilted angle,
the range of cladding mode resonance increased and the minimum value of cladding
mode resonance shifted to a shorter wavelength. When the tilted angle was larger than
12◦, birefringence effects became obvious. The dual resonant dips of 18◦TFBG varied
periodically with twist angle and the slope (sensitivity) of the linear variation range was
about 0.025 dB/degree, which made these kinds of TFBG a good candidate for twist
sensing. Clearly, LMR was observed in the 8th order TFBG, and twist (or polarization state)
impacted the spectrum of the 8th order TFBG. By calculating the correlation function of
the transmission spectra of the 8th order TFBG under different twist angles, we were able
to demodulate the variation tendency, such that we realized twist sensing. TFBG is also a
good candidate for refractive index sensing, e.g., biological sensing and chemistry sensing.
Outside of their applications in sensing and communication, FBGs with relatively small
angles can be applied in stimulated Brillouin scattering suppression in high power fiber
lasers. Our research results provide guidance for highly-localized TFBG inscription, which
could be meaningful in integrated device fabrication, multichannel sensing, and control of
polarization states.
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Abstract: Fiber Bragg gratings (FBGs) are point optical fiber sensors that allow the monitoring of
a diversity of environmental parameters, e.g., temperature or strain. Several research groups have
studied radiation effects on the grating response, as they are implemented in harsh environments:
high energy physics, space, and nuclear facilities. We report here the advances made to date in
studies regarding the vulnerability and hardening of this sensor under radiation. First, we introduce
its principle of operation. Second, the different grating inscription techniques are briefly illustrated as
well as the differences among the various types. Then, we focus on the radiation effects induced on
different FBGs. Radiation induces a shift in their Bragg wavelengths, which is a property serving to
measure environmental parameters. This radiation-induced Bragg wavelength shift (RI-BWS) leads
to a measurement error, whose amplitude and kinetics depend on many parameters: inscription
conditions, fiber type, pre- or post-treatments, and irradiation conditions (nature, dose, dose rate,
and temperature). Indeed, the radiation hardness of an FBG is not directly related to that of the
fiber where it has been photo-inscribed by a laser. We review the influence of all these parameters
and discuss how it is possible to manufacture FBGs with limited RI-BWS, opening the way to their
implementation in radiation-rich environments.

Keywords: fiber gratings; fiber Bragg gratings; fiber sensors; optical fibers; radiation effects;
harsh environments

1. Introduction

Silica-based optical fibers (OFs) have attracted a lot of interest from research groups
thanks to their properties, such as light weight, small volume, high bandwidth, and
resistance to most electromagnetic perturbations, for both telecommunication and sensing
applications [1,2]. Among the optical fiber sensors (OFSs) is the fiber Bragg grating (FBG) [3].
It is a punctual sensor, with a length of a few mm to a few cm, photo-inscribed with a
laser beam inside the core of a single-mode optical fiber. It is also possible to write FBGs in
multimode fibers. However, in this case, the gratings will give rise to several Bragg peaks,
as studied for the first time by Wanser et al. in 1994 [4]. In the FBGs, the information is
“wavelength encoded”; indeed, each grating causes a dip or peak in the fiber transmission
or reflection spectra, respectively, whose peak position is known as the “Bragg wavelength”.
The Bragg wavelength depends on the selected FBG characteristics and it spectrally shifts
when the environmental parameters around the fiber, such as temperature, strain, pressure,
and humidity, evolve. This property makes the FBG a good sensor (From the same family of
the FBGs, there is another OFS type: long period grating, or briefly, LPG. Recently, a review
about the radiation effects on LPGs has been published [5]; consequently, this subject will
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not be addressed in this article) as, after calibration, the real-time monitoring of the Bragg
wavelength allows the determination of the changes in these measurands (see review [6]).

This sensor type is easily multiplexable; indeed, we can easily write FBGs at different
places along the same optical fiber, under the condition that each of them could be distin-
guished by using wavelength division multiplexing (WDM) or time division multiplexing
(TDM) [7]. However, WDM is easier to be employed, since several FBGs can be written in
series and investigated with a broadband light source. The only conditions are that each
grating must have a different Bragg wavelength and that the spectral ranges of variation of
the FBGs must not overlap. This can be achieved by tailoring the FBG characteristics at the
manufacturing stage. Typically, about ten FBGs can be implemented using this approach
in one fiber sample: this number depends on the spectral range of the acquisition system.
TDM, instead, can identify a series of several FBGs, characterized initially by identical (or
near) Bragg wavelength values, by combining a pulsed tunable laser in the wavelength
sensing range of the gratings and a photodiode with a very high acquisition speed. The
two techniques WDM and TDM can be combined, opening the way to quasi-distributed
measurements with thousands of FBGs along one fiber (see [8] as an example).

Moreover, compared to other OFSs, such as distributed OFS [9], FBGs present a
fast response, opening the way to monitor fast dynamics: the acquisition rate of recent
interrogation systems can reach 100 MHz [10]. Such high acquisition rate systems are
fundamental to developing vibrational (see review [11]) or ultrasonic sensors [12].

Since the information is wavelength encoded, the FBGs have been largely investigated
for their applications in harsh environments, combining radiation and sometimes extreme
temperatures [13]. Examples of harsh environments are space, nuclear power plants, and
nuclear waste storage, reactor dismantling, and high-energy physics facilities [14]. Each
of them is characterized by different temperature ranges and irradiation conditions, such
as the nature of particles, fluence (dose), and flux (dose rate) (The dose is the quantity of
energy deposited inside in the material of interest, here silica. 1 Gy(SiO2) = 1 J/kg. The
dose rate is the deposition speed of the energy, expressed in Gy/s. In some articles, another
older dose unit is used, the rad: 1 Gy = 100 rad). For example, space is characterized by a
low dose rate and low doses (lower than 10−3 Gy/h and 10 kGy, respectively) but large
temperature variations (between −200 ◦C and 300 ◦C). Fusion-devoted facilities, such as
the Laser Megajoule (LMJ, CEA, France) or the National Ignition Facility (NIF, Lawrence
Livermore National Laboratory, California), instead, are characterized by low doses (less
than 1 kGy) and a very high dose rate (up to MGy/s) but are operating at room temperature
(RT), whereas the nuclear reactor core is associated with very high doses (up to GGy) and
high temperature (up to 800 ◦C) (see references in [14]).

Radiation can generate point defects, sometimes called color centers, inside the pure
or doped silica matrix of the fiber core and cladding by ionization or displacement dam-
age [15]. At very high total ionizing doses or high neutron fluences, densification is also
observed [16]. These two radiation effects will degrade the optical fiber and then the
fiber grating performances. For example, each induced defect is characterized by its own
absorption bands that degrade the optical fiber transmission. Concerning the grating,
because of the radiation, the Bragg peak amplitude can be reduced and its position, the
Bragg wavelength, can shift, inducing an error in the measurement parameters. The grating
radiation response depends on several parameters, such as the inscription conditions, the
fiber, the treatments performed before or after the FBG inscription, and the irradiation
conditions (nature, dose, dose rate, and temperature). More than one hundred papers
have been published about the FBG response to radiation. A complete review of radiation
responses of FBGs was published in 2013 by Gusarov and Hoeffgen [13], whereas in [17]
the grating response in radiation-free harsh environments was reviewed. Since then, the
research has advanced considerably, pushed by new manufacturing techniques for FBGs
and by new needs, in particular at very high temperatures. The aim of this paper is to
highlight the different parameters that influence the radiation vulnerability of the different
grating types and to explain how radiation affects their performance in real applications
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involving harsh environments. For this purpose, Table 1 reports the main characteristics of
radiation environments with a list of references reporting the results of tests carried out in
these environments.

Table 1. Main characteristics of radiation environments (extracted from [14]) and list of references
where the FBGs were tested in real applications.

Environment Radiation
Nature Dose Dose-Rate Temperature References

Nuclear Reactor Core γ-rays
neutrons

GGy
1020 n·cm−2

<1015

n·cm−2·s−1 RT→ 800 ◦C [18–31]

Fusion-devoted
facilities

Tokamak
(e.g., ITER)

γ-rays
14 MeV

neutrons

<10 MGy
<1018 n·cm−2

1 kGy/h
<1014

n·cm−2·s−1
RT→ 400 ◦C [32]

LMJ, NIF

X-rays
γ-rays

14 MeV
neutrons

<1 kGy >MGy/s RT

High-energy
physics
facilities

LHC
photons
electrons

other particles
<100 kGy <0.1 Gy/h RT [33–36]

Nuclear Waste Storage γ-rays <10 MGy <10 Gy/h RT→ 90 ◦C [37,38]

Medicine X-rays
protons

10−2 Gy→
50 Gy

<1 Gy/s RT [39]

Space

X-rays
γ-rays

protons
electrons

<10 kGy 10−5 → 10−3

Gy/h
−200 ◦C→

300 ◦C [40]

2. Operating Principle

An FBG consists of a periodical structuration of the fiber core refractive index, induced
by its exposure to laser light (generally on a short fiber length from a few mm to a few
cm) [41], as reported in Figure 1. The photo-inscribed grating allows light transmission at
all wavelengths except within a small spectral range, for which the light is reflected by the
grating. The dip (or peak) in the transmission (or reflection) spectrum, shown in Figure 1,
is centered at the wavelength, known as the Bragg wavelength (λB) and defined as:

λB =
2× neff ×Λ

m
(1)

where neff is the effective refractive index of the fundamental mode measured at λB, Λ is
the grating period, and m is an integer, indicating the grating or diffraction order. ∆nmod is
the refractive index modulation amplitude, defined as the difference between the refractive
index of the zones that are illuminated and the ones that are not.

Because of the dependence of the effective refractive index and the grating period
on the temperature (respectively, due to the thermo-optic effect [42] and to the thermal
expansion [43]) and on the strain applied on the fiber (due to the elasto-optic properties [44]),
the FBG can be used as a temperature and/or strain sensor, since its Bragg wavelength
shifts with the temperature and strain variations, respectively, ∆T and ∆ε:

∆λB = CT × ∆T + Cε × ∆ε (2)

where CT is the temperature coefficient defined in a temperature range smaller than 100 ◦C
(since the dependence of the Bragg wavelength on the temperature variations has to be
described with a polynomial function in larger temperature ranges), and Cε is the strain
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coefficient [3]. For example, for an FBG written in a silica-based optical fiber and having a
Bragg peak around 1550 nm, CT is about 10 pm/◦C in the temperature range between RT
and 100 ◦C [3], whereas the axial strain coefficient is around 1.2 pm/µε [45]. Concerning
the sensitivity to the transverse load (or pressure), it is negligible for a classical FBG.

Sensors 2022, 22, x FOR PEER REVIEW 4 of 34 
 

 

the FBG can be used as a temperature and/or strain sensor, since its Bragg wavelength 
shifts with the temperature and strain variations, respectively, ∆T and ∆ε:  Δλ = C × ∆T + Cக × ∆ε (2)

where C is the temperature coefficient defined in a temperature range smaller than 100 
°C (since the dependence of the Bragg wavelength on the temperature variations has to 
be described with a polynomial function in larger temperature ranges), and Cக is the 
strain coefficient [3]. For example, for an FBG written in a silica-based optical fiber and 
having a Bragg peak around 1550 nm, C is about 10 pm/°C in the temperature range 
between RT and 100 °C [3], whereas the axial strain coefficient is around 1.2 pm/µε [45]. 
Concerning the sensitivity to the transverse load (or pressure), it is negligible for a classical 
FBG.  

As introduced in Section 0, gratings written in highly birefringent optical fibers are 
characterized by two Bragg peaks, which both shift towards the same direction under a 
temperature or axial strain change but shift in the opposite direction under a transverse 
mechanical load, making these FBGs very good pressure sensors with a sensitivity of hun-
dreds of pm/(N/mm) [46]. 

 
Figure 1. Transmission and reflection spectra of a fiber Bragg grating, with the periodical structure 
of the refractive index in the fiber core. 

3. Inscription Techniques 
The periodical refractive index modulation, giving rise to the grating, originates from 

the silica matrix modifications induced by its exposure to laser light, which can generate 
defects or structural changes. To create this periodical structuration, several inscription 
techniques exist.  

The first method is known as “point by point” (briefly PbP) [47] and consists in fo-
cusing the laser beam through an objective on a point of the fiber core, to change its re-
fractive index locally, then the fiber (or the laser beam) is translated for a certain distance, 
corresponding to the grating period (Λ), to write the following point. After repeating the 
process N times, a grating of length L = N × Λ is formed.  

Figure 1. Transmission and reflection spectra of a fiber Bragg grating, with the periodical structure of
the refractive index in the fiber core.

As introduced in Section 0, gratings written in highly birefringent optical fibers are
characterized by two Bragg peaks, which both shift towards the same direction under a
temperature or axial strain change but shift in the opposite direction under a transverse
mechanical load, making these FBGs very good pressure sensors with a sensitivity of
hundreds of pm/(N/mm) [46].

3. Inscription Techniques

The periodical refractive index modulation, giving rise to the grating, originates from
the silica matrix modifications induced by its exposure to laser light, which can generate
defects or structural changes. To create this periodical structuration, several inscription
techniques exist.

The first method is known as “point by point” (briefly PbP) [47] and consists in
focusing the laser beam through an objective on a point of the fiber core, to change its
refractive index locally, then the fiber (or the laser beam) is translated for a certain distance,
corresponding to the grating period (Λ), to write the following point. After repeating the
process N times, a grating of length L = N×Λ is formed.
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The other techniques, by contrast, need an interferometric pattern, such as the one
used to manufacture the first FBG by Hill [41] or the ones based on the “phase mask”
(PM) [48], the Lloyd’s mirror [49], or the Talbot interferometer [50].

The phase mask technique is the most common today. It is based on a PM, which is a
one-dimensional periodical structure, photolithographically etched on one of the surfaces
of a slat of a material transparent to the laser light, such as silica glass. When the laser beam
goes through the PM, the phase is spatially modulated and diffracted: the diffracted orders
give rise to an interference pattern, with a period equal to half of the one of the PM (The
amplitude of the PM structure is optimized in order to reduce the light transmitted in the
zero order (less than 5%) and to divide the whole beam energy between the orders −1 and
+1, or −2 and +2 [3]). This interference pattern creates the refractive index modulation in
the fiber core of the optical fiber placed near the PM if the laser beam energy is high enough
to create color centers and/or densification in the lightning area. In this case, the Bragg
wavelength depends mainly on the PM period for fibers with the same composition.

The laser employed for the FBG inscription can be a continuous wave (CW) or pulsed
laser in the domain of ns or fs. Whereas the wavelength of CW or ns-pulsed lasers has
to be in the UV spectral range since one photon must be enough energetic to modify the
silica matrix, this condition is not mandatory for fs-pulsed lasers. FBGs can be written with
fs-lasers working in the spectral range from UV to IR: if the laser wavelength is in the IR
domain, multi-photon processes can take place.

Because of the fiber-coating shielding effects during the grating manufacturing es-
pecially with UV lasers, FBGs are often written in bare (uncoated) fibers: the coating is
stripped before the grating inscription and reapplied just after. With the development of
fs-laser-based techniques, today it is possible to inscribe FBGs also through the various
types of coating [51].

Moreover, the inscription set-up can also be incorporated in the optical fiber drawing
tower, so that the FBGs are written directly on the bare fiber before its coating deposition.
Such FBGs are known as “draw tower gratings”, or DTGs [52].

4. FBG Classification

The FBG properties, such as their response in harsh environments characterized by
extreme temperatures and/or radiations, depend on the fiber characteristics, inscription
processes, and pre- or post-inscription treatments. Depending on the manufacturing
choices, the gratings are generally classified into different types; each one is characterized
by a different origin for the refractive index modulation, which gives rise to a different
resistance to high temperatures and also to different radiation responses.

As an example, by combining the PbP or PM technique and an fs-laser, both type I
and type II gratings can be written in all fiber types. One FBG type or the other will be
inscribed by increasing the laser power; indeed, for a fiber having a Ge-doped core, with
an fs-laser at 800 nm and a PM, the thresholds of the pulse peak intensity to write type
I or type II FBGs are 2× 1013 W/cm2 and ∼ 5× 1013 W/cm2, respectively [53]. These
thresholds depend on the fiber composition, the possible fiber treatments undertaken to
improve its photo-sensitivity (such as the H2 loading), the inscription technique, and the
laser wavelength.

Table 2 reports the most common grating types defined that have been defined, with
the most important inscription conditions, the cause of the refractive index modification,
and the maximum temperature each type can withstand, together with some of the most
important references (for a more complete classification, see reference [54]).
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Table 2. Fiber Bragg grating classification with the inscription conditions, their origins, and their
temperature operating range.

Type Inscription Origins Temperature
Resistance References

I

UV (continuous or ns-pulsed) laser
in photosensitive fibers, such as a

Ge-doped one;
OR

fs-pulsed lasers (generally IR) in
all fiber types.

Color centers 1.
In the case of fs-pulsed IR laser,

the defects are induced by
multi-photon absorption

processes.

T < 500 ◦C [3,53,55]

II

fs-laser, whose power is higher than
the damage threshold

(~4 × 1013 W/cm2 for silica-based
fibers), through phase mask or

point by point

Densification and
nano-structuration T > 800 ◦C [53]

Regenerated (R)

1. Seed FBG: type I grat-
ing in a photosensitive
fiber, H2-loaded before or
after the inscription;

2. High-temperature treatment
(T > 650 ◦C) that will erase
the seed FBG before the ap-
pearance of the R-FBG.

Cristobalite, a crystalline
polymorphic silica, generated by
the high temperature and high
pressure due to the hydrogen
presence at the core/cladding

interface (still debated).

T > 1000 ◦C [56–58]

III or voids
fs-laser (whose power is higher

than 1014 W/cm2) with the
point-by-point technique.

Micro-voids surrounded by a shell
of densified silica. T > 1000 ◦C [59,60]

1 It is worth noticing that, according some authors, type I FBGs can be due, along with color centers, to structural
changes and densification [54]; however, the latter should not be erased by thermal treatments at temperatures
lower than 500 ◦C. So, the subject is still controversial.

5. Radiation Effects on Optical Fibers

As highlighted in Table 1, each harsh environment is characterized by different irradi-
ation conditions:

- Nature of radiation: X-rays, γ-rays, protons, electrons, neutrons;
- Total ionizing dose (TID): quantity of energy deposited for the unit of mass of the

material; it will be measured in Gy(SiO2) in all the manuscripts, except when speci-
fied differently;

- Dose rate: quantity of energy deposited per unit of time, measured in Gy(SiO2)/s;
- Irradiation temperature.

Radiation breaks bonds by ionization or knock-on processes. The main effect is the
generation of point defects from regular or strained Si-O-Si bonds and from precursor
centers. Their nature and concentration depend on the composition and also the manu-
facturing and drawing processes of the fiber; consequently, these parameters govern its
radiation sensitivity. A list of the defects induced in silica-based OFs with their description
and characteristics is reported in a review [61].

It has been demonstrated that ionization is the predominant effect even in the presence
of non-ionizing radiation as neutrons, at least for fluences up to 1016 neutrons·cm−2 (or
n·cm−2). Indeed, not only are the same defects generated independently of the radiation
nature but also their concentration showed similar kinetics and levels at the same TID [62].
Nevertheless, some differences can be observed because of the dose enhancement induced
by energetic proton recoils out of the H-containing coatings [63]. In addition to this effect,
higher neutron fluences lead to significative structural changes, i.e., densification [16],
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causing new intrinsic defects or changes in the spectroscopic signatures of already known
centers [64].

These phenomena at the microscopic level are at the origin of the degradation of the
optical properties of the fibers and show up in three macroscopic effects, described hereafter.

5.1. Radiation-Induced Attenuation

The main effect induced by point defects is “radiation-induced attenuation”, or briefly
RIA, which consists of an increase in the fiber attenuation due to the appearance of their
associated absorption bands in the fiber transmission windows. RIA levels and kinetics
depend on several parameters [15]:

- Those of the harsh environment: dose, dose rate, temperature, and radiation nature,
as already explained, but also the presence of gases that could diffuse inside the
optical fiber;

- The characteristics of the optical fiber itself: its core and cladding compositions, the
manufacturing process of the preform, and fiber drawing conditions;

- The test conditions: injected signal wavelength and power.

Clearly, fibers with different compositions present different radiation responses, and
they are generally divided into three main classes [15], even if the radiation hardness of
a fiber is only valid for specific environments and, sometimes, for specific wavelength
ranges [65]:

- The “radiation-hardened” OFs, having a pure-silica core (PSC) and fluorine-doped
cladding or both core and cladding doped with F, since they show the lowest sensitivity
under high-dose (MGy levels), steady-state irradiation among all the fiber types [61];

- The “radiation-tolerant” OFs, such as Ge-doped ones, whose losses are low enough to
be used for some applications, such as telecommunications, in harsh environments
characterized by low TIDs (<10 kGy), i.e., space [14,66,67];

- The “radiation-sensitive” OFs, which are mainly doped or co-doped with phosphorus
or aluminum in their core and/or cladding and present high RIA levels, both in the
visible and infrared spectral domains; they could be used for point or distributed
radiation detection and dosimetry applications [68,69].

However, it is very important to test the radiation response of a fiber, before using
it in a real environment. For example, it has been recently found an ultra-low losses PSC
OF (whose losses at 1550 nm are of ~0.15 dB/km before irradiation) that is very radiation
sensitive, with RIA levels higher than the ones induced in the P-doped fiber at 2 kGy TID
(dose rate of 175 mGy/s) at RT: RIA reached ~2000 dB/km at 1550 nm [70].

5.2. Radiation-Induced Emission

The “radiation-induced emission”, or RIE, consists of two contributions: Cerenkov
radiation [71] and radio-luminescence (RL) [15]. The latter is the emission of light from
pre-existing or radiation-induced centers that will be excited by the radiation itself and that
will emit a luminescence signal when coming back to the fundamental level. The Cerenkov
light and also the RL, at least in most cases, affect the visible spectral range and should not
interfere with the FBGs designed to operate in the IR spectral range.

5.3. Radiation-Induced Compaction

Concerning the “radiation-induced compaction”, or RIC, for the silica-based materials,
it was observed that the density ρ increases with the dose D following a power law:

∆ρ
ρ

∝ Dk (3)

where k depends on the irradiation nature, being ~2/3 for γ-rays and ~1 for fast neu-
trons [72], before saturating around 3% at very high doses [16]. For the silica-based OFs,
very few data are reported in the literature: linear compaction of ~0.3% (corresponding to a
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density increase of about 1%) was observed in pure silica samples irradiated with a fast
neutron fluence of ~5 × 1019 n/cm2 and a total γ-dose of about 4 GGy, at a temperature
around 290 ◦C [23].

6. Radiation Effects on FBGs

As radiation degrades the fiber transmission through the RIA phenomenon, it can also
degrade the FBG performance, as shown in Figure 2, through the two effects highlighted in
Figure 3 [13].
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Figure 2. An example of the radiation-induced effects on a Bragg peak reflection spectrum, before
(black line) and after (red line) X-ray irradiation at 1.5 MGy TID at RT. Data extracted from [73].
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Figure 3. Origins of the radiation effects on the FBG peak: radiation-induced Bragg wavelength shift
(RI-BWS) and signal-to-noise reduction.

The first one is the “radiation-induced Bragg wavelength shift”, hereafter indicated
as RI-BWS. As shown in Equation (1), the Bragg wavelength depends on the effective
refractive index at λB and the grating period. The refractive index change is caused by
the RIA and the RIC and is known as the “radiation-induced refractive index change”
(RIRIC). The grating period modification, instead, can be reduced as a consequence of
the compaction. As already mentioned, the latter effect is negligible in most cases; then,
RI-BWS can be mainly associated with RIRIC.
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The second effect induced on the FBG is a variation of the grating reflectivity, caused by:

- Changes in the grating parameters, such as neff, ∆n mod and Λ,
- Degradation of the fiber transmission due to RIA.

Both can lead to a reduction in the signal-to-noise ratio and, in the worst cases,
to an increase in the uncertainty associated with the measurement. At very high TID
and/or neutron fluence, depending on the initial grating reflectivity, the peak can also
be completely erased and the sensor stops working [24]. It is worth noticing that, if the
periodical structuration is still present, the Bragg peak can be completely imperceptible
within the noise in the transmission spectrum, but it should be detectable in the reflection
one, despite its very small reflectivity. An example is reported in [24], where the reflectivity
of an FBG (written in a Ge-doped fiber with an fs-laser at 800 nm and treated at 372 ◦C for
72 h) was reduced from 5% to 0.2% after a neutron fluence of 3 × 1019 n·cm−2 (neutron
energy of ~1 MeV) and a γ-dose of 1.5 GGy at 250 ◦C: the peak was still evident in reflection
but not in transmission.

Sometimes, instead, an increase in the reflectivity is observed, due to the different
kinetics of radiation-induced defects in the laser-modified and unmodified (or weakly mod-
ified) areas of the grating (photoinduced refractive index peaks and valleys), as observed
in [74]. Finally, when RIA is the cause of the reflectivity decrease because the fiber in which
the FBG has been inscribed is characterized by a very high RIA level, the short fiber length
containing the grating can be spliced to more radiation-hardened fiber pigtails to transport
the signal to reduce the RIA impact [13].

In the next sections, we will focus on the RI-BWS. Since the Bragg peak translates into
the value of the external parameter changes that the FBG is sensing, RI-BWS corresponds
to an error in the measurement. For example, for an FBG having a thermal sensitivity
coefficient CT of 10 pm/◦C and a strain coefficient Cε of 1.2 pm/µε, a RI-BWS of about
10 pm will correspond to an error of about 1 ◦C or 8 µε in the temperature or strain
measurements, respectively. Moreover, it has been demonstrated several times that the
thermal sensitivity and strain coefficients are not significantly influenced by radiation [75].

As already mentioned, the grating is a periodical structuration of the refractive index
induced by a laser in the fiber core. Since the laser modifies the silica matrix, e.g., generating
defects and inducing densification, it is understandable that the radiation effects induced
on the bright and dark fringes of the FBG can differ from the ones induced on the fiber
itself, which did not undergo any laser treatment. Consequently, the radiation response of
an FBG cannot be directly linked to that of the fiber and depends on several parameters [76].
Each FBG is particular as it has been written under specific conditions with particular
characteristics; therefore, it will show a unique radiation response. For this reason, more
than one hundred papers have been published concerning the radiation effects on different
FBG types, and a review article has been published in 2013 by Gusarov and Hoeffgen [13].
Since then, new tests on new types of gratings have been performed and in the following,
we present the main parameters that influence their radiation response and the associated
basic mechanisms. It is worth noticing that, unless otherwise specified, the gratings were
bare, meaning without a coating during the irradiation tests.

6.1. Optical Fiber Composition

As the radiation response of the OFs strongly depends on the compositions of their
core and cladding, the fiber composition also influences the response of the gratings under
irradiation. However, it is impossible to determine how, since the grating inscription pro-
cess itself changes the fiber properties locally. This has been highlighted by Henschel et al.,
studying the BWS induced by γ-rays on type I-UV gratings inscribed in fibers with dif-
ferently doped cores: germanium, phosphorous, and cerium [76]. Figure 4 shows a few
of their results (extracted from [76]). It can be observed that the grating written in the
radiation-sensitive (in terms of RIA) optical fiber co-doped with Al and P shows the smallest
RI-BWS among all the reported gratings.
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Figure 4. BWS induced by γ-rays on type I-UV gratings, written by different manufacturers on
uncoated fibers with different core compositions that were recoated after inscription, the dose rate
being 0.9 Gy/s up to 100 kGy at RT. Data extracted from [76].

As a consequence, writing a grating into a radiation-resistant fiber does not ensure a
radiation-resistant FBG. However, as Figure 4 suggests, it seems that the higher the GeO2
concentration in the fiber core, the higher the FBG radiation sensitivity [77,78]. This is
highlighted in Figure 5, which compares the radiation responses of two 10 mm long gratings
with the same reflectivity, written with a UV laser at 244 nm through a PM in two H2-loaded
Ge-doped fibers (at 160 bars and RT, for 10 days): a standard Corning SMF28 (5 wt%) and
a photosensitive (>15 wt%). The two gratings were also subjected to the same thermal
treatment (at 60 ◦C for 24 h) to highlight only the Ge-content influence.
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Figure 5. BWS induced by X-rays at RT with a dose rate of 5 Gy/s, up to 30 kGy, on three type
I gratings written with a CW UV laser (at 244 nm) into two different fibers: a standard fiber (the
Corning SMF28, [Ge] = 5 wt%) and a photosensitive one ([Ge] > 15 wt%). Ten-millimeter-long FBGs
were written in both fibers after a pre-inscription H2 loading. A 20 mm long FBG was also written in
the unloaded photosensitive fiber with higher laser power (170 mW against ~90 mW). Data extracted
from [78].
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6.2. Pre-Inscription H2 Loading

Figure 5 also compares the BWS induced by X-rays on two gratings written with the
UV laser in the same fiber, pre-hydrogenated or not before the FBG inscription. In this case,
the two gratings were not identical because of the reduced photosensitivity of the unloaded
highly Ge-doped fiber compared to the loaded one. Indeed, the FBG written in the H2-
loaded fiber (with a laser power of ~90 mW) was only 10 mm long and had a reflectivity of
90% (transmission of −10 dB), whereas the grating inscribed in the unloaded fiber with
a higher laser power (about 170 mW) was 20 mm long in order to reach a reflectivity of
50% (transmission of −3 dB). Conscious of these differences, it can be stated that the H2
loading used to enhance the fiber sensitivity to UV light increases also the FBG radiation sensitivity,
independently of the fiber composition. With pre-hydrogenation, the RI-BWS saturates at
higher levels and at higher doses [75,77]. The probable cause is the radiolytic rupture of the
OH-bonds, which are present at higher concentrations in the gratings written in H2-loaded
fiber [79].

This agrees with the following observation: the higher the H2 concentration in the
fiber core at the time of the inscription, and consequently the OH concentration present in
the grating, the more radiation-sensitive is the FBG. Indeed, Henschel et al. highlighted
that the RI-BWS increases by increasing the pressure during the fiber H2 loading: since the
fibers were loaded for the same duration and at the same temperature (one week at 50 ◦C), a
higher pressure leads to a higher H2 concentration at saturation during the inscription [80].

Moreover, the grating response does not change significantly, if the loading is performed with
H2 or D2, provided that the same concentration of molecules (H2 or D2) is reached at the
moment of the grating inscription, as it was observed for regenerated gratings (no data are
available for type I FBGs) [81]. The differences recorded in the RI-BWSs were within 10%.

Concerning the pre-hydrogenation, it must be pointed out that a grating written in a
loaded fiber has to undergo thermal treatment to ensure the out-gassing of the remaining
H2 molecules. For example, for the gratings, whose results under X-rays are reported in
Figure 5, both were subjected to annealing at 60 ◦C for 24 h to outgas the remaining H2
molecules. This is an important point, since, as we will see in the next paragraph, the
post-inscription thermal treatments also influence the FBG radiation response.

These conclusions about the H2-loading effect on the grating radiation sensitivity
drawn from the type I gratings written with a UV-laser, for which the hydrogenation is
necessary in most cases, can also be extended to other FBG types, as illustrated in Figure 6
for type I and type II FBGs manufactured with an fs-laser [82] under γ-rays. Indeed, it is
worth mentioning that a different behavior will be highlighted under neutrons in Section 0.

6.3. Inscription Conditions

Beyond the H2-loading influence, Figure 6 highlights a clear difference in the radiation
response of two gratings written with different laser powers. Indeed, among all the
parameters, the radiation response of the grating strongly depends on its inscription
conditions, which rule the grating type. Figure 7 reports the Bragg wavelength shift
induced by X-rays on several FBG types written in the same Ge-doped optical fiber: the
Corning SMF28e+ [74].

It should be pointed out that, for the type I FBGs and the seed grating of the regenerated
FBG that were written with a UV laser, it was necessary to increase the fiber photosensitivity
with pre-hydrogenation before their inscription, because of its low Ge-core concentration.
As already highlighted in the previous section, the H2 loading increases the fiber radiation
sensitivity but, as shown in Figure 7, even if the two gratings have the same length (10 mm)
and are characterized by the same refractive index modulation amplitude (∆nmod of about
1.2 × 10−4), the inscription conditions of type I gratings (laser wavelength and power)
influence the radiation response, reaching different RI-BWS values by a factor of three. In
particular, 150 pm and about 50 pm were observed, at 1 MGy TID, for the gratings inscribed
with the 10 ns pulsed laser at 248 nm and the CW laser at 244 nm, respectively.
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Figure 6. BWS induced by γ-rays at RT with a dose rate of 0.94 Gy/s, up to 100 kGy TID (irradiation
temperature between 25 ◦C and 65 ◦C), on two type I and two type II gratings written with an fs-laser
(at 800 nm, a pulse width of 120 fs, and repetition rate of 100 Hz) into the acrylate coated Ge-doped
fiber Corning SMF28e. For each grating type, one FBG was inscribed into an H2-loaded fiber and the
other in an unloaded one. All the gratings were thermally treated for 4 days at 100 ◦C. To write type I
FBG, the laser power was reduced by increasing the distance between the PM and the fiber. Data
extracted from [82].
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Figure 7. RI-BWS recorded up to 1 MGy at RT on different FBG types written in the same Corning
SMF28e+ fiber: two type I FBGs, one written with a CW UV laser (at 244 nm, power density of
4.15 W/cm2) and the other with a 10 ns-pulsed UV laser (at 248 nm, pulse energy of 380 mJ/cm2), in
a pre-H2-loaded sample; a type II FBG, written through a PM with an fs-IR laser (at 800 nm, a pulse
width of 150 fs, and pulse energy of 560 µJ); a type III FBG, written PbP with an fs-IR laser (at 800 nm,
a pulse width < 120 fs, and pulse energy of 230 nJ); an R-FBG, manufactured from a type I grating
written with a 20 ns-pulsed UV laser (at 248 nm and pulse energy of 9 mJ) and regenerated at 750 ◦C.
The vertical pink line indicates the irradiation end. The dose rate was always 50 Gy/s for all the
gratings except for the regenerated one at 10 Gy/s. Data extracted from [74,83].
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Moreover, in addition to the higher BWS values, the different types of FBGs present
different kinetics for the RI-BWS. The type I UV grating is characterized by a RI-BWS
increasing with the dose, without reaching a saturating level at 1 MGy TID. Both types II
and III FBGs, instead, present a strong increase in the Bragg peak shift up to ~20 pm at
about 50 kGy and then stabilize. Additionally, the type R grating shows a fast and strong
RI-BWS increase at the irradiation start (40 pm for a TID of 50 kGy), but, contrary to types
II and III, at higher TID the shift seems to increase linearly with the dose. In conclusion, at
RT, type II and type III show the highest radiation tolerance, compared to type I or type R.

As for the RIA, the RI-BWS value reduces after irradiation: this phase is known as
“recovery”. This effect is more or less important depending on many parameters, such as
the inscription ones. In the case reported in Figure 7, the RI-BWS is reduced by about 15%
for type I FBGs, 5% for type III, and more than 50% for type II. For type R, a recovery of
around 7% has been observed (not reported here, since the TID reached in the experiment
was 2 MGy) [83]. It is also worth noticing that the dose rate employed for the irradiation of
the latter FBG is lower than the one used for the other samples; however, the RI-BWS should
be larger at the higher dose rate, as highlighted in Section 0. Consequently, the change of
this parameter in the comparison reported in Figure 7 does not invalidate our statements.

6.4. Bragg Wavelength

Among the inscription conditions, there is also the grating period, which rules the
Bragg wavelength. Figure 8 reports the shift induced on three similar type I gratings,
having the same amplitude of the refractive index modulation and submitted to the same
treatments before and after inscription, but written at different Bragg wavelengths: 1300 nm,
1430 nm, and 1560 nm. By increasing the latter, the RI-BWS increases (from ~85 pm for
1300 nm to ~125 pm for 1560 nm at 1 MGy); however, once normalized by the initial Bragg
wavelength of each grating (see inset of Figure 8), only a slight dependence can be observed,
suggesting that the same variation of the refractive index occurs in all the gratings.
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Figure 8. BWS induced by X-rays at RT up to 1 MGy (dose rate of 50 Gy/s) on three similar gratings
(having the same ∆nmod of about 2× 10−4 ) written with a CW UV laser (at 244 nm) in H2-loaded
Corning SMF28 at different Bragg wavelengths. In the inset, RI-BWS normalized with respect to the
initial Bragg wavelength. Data extracted from [49].

6.5. Post-Inscription Thermal Treatment

As for the pre-inscription treatments, e.g., the H2 loading, also the treatments per-
formed on the FBG after its inscription influence its radiation response. The most common
is a thermal treatment, used to stabilize the grating. Figure 9 gives some examples of the
impact of such thermal treatments on the different FBG types.
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The type I gratings in Figure 9a were written with an fs-laser at 800 nm in a Ge-
doped fiber [84]. Indeed, since the grating inscription with such a laser does not require
a photosensitive fiber, no H2 loading was performed. Consequently, the different effects
due to a different thermal treatment performed after inscription and reported in Figure 9a
cannot be associated with a phenomenon of hydrogen diffusion. For this FBG type, it
is clear that by increasing the temperature of the pre-irradiation thermal treatment, the
radiation sensitivity increases. Probably, this annealing recombines part of the defects
generated during the grating manufacturing, creating more precursors available during
the irradiation run.
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Figure 9. Effect of a pre-thermal treatment on the RI-BWS induced on different FBG types: (a) a type
I FBG written in a Ge-doped fiber (the Corning SMF28e) with an IR fs-laser (at 800 nm, pulse energy
of 1200 µJ); (b) a type II FBG in an F-doped fiber with an fs-IR laser (at 800 nm, a pulse width of
150 fs, and pulse energy of ~500 µJ); (c) type R FBGs written in H2-loaded highly Ge-doped fiber and
regenerated at 750 ◦C; (d) a type III in the SMF28 fiber written PbP with an fs-IR laser (at 515 nm,
with a pulse width < 290 fs). The gratings reported in (a) were investigated under γ-rays, whereas all
the others were investigated under X-rays. Data extracted from [84–87].

Type R FBGs undergo high thermal treatment for the regeneration process. Conse-
quently, thermal treatments at temperatures lower than the regeneration one do not change
their radiation response (Figure 9c) [85].

The radiation sensitivity of type III gratings is also not influenced by thermal treatment,
even if performed at very high temperatures, i.e., 750 ◦C, as shown in Figure 9d. This
agrees with their stability at high temperatures [31].

Concerning the type II FBGs, in Figure 9b the pre-irradiation high-temperature treat-
ment significantly improves its radiation resistance. Indeed, depending on the inscription
conditions and on the quality of the set-up alignment, during the type II grating inscription,
there can be regions (bright fringes) in which the laser intensity is above the threshold
for type II and regions where it will be below this threshold. In these latter zones, only
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a type I modification will be generated. Consequently, the radiation response of such
type II gratings will be influenced by its type I contribution. Thermal treatment at high
temperature (~750 ◦C) can erase this latter contribution, based on point defects, leaving
only the type II one, which results in a more radiation-resistant FBG [86].

6.6. Pre-Irradiation of the Grating

Contrary to the pre-thermal treatment, whose effect can be positive or negative ac-
cording to the grating type, pre-irradiation seems to always have a positive effect, and
indeed it reduces the radiation sensitivity of all the grating types [77], as shown in
Figure 10. The pre-irradiation converts most of the precursors, making them unavail-
able for further irradiation. However, the amplitude of this effect depends on the grating
type, the conditions of the pre-irradiation (mainly the TID), the conditions of the second
irradiation, and above all, the conditions (temperature and duration) of the FBG storage
between the two irradiation runs.
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Figure 10. Effect of a pre-irradiation on the BWS induced by X-rays on different FBG types: (a) a type
I FBG written in an H2-loaded SMF28 fiber with a UV CW laser (at 244 nm, power of 120 mW); (b) a
type II FBG in an F-doped fiber with an fs-IR laser (at 800 nm, a pulse width of 150 fs, and pulse energy
of ~500 µJ); (c) type R FBGs written in H2-loaded highly Ge-doped fiber and regenerated at 750 ◦C;
(d) a type III in the SMF28 fiber written PbP with an fs-IR laser (at 800 nm, a pulse width < 120 fs, and
pulse energy of 230 nJ). Data extracted from [83,86,88,89].

6.7. Total Ionizing Dose

As shown in all the previous graphs, the RI-BWS depends on the dose. In most cases,
the Bragg wavelength red-shifts with increasing dose: Sometimes the shift exhibits a fast
increase at the irradiation start and then continues to grow with a smaller slope, and
sometimes it quickly reaches a saturation. Such trends are similar to those observed for the
RIA as a function of the dose, for which several models, both empirical and semi-empirical,
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i.e., the power law [90] and the fractal kinetics [91], have been developed to predict their
growth kinetics (see reference [15] for an exhaustive list). Such models can also be applied
to describe the RI-BWS versus dose curves, as presented in [78].

Although less frequent, cases have been reported in the literature where the Bragg
wavelength shifts toward the shorter wavelengths with the increasing dose. The first
example was observed by Gusarov et al. on the most classical type I FBGs, written with an
ns-pulsed UV laser in an unloaded highly Ge-doped core that was not thermally treated,
under γ-rays [92].

As illustrated in Figure 11, at the beginning of the γ-rays exposure, the Bragg peak
shifts toward the red as expected, but then, after a TID of about 50 kGy, the direction of the
shift is inverted and the peak shifts towards the blue. No detectable shift was observed on
the gratings when kept at the same temperature as the irradiation, of about 34 ◦C, implying
an instability of the grating. The authors suggested the presence of two different kinds of
defects: one responsible for the refractive index increase and another for the index decrease.
It is worth noticing that at the end of the irradiation run, the BWS continues decreasing.
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Figure 11. γ-rays-induced Bragg wavelength shift on type I FBGs, inscribed with an ns-pulsed UV
laser (at 248 nm, a pulse width of 15 ns, and pulse energy of 8 mJ) in an unloaded highly Ge-doped
core (~8 mol% of GeO2). The vertical pink line indicates the irradiation end. The accumulated dose
reached in the only first irradiation run, here reported, was around 200 kGy, the dose rate being of
about 0.28 Gy/s and a temperature of about 34 ◦C. Data extracted from [92].

Another example of a shift towards the shorter wavelengths has already been shown
in Figure 9b on type II FBGs not thermally treated. The origin of this blue shift is very
difficult to explain, but the hypothesis of a radiation-induced release of stress should also
be considered, since the gratings were not thermally treated in both reported examples.

6.8. Dose-Rate

Concerning the dependence of the OF radiation response on the dose rate, it was
observed that, in most cases, the higher the dose rate, the higher the RIA [93] at a given
TID, since, by increasing the dose rate, the number of defects that could recombine during
the irradiation is lowered. It has to be noted that this is not true for all the defects; some,
such as the P-related P1 center absorbing around 1.5 µm, seem dose-rate independent, at
least for TID up to 500 Gy [69].

A similar rule applies to the FBGs: the higher the dose rate, the larger the RI-BWS [94]. Of
course, the amplitude of this effect depends on the FBG type, as highlighted in Figure 12.

Type I and type R gratings generally follow this rule; however, the impact of this
parameter on the RI-BWS depends on the fiber composition and the treatment the FBG
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goes through, as the regeneration temperature for the type R gratings. This is evident in
Figure 12c for two types of R FBGs: the one written in a B/Ge co-doped fiber shows a
higher dependence on the dose rate than the other one written in a Ge-doped fiber [81].

The type II FBGs, instead, are more radiation-resistant at RT and they are characterized
by very low RI-BWSs. Consequently, the dose-rate dependence, if present, has not been
highlighted yet, as reported in Figure 12b, where the RI-BWS varies between −5 pm and
+5 pm, independently of dose and dose rate. The same conclusions can be deduced for
the type III FBGs, in Figure 12d, even if a slight difference can be observed between the
lowest investigated dose rate (1 Gy/s) and the highest one (40 Gy/s), in agreement with
the general rule.
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Figure 12. BWS induced by X-rays as a function of the dose, for different dose rates and different
FBG types: (a) a type I FBG written in an H2-loaded SMF28 fiber with a UV CW laser (at 244 nm,
power of 120 mW) and treated at 60 ◦C for 24 h; (b) a type II FBG in an F-doped fiber with an fs-IR
laser (at 800 nm, a pulse width of 150 fs, and power density of 3× 1013 W/cm2) treated at 750 ◦C for
15 min; (c) type R FBGs in H2-loaded B/Ge codoped fiber (continuous lines) or SMF28 fiber (dashed
lines) regenerated at 650 ◦C or 900 ◦C, respectively; (d) a type III in the SMF28 fiber written PbP
with an fs-IR laser (at 800 nm, a pulse width < 120 fs, and pulse energy of 230 nJ). Data extracted
from [78,81,89,95].

6.9. Irradiation Temperature

Combining temperature and radiation can lead to different effects [96]; for example,
increasing the irradiation temperature could promote:

- The thermal bleaching of the radiation-induced defects, reducing the RIA due to these
color centers,

- The conversion from unstable defects to more stable ones, giving rise to an RIA
increase or a decrease depending on the investigated spectral range,
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- The defect generation rate, increasing the defect concentration and then the associated
RIA at a given dose.

Obviously, the impact of temperature depends on time and consequently on dose and
dose rate. For example, more time is needed with a lower dose rate than with a higher one,#
to reach a certain TID; consequently, a center will have more time to recombine (thermal
bleaching) or to be converted into another defect because of the temperature. Then, a lower
concentration of this center will be observed at a lower dose rate. This illustrates how
difficult the quantification of the impact of the temperature of irradiation is [96]. The grating
response as a function of the irradiation temperature strongly depends on the grating type,
as highlighted in Figure 13. For type I and type R (Figure 13a,c), the higher the temperature,
the smaller the RI-BWS [80,81]. Concerning the type II FBGs, as for the dose rate, they
show very low RI-BWSs at all the irradiation temperatures; for example in Figure 13b, the
induced shift is between −10 pm and +10 pm at RT and at around 230 ◦C. The type III
FBG, instead, showed a complex behavior. Despite its stability at high temperatures and its
good radiation resistance, when the irradiation is performed at RT, it was observed that its
radiation sensitivity increases by increasing the irradiation temperature [89], as reported
in Figure 13d for a type III FBG written in the Corning SMF28e+. In this case, whereas at
RT, the Bragg wavelength shifts towards the red and quickly saturates at 15 pm, after only
20 kGy TID (dose rate being of 40 Gy/s); at a high temperature of 250 ◦C, it blue-shifts down
to −20 pm, without showing a saturating behavior, at least up to 1 MGy. Moreover, the
gratings irradiated at high temperature lose their high temperature stability [89]. However,
recently, a new result has been published, showing that the radiation resistance of type III
FBGs improves by increasing the irradiation temperature, when the gratings are written
with an optimized inscription set-up [87].

As the high temperature changes the radiation response of the gratings, a temperature
lower than the RT value could also influence the induced BWS. Indeed, by changing the
defect generation and recombination rate, at low temperatures, new centers could appear
that were unstable at RT. Consequently, the RIA generally increases by decreasing the
irradiation temperature, but obviously it depends on several parameters, among others,
the fiber composition. For example, whereas the RIA at 1550 nm strongly increases at low
temperatures for Ge-doped fibers (by a factor of 20 when the temperature decreases from
RT to −80 ◦C at 10 kGy TID) [97], this effect is less dramatic for the F-doped fibers (with a
factor of four, from RT to −80 ◦C at 100 kGy TID) [98]. Instead, the 1.55 µm RIA is stable
within 15% from −80 ◦C and +120 ◦C for the P-doped OFs [99].

Figure 14 compares the BWSs induced on different FBGs when irradiated at RT and at
a lower one, −120 ◦C. As for the high temperatures, the behavior changes with the grating
types. The type I-UV here reported, an FBG written in an H2-loaded SMF28e+ with a UV
CW laser (at 244 nm), shows a higher BWS [100], in agreement with the higher IR-RIA
observed on the same Ge-doped fiber [97]. However, it should be pointed out that in [100]
for another type I FBG written with an ns-pulsed UV laser in the same fiber, the BWS
induced by X-rays at RT and at −120 ◦C showed similar kinetics and levels, leading to the
conclusion that the response strongly depends on the inscription conditions. For type II
and type III FBGs written in radiation-resistant fibers, instead, the BWS is very small at
both the investigated temperatures, as illustrated in Figure 14b,c, showing that both FBG
types are very radiation-resistant in this temperature range [100]. No data are available for
the R-FBG behavior at temperatures below RT.
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Figure 13. RI- BWS as a function of the dose, at two different temperatures, for different FBG types:
(a) a type I FBG written with a UV laser (at 248 nm) in an H2-loaded Ge-doped fiber (SMF28e) treated
at 240 ◦C for 3 min and at 100 ◦C for 3 days, with a dose rate of about 1 Gy/s; (b) a type II FBG in an
F-doped fiber with an fs-IR laser (centered at 800 nm, with a pulse width of 50 fs) treated at 750 ◦C for
15 min, with a dose rate of 50 Gy/s; (c) type R FBGs in SMF28 fiber regenerated at 900 ◦C, with a dose
rate of 10 Gy/s; (d) a type III in the SMF28 fiber written PbP with an fs-IR laser (at 800 nm, a pulse
width < 120 fs, and pulse energy of 230 nJ), with a dose rate of 40 Gy/s. The gratings reported in
(a) were investigated under γ-rays, whereas all the others were obtained under X-rays. Data extracted
from [80,81,86,89].

6.10. Nature of Radiation

When it comes to radiation, X-rays and γ-rays come to mind first. However, as
reported in Table 1, harsh environments can be characterized also by the presence of other
particles, such as protons, electrons, and neutrons. The first two are common in space,
whereas neutrons are found in nuclear reactor cores or fusion-devoted facilities. Test
facilities offering these types of beams are less accessible and only a few studies have
been published about the FBG response under protons [39,101–105], electrons [104], or
neutrons [19,22–24,27,28,106].

Even if particles can induce displacement damages, the response under radiation of
a fiber depends on the defects created during the irradiation, and their main generation
processes are associated with ionizing, at least for low to moderate fluences. Consequently,
the RIA is mainly independent of the radiation nature [38] for most of the targeted envi-
ronments (except for, e.g., nuclear core instrumentation). For example, the P1 is a center
induced in the P-doped silica, absorbing around 1.5 µm: the growth kinetics of its ab-
sorption band is independent of the nature of irradiation, i.e., γ- or X-rays, protons, and
neutrons, which makes it, together with other properties, a very good dosimeter of total
ionizing dose in mixed environments [61,69,107].
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Figure 14. BWS induced by X-rays as a function of the dose at two different temperatures, for different
FBG types: (a) a type I FBG written with a UV laser (at 244 nm) in an H2-loaded Ge-doped fiber
(SMF28e) treated at 120 ◦C for 8 h, with a dose rate of about 1 Gy/s; (b) a type II FBG in an F-doped
fiber with an fs-IR laser (at 800 nm, with a pulse width of 50 fs) treated at 750 ◦C for 15 min, with a
dose rate of 10 Gy/s; (c) a type III in the same F-doped OF written PbP with an fs-IR laser (centered
at 800 nm, with a pulse width 120 fs), with a dose rate of 10 Gy/s. Data extracted from [100].

Even if tests under γ- or X-rays can help us predict the RI-BWS, a comparison per-
formed on the response of type I FBGs written with a UV laser in photosensitive fibers
under protons or electrons and X-rays reported in [104] lets us conclude that the physics
inside the gratings is more complex. It is worth noticing that the irradiations were carried
out at the same dose rate and temperature up to the same TID, in order not to observe
strange combined effects. For example, under protons of 63 MeV, at least up to 10 kGy
(fluence of about 1010 p·cm−2), the BWS induced on gratings written in Ge-doped or B/Ge
co-doped fibers is slightly smaller than the one induced by X-rays under the same condi-
tions. On the contrary, the response induced under electrons is strongly dependent on the
fiber composition. Furthermore, as already mentioned, even if the radiation response of
a P-doped fiber in the IR does not depend on the radiation nature, it is not the case for
a grating written in a P/Ce co-doped fiber, where the X-rays induce a larger shift than
electrons or protons.

Concerning the neutrons, whereas several campaigns have been carried out at low flux,
up to a fluence of about 1017 n·cm−2 [19,20,22,31], the research targets higher fluences for
applications in nuclear reactor cores. The shift induced by a neutron fluence of 1019 n·cm−2

(neutron energy of 1 MeV) at a temperature of about 250 ◦C with an accumulated gamma
dose of 0.5 GGy was investigated on different gratings after irradiation [23,24]. Contrary to
what was reported before, the gratings written in an H2-loaded Ge-doped fiber with an
fs-laser were more radiation-resistant than the ones in unloaded fibers (all these FBGs were
thermally treated at ~370 ◦C for 72 h). Indeed, the first ones showed a lower reflectivity
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reduction and also smaller BWS: this varies from −10 to −100 pm for the loaded FBGs,
whereas it is about −130 pm for the unloaded ones. A type II FBG written in an unloaded
Ge-doped fiber with an fs-laser and pre-treated at 750 ◦C for 2 h reached a BWS of −22 pm
and −299 pm at the neutron fluence of 1019 n·cm−2 and 3 × 1019 n·cm−2, respectively.
Moreover, it is worth noticing that writing such a grating in a pure silica core fiber pre-
irradiated at 5× 1019 n·cm−2 and subjected to the same thermal treatment does not improve
its radiation resistance, since the induced shift at the highest investigated fluence is still of
about −200 pm.

Recently, FBGs were written in random air-line (RAL) fibers with an fs-laser (at 800 nm,
with a pulse width of 80 fs) and tested under neutron fluence up to ~3 × 1020 n·cm−2

(neutron energy of ~1 MeV), a flux of 6 × 1013 n·cm−2·s−1, and at a temperature of about
600 ◦C [26]. The Bragg wavelength showed a blue shift and a reflectivity reduction, both
depending linearly on the time (or neutron fluence): their slope was about 0.096 nm/day
and 0.125 dB/day, respectively. The BWS induced at the highest fluence was −4.47 nm.

Such a large shift was also observed on a particular regenerated grating written in
a Ge/F-codoped fiber. In [30], this is referred to as a chemical composition grating, or
briefly, CCG, since the refractive index periodical structure is associated with the fluorine
migration out of the bright fringes: the hydrogen present as OH groups (induced during
the seed grating inscription in the H2-loaded fiber) will react with the fluorine, creating
volatile HF molecules during the regeneration. Under neutron fluence up to ~1019 n·cm−2

(neutron energy of 1 MeV) and flux of 7 × 1012 n·cm−2·s−1, with an associated γ-dose of
~2 GGy at 150 ◦C, this CCG showed a red shift with a saturating behavior up to ~14 nm,
very different from the previous results that reported a blue shift.

6.11. Coating and Embedding

Most of the results here reported have been obtained on uncoated FBGs, in order to
study only the radiation influence on the glass structure of the grating. However, for real
applications, the gratings cannot be bare, since they will be more fragile. However, the
coating can influence the grating radiation sensitivity. Gusarov et al. carried out a systematic
study on the γ-rays’ effects on identical type I DTGs, written with a UV laser in a highly
Ge-doped fiber during fiber drawing [108]. Their results are illustrated in Figure 15 and
show that the BWS induced on the recoated FBGs is larger than in the bare sample. Indeed,
whereas the shift in the latter is due to radiation effects on the glass, the difference between
the coated and the bare FBGs has been attributed to the radiation effect on the coating:
radiation makes the coating shrink or swell, inducing a change in the stress on the fiber
and consequently a shift in the Bragg peak. From Figure 15, it is clear that the larger effects
are observed for the ormocer and then the polyimide. The same authors also show that
the shift induced on an acrylate-coated grating was between the ones recorded on the bare
sample and the polyimide-coated one [108].

The same conclusions can be drawn from the study under proton irradiation by Curras
et al. [103]. The authors explain the difference in the measured RI-BWSs with a two-stage
process. Initially, the bonds of the coating polymeric chains are broken by radiation and
induce a gas release, which will be trapped within the polymeric matrix, inducing the
coating swelling. However, the gas release changes the polymeric structure, promoting
transversal covalence bonds between the linear chains and consequently increasing the
coating rigidity and inducing the coating shrinking.

However, in other studies under γ-rays [80], under X-rays [88], or under protons [105],
the RI-BWS is smaller on coated gratings than on uncoated ones. In all cases, the coating
does not shield the radiation (this could be the case for low-energy particles); moreover,
it was demonstrated that the phase of UV curing (necessary for the bare FBG recoating
with acrylate) does not influence its radiation response [88,109]. One of the remaining
hypotheses is that the radiation continues the coating polymerization. Indeed, in [88], by
performing at least three UV cycles on the recoated FBG, the authors show that such a
recoated FBG will be characterized by the same RI-BWS as the bare grating.
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Figure 15. γ-rays induced BWS as a function of the dose, for identical type I FBGs written with a UV
laser (at 248 nm, a pulse width of 15 ns, and power energy of 400 mJ/cm2) in a highly Ge-doped
fiber and recoated after inscription with polyimide (which was thermally cured) or ormocer, with a
dose rate of ~0.11 Gy/s, at 35 ◦C. A bare grating was also reported for the sake of comparison. Data
extracted from [108].

As with the coating, the embedding or packaging of the grating can also change its
radiation sensitivity; an example of this is reported in [105]. Moreover, Lebel-Cormier et al.
recently reported a radiation dosimeter based on polymer-embedded FBGs [110]: they
showed that, by gluing the FBG inside a square prism in different polymer materials and
reducing the error in the peak detection to 0.03 pm, the induced shift depends linearly on
the dose, up to 20 Gy, with a slope of about ~0.06 pm/Gy, which depends on the material
choice and not on the fiber composition.

7. Radiation Effects on Exotic FBGs
7.1. π-Phase Shifted Grating

A π-phase shifted grating is a grating with a phase step within the FBG length, which
gives rise to a very narrow Lorentzian-shape band-pass peak (generally with a width of
−3 dB of a few pm) in the band-stop spectral region of the FBG [111]. It is a very narrow
filter, with a width of only a few pm; consequently, it can be used as a high-resolution
sensor or spectral filter, to realize a distributed-feedback (or DFB) laser, an optical function
for RF filtering.

During the inscription, a small birefringence can be induced on the fiber, inducing two
peaks instead of only one. For this reason, these gratings are often written in polarization-
maintaining fibers, which allow propagation of only one polarization and therefore excite
only one peak. The radiation response of a π-phase shifted grating written in an H2-loaded
Ge-doped core PANDA fiber with a UV laser and then subjected to thermal treatment
at 120 ◦C for 8 h was studied under X-rays at RT up to 1 kGy TID, with a dose rate of
~30 mGy/s [112]. Both the main Bragg peak and the two peaks characterizing the π-phase
shifted grating shift towards the red of the same quantity. For example, in this case, the
BWS observed at the highest investigated TID was ~5 pm.

It is worth noticing that the band-pass peak within the large Bragg notch depends on
the phase-step size [111]; consequently, if this parameter does not change, the band-pass
peak has to shift together with the main one. Nevertheless, it could also depend on the
writing process used to incorporate the phase step in the grating. Moreover, at very high
doses or neutron fluence, when a compaction phenomenon takes place [16], the phase-step
size could change, leading to a different shift from the one induced on the main peak.
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7.2. Fiber Random Gratings

A fiber random grating, or FRG, is a grating whose refractive index modulation is not
periodical but random [113]. An FRG is inscribed in the fiber core by the point-by-point
technique, varying the distance between two consecutive spots randomly between 0 and a
few µm, over a length of several cm, generally longer than an FBG [113]. Depending on the
laser power density, type I or type II can be written.

Contrary to FBGs, the FRG gives rise to a very large reflection band, over 200 nm,
caused by the superposition of the interference patterns of all the Mach–Zehnder interfer-
ometers constituted by each pair of two consecutive spots. A change in temperature or
axial strain (but also in the surrounding refractive index) modifies the interferometer length
and effective refractive indices of the core and cladding modes, causing a phase shift and,
consequently, a spectral shift (SS) in the reflection spectrum [113], as shown in Figure 16.
The spectral shift can be easily calculated by comparing two reflection spectra, acquired
before and after a perturbation is applied, i.e., by performing a cross-correlation between
the two.
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Figure 16. A part of reflection spectra of a type II 10 cm long FRG, inscribed in a Ge-doped fiber (the
Corning SMF28e) with an fs-laser (at 800 nm), acquired at two temperatures, in order to highlight the
changes induced by a temperature variation of about 10 ◦C. Data extracted from [114].

As for an FBG, the spectral shift depends linearly on temperature (in the 100 ◦C range)
and strain:

SS = CT × ∆T + Cε × ∆ε, (4)

with values of the same order of magnitude as those of a classic FBG for the temperature
and strain coefficients, CT and Cε, respectively [113]. However, the FRG can be employed as
a multiparameter sensor, allowing the simultaneous measurement of the temperature and
axial strain, through the “wavelength-division cross-correlation method”: the reflection
spectrum has to be divided into N large subregions (N depending on the number of
parameters to be measured, generally two or three), characterized by temperature and
strain coefficients differing by up to 10%. The larger the subregions, the better the sensing
resolution; however, the larger the spectral distance between the subregions, the larger
the difference between the coefficients, and then the better the discrimination capability
of the sensor [113]. This will allow writing a system of N equations, such as the one in
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Equation (4), with N unknown variables, one for each sensing parameter, ∆T, and ∆ε (more
information about the analysis of simultaneous parameters is available in [115]).

Type I and type II FRGs, written in a Ge-doped fiber, were tested under X-rays up
to about 150 kGy, with a dose rate of 1 Gy/s, at RT [114]. Just as for an FBG, radiation
induces an additional spectral shift, which depends on the fiber composition and inscription
parameters. However, this shift is exactly the same for all the subregions. Therefore, for
example with three subregions, it would be possible to discriminate two parameters even
under irradiation, since one equation of the system will be sufficient to isolate the radiation-
induced shift.

8. Radiation Effects on FBGs in Exotic Fibers
8.1. FBGs Inscribed in Highly Birefringent Photonic Crystal Fibers

Photonics crystal fibers, or briefly PCFs, are OFs characterized by a periodic transverse
microstructure made up of air and glass (see review [116]). This structure allows the
manufacture of highly birefringent fibers, and a grating written in it presents two Bragg
peaks when investigated with an unpolarized light [117]. Indeed, the two orthogonally
polarized modes propagate with two different phase velocities and consequently are
characterized by different effective refractive indices, which depend on the mean effective
index (ne f f ) and on the phase modal birefringence B. Therefore, the spectral distance
between the two peaks is defined as [117]:

∆λB = λB2 − λB1 = 2× B×Λ. (5)

Whereas the two peaks shift towards the same direction, keeping ∆λB constant, when
the grating is subjected to a temperature or a longitudinal strain, under pressure or a
transverse mechanical load, they move in opposite directions, reducing their spectral
distance, as illustrated in Figure 17.
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Figure 17. Reflection spectra of an FBG written in a highly birefringent PCF, unstressed (black curve),
and when a transverse load is applied (red curve). The arrows highlight the direction of the shift in
the peaks.

This characteristic makes this FBG a good pressure and transverse strain sensor for
structural health monitoring [46]. It is worth noticing that such gratings are characterized
by classical values for temperature and strain coefficients, whereas the transverse sensitivity
varies between 150 pm/(N/mm) and 550 pm/(N/mm), depending on the fiber orientation
during the compression test [46] (for more information, see review [118]).

The radiation response of such a grating was investigated under X-rays [73]. The FBG
was written in a highly birefringent PCF known as ‘butterfly’, having a core in Ge-doped
silica to facilitate the grating inscription, with an fs laser at 267 nm, and underwent a 16 h
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thermal treatment at 80 ◦C. The grating presented two peaks with a spectral distance of
~0.74 nm, which corresponds to a phase modal birefringence B of ~7 × 10−4. This FBG
was irradiated at RT up to 1.5 MGy TID, with a dose rate of 24 Gy/s. As observed for type
I gratings, both Bragg peaks shift towards longer wavelengths during the irradiation, as
shown in Figure 18, quickly reaching the saturation value at a TID of about 15 kGy. The
spectral distance, instead, remains unaffected by the radiation, within 10 pm; such a small
change corresponds to a variation of the phase modal birefringence B of ~10−5. Moreover,
if this grating is used as a transverse mechanical load sensor, the radiation-induced error in
the load measurement is less than 0.1 N/mm. In conclusion, this transverse mechanical load
sensor is intrinsically radiation-resistant up to MGy dose levels.
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Figure 18. On the left axis, BWS induced by X-rays on the two peaks (peak 1—black points; peak
2—red points) of a grating written with an fs laser (at 267 nm and a pulse width of 120 fs) inside a
butterfly PCF with a Ge-doped core, at RT up to 1.5 MGy TID, with a dose rate of 24 Gy/s. On the
right axis, changes are induced by the radiation on the spectral distance between the two Bragg peaks.
The two pink vertical lines indicate the start and stop of the irradiation run. Data extracted from [73].

8.2. FBGs Inscribed in Multicore Fibers

Multicore fibers, or MCFs, consist of fibers where multiple separate cores have been
incorporated in their claddings. They were proposed and manufactured, and their optical
properties were characterized, for the first time in 1979 [119]: seven preforms were inserted
in a jacket tube, that was collapsed to create an unique preform before the fiber drawing
process. Their main aim was to increase the fiber transmission capability for telecommu-
nication. In this case, each core should be an individual waveguide, so the crosstalk was
a phenomenon to avoid. The crosstalk depends on the distance between the fiber cores
and the transmission distance and it consists in coupling a signal launched into one core
with the neighboring ones. Nowadays, the crosstalk can be suppressed or enhanced (see
review [120]).

MCFs can have homogeneous or heterogeneous cores: in the first case, the refractive
index profile of each core is the same, whereas in the second it is not and then the cores can
present different types of doping.
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Such fibers have also attracted more and more interest for sensing applications, both as
distributed sensors (see review [121]) and as point sensors based on FBGs (see review [122]),
i.e., to discriminate strain and temperature or for shape sensing. Indeed, during fiber
bending, whereas the central core (as the one in a classical SMF) is on a strain neutral axis
and then insensitive, the cores on the outer and inner sides will be, respectively, stretched
and compressed, so they will undergo a strain change. Consequently, monitoring the strain
variation in at least three cores, for example with three FBGs, will give rise to a three-axis
shape sensor [123].

Writing FBGs in these types of fiber is more complicated because of their geometry, as
with the PCFs. With a UV laser and the phase mask techniques, gratings will be inscribed
in all cores at the same time (if they are sufficiently photo-sensitive); instead, to write an
FBG in only one core, an fs-laser should be used with the point-by-point technique [122].

Under radiation, the Bragg peaks of identical gratings written in all the cores of a
homogeneous MCF have to shift by the same amount; consequently, the shape sensors based
on FBGs inscribed on homogenous MCFs are intrinsically radiation-resistant. This was confirmed
by Barrera et al. investigating the response under γ-rays of two shape sensors based on
Bragg gratings written with an UV laser in two 7 Ge-doped cores MCFs, one H2-loaded, in
order to increase the radiation sensitivityof each FBG, and one unloaded [124].

8.3. FBGs Inscribed in Polymer Optical Fibers

Polymer Optical Fibers (POFs), also known as plastic fibers, have several advantages
compared to silica fibers, such as lower cost and higher flexibility, despite their higher
optical losses [125]. Consequently, the Bragg gratings (or the ‘quasi-single mode’ Bragg
gratings, since most of these fibers are multimode [126]) written in such fibers, briefly
indicated as POFBGs, are interesting for several applications, thanks to their higher strain,
temperature and humidity sensitivity (see review [127]). Even if more studies have been
dedicated to the radiation-effects on the POF properties, also the radiation response of the
FBGs inscribed in these fibers has been investigated by some researchers.

As a first example, we report here a study about the response of a FBG written with
an fs-laser in the CYTOP POF, which presents lower intrinsic losses at 1550 nm than the
other types of POFs [38]. In this work, Broadways et al. observed, despite a peak shape
change with the appearing of two sub-peaks, a small amplitude reduction of only 3 dB and
a blue shift under γ-rays up to ~40 kGy TID, as illustrated in Figure 19.
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Figure 19. RI-BWS on the left (black curve) and peak amplitude reduction on the right (red curve) as
a function of the dose, for an FBG written with an fs-laser in a CYTOP, under γ-rays. Data extracted
from [38].

The grating sensitivity was −26.2 pm/kGy, with a maximum BWS of about −1 nm
at the highest investigated dose. Such a shift corresponds to a 70% increase in relative
humidity or to a variation of 700 µε or 55 ◦C if the grating is used as a humidity, strain,
or temperature sensor, respectively. However, the authors suggest its use as a possible
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dosimeter, whose resolution was about 40 Gy with their acquisition system. Figure 19
highlights a clear change in the peak amplitude of about 33 kGy: this was explained by a
degradation of the splice between the CYTOP sample and the silica-based transport fibers
used to connect the FBG to the acquisition system. Indeed, splicing still remains one of the
most difficult tasks when working with POFs.

It is worth noticing that sometimes a red shift for the POFBGs is observed. Indeed,
in a work dealing with the response of an FBG written with a CW UV laser (at 325 nm)
in a PMMA fiber under neutron fluence with energy from 2 MeV to 10 MeV [128], the
Bragg peak shifts towards the red and reaches 7 pm at the highest investigated TID of
about 720 Gy.

9. Radiation-Resistant FBGs for Applications in Harsh Environments

All the studies published until now, and here summarized, on the radiation response
of the FBGs, allow us to conclude which grating type will be the best choice for a given
application in a given radiation-rich environment. It is very important to keep in mind that
writing a grating in a radiation-resistant fiber does not assure its radiation resistance. How-
ever, using radiation-resistant or tolerant fibers will reduce the peak reflectivity decreases
associated with the RIA phenomena.

As reported in Table 1, each environment is characterized by different doses, dose
rates, and temperatures, parameters that will influence the various FBGs differently.

The type I gratings, especially the ones written with a UV laser, are the easier ones
to manufacture but are also the ones with larger RI-BWS. By decreasing dose and dose
rate, this shift reduces, and this might suggest them as an acceptable option for low doses,
e.g., for space applications. However, the very low temperatures that can be reached
in such environments will worsen the sensor response, inducing bigger errors in the
measurements. Even in this case, they are not an adequate choice. A solution to improve
their performance could be pre-irradiation, but, in this case, their response will depend
on the conditions of such a treatment and of the storage between pre-irradiation and
real use: too many parameters to control. In conclusion, type I FBGs are not suitable for
radiation-rich environments.

The regenerated gratings have been considered for nuclear reactor applications, which
means high dose, dose rate, and temperature, from RT to 800 ◦C, with a high neutron
fluence to complicate the situation. Even if very small shifts have been observed at high
temperatures, it is not always the case at temperatures as low as RT: in all the graphs
here reported, a RI-BWS of at least 40 pm has been observed on different R-FBGs, which
corresponds to an error in the temperature measurement of about 4 ◦C. Almost no tests
have been performed under a high neutron fluence. The only one reported by Fernandez
et al. showed a shift of about 10 nm at a neutron fluence of ~1019 n·cm−2 (neutron energy
of ~1 MeV) with an associated γ-dose of ~2 GGy at 150 ◦C [30]. Consequently, until new
tests are carried out, the radiation resistance of such gratings is not guaranteed.

Two grating types are left.
Type II gratings, written with an fs-laser, showed good radiation resistance, but this

can be strongly dependent on the inscription conditions and set-up, especially when
they are inscribed through a phase mask. With a PM, indeed, all the bright fringes are
not illuminated with the same laser intensity, supposing that the laser beam is Gaussian.
Therefore, as explained in Section 0, both type I and type II components could be generated.
In order to obtain only a type II FBG, after its inscription in a radiation-resistant fiber
with the optimized power conditions necessary to obtain a type II [53], thermal treatment
should be performed to erase the type I component and improve the radiation resistance
of the final FBG [86]. The good performance of such a grating was tested up to 3 MGy
TID under X-rays or γ-rays, with temperatures from −100 ◦C to +350 ◦C, under protons
for space applications, and even in a nuclear reactor core with a fast neutron fluence of
3 × 1019 n/cm2 and a total γ-dose of about 4 GGy, at a temperature of about 290 ◦C (in this
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case, a RI-BWS of 40 pm was measured after irradiation and corresponds to a temperature
error of only ~4 ◦C [23]).

Finally, the type III gratings seem promising but still more investigations are needed.
RI-BWSs of the order of magnitude of 10 pm have been observed on Ge-doped fiber
(slightly lower on an F-doped fiber) at 1 MGy TID. Their response does not seem to change
drastically with the dose rate or at low temperatures. However, what still remains to
understand is their behavior at high temperatures. Indeed, a blue shift, almost linear
with the dose, was observed during irradiation at a high temperature, about 200 ◦C, [89]
whereas in another study, the grating showed a good radiation resistance [87]. The two
investigated type III gratings were manufactured by different laboratories, and until now it
is not clear how they differed. So, we cannot conclude yet which is a good process to obtain
radiation-resistant type III FBGs.

10. Conclusions

Fiber Bragg gratings are point sensors suitable for monitoring temperature and/or
strain. Various types exist with different inscription processes and different thermal and
radiation resistances. Under radiation, indeed, the performance of such sensors can be
degraded and an error in measurements can be induced. The magnitude of this error
will depend on the conditions of the radiation-rich environment and on the grating itself.
The purpose of this article was not to list all the published works about gratings under
radiation—they are too many–but to provide a guide on how the radiation response of
different grating types depends on the parameters of the environment, the FBG manufactur-
ing, or the treatments performed before or after the inscription. It is important to highlight
first that writing a grating into a radiation-resistant fiber does not ensure a radiation-
resistant FBG, and second that the radiation resistance of an FBG strongly depends on
its application. For example, a grating whose radiation response could be acceptable for
a space application, as a type I, could not resist the environment of the nuclear reactor
core. Consequently, it is not possible to determine a classification of FBGs based on their
radiation response. However, among all the FBG types, the type II and the type III gratings
seem to be the best option for applications having to operate in a wide temperature range
and at high radiation doses. Furthermore, it is worth mentioning that, if the fiber is not
radiation-resistant, the signal will not be transmitted from/to the instrumentation, because
of the RIA. A solution, in this case, can be to splice a small piece of this fiber containing the
FBG with a radiation-hardened one.

To conclude, despite the fact that radiation alters the performance of FBGs, thanks to
the various hardening studies led by the scientific community, radiation-hardened FBG-
based sensors appear today as a very promising solution for monitoring environmental
parameters in the most challenging radiation environments. Thanks to a better understand-
ing of the basic mechanisms related to FBG photoinscription and radiation effects, we could
imagine that even more radiation-tolerant FBGs could be designed in the future, also able
to survive combined high temperature and high radiation dose constraints.
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Abstract: In this study, the short-term creep effect (STCE) on strain transfer from fiber-reinforced
polymer (FRP) strips to fiber Bragg grating-optical fiber (FBG-OF) sensors was investigated. Thirty
OF sensors attached to FRP strips were investigated through three primary test parameters: bond
length (40, 60, 80, 100, 120, and 150 mm); adhesive type (epoxy resin, CN adhesive, and epoxy resin
combined with CN adhesive); and bonding method (embedded and external bonding methods). The
strain transfer ability of the OF sensors was evaluated based on the strain ratio of the OF sensor to
the FRP strip under different sustained stresses of 20, 40, 50, and 60% of the FRP ultimate tensile
strength (fu). From the test results, it was found that the debonding phenomenon occurred at the
interface between the FBG-OF sensor and the adhesive and was clearly observed after applying a
load for three days. It was also found that the CN adhesive showed better strain transfer compared
to the other adhesive types. Regarding the OF sensors bonded by epoxy resin, in order to maintain
strain transfer ability under a high level of sustained stress (0.6fu), minimum bond lengths of 100 and
120 mm were required for the embedded and external bonding methods, respectively.

Keywords: fiber-reinforced polymer strip; optical fiber sensor; fiber Bragg grating; strain transfer;
short-term creep effect

1. Introduction

At present, fiber-reinforced polymer (FRP) composite is well known as an effec-
tive retrofitting material for reinforced concrete members due to its advantages, such
as lightweight, good corrosion resistance, compatibility with concrete, and high strength-
to-weight ratio [1]. Among installing techniques, the most common method, known as
the externally bonded (EB) method, has been applied by attaching FRP sheets or plates
to concrete surfaces with epoxy resin. In addition, a novel technique is called the near
surface-mounted (NSM) method, in which FRP bars or strips are embedded into grooves on
the concrete cover and filled with epoxy resin afterward [2,3]. Compared to the EB method,
the NSM method with a full bond length along the FRP composite can more effectively
improve the strength capacity of a reinforced concrete (RC) member when it is used for
flexural strengthening. Moreover, the deformation capacity can be increased by designing
to have a partially debonded region in the NSM method [4,5].

Normally, in retrofitting with FRP composite, epoxy resin is used for bonding it to
concrete surfaces because epoxy resin has good stress transfer ability and the capacity for
concentrated stress redistribution [6]. However, the strength of epoxy adhesive can be
decreased because of construction mistakes and harsh environmental conditions, especially
temperature. Therefore, a series of studies has been performed on smart composites in
which FRP materials were combined with sensors. By retrofitting these smart composites,
the performance of the FRP material and the health condition of the structural elements
were monitored by means of strain variation of FRP materials, detection of new cracks, and
expansion of cracks [7,8].
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Recently, most smart composites have been fabricated with OF sensors based on fiber
Bragg grating (FBG) technology [9]. Bragg grating, discovered in 1978 by Ken Hill [10], is
based on the optical principle of “total internal reflection” in order to confine and transmit
light in the core. Later, the industrial photo-inscription technique for fiber Bragg grating
sensors was demonstrated in 1989 by Meltz et al. [11]. FBG sensors have been used mainly
in the aeronautical industry due to their small sizes with fast response and immunity to
electromagnetic interference. Sensing using OF sensors has attracted the interest of many
researchers in the development of structural health monitoring (SHM) systems due to their
useful inherent advantages, such as high durability, stability in long-term measurement,
and the possibility of making multiple sensors along with a single optical fiber [12,13].
A review article dedicated to the research and development activities of FBG sensors for
structural health monitoring was published by Majumder et al. [14].

Thus far, many studies have been performed to evaluate OF sensors for structural
health monitoring and assessment of reinforced concrete members. Crack-opening displace-
ments in concrete can be detected and measured using a fiber-optic laser speckle-intensity
sensor that was developed by Zhang and Ansari [15,16]. Gu et al. [17] adopted OF sen-
sors for concrete structures in order to establish crack detection methodologies based on
monitored performance. Zhao et al. [18] investigated the debonding mechanism of FRP
systems with concrete surfaces by OF sensors embedded at their interface. Furthermore,
OF sensors have also been combined with FRP materials to fabricate a smart composite
for retrofitting RC members. Siwowski et al. [19] applied distributed fiber optic sensors
(DFOS) in FRP composites for bridge monitoring. Wood et al. [20] adopted the DFOS
system substituted for electrical strain gauges to measure the strain distribution in FRP
sheets used to retrofit shear wall structures and indicated that the DFOS system can be used
to measure two-dimensional spatial strain with high precision. Wang et al. [21] validated
the sensing capacity of OF sensors embedded in FRP bars using the tensile, bond, and beam
flexural tests.

In order to reduce the fabrication period and simplify the fabrication procedure,
Seo et al. [22,23] performed studies to suggest a minimum bond length between OF sensors
and FRP materials through the tensile test of FBG-FRP composite using an analytical
approach. However, in these studies, the creep effect on the epoxy resin used as an adhesive
between the FBG sensor and the FRP material, which may affect strain transfer, was not
considered. According to Tam et al. [24], the strength of epoxy resin can be significantly
decreased under highly sustained stresses within a short period of time. So far, few studies
have investigated the creep effect on strain transfer from an FRP strip to an OF sensor,
especially OF sensors bonded with limited bond length. Therefore, more studies related to
the creep effect on the shear transfer of FBG-FRP composite are needed.

The primary objective of this study was to experimentally assess the short-term creep
effect of different stress levels on the shear transfer of FBG-FRP composites. The FBG-FRP
specimens were fabricated and investigated through three different parameters, namely
bond length, bonding method, and adhesive type. In addition, strain values from the FBG
sensors were validated with those from electrical strain gauge (ESG) sensors attached at
the middle position of the bond length.

2. Experimental Program
2.1. Materials

In this study, carbon fiber-reinforced polymer strips (SK-CPS-0512) supplied by the
SK Group (Seoul, Republic of Korea) were utilized to manufacture FBG-FRP specimens.
Three tensile specimens of FRP strips with the same cross-section dimensions as the FRP
strips used for the FBG-FRP composite specimens (a thickness of 1.2 mm and a width
of 15 mm) were fabricated and tested in tension in accordance with ASTM D3039 [25].
Figure 1 illustrates the tensile test setup of the FRP strip. The stress–strain relationship and
mechanical properties are presented in Figure 2 and Table 1, respectively.
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Table 1. Dimension and mechanical properties of the FRP strip.

Type Thickness
(mm)

Width
(mm)

Tensile Strength
(MPa)

Elastic Module
(MPa)

SK-CPS-0512 (CFRP strip) 1.2 15 1813 183,000

The same type of epoxy resin (SK-CPA10, SK Chemicals Co., Gyeonggi-do, Republic
of Korea) used in previous studies by Seo et al. [22,23] was applied as an adhesive. The
epoxy resin was mixed with a hardener in a 2:1 ratio in accordance with the manufacturer’s
guidelines. The mechanical properties of the epoxy resin provided by the manufacturer
are presented in Table 2. The epoxy resin was employed for bonding FBG sensors to
the surface of the FRP strips and the two overlapped FRP strips where OF sensors were
embedded between the two FRP strips. In addition, cyanoacrylate (CN) adhesive (Tokyo
Measuring Instruments Laboratory Co., Tokyo, Japan) was used to bond the FBG sensors
to the FRP strips. The CN adhesive is considered an effective adhesive to bond strain
gauges with a short curing time of 20–60 s. The attachment of the FBG sensors to the
surface of the FRP strips can be accomplished in a short period of time. According to
the OF sensor manufacturer, CN adhesive can be applied to bond OF sensors on metal-
lic and plastic surfaces. In a study by Motwani et al. [26], CN adhesive even showed
greater effectiveness than epoxy resin when bonding OF sensors to carbon fiber-reinforced
polyphenylene sulphide.

To fabricate the FBG-FRP specimens, a fiber Bragg grating-optical fiber sensor (Corning
SMF-28, FBG Inc., Seoul, Republic of Korea) with a 10 mm sensing part and diameter of
9 µm was utilized (see Figure 3). The glass core sensing part was covered with glass
cladding with a diameter of 125 µm and then coated with primary and secondary coating
layers with diameters of 187.5 and 250 µm, respectively (see Figure 4). The primary and
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secondary coating layers were made of polymethyl methacrylate (PMMA) material. Finally,
the entire length of the FBG sensor was covered with a jacket layer to avoid any damage
due to the brittle characteristics of the glass core part. The coating surface was directly
bonded to the epoxy resin after removing the jacket layer.

Table 2. Mechanical properties of epoxy resin.

Type Compressive Strength
(MPa)

Shear Bond Strength
(MPa)

Bond Strength to Concrete
(MPa)

SK-CPA10 90 10 1.5
Data were provided by the manufacturer.
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2.2. Test Parameters

To investigate the short-term creep effect on strain transfer from the FRP strips to the
OF sensors, 30 OF sensors in total bonded to FRP strips were investigated through three
parameters (i.e., bond length, bonding method, and adhesive type). In detail, bond lengths
of 40, 60, 80, 100, 120, and 150 mm, two bonding methods of embedded and external
bonding, and three types of adhesive (epoxy resin, CN adhesive, and epoxy resin combined
with CN adhesive) were studied. Table 3 shows the test parameters of the OF sensors
bonded to the FRP strip of each specimen. The “X-Y-Z” format was adopted as abbreviated
names to classify the 30 OF sensors: “X” denotes the adhesive type, “Y” denotes the
bonding method, and “Z” denotes the bond length. For example, E-EM-80 indicates that
the OF sensor was bonded with epoxy resin adhesive following the embedded method
with a bond length of 80 mm. It should be noted that the OF sensors of the E-EBM-80b
and EC-EBM-120 cases were damaged during fabrication; therefore, no data were collected
from these cases.
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Table 3. List of parameters of FBG-optical fiber sensors bonded on FRP strips.

Specimen
Name

Name of FBG-OF
Sensor

Bond
Methods Adhesive Types Bond Length

(mm)

E specimen

E-EBM-80a

External
bond

Epoxy resin

80
E-EBM-80b (1) 80
E-EBM-100a 100
E-EBM-100b 100
E-EBM-150a 150
E-EBM-150b 150

E-EM-80
Embedded

bond

80
E-EM-100 100
E-EM-150 150

EC specimen

EC-EBM-80a

External
bond Epoxy resin and

CN adhesive

80
EC-EBM-80b 80
EC-EBM-100a 100
EC-EBM-100b 100
EC-EBM-150a 150
EC-EBM-150b 150

EC-EM-80
Embedded

bond

80
EC-EM-100 100
EC-EM-150 150

C specimen

C-EBM-40a

External
bond

CN adhesive

40
C-EBM-40b 40
C-EBM-60a 60
C-EBM-60b 60
C-EBM-80a 80
C-EBM-80b 80

C-EM-40
Embedded

bond

40
C-EM-60 60
C-EM-80 80

A specimen

E-EBM-120
External

bond

Epoxy resin 120

EC-EBM-120 (1) Epoxy resin and
CN adhesive 120

C-EBM-100 CN adhesive 100
(1) The FBG-OF sensor was broken during fabrication.

2.3. Fabrication of FBG-FRP Specimens

Figure 5 shows the geometrical details of the E specimen. The E specimen was made
by combing two FRP strips with widths of 15 mm, thicknesses of 1.2 mm, and lengths of
1800 mm. Between the two FRP strips bonded with epoxy resin, OF sensors were attached
at three positions with different bond lengths using the embedded bonding method. In
addition, OF sensors were attached to both surfaces using the external bonding method
with different bond lengths. The EC and C specimens had similar geometrical details to
the E specimens; details of the OF sensor locations can be seen in Figures 6 and 7, which
illustrate the FBG-FRP segments for the EC and C specimens, respectively. To obtain
sufficient data to determine the minimum bonding length between the OF sensor and the
FRP strip, an additional specimen, A, was prepared. The A specimen was fabricated with
the same overall geometrical dimensions as the other specimens except for the adhesive
and bond length for externally bonded OF sensors. In detail, three types of adhesive were
considered for the externally bonded OF sensors: epoxy resin only, epoxy resin and CN
adhesive combined, and CN adhesive only. The bond lengths of the OF sensors were
120 mm for the first and second cases and 100 mm for the third case.

Figure 8 shows the fabricating process of the FBG-FRP specimens in the laboratory.
The surfaces of each FRP strip were roughened using emery paper to increase the adhesion
between substrate and adhesive. Next, they were cleaned with acetone solution before
attaching the OF sensors. The OF sensors were fixed using adhesive tape after applying
a small amount of pressure, as shown in Figure 8a. This small pressure corresponding
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to 5% of the strain capacity of the OF sensor was applied in order to keep the OF sensor
straight during the fabrication process. The magnitude of the applied prestress can be
controlled through the shift wavelength variation of the OF sensor, which was observed
on the HYPERION SI-155 optical sensing instrument (see Figure 8b). Then, the FRP strip
attached with the OF sensors was placed in a mold and filled with epoxy resin to join it
with the other FRP strip (see Figure 8c). Regarding the embedded OF sensors, the adhesive
tapes were kept when filling with epoxy resin to achieve the desired bond length. The
specimen was demolded after curing for 24 h in order to attach other OF sensors to the
surface of the FRP strips.
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After embedding three OF sensors between two FRP strips, six OF sensors were
externally bonded to the front and back surfaces of the FRP strips (see Figure 8d). The
externally bonded OF sensors were fabricated by following the same procedure as the
embedded OF sensors. Then, to evaluate strain transfer from the FRP strip to the OF sensors,
ESG sensors were attached at the middle position of the bond length (see Figure 8e). To
ensure the complete transfer of tensile stresses, the ending parts of the test specimens were
bonded into rectangular steel tubes using epoxy, as shown in Figure 8f. The length of the
FRP strip embedded inside the rectangular steel tube was calculated in order to prevent
debonding, which can happen before fracture failure of the FRP strip. Finally, the FBG-FRP
specimens were cured for 7 days under temperature conditions of 23 ± 3 ◦C in accordance
with ASTM 3039 [25] before performing the experiment. Regarding the EC specimen, after
using adhesive tape to maintain the small pressure, CN adhesive was used to bond the OF
sensors to the FRP strip with a bond length of 10 mm at each ending part. The remaining
part of the entire bond length was bonded using epoxy resin (see Figure 6).
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2.4. Short-Term Creep Test

The setup schema of the short-term tensile test is shown in Figure 9a. One ending part
of the test specimen was fixed by the steel frame, while the other was subjected to sustained
tensile loads using oil jacks (TECPOS TDC-2015) with a capacity of 200 kN. The applied
load was controlled using a load cell (CAS LS-20B) with a capacity of 200 kN. Meanwhile,
the SI-155 HYPERION optical sensing instrument and the TDS-530 data logger were used
to record the data from the FBG and ESG sensors, respectively (see Figure 9b).
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According to ACI 440 [27], the total applied stress for design purposes is limited to 
approximately 55% of the ultimate tensile strength in CFRP in order to prevent creep rup-
ture failure. At present, a limited number of experimental results have been reported re-
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Figure 9. The short-term tensile test setup: (a) Setup schema; (b) Picture of the test setup.

According to ACI 440 [27], the total applied stress for design purposes is limited
to approximately 55% of the ultimate tensile strength in CFRP in order to prevent creep
rupture failure. At present, a limited number of experimental results have been reported
regarding the minimum bond lengths needed to maintain the strain transfer ability from
FRP strips to OF sensors corresponding to differently sustained stresses. Therefore, test
specimens were subjected to four different stress levels of 20, 40, 50, and 60%, corresponding
to the ultimate tensile strength (fu) of the FRP strip. In the progression of stress, a stress
level of 0.2fu was maintained for the first 4 weeks, and then the next increments were
maintained for 1 week each. Figure 10 illustrates the loading history applied to the test
specimens during the short-term creep test. The applied load was checked and controlled
every day to maintain the target load before recording the data. The vinyl plastic cover was
used to create a small and enclosed space around the testing area to control temperature
and humidity (see Figure 9b). During the test, the temperature and humidity conditions
were maintained within the ranges of 23 ± 3 ◦C and 50 ± 10%, respectively, in accordance
with ASTM 3039 [25].
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3. Test Results
3.1. Creep Effect on the FRP Strip

Figure 11 shows the stress–strain curves of the FRP strips under the short-term creep
test. The dotted lines in the figures are for comparison, and the stress–strain curves of
the FRP strips obtained from a simple tensile test are shown in Figure 2. The solid line
shows the relationship between stress and strain of the FRP strip subjected to loads with a
duration of 28 days for 0.2fu and 7 days for each subsequent increments. The stresses were
calculated by dividing the applied load on the FRP strip by the cross-sectional area of the
FRP strip. It should be noted that the displayed strains are the average values of the three
strain gauges attached to each FRP strip.
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From the graphs, it can be seen that the FRP strip was affected by sustained stress. In
detail, the strain on the FRP strip in the E specimen increased by 5.4% due to the creep
effect after applying a sustained stress of 0.2fu for 28 days (see Figure 11a). In addition,
strain increases due to creep effects were observed after loading for 7 days each at 0.4fu
and 0.6fu. The additional creep strain generated from the sustained stress at 0.4fu became
plastic deformation. Compared with the stress–strain curve of the simple tensile test, the
accumulated additional plastic strain due to creep at 0.6fu was 4.32% of the total strain.
This implies that the FRP strip may show additional creep strain, even under low sustained
stress, and this can be a plastic strain. Similar results were observed on the FRP strip in the
EC specimen.

The FRP strip in the C specimen did not show a clear increase in strain under sustained
low stresses (see Figure 11b). However, the elastic modulus of the FRP strip decreased
gradually under high sustained stress levels. In detail, the elastic modulus of 183 GPa
was maintained after applying sustained stress up to 0.4fu. However, it decreased to
171.5 and 164.4 GPa after applying stresses of 0.5fu and 0.6fu for 7 days, respectively. As
shown in Figures 5–7, the locations where the ESG sensors were attached were right next
to the adhesives, such as epoxy or CN, to install the OF. Therefore, there is a possibility
that the adhesives may have contributed to the difference in creep effect observed on these
FRP strips. When the CN adhesive was applied, the creep strain of the FRP strip due to a
sustained load at a low stress of 0.2fu was not remarkable. At a high stress of 0.6fu, however,
the additionally increased plastic strain was 4.98%, which is compatible with that of the E
specimen with epoxy resin as the adhesive. From this, it is recommended to consider an
additional strain increase of at least 5% due to creep effect when the FRP strip is exposed to
sustained tensile stress conditions.

Table 4 summarizes the creep compliances of the FRP strip, calculated according to:

Jc(t) =
ε(t)
σ0

(1)
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where Jc(t) and ε(t) are the creep compliances and strain at time (t), respectively, and σ0 is
the applied stress. The applied stresses were calculated by dividing the applied load by the
cross-sectional area of the FRP strip. Figure 12a presents the average creep compliances of
the FRP strip in the E specimen under different stress levels. The average creep compliance
showed a gradual increase over time at 0.2fu. After increasing the stress to 0.4fu, 0.5fu,
and 0.6fu, it was found that changes in the average creep compliances over time were not
significant. It can be seen that a maximum difference of 5.8% was observed between the
average creep compliances at 0.2fu after applying the load for 7 days compared to the others.
This can be explained by the significantly higher creep strain in the early stage of duration.
Meanwhile, no differences between average creep compliances under different stress levels
were observed in the C specimen, as shown in Figure 12b. This can be attributed to the
strain on the FRP strip due to the creep effect not being displayed clearly in the C specimen
(see Figure 11b).

Table 4. Creep compliance of the FRP strip.

Applied
Stress

Creep Compliances (10−6 × MPa−1)
COV (%) Jc,end/Jc,start

(%)Specimen
Name

ESG-1 ESG-2 ESG-3 Average

Start (1) End (2) Start End Start End Start End Start End

0.2fu

E specimen 5.85 6.48 5.70 5.84 6.08 6.26 5.88 6.19 3.27 5.26 105.27
EC specimen 5.73 6.22 5.88 6.05 5.82 6.07 5.81 6.11 1.29 1.50 105.16
C specimen 5.82 6.33 5.65 5.81 5.73 5.91 5.73 6.02 1.46 4.59 105.06

0.4fu

E specimen 5.87 5.97 5.68 5.77 5.84 6.01 5.80 5.92 1.77 2.18 102.07
EC specimen 5.88 6.08 5.92 6.02 5.74 5.89 5.84 6.00 1.65 1.58 102.74
C specimen 5.79 5.95 5.77 5.80 5.72 5.94 5.76 5.90 0.67 1.38 102.43

0.5fu

E specimen 5.91 5.96 5.72 5.75 5.97 5.97 5.87 5.89 2.27 2.17 100.34
EC specimen 5.96 5.99 5.93 5.95 5.84 5.91 5.91 5.95 1.05 0.71 100.68
C specimen 5.79 5.86 5.78 5.91 5.71 5.82 5.76 5.86 0.76 0.77 101.74

0.6fu

E specimen 5.86 5.87 5.59 5.74 5.85 5.94 5.77 5.85 2.66 1.74 101.39
EC specimen 5.91 5.94 5.77 5.92 5.83 5.95 5.84 5.93 1.23 0.29 101.54
C specimen 5.83 6.09 5.84 5.91 5.87 5.90 5.85 5.97 0.41 1.80 102.05

(1) Instantaneous creep compliance after applying load; (2) Creep compliance value before increasing load.
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3.2. Short-Term Creep Effect on the Sensing Capacity of the OF Sensor

The strain was obtained by converting the reflected wavelength of the OF sensors
measured by the SI-155 HYPERION optical sensing instrument, using Equation (2).

∆ε =
1

1 − Pe

[
∆λB
λB

− (α + ξ)∆T
]

(2)

56



Sensors 2023, 23, 1628

where Pe = 0.22 is the photoelastic modulus,λB is the reflected wave length, α = 0.55 × 10−6

is the expansion coefficient corresponding to temperature, and ξ = 8.6 × 10−6 is the co-
efficient considering the change of reflection corresponding to temperature [28]. The
transferred strain percentages (TSPs) from the FRP strip to the FBG-OF sensors are summa-
rized in Table 5. The TSP values at the start and end points of each duration were calculated
at the moments after applying the load and before increasing to a higher load.

Table 5. Transferred strain percentages from the FRP strip to the FBG-optical fiber sensors.

Specimen
Name

Name of
FBG-OF Sensor

Transferred Strain Percentage at Stress Level of (%)

0.2fu 0.4fu 0.5fu 0.6fu
Start (1) End (2) Start End Start End Start End

E specimen

E-EBM-80a 99 86 83 55 61 44 51 37
E-EBM-80b (3) - - - - - - - -
E-EBM-100a 99 100 97 98 98 98 99 98
E-EBM-100b 98 99 96 96 96 94 95 80
E-EBM-150a 99 99 98 97 96 97 96 97
E-EBM-150b 98 98 97 97 97 97 97 98

E-EM-80 100 94 98 95 96 95 96 3
E-EM-100 99 99 98 97 98 97 99 98
E-EM-150 98 99 98 98 97 97 97 97

EC specimen

EC-EBM-80a 99 96 92 47 55 37 42 26
EC-EBM-80b 98 95 90 87 89 86 86 78
EC-EBM-100a 98 96 94 91 92 86 86 85
EC-EBM-100b 99 99 94 94 94 94 94 93
EC-EBM-150a 99 100 100 99 99 99 97 98
EC-EBM-150b 100 100 99 99 98 97 97 97

EC-EM-80 100 99 95 90 91 84 84 76
EC-EM-100 99 100 95 95 95 90 90 88
EC-EM-150 100 100 99 98 98 96 98 0

C specimen

C-EBM-40a 97 69 69 58 60 53 57 45
C-EBM-40b 97 79 80 78 81 74 62 51
C-EBM-60a 99 96 96 92 93 92 91 90
C-EBM-60b 99 93 94 91 91 91 90 90
C-EBM-80a 98 96 96 93 93 93 92 55
C-EBM-80b 99 96 97 93 94 94 94 94

C-EM-40 97 60 60 56 61 44 50 36
C-EM-60 100 99 100 96 97 93 92 91
C-EM-80 100 98 99 96 96 96 96 96

A specimen
E-EBM-120 98 99 98 98 97 97 98 98

EC-EBM-120 (3) - - - - - - - -
C-EBM-100 100 98 99 97 98 96 98 97

(1) Instantaneous TSP after applying load; (2) TSP value before increasing load; (3) FBG-OF sensor was broken
during preparation process.

3.2.1. Influence of Bonding Methods

Figures 13–15 show the variation in TSPs from the FRP strip to the OF sensors under
different stress levels. It can be seen that the bonding methods, namely the embedded
method (EM) and the externally bonded method (EBM), affected the strain transfer from
the FRP strip to the OF sensors. E-EM-80 showed an overall constant TSP after a small
decrement until debonding occurred, whereas E-EBM-80a showed a gradual decreasing
pattern over time (see Figure 13a). In detail, the instantaneous TSP values of E-EBM-80a
and E-EM-80 were 99% and 100% after applying 0.2fu and then slightly decreased to
86% and 94%, respectively. However, the TSP of E-EBM-80a decreased more rapidly at
a stress level of 0.4fu, and this decreasing pattern continued corresponding to increasing
time. Conversely, E-EM-80 maintained a stable TSP of approximately 94% after the stress
level was increased to 0.4fu. Even after the stress level was increased to 0.6fu, E-EM-80
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did not show any decrement in TSP, but the TSP momentarily became “0” on the fourth
day. From Figure 13b,c, it can be seen that when the bond length of the OF sensor by the
embedded method was 100 mm or more, the strain could be transferred to the OF sensor
very effectively for a loading period of 50 days in total. On the contrary, in the case of the
external bonding method, it can be seen that the transmission rate of the strain started to
decrease at a stress level of 0.4fu at a bond length of 100 mm, and in the case of 150 mm, it
was transmitted very effectively throughout the entire period.

Sensors 2023, 23, x FOR PEER REVIEW 12 of 20 
 

 

EC-EBM-150a 99 100 100 99 99 99 97 98 
EC-EBM-150b 100 100 99 99 98 97 97 97 

EC-EM-80 100 99 95 90 91 84 84 76 
EC-EM-100 99 100 95 95 95 90 90 88 
EC-EM-150 100 100 99 98 98 96 98 0 

C specimen 

C-EBM-40a 97 69 69 58 60 53 57 45 
C-EBM-40b 97 79 80 78 81 74 62 51 
C-EBM-60a 99 96 96 92 93 92 91 90 
C-EBM-60b 99 93 94 91 91 91 90 90 
C-EBM-80a 98 96 96 93 93 93 92 55 
C-EBM-80b 99 96 97 93 94 94 94 94 

C-EM-40 97 60 60 56 61 44 50 36 
C-EM-60 100 99 100 96 97 93 92 91 
C-EM-80 100 98 99 96 96 96 96 96 

A specimen 
E-EBM-120 98 99 98 98 97 97 98 98 

EC-EBM-120 (3) - - - - - - - - 
C-EBM-100 100 98 99 97 98 96 98 97 

(1) Instantaneous TSP after applying load; (2) TSP value before increasing load; (3) FBG-OF sensor was 
broken during preparation process. 

3.2.1. Influence of Bonding Methods 
Figures 13–15 show the variation in TSPs from the FRP strip to the OF sensors under 

different stress levels. It can be seen that the bonding methods, namely the embedded 
method (EM) and the externally bonded method (EBM), affected the strain transfer from 
the FRP strip to the OF sensors. E-EM-80 showed an overall constant TSP after a small 
decrement until debonding occurred, whereas E-EBM-80a showed a gradual decreasing 
pattern over time (see Figure 13a). In detail, the instantaneous TSP values of E-EBM-80a 
and E-EM-80 were 99% and 100% after applying 0.2fu and then slightly decreased to 86% 
and 94%, respectively. However, the TSP of E-EBM-80a decreased more rapidly at a stress 
level of 0.4fu, and this decreasing pattern continued corresponding to increasing time. 
Conversely, E-EM-80 maintained a stable TSP of approximately 94% after the stress level 
was increased to 0.4fu. Even after the stress level was increased to 0.6fu, E-EM-80 did not 
show any decrement in TSP, but the TSP momentarily became “0” on the fourth day. From 
Figure 13b–c, it can be seen that when the bond length of the OF sensor by the embedded 
method was 100 mm or more, the strain could be transferred to the OF sensor very effec-
tively for a loading period of 50 days in total. On the contrary, in the case of the external 
bonding method, it can be seen that the transmission rate of the strain started to decrease 
at a stress level of 0.4fu at a bond length of 100 mm, and in the case of 150 mm, it was 
transmitted very effectively throughout the entire period. 

   

(a) (b) (c) 
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In Figure 14, the TSPs of the EM and EBM in the EC specimen are compared. There
was a small drop in TSP in the case of the EBM with a bond length of 80 mm 1 day after
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applying a load of 0.2fu, and it was maintained for 28 days before the load level was
increased. However, when the load increased to 0.4fu, the TSP of one OF sensor abruptly
dropped, and the other showed a gradually decreasing pattern. In the case of the EM with
a bond length of 80 mm, a small drop in the early days did not occur, but a gradually
decreasing pattern was observed when the load was increased to 0.4fu. In the case when
the bond length was 100 mm, as shown in Figure 14b, there was no significant drop in the
TSP of the two bonding methods. However, a small drop and decreasing pattern of TSP
occurred at 0.4fu in both bonding methods. This reduction in TSP did not occur in cases
where the bond length was 150 mm for both bonding methods (Figure 14c) before 0.6fu.
However, a rapid drop in TSP occurred in the EM due to bond failure after the stress was
increased to 0.6fu.

Figure 15 shows the TSP of the OF sensors in the C specimen. In the case of a bond
length of 40 mm, regardless of the bonding method, the TSPs of the OF sensors decreased
gradually immediately after 0.2fu stress was applied, reaching less than 80% on the 28th
day. For the longer bond lengths, the EM showed a slightly better TSP than the EBM during
the creep test. In particular, in the case of the embedded method, more than 95% of the TSP
can be obtained at 0.6fu, even with a bond length of 80 mm (see Table 5).

Regarding the OF sensors bonded with epoxy resin or epoxy resin combined with
CN adhesive, the EM showed better efficiency compared to the EBM in the case of the
OF sensors having a bond length of 80 mm. According to the theoretical approaches of
Ansari et al. and Seo et al. [22,23,29], the shear transfer coefficient from the FRP strips to
the embedded OF sensors can be increased due to shear transfer from the FRP strips on
both sides compared to the OF sensors bonded externally on one side. However, when the
bond length was 150 mm, the TSP of the OF sensor in both the EM and EBM showed more
than 97%, and no difference was observed between them.

The TSP can be considered the sensing capability of the OF sensor, which shows the
accuracy level for the strain transfer capability from the FRP strip to the OF sensor. From
the studies of Seo et al. [22,23], the strain can be transferred sufficiently from the FRP strip to
the OF sensor with a bond length of 40 mm if not exposed to sustained loading conditions.
When evaluating the sensing capacity of OF sensors bonded to an FRP strip with a bond
length not less than 40 mm, the test result indicated a deviation range of 5%. This deviation
range is compatible with that of the Omega strain gauges series (Omega Engineering, Inc.,
Seoul, Republic of Korea). Moreover, when using epoxy or CN adhesive, as in this study, if
the bond length is increased in consideration of the creep effect, the sensing capacity of the
OF can be improved within the deviation range of 3%.

3.2.2. Influence of Bond Lengths

Figures 16–18 show errors in the strain transfer coefficient (ESTC) of sensors with
different bond lengths on strain transfer from the FRP strip to the OF sensor under sus-
tained stresses. The effect of bond length was assessed through the ESTE values calcu-
lated by dividing the decrement of the OF sensor strain value by the corresponding ESG
strain value.

Figure 16 presents the error ratio in the ESTC of the E specimen corresponding to
bond length. In the case of the EM, E-EM-80 showed a critically sharp increment in
ESTC under a stress level of 0.6fu; meanwhile, E-EM-100 and E-EM-150 did not show any
noticeable changes (Figure 16a). Regarding the case of EBM, the ESTCs of E-EBM-80a
and E-EBM-100b were significantly increased from the stress levels of 0.4fu and 0.6fu,
respectively (Figure 16b). This implies that minimum bond lengths of 100 and 120 mm are
recommended for the EM and EBM, respectively, in order to sufficiently transfer the strain
from the FRP strip to the OF sensor.

From Figure 17 presenting the ESTC of the EC specimen, in the case of the EM, it
can be observed that EC-EM-80 and EC-EM-100 showed high ESTC values of 24 and 12%,
respectively, under the stress level of 0.6fu. Meanwhile, EC-EM-150 lost its strain transfer
ability (see Figure 17a). Similar results can be observed in the case of the EBM, in which the
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OF sensors with bond lengths of 80 and 100 mm showed high ESTC values of over 70 and
20%, respectively, under a stress level of 0.6fu (see Figure 17b).
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According to Motwani et al. [26], CN adhesive with low viscosity (~20 cP at room
temperature) may show different stiffness compared to epoxy resin with high viscosity
(~25,000 cP at room temperature). Moreover, the poor water resistance of CN adhesive
may cause a change in the chemical bond, leading to a reduction in bonding strength [26].
Conversely, epoxy resin has good water resistance. Because of the incompatibility between
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the epoxy resin and the CN adhesive, the strain transfer ability of the OF sensor can be
decreased. Therefore, EC-EM-150 lost its strain transfer ability, even with a longer bond
length compared with EC-EM-80 and EC-EM-100. From the result, the combination of
epoxy resin and CN adhesive is not recommended for attaching OF sensors to FRP strips.

Figure 18 shows the influence of bond lengths on the ESTC of the C specimen. For the
OF sensors bonded by the EM, the E-EM-40 showed a serious ESTC of 40%, even under
a stress level of 0.2fu. With longer bond lengths, however, the ESTC values of C-EM-60
and C-EM-80 were maintained at 10 and 5%, respectively, under a stress level of 0.6fu (see
Figure 18a). Regarding the OF sensors bonded by the EBM, a minimum bond length of
100 mm was necessary to adequately transfer the strain from the FRP strip to the OF sensor
(see Figure 18b).

3.2.3. Influence of Different Types of Adhesives

Figures 19 and 20 present the effect of adhesive type on the TSP from the FRP strip to
the OF sensor with bond lengths of 80 and 100 mm, respectively. With a bond length of
80 mm in both cases of the EM and EBM, it can be seen that the OF sensor bonded by CN
adhesive showed the best TSP; meanwhile, the OF sensor bonded by epoxy resin combined
with CN adhesive showed the worst TSP (see Figure 19). The effectiveness of CN adhesive
can be observed clearly under sustained stress from 0.4fu.
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Figure 20. Short-term creep effect on shear transfer with different types of adhesives: (a) EM with
bond length of 100 mm and (b) EBM with bond length of 100 mm.

Under sustained stress from 0.4fu, the TSP of the OF sensor bonded with epoxy resin
could be significantly decreased due to debonding when the bond length was insufficient to
maintain its strain transfer ability. According to the comparison between different adhesive
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types, it is believed that the debonding occurred at the interface between the OF sensor and
the adhesive. In this case, the debonding occurred at the interface between the secondary
coating layer of the OF sensor and the epoxy resin.

Regarding the longer bond length of 100 mm, the difference in the TSP caused by the
various adhesive types decreased. In detail, in the case of the EM, the OF sensor bonded by
epoxy resin showed a TSP 8% higher than the OF sensor bonded by epoxy resin combined
with CN adhesive (see Figure 20a). Meanwhile, the OF sensor bonded by CN adhesive
revealed a TSP that was approximately 17% higher than the OF sensor bonded by the other
type of adhesive, which showed the worst TSP (see Figure 20b).

3.2.4. Scanning Electron Microscope

In order to obtain further insight into the interfaces between OF sensors and epoxy
resin, as well as the component layers of the OF sensors, a scanning electron microscope
(SEM) analysis was performed after finishing the creep test. The cross-section samples were
prepared using a Cross Section Polisher (IB-19510CP, JEOL Ltd., Tokyo, Japan). Then, a
Field Emission Scanning Electron Microscope (JSM-7610, JEOL Ltd., Japan) was used for
the SEM analysis.

Figure 21a,b show the SEM images of the OF sensors in the E specimen with bond
lengths of 80 and 150 representing the cases with and without debonding, respectively. It
can be seen that the core and cladding parts were broken after the preparation procedure
of the samples due to their brittle characteristics. Meanwhile, the primary and secondary
coatings were well preserved. Figure 21a shows the SEM image of E-EBM-80a, which
showed a severe reduction in TSP due to debonding. It can be seen that clear gaps appeared
due to debonding. Meanwhile, no gaps were observed between the component layers of
the OF sensor, such as the primary and secondary coatings or the primary coating and core.
This is consistent with the assumption that the bond strength between these layers is higher
due to the long bond length compared to the bond strength between the OF sensor and the
epoxy layer. In contrast, no gaps were observed in the SEM image of E-EBM-150a due to
an unremarkable reduction in TSP (see Figure 21b).
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4. Conclusions

In this study, the short-term creep effect on strain transfer from the FRP strip to the
FBG-OF sensor was investigated under sustained stress levels of 20, 40, 50, and 60% of
the ultimate tensile strength of the FRP strip. The three main investigated parameters
were bond length, adhesive type, and bonding method. From the test results, the main
conclusions were obtained as follows:

(1) According to previous studies regarding the FBG-OF sensor bonded by epoxy resin, it
was found that a bond length of 40 mm was sufficient to control the shear lag effect for
simple tensile loading. However, under short-term creep conditions to high sustained
stress, such as 60% of the ultimate strength of the FRP strip, to maintain a strain
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carrying capacity of more than 95%, minimum bond lengths of 100 mm and 120 mm
are required for the embedded and external bonding methods, respectively.

(2) Regarding the OF sensor bonded with epoxy resin, when the bonding length was
80 mm or less, the strain transferred from the FRP strip to the OF sensor can be greatly
reduced, even at stress levels of 40% of the ultimate strength of the FRP strip. This
is due to adhesion damage at the interface between the secondary coating of the OF
sensor and the adhesive; this phenomenon can be observed at the early stage of the
loading duration.

(3) The OF sensor bonded with CN adhesive had better ability in strain transfer compared
with the other adhesive types with the same bond length. In particular, in the case of
the embedded method with a bond length of 80 mm, more than 95% of the TSP can
be obtained at a stress level of 60% of the ultimate strength of the FRP strip.

(4) Regarding the OF sensor bonded with epoxy resin combined with CN adhesive, it is
not recommended due to incompatibility in the mechanical properties.

(5) Sustained stress can cause additional creep deformation of FRP strips, even at low
stress levels. Furthermore, it is recommended that an additional strain increase of at
least 5% be considered due to creep effect when the FRP strip is exposed to conditions
of sustained tensile stress.

Author Contributions: Conceptualization, H.V.T. and S.-Y.S.; data analysis, H.V.T. and S.-Y.S.;
writing—original draft preparation, H.V.T.; writing—review and editing, H.V.T. and S.-Y.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) under a
grant funded by the Korean government (MSIT) (No. 2021R1A4A2001964, No.2022R1A2C2004460).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations and Acronyms

CN Cyanoacrylate
DFOS Distributed fiber optic sensors
EB Externally bonded
EBM External bonding method
EM Embedded method
ESG Electrical strain gauge
ESTC Error in strain transfer coefficient
FBG Fiber Bragg grating
FRP Fiber-reinforced polymer
NSM Near surface-mounted
OF Optical fiber
PMMA Polymethyl methacrylate
RC Reinforced concrete
SEM Scanning electron microscope
SHM Structural health monitoring
STCE Short-term creep effect
TSP Transferred strain percentage
A Additional
C CN adhesive
E Epoxy resin
EC Epoxy resin and CN adhesive
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Abstract: Nonlinear spectrum distortions are caused by the peculiarities of the operation of charge-
coupled device elements (CCD), in which the signal exposition time (Time of INTegration–TINT) is
one of the significant parameters. A change of TINT on a CCD leads to a nonlinear distortion of the
resulting spectrum. A nonlinear distortion of the spectrum, in turn, leads to errors in determining the
central wavelength of fiber Bragg gratings (FBGs) and spectrally sensitive sensors, which, in general,
negatively affects the accuracy of the measuring systems. This paper proposes an algorithm for
correcting the nonlinear distortions of the spectrum obtained on a spectrum analyzer using CCD as a
receiver. It is shown that preliminary calibration of the optical spectrum analyzer with subsequent
mathematical processing of the signal makes it possible to make corrections in the resulting spectrum,
thereby leveling the errors caused by measurements at different TINT.

Keywords: nonlinear spectrum distortions; signal exposition time; fiber Bragg grating; fiber Bragg
sensors; fiber optic sensors; fiber optic interrogator; optical spectrum analyzer; charge-coupled device
elements; CCD

1. Introduction

It is widely known that in recent years, fiber-optic measuring systems have become
increasingly relevant. In fiber-optic sensor systems, various technologies of interrogation
and multiplexing are used [1–5]. Different technologies are applied for dividing fiber-optic
spectral-sensitive sensors: by wavelength [1], by time response [2], by frequency [3], by
polarization [4], and by spatial [5] multiplexing. To determine the average wavelength
of the sensors, optical analyzers, such as spectrometers with tunable Fabry-Perot system
interferometers, or diffraction gratings with CCD arrays, are used. The complexity of mul-
tiplexing technologies is also related to the fact that any spectrum overlaps of FBG spectra
leads to significant errors in measurements of their central wavelengths [6–8]. The multi-
plexing technologies and microwave-photon interrogation methods of spectrally-encoded
and addressed Bragg gratings have been developed; they allow separating, spectrally,
the responses of sensors in the same frequency range [9–12]. Some researchers worked
on sensor detection and tracking using Slepyan codes [13–16]; thus, a measurement of
temperature and deformation in the case of sensors spectra overlapping became possible.
Recently, a more convenient technology, based on addressable fiber Bragg structures, was
proposed [17]. It made it possible to design distributed sensor systems with a large number
of sensors without complicated optoelectronic schemes [17–19].

Despite significant progress in this direction, the classical optical spectrum analyzers,
using diffraction gratings with CCD, have yet to develop their full potential. The attractive-
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ness is in the lower cost of such devices, compared to interrogators on tunable filters (with
comparable measurement errors). The source of optical radiation is superluminescent laser
diodes with a spectral width that overlaps the working spectral range of the analyzer.

The information parameter of the FBG sensor is the shift of its central wavelength. The
data obtained from the CCD array allow measurements with an accuracy of ~160 pm, which
is not acceptable. Therefore, to improve the accuracy, an approximation is used. Various
types of approximation have been investigated: Gaussian curve; second-order parabola
using three upper points [20]; a parabola using the least-squares method; approximating
the position of the central wavelength using the center of mass method; and others [21,22].
All investigated methods make it possible to determine the central wavelength FBG with a
margin of error; however, the center of mass method gives the best accuracy.

2. Problem Explanation

For an experimental study of the FBG sensor interrogating system, its prototype
was assembled. The IBSEN I-MON 512 USB as a spectrometer, a SLD-761-HP1-DIL as
a broadband light source, and an FS62WSS (HBM) as a bore-type temperature sensor
were used. The sensor response was measured at several constant temperature values
maintained by a thermostat with an accuracy of ±0.1 ◦C. The dependence “shift of the
central wavelength-temperature” was plotted based on the measurement results. The
second series of measurements were made at the facility, where the sensor was connected
to the device through an existing long optical line. The decrease in the optical signal
power was compensated by the increase in the exposition time (TINT) of the CCD array,
which made it possible to “scale” the spectrum to the required signal-to-noise ratio. The
spectrometer manufacturer (IBSEN) uses the term TINT as the variable and command in
the software, and the term means “Time of INTegration”. However, this approach led to
the fact that the previously obtained correspondence “central wavelength–temperature
shift” began to be violated: at the same temperature, the value of the central wavelength
differed by tens of picometers (equivalent to an error of several degrees Celsius), from
which a hypothesis was put forward about the nonlinear deformation of the spectrum with
a change in the accumulation time.

It should be noted that there is no mention of this phenomenon in the user’s manual of
the spectrometer, which is, in our opinion, due to the fact that the manufacturer considers
the spectrometer as an end product; in this regard, its use as an element of a more complex
system is not within their goals.

In the works of other authors, it is shown that CCD-based spectrometers have a
number of spectrum distortions, such as nonlinear pixel sensitivity to incident light [23]
and chromatic distortions [24–26]. In these works, the sources of these errors are considered,
as well as the methods of their compensation. In our work, we consider the spectrometer
as a “black box”, so we are not interested in the physical mechanisms of the spectrum
distortion. We only operate with the data that it is capable of producing (taking into
account the built-in mechanisms for picking up and converting the analog output of the
CCD to the digital output) in response to standard commands–requests. It is also worth
noting the work [27], where a modification of the algorithm for calculating the information
characteristics of the FBG spectrum with its significant distortions is proposed.

Nevertheless, the interrogation system must consider the spectral characteristics
both of spectrum analyzers and broadband light sources. It is necessary to calibrate
spectrum analyzers and light sources jointly if we want to use their combination as an FBG
interrogation system to avoid the FBG spectrum distortion due to different exposition times.

Thus, the task is to study the influence of the TINT parameter on distortions of the
shape of the response spectrum of the FBG sensor, and advise methods to improve them.

3. Collecting of Initial Data

In order to solve this problem, a described experimental set-up was used. Here, the
same fiber-optic sensor based on FBG was interrogated from two ends of the fiber. The
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optical line length connected to the fiber sensor at one end was equal to 10 m, and at
the other end was equal to 10 km. The maximum amplitude of the spectral response
from the sensor was set at ~40,000 quantization levels of the analog-to-digital converter to
ensure an acceptable signal-to-noise ratio. This, in turn, led to the fact that the sensor was
interrogated from the short end with TINT equal to 20 ms, and from the long end equal to
135 ms. The central wavelength was determined by the center of mass method for the same
wavelength range of this sensor. It was found that the error in determining the central
wavelength value of FBG in this experimental setup could reach 10 pm, which caused an
error equal to ~1 K in temperature determination. Figure 1 shows the spectral range of
FBG, measured at three different values of TINT, the ordinate axis is shown in convenient
units, normed at 40,000 quantization levels. The used spectrometer (Ibsen I-MON) has a
built-in temperature sensor, the data from which are used to compensate the temperature
fluctuations of the spectrometer elements (optical and electronic paths) and associated
errors in the interpretation of the FBG spectrum. The method of this compensation is
described in the documentation on Ibsen I-MON.
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Figure 1. The FBG spectrum, measured at different TINT values (20, 73, 135 ms).

The central wavelength value, calculated for the same spectrum of FBG at different
TINT values, can differ significantly in practice. The difference in determining the FBG
central wavelength depends on the chosen method and can reach 40 pm. For example,
as shown in Figure 1, the differences between the central wavelength values for FBG at
different values of TINT (20, 73, and 135 ms), are 7.6, 9.5, and 1.9 pm. This accuracy cannot
be satisfactory, when the requirements for the temperature determining the accuracy is less
than 1 K.

For further investigation of the hypothesis, the initial broadband spectra were ob-
tained at different values of TINT on the spectrum analyzer. Figure 2 shows the spectral
characteristics of broadband laser radiation, obtained at different values of TINT (curve
1–20 ms, 2–48 ms, 3–77 ms, 4–106 ms, 5–135 ms).

For eleven different characteristic points of the spectrum, the dependence of their
amplitudes on TINT was received; the dependences for these points with different initial
values of the amplitude on TINT are shown in different colors in Figure 3. The dependence
of the amplitude on TINT was plotted for the TINT range from 20 to 135 ms with the step
equal to 1 ms, which provided 116 measurements.
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Figure 3. The dependence of the amplitude of different points of the spectrum on TINT.

From the dependences shown in Figure 3, it can be seen that, with an increase in
TINT, a linear increase in the amplitude occurs; however, the coefficient of this linear
dependence (the slope of the straight line) itself depends on the amplitude initial value,
which is measured at the initial TINT value. In addition, it can be seen that the higher the
amplitude, which is measured at the initial TINT value (at 20 ms), the faster it grows with
the TINT increase. This leads to nonlinear distortion of the spectrum and, ultimately, to
errors in determining the FBG central wavelength.

The dependence of the slope angle on the initial value of the amplitude obtained at
the initial value of TINT was received. This dependence is shown in Figure 4. As can be
seen from Figure 4, the slope of the linear dependence has a linear dependence on the
initial amplitude.
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4. Mathematical Processing

The spectral response of the broadband source radiation for initial TINT value (t0) can
be obtained:

Ai,0, i = 1, N, (1)

where N is the number of sampling points of the spectrum, i = 1 and i = N correspond to
minimal and maximum wavelengths of range, respectively.

The amplitude increases linearly with TINT increasing, which allows approximating
the dependence by a straight line:

A(t) = A0 + k(A0) · (t − t0), (2)

where t0 is the initial TINT value, at which the calibration is performed; t is the arbitrary
TINT value; k(A0) is the linear dependence slope; and A0 is the amplitude, obtained at the
initial TINT (t0).

Based on the fact that the slope of the linear dependence (Figure 4) also increases
linearly with the increasing amplitude, measured at the initial TINT, the slope of the linear
dependence in Equation (2) can be represented as its linear dependence on the initial value
of the amplitude, obtained at initial TINT. This statement can be formulated as follows:

k(A0) = α · A0 + β. (3)

Substituting Equation (3) into Equation (2), we obtain the dependence of the amplitude
on TINT and the initial value of the amplitude, obtained at initial TINT value. A field of
amplitude values depending on the TINT and the initial value of the amplitude, measured
at initial TINT, can be obtained:

A(t) = A0 + (α · A0 + β) · (t − t0), (4)

where α and β are the coefficients of the linear dependence, t0 is initial TINT, at which the
amplitudes A0 are measured.

It is possible to obtain a field of amplitude values depending on TINT and the initial
value of the amplitude, measured at the initial TINT value, for the entire spectrum of the
broadband radiation source:

{
Ai,j, tj

}
, i = 1, N, j = 0, M, (5)
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where N is the number of the spectrum sampling points, M is the number of points for the
TINT, changing in the range from t0 to tM, namely tj = t0 + j(tM − t0)/M.

Therefore, the measured amplitude Ai,j(tj,Ai,0) for i-th sampling point can be written
as dependence on TINT (tj) and on the initial amplitude value Ai,0 for each:

Ai,j(tj, Ai,0) = Ai,0 + (tj − t0)(α · Ai,0 + β), i = 1, N, j = 1, M. (6)

The measured field of values Equation (5) makes it possible to determine the value
of the slope of the linear dependence k(Ai,0) in Equation (2) for each initial value of the
amplitude in each i-th spectrum point by calculating the characteristic points {Ai,0, k(Ai,0)},
i = 1,N using the least square method by formula:

Ki = k(Ai,0) =
M

∑
j=1

(Aj,i − A0,i)(tj − t0)/
N

∑
j=1

(tj − t0)
2 , i = 1, N. (7)

It gives a set of values {Ai,0, Ki}, i = 1, N, which, in turn, allow determining the α and
β values–the linear dependence coefficients of the slope on A0 in Equation (3), by the linear
equations system solving the following:




N
∑

i=1
A2

i,0

N
∑

i=1
Ai,0

N
∑

i=1
Ai,0 N


 ·

(
α

β

)
=




N
∑

i=1
Ai,0Ki

N
∑

i=1
Ki


. (8)

Thus, after calculating the set of values {Ai,0, Ki}, i = 1, N, and the coefficients of the
linear dependence of the slope in Equation (3)–α and β, in relation to Equation (6), the
entire right-hand side becomes known. It allows to recalculate the initial amplitude of the
arbitrary spectrum point, measured at initial TINT, depending on the amplitude, measured
at arbitrary TINT (t):

Ai,0 =
A(t, Ai,0)i − β(t − t0)

1 + α · (t − t0)
. (9)

In Equation (9), A(t, Ai,0) is the amplitude, measured at arbitrary TINT, α and β are the
linear dependence coefficients of the slope in Equation (3), obtained as the solution of the
linear equation system in Equation (8), and Ai,0 is the amplitude, measured at initial TINT.

Thus, knowing the current value of the amplitude at a point in the spectrum, measured
at an arbitrary TINT, providing a comfortable signal-to-noise ratio, allows determining
the amplitude value, measured at initial TINT, which is used in the calibration process for
this sensor.

5. Experimental Setup

The experimental setup is shown in Figure 5a. The experimental setup consists of
the thermostat, interrogator (Figure 5b), fiber sensors under calibration, and controlling
system. The thermostat is shown at the left side of Figure 5a; it has its own temperature
sensor which is connected to the interrogator by the RS-232 interface. The sensors are
placed in the thermostat and held at a constant temperature. The thermostat’s temperature
is varied in the range with the given step. The interrogator is placed on the right side of the
table in Figure 5a. The experimental setup is assembled so the sensors are affected only
by temperature.

71



Sensors 2021, 21, 2817

Sensors 2021, 21, 2817 7 of 10 
 

 

Thus, knowing the current value of the amplitude at a point in the spectrum, meas-
ured at an arbitrary TINT, providing a comfortable signal-to-noise ratio, allows determin-
ing the amplitude value, measured at initial TINT, which is used in the calibration process 
for this sensor. 

5. Experimental Setup 
The experimental setup is shown in Figure 5a. The experimental setup consists of the 

thermostat, interrogator (Figure 5b), fiber sensors under calibration, and controlling system. 
The thermostat is shown at the left side of Figure 5a; it has its own temperature sensor which 
is connected to the interrogator by the RS-232 interface. The sensors are placed in the ther-
mostat and held at a constant temperature. The thermostat’s temperature is varied in the 
range with the given step. The interrogator is placed on the right side of the table in Figure 
5a. The experimental setup is assembled so the sensors are affected only by temperature. 

 
(a) 

 
(b) 

Figure 5. Experimental setup (a); FBG interrogator (b): 1–IBSEN I-MON 512 USB; 2–laser source 
SLD-761-HP1-DIL; 3–optic channel switch Sercalo MEMS switch rSC 1 × 8; 4–laser source and opti-
cal switch maintaining module; 5–computer Wafer ULT-3; 6–optical cross; 7–power supply. 

The FBG interrogator (Figure 5b) includes the optical spectrum analyzer IBSEN I-
MON 512 with a USB interface–1. The laser source SLD-761-HP1-DIL–2 is used as the 

Figure 5. Experimental setup (a); FBG interrogator (b): 1–IBSEN I-MON 512 USB; 2–laser source
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switch maintaining module; 5–computer Wafer ULT-3; 6–optical cross; 7–power supply.

The FBG interrogator (Figure 5b) includes the optical spectrum analyzer IBSEN I-
MON 512 with a USB interface–1. The laser source SLD-761-HP1-DIL–2 is used as the
broadband optical light source. The optical channel switch Sercalo MEMS switch rSC
1 × 8–3 is used to switch channels to have a possibility to interrogate several optical
channels consistently with the given interval (~100 ÷ 200 ms). In this interrogator model,
we used eight independent channels with eight sensors in each channel. The optical light
source with the channel switch is maintained by our own designed control board–4. All
measured data are collected on the on-board computer, Wafer ULT-3–5. The optical cross–6
is used for internal optical cabling. The common power supply–7 is used.

6. Calibration Data

The calibration curves received without and with the spectrum calibration algorithm
are presented in Figure 6. All measurements were made for the bore-type temperature
sensor FS62WSS (HBM) from two ends. The measurements made from the first end are
marked by red rhombuses, and from the second end are marked by blue rhombuses. All
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measurements were made in the temperature range from 15 to 90 ◦C with a discrete step of
5 ◦C. Fifty independent measurements of the FBG central wavelength were made in each
temperature point; thus, each rhombus in the figure means one measurement.
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Figure 6. Calibration curves–FBG central wavelength dependences on temperature. The measured
data: (a) without spectrum correction; (b) with spectrum correction.

As one can see, there is dispersion in obtaining the FBG central wavelength in the
case when the spectrum calibration algorithm is not used (Figure 6a). The average error
of the central wavelength approximation is 50 pm, which is equivalent to 5 K. While the
calibration dependence received with the spectrum correction algorithm gives an error ap-
proximation of the FBG central wavelength of less than 0.1 pm, that allows approximating
the temperature with 0.01 K accuracy (Figure 5b).

The received results approve the necessity of using the preliminary mandatory cal-
ibration of the light source with the CCD element and using these calibration results to
correct the FBG spectra from the spectrum analyzer.
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7. Conclusions

The proposed algorithm allows excluding nonlinear distortions of the fiber Bragg grating
spectrum response, caused by different signal integration times on charge-coupled devices.

The spectrum correction, performed according to the proposed algorithm, allows
excluding limitations associated with the fact that the calibration of all sensors in the
fiber-optic measurement system, based on CCD, must be carried out at the same signal
integration time values, which will be used in exploitation.

As a result, the compensation of nonlinear distortions allows calibrating sensors
independently from the measuring system. In addition, it removes restrictions on strictly
fixed optical lengths from an interrogator to the sensor. Moreover, it gives the opportunity
to simplify the array of sensors formed in an optical channel, and to replace sensors with
one another arbitrarily during exploitation.

We are free to discuss this problem and our results with scientists and manufacturers.
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Abstract: Although microwave photonic approaches have been used for fiber sensing applications
before, most contributions in the past dealt with evaluating the sensor signal’s amplitude. Carrying
this topic on, the authors previously presented a scheme for the interrogation of fiber sensors that
was based on a fiber Bragg grating’s phase response for the electrical signal. However, neither has
the measurement setup been analyzed nor have the amplitude and phase-based approaches been
compared in detail before. Hence, this paper picks up the previously proposed setup, which relies on
an amplitude modulation of the optical signal and investigates for sources of signal degradation, an
aspect that has not been considered before. Following the incorporation of the microwave signal, the
setup is suitable not only for an amplitude-based evaluation of fiber Bragg gratings but also for a
phase-based evaluation. In this context, the signal-to-noise ratios are studied for the conventional
amplitude-based evaluation approach and for the recently developed phase-based approach. The
findings indicate a strong advantage for the signal-to-noise ratio of the phase response evaluation;
an 11 dB improvement at the least has been found for the examined setup. Further studies may
investigate the consequences and additional benefits of this approach for radio-over-fiber sensing
systems or general performance aspects such as achievable sensitivity and sampling rates.

Keywords: electrical readout; fiber sensor; fiber bragg grating; microwave photonics; phase response;
radio-over-fiber; SNR; wireless sensing

1. Introduction

The field of microwave photonics (MWP) has been subject to research interests for
many years. Among a very large overall count of publications associated with MWP,
some are dedicated to presenting an overview of this research field [1–5]. Reviewing
the latest advances at the time of their writing, they cover different application areas
such as communication technology, signal generation, signal processing and integrated
photonics. At the same time, the sub-field of sensors and measurement tasks is still
underrepresented. However, the publication history of the past decade shows increasing
research work in this area. A partial overview is given by Yao [6], while other studies are
linked to a variety of specific problem formulations such as distributed fast fiber-optic
sensing [7], multiplexing sensors [8] and measuring properties of microwave signals [9].
Further work concentrates on the microwave-based interrogation of fiber grating sensors,
e.g., aiming for resolution and speed improvements [10], high-resolution multi-point
sensing [11], antigen biosensing [12] and wireless sensing schemes [13], all of which are
incorporating Fiber Bragg Gratings (FBGs) as sensing elements. Earlier, more general
studies on the microwave interrogation of fiber-optic devices began investigating the use
of MWP for optical network analysis. The scheme was based on single-sideband (SSB)
modulation [14,15] and afterwards adapted for measuring and reconstructing the phase
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response of FBGs [16,17]. The same basic principle was utilized for an improved evaluation
of quasi-distributed sensing elements [18,19]. A similar concept involves double-sideband
(DSB) modulation, and its applicability has been reviewed along with system modeling
considerations and functionality examples [20].

In addition to these publications, the authors of this paper have also contributed to the
topic of MWP-based FBG characterization and fiber-optic sensing in their previous studies.
Starting with a presentation of the general wireless evaluation approach for FBGs [21] and
a demonstration of pH sensing in such a radio-over-fiber (RoF) setup [22], the work was
continued by researching a novel scheme of electrical read-out in the form of utilizing the
group-delay characteristic as an alternative sensor characteristic to the conventionally used
amplitude response [23]. The applicability of this evaluation scheme to thermometry has
been evaluated [24] and the effects resulting from the DSB modulation have been studied
and modeled in detail [25].

In contrast to the conventional approach, the authors’ motivation was to make use
of the electrical phase information that is present in MWP sensing setups but remained
unused before. That means, other aspects that have been investigated before, such as im-
proving vector analyzing of optical networks, precisely reconstructing the actual dispersion
characteristic of FBGs or dealing with multi-point or quasi-distributed sensing of a large
number of fiber sensors, are not in focus. An optimization of the novel approach led to
simplified experimental setups and finally to a direct evaluation of the electrical phase,
which for FBGs possesses a dependency on the measurand. After demonstrating the gen-
eral suitability of this concept for sensing applications [26], the present paper is focused on
analyzing the interrogation scheme for possible signal impairments and their consequences
regarding measurement accuracy. The setup used previously for the general suitability
study is picked up and the possible noise performance is analyzed in detail for the first time.
Based on these considerations, the conventional amplitude characteristic read-out method
is compared to the phase evaluation method, and both advantages and disadvantages
are discussed. The study starts with the explanation of the basic concept of microwave
photonic FBG interrogation and continues with the presentation of the experimental setup
and the measurement results in Section 2. A detailed analysis of signal degradation sources
and their consequences for the signal-to-noise ratio (SNR) of the respective signal follows
in Section 3. Finally, the work is summarized, the core results are presented and starting
points for further investigations are pointed out in Section 4.

2. Sensor Evaluation in the Electrical Domain

The evaluation of FBGs that are employed as optical sensors is conventionally carried
out in the optical domain. Light, e.g., from a laser source, is fed into the sensor, and
the power of the reflected or transmitted light is analyzed. This can be realized in a
variety of ways. A source with a broad spectrum can be used, and the changes introduced
by the FBG, which depend on the measurand and the FBG itself, can be analyzed with
an optical spectrum analyzer (OSA). Alternatively, a tuneable laser source (TLS) can be
used as the optical source and an optical power meter as the evaluation unit. Then,
through a wavelength sweep of the TLS, the spectrum of the amplitude characteristic
can be monitored. Both methods are costly in terms of hardware expenses and sampling
time. A simpler but in general less accurate method employs a fixed wavelength laser
source and a power meter. Provided that an initial state of the sensor is known or that
the sensor characteristic is fully unambiguous, this scheme allows for the possible relative
measurements to be translated into absolute ones.

In the following, the alternative idea of an MWP-supported evaluation of fiber-based
sensors is presented.

2.1. Basic Concept

The fundamental concept of evaluating a fiber sensor in the electrical domain is
based on the introduction of a microwave signal, as discussed by the authors before in
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detail [21–26]. This microwave signal modulates the light source, and the modulated
light is fed into the sensor, which changes not only the signal’s amplitude but also its
phase. Depending on the configuration, the transmitted or the reflected signal is then
opto-electrically converted by a photodiode (PD). Finally, the resulting analog electrical
microwave signal is digitized and processed.

2.2. Experimental Setup

Figure 1 shows the block diagram of the experimental setup used for the investigations
in this paper. For manufacturers and models of the used components, please refer to this
diagram. Further parameters and the overall signal flow are explained in the following.

FBG

ADS5402-EVM

TSW1400-EVM

AOI
PD3000

ERA Instrum. 
ERASynth++

LDC

Modulated Laser Source Receiver

Evaluation

Mitsubishi
FU-68SDF

      -6 dB 

MiniCircuits 
ZFRSC-183-S+

ERA Instrum. 
ERASynth++

Nortel 
FA09BFDC

OSA

Yokogawa
AQ6370B

Sensor
Position

Monitoring

PC

ADC + Data Capture

2x MiniCircuits 
VBF-2435+

Signal 
Conditioning

EDFA

Figure 1. Block diagram of the experimental setup.

A chirped FBG is used as the sensor. It is designed for a full width at half minimum
(FWHM) transmission bandwidth of 8 nm around a central wavelength of 1536.5 nm. Fur-
ther characteristics are its length of 7 mm, its chirp dΛ

dz of 1 nm mm−1 and its apodization
with a Gaussian cosine function for providing a delay characteristic as linear as possible
across the FWHM bandwidth. Tuning is realized by a fine-threaded adjusting screw that
is coupled to a cantilever’s free tail. The FBG is bonded to the surface of the cantilever
that bends convexly while tuning. The same FBG and tuning mechanism has been used in
previous studies [26].

Due to the absence of a scale on the adjustment mechanism, the sensor position is
monitored in the optical spectrum by a broadband optical source and an OSA via an optical
circulator in the reflection configuration. An erbium-doped fiber amplifier (EDFA) is used
for the broadband optical source. The OSA monitors a range from 1520 nm to 1560 nm at a
resolution of 0.2 nm and 1001 points; the EDFA is set to an output power of 10.7 dBm.

A distributed feedback (DFB) laser diode (LD) provides the optical measurement
signal. It is driven by a custom laser diode controller (LDC) at a forward current of 60 mA
and a temperature of 21 °C. The DFB-LD is modulated by a microwave sine signal that is
generated by a signal generator. Its output is configured for a frequency of 2.45 GHz and an
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output power of 16 dBm. The microwave signal is split into two paths in order to calculate
a phase relation, which is crucial for the evaluation scheme.

The modulated optical signal is fed via a circulator into the second port of the FBG
and then opto-electrically converted. This is carried out by a custom module that consists
of a biased PD and a two-stage radio frequency (RF) amplifier with a gain of 9 dB.

Both signal paths—the directly branched off reference path and the sensor path—
contain anti-aliasing filters as the last element before the signals are digitized by an analog-
to-digital converter (ADC) and finally processed on a personal computer (PC). The filters
are necessary due to the operation of the ADC in the 17th Nyquist zone at a sampling rate of
300 MHz in single-shot mode, collecting 65,536 samples per channel for each trigger event.

Previous results of the authors [26] have compared this approach with a benchmark
setup that is based on an electrical vector network analyzer (EVNA) and proven its validity.
Therefore, this step does not need to be repeated here. Besides that, the focus of this paper is
on the noise analysis of the ADC-based setup as some performance drawbacks come along
with the advantage of lower hardware expenses compared with the EVNA-based setup.

2.3. Derivation of the Characteristic Curves

Furthermore, in [26], the authors have derived in detail how the characteristic curves of
FBG-based sensors can be determined. To summarize, the FBG is tuned, and its spectrum is
thereby swept over the fixed, small bandwidth optical signal of the modulated laser source.
A width of 0.5 nm and a range from 1533 nm to 1540 nm have been chosen for the tuning
parameters of the FBG’s center wavelength. After a settling time of 1 min to account for
transient effects of the laser diode, five 20 s delayed single-shot measurements are triggered
at each of the approached positions. The gathered data contain a time series of amplitude
values for each ADC channel, i.e., for the reference signal and for the sensor signal. A sine
wave is fitted to slices of both time discrete signals, resulting in parameters for frequency,
amplitude, phase and offset. The fitting is carried out by an optimizer and repeated for
10 slices per single-shot measurement, with each slice having a length of 6000 samples.
Finally, the mean and standard deviation for the resulting total of 50 values per sampling
position (10 slices × 5 single shot measurements) are calculated for the amplitude and
the phase. From the results, the amplitude characteristic can be derived directly from the
sensor signal. For the phase characteristic, the sensor signal’s phase has to be related to the
reference signal’s phase by subtracting the latter from the former. Finally, both characteristic
curves are normalized to the center wavelength of the interval under study.

2.4. Experimental Outcomes

Figures 2 and 3 show the measurement results for the amplitude characteristic and
for the phase characteristic, respectively. The curves follow the known amplitude and
phase characteristics of the sensor, and the standard deviations are small. Judging by the
available resolution, the phase characteristic appears to be an injective function, which
is beneficial in contrast to the clearly non-injective amplitude characteristic. Between the
measured positions of the used FBG, local extrema could exist, making the phase response
a non-injective function as well, which limits the achievable sensor resolution. However,
the final characteristic can be specially tailored as part of the sensor design. Furthermore,
the macroscopically approximate linear progression of the phase’s course provides an
almost constant sensitivity for signal deviations. Possible sources for signal deviations that
are inherent to the measurement setup and their impacts on the evaluation scheme are
analyzed in the subsequent section. For this analysis, minimum and maximum absolute
peak values of the signal magnitudes are relevant. These can be extracted from the raw
data, resulting in the minimum peak voltage VSignal,peak,min = 41.50 mV and the maximum
peak voltage VSignal,peak,max = 72.33 mV.
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Figure 2. Measured dependency of the optical power from the center wavelength of the sensor. Mean
(blue) and standard deviation (red) of 50 readings per sensor position.

Figure 3. Measured dependency of the electrical phase from the center wavelength of the sensor.
Mean (blue) and standard deviation (red) of 50 readings per sensor position.

3. Noise Analysis

Following the fact that utilizing the phase response of an FBG as a sensor characteristic
is a novel and, up to this point, not well-researched approach, studying the advantages and
disadvantages in comparison to prevalent evaluation schemes is of great interest. Therefore,
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sources of signal noise are identified, their impact on the measurement signal is quantified
and the findings are discussed in this section.

3.1. Sources of Signal Degradation

The noise sources listed below refer to the setup depicted in Figure 1 and are based on
the technical performance of the used devices.

3.1.1. Phase Noise of the Signal Generators

The phase noise of the modulating signal generator has no effect on the amplitude
evaluation provided that the amplitude characteristic is approximately linear in the range
of values covered by the noise. This is because the lower sideband (LSB) and the upper
sideband (USB) in this modulation regime contribute in equal shares to the sensor signal
and both sidebands will jitter mirror symmetrically around the optical carrier. At the same
time, phase noise of the modulation signal can influence the phase-based measurement if
the reference path and the signal path have a length difference greater than the coherence
length of the modulation signal. Without matching the path lengths, the coherence length
of the signal has to be taken into account, which is known for electrical signal sources to be
significantly longer than relevant to the setup. The ADC is sensitive to clock jitter, which
translates to a sensitivity to the phase noise of the second signal generator. According to
the datasheet of the ADC [27], the SNR due to clock jitter is calculated after

SNRJitter,Amplitude = −20 · log10(2π · fIn · tJitter) . (1)

For the configured input frequency fIn of 2.45 GHz and a jitter tJitter according to

tJitter =
√

tJitter,Clock + tJitter,ADC Aperture , (2)

with the jitter of the clock tJitter,Clock being circa 350 fs and the internal aperture jitter of the
ADC tJitter,ADC Aperture being 100 fs, the SNR due to clock jitter SNRJitter,Amplitude is calculated to
45.0 dB, corresponding to clock-jitter-induced noise power of PJitter,Amplitude = −62.7 dBm for
the weakest signal of the experiment.

3.1.2. Phase Noise of the ADC

The internal aperture jitter tJitter,ADC Aperture of the ADC generates phase noise for
the quantized signal and therefore defines the SNR of the phase evaluation SNRJitter,Phase.
After quantization, the sensor signal frequency is 50 MHz, which gives a period T of 20 ns.
One period equals 360°, but from Figure 3, an effective phase range φSensor of 65° becomes
apparent for the used sensor. The SNR for the phase evaluation is therefore calculated after

SNRJitter,Phase = 10 · log10

(
φSensor · T

360° · tJitter,ADC Aperture

)
(3)

and yields the result SNRJitter,Phase = 45.6 dB. For an optimal sensor covering the full range
of 360°, the result is SNRJitter,Phase = 53.0 dB, marking the best possible SNR for a phase
evaluation based on the used ADC.

3.1.3. Quantization Noise

An analog-to-digital conversion introduces quantization noise to the converted signal.
The calculation of the root-mean-square (RMS) quantization noise voltage

VQN =
q√
12

=
VRef√
12 · 2N

(4)

of an ideal ADC with the weight of a least significant bit q, which is the result of the
ADC’s reference voltage VRef and its number of bits N, has been established before [28].
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The general definition of an SNR is given by the signal power PSignal and the noise power
PNoise according to

SNR =
PSignal

PNoise
=

V2
Signal

V2
Noise

=
I2
Signal

I2
Noise

. (5)

Hence, the SNR due to quantization noise is calculated using Equations (4) and (5)
according to

SNRQN =


VSignal,eff.

VRef√
12·2N




2

. (6)

For a sine wave as the signal, its peak signal voltage VSignal,peak. =
√

2 ·VSignal,eff. leads,
when applied to Equation (6), to the SNR from quantization noise in decibel:

SNRQN = 20 · log10

(
2N ·
√

6 ·
VSignal,peak

VRef

)
. (7)

Two significant SNRs can be calculated, one for the lowest input signal level and one for
the highest. For peak voltages of VSignal,peak,min = 41.50 mV and VSignal,peak,max = 72.33 mV,
an effective number of bits ENOB = 9.8 [27] inserted for N and a reference voltage level
VRef = 1.2 V, the two SNRs result in SNRQN,min = 37.6 dB and SNRQN,max = 42.4 dB,
corresponding to the quantization noise power of PQN = −55.2 dBm.

3.1.4. Johnson–Nyquist Noise

The power of the Johnson–Nyquist noise PJNN depends on the Boltzmann constant
kB, the measurement bandwidth BW and the temperature T. Following the Nyquist–
Shannon sampling theorem and taking all bandwidth-restricting components of the setup
into account, the measurement bandwidth is 150 MHz. Because the measurements were
conducted at a temperature of 21 °C, calculating the noise power using

PJNN = 10 · log10

(
kB · T · BW
1 · 10−3W

)
(8)

leads to a value of −92.2 dBm.

3.1.5. Relative Intensity Noise

The relative intensity noise (RIN) of the used DFB-LD is specified with better than
−145 dB Hz−1 for the applied operating conditions. Considering the optical power of
10 dBm and the bandwidth of 150 MHz results in a RIN power of PRIN = −53.2 dBm.

3.1.6. Shot Noise

Two sources of shot noise can be identified from the setup: the laser diode and the
PD. The shot noise of the laser diode is part of its RIN, which has already been discussed.
The shot noise of the PD depends on the photocurrent IPhoto. The definition of the RMS
shot noise current is √

i2 =
√

2 · e · IPhoto · BW . (9)

With Equation (5), the SNR due to shot noise is calculated by

SNRSN =

(
ISignal,eff.√

i2

)2

. (10)

The effective signal current, which is only one part of the total photocurrent, is calcu-
lated according to

ISignal,eff. =
VSignal,peak

Z0 ·
√

2G
, (11)
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with characteristic impedance of Z0 = 50Ω and gain of G = 9 dB of the RF amplifier in the
receiver block of the setup. Combining Equations (9)–(11) and transferring the finding to a
decibel scale results in

SNRSN = 10 · log10

(
V2

Signal,peak

4 · e · Z0
2 · G · BW · IPhoto

)
. (12)

Again, minimum and maximum values for the peak signal voltage have to be taken
into account. The photocurrent equals the product of the PD’s sensitivity S = 0.95 mA mW−1

and the power of the incident light POptical:

IPhoto = S · POptical. (13)

It can be seen from the setup that POptical is the sum of the LD’s and EDFA’s output
powers, which is less than the losses of the optical path.Altogether, POptical totals to not
more than 7.8 dBm, which generates a photocurrent of 5.7 mA. With these values inserted,
the SNRSN ranges from SNRSN,min = 52.0 dB to SNRSN,max = 56.8 dB, corresponding to
the shot noise power PSN = −69.6 dBm.

3.1.7. Further Influences

Some more characteristics influence the SNR. Additional amplitude noise can be
introduced to the DFB-LD by the LDC. Measurements have shown an amplitude noise of
the used custom LDC is not greater than the noise of typical commercial LDCs. Existing
chirp of the DFB-LD has no effect on the measurement as the optical phase is not evaluated.
The 6 dB splitter could have a temperature dependence, resulting in imbalanced amplitudes
and phases for the branches. The evaluation scheme would tolerate such changes for the
expected small gradients, which make the changes much slower than the measurement
speed. Further on, the RF amplifier’s noise figure NF impacts the SNR. This affects only the
SNR resulting from the Johnson–Nyquist noise, the relative intensity noise of the LD and
the shot noise of the PD, which is following from the RF amplifier’s position in the signal
path. Due to a high integration level of the receiver module, the noise figure of the used
RF amplifier could not be specified as part of the present work. In addition, the ADC can
theoretically introduce phase jitter between the two channels to the measurement. However,
this is an unlikely mechanism as the datasheet indicates a fully parallel architecture. Finally,
the sensor sensitivity has to be considered. Any relative shift in the FBG’s spectrum relative
to the LD’s spectrum, independent from its cause (e.g., temperature changes, mechanical
impacts), will deteriorate the measurement.

3.2. Discussion

Several noise sources have been identified and quantified for the observed setup up to
this point. The total amplitude noise power PAN resulting from the known contributions
can be calculated according to

PAN =

√
P2

Jitter,ADC + P2
QN + NF2 ·

(
P2

JNN + P2
RIN + P2

SN

)
. (14)

As the NF of the used RF amplifier is unknown, a typical value of 6 dB is assumed. Inserting
this along with the previously calculated results into Equation (14) sums up to PAN = −47.1 dBm,
resulting in a range of SNRs from SNRAN,min = 29.5 dB to SNRAN,max = 34.3 dB. It can be
seen that the dominating noise contributions are the quantization noise and the RIN of the
LD. Accordingly, some room for improvement is observable. An LD with a better RIN can
be used. More advantages can be gained from matching the ADC input level better to the
reference voltage, which improves the quantization noise, and from reducing the input
frequency or using an ADC with a suitable analog bandwidth, leading to lower noise due
to clock jitter. Finally, the shot noise can be reduced by roughly 67 % solely by removing

83



Sensors 2023, 23, 3746

the sensor position monitoring because the EDFA contributes double the power to the total
optical power compared to the LD.

As a consequence of the phase measurement being a relative evaluation, phase jitter
of the modulating RF signal is inherently eliminated as long as the coherence length of
the RF signal is not exceeded by the setup. The only degradation of the phase informa-
tion is introduced by the ADC aperture jitter, leading to a signal-to-phase noise ratio of
SNRJitter,Phase = 45.6 dB. This can be improved by using an ADC with less internal aperture
jitter or by optimizing the phase response characteristic of the FBG to cover a greater
phase range, whereby an SNR improvement potential of more than 7 dB has been found
for the latter.

It is clear from the previous considerations that the SNR of the amplitude evaluation
greatly depends on the performance of many core components in the setup. An im-
provement in the SNR can be achieved only by costly changes to these components,
especially to the LD and ADC but also to the RF amplifier stage. At the same time,
using a reasonably selected sensor, the phase evaluation approach depends solely on
the ADC performance. This involves not only a systematically better SNR but also of-
fers the potential to select lower-quality components for the rest of the setup without
degrading the SNR. For the investigated setup, the SNR of the phase evaluation ap-
proach is expected to be at least SNRAN,max − SNRJitter,Phase = 11 dB and at best more than
SNRAN,min − SNRJitter,Phase = 16 dB better than for the amplitude evaluation approach.
Albeit these values are specific to the used components, they highlight the finding that
the phase evaluation is particularly advantageous over the conventional amplitude-based
evaluation. Another benefit of the phase interrogation is the overall course of its character-
istic curve due its broad linearity, which makes it generally less sensitive to relative shifts
between sensor and laser sources.

4. Conclusions

This paper has explained the idea of basing the read-out of fiber sensors on the
electrical evaluation of a microwave signal, which is introduced to modulate an optical
source with a fixed wavelength, and distinguished this approach from the prior art of
microwave photonics in sensing applications. An experimental setup and the measurement
results have been presented. Two different characteristic curves of the same sensor can be
interrogated with the approach: amplitude and phase. The setup has been analyzed for
noise sources that degrade the microwave signal, and the consequences for either of the
evaluation variants have been discussed.

The results indicate that strong advantages can be gained from using the phase-
based approach because its only signal deterioration source is the ADC aperture jitter. An
SNR gain of at least 11 dB has been achieved with the examined setup compared to the
amplitude-based evaluation, which is considerably affected by more noise contributions.
At the same time, it has been found that specific adjustments of the setup can improve
the SNR for the amplitude-based measurement. These open the opportunity for further
studies. Among the possible starting points are the quantization noise and the RIN of the
optical source.

Furthermore, as has been addressed by the authors before [24], the implementation
of this scheme in wireless sensing systems is of particular interest, as the already present
microwave signal makes it predestined to adapt the concept for RoF measurement applica-
tions. After using the phase evaluation as the core of an RoF sensing system, even more
advantages can be expected. This is because the phase of a wireless signal typically gets
considerably less degraded during transmission than the amplitude of the same signal.
Finally, the combined evaluation of phase and amplitude and accompanied potential in-
formation gain could be of interest for future studies. Further subjects of interest are the
scheme’s sensitivity to the measurand, its response time and the maximum achievable
sampling rate, among others.
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Abbreviations
The following abbreviations are used in this manuscript:

ADC analog to digital converter
DFB distributed feedback
DSB double-sideband
EDFA erbium-doped fiber amplifier
EVNA electrical vector network analyzer
FBG fiber Bragg grating
FWHM full width at half minimum
LD laser diode
LDC laser diode controller
LSB lower sideband
MWP microwave photonics
OSA optical spectrum analyzer
PC personal computer
PD photodiode
RF radio frequency
RIN relative intensity noise
RMS root-mean-square
RoF radio-over-fiber
SNR signal-to-noise ratio
SSB single-sideband
TLS tuneable laser source
USB upper sideband
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Abstract: The work presents data treatment methods aimed at eliminating the noise in the strain
sensor data induced by vibrations of the helicopter blade in flight conditions. The methods can be
applied in order to enhance the metrological performance of the helicopter weight estimation system
based on the deformation measurement of the main rotor blades. The experimental setup included
a composite plate fixed to the vibrating stand on the one end, with six fiber-optic strain sensors
attached to its surface. In this work, the procedure of the optimal linear smoothing (POLS) and
3D-invariant methods were used to obtain monotone calibration curves for each detector, thereby
making it possible to distinguish the increase of load applied to the free end of the plate with an
increment of 10 g. The second method associated with 3D invariants took into account 13 quantitative
parameters defined as the combination of different moments and their intercorrelations up to the
fourth-order inclusive. These 13 parameters allowed the calculation of the 3D surface that can serve
as a specific fingerprint, differentiating one set of initial data from another one. The combination of
the two data treatment methods used in this work can be applied successfully in a wide variety of
applications.

Keywords: fiber Bragg grating; noise cancellation; helicopter blade deformation measurement;
procedure of the optimal linear smoothing; 3D-invariant method

1. Introduction

Helicopter main rotor blades are essential components that define the flight perfor-
mance and safety of the helicopter. Therefore, monitoring of their state is of the utmost
importance during helicopter exploitation. Moreover, a sophisticated aeroelastic analysis of
the rotor blades is necessary at the early stages of helicopter development, since the blades
are subjected to significant displacements during flight and the aerodynamic conditions
around the rotor are highly unsteady and complex [1]. In order to perform the abovemen-
tioned tasks, real-time blade deformation measurements are required, which enable the
blade wear or damage detection during helicopter operation as well as the evaluation of
blade displacements during development testing procedures.

The existing approaches to helicopter blade deformation measurement can be divided into
four main categories: the systems based on the detection of reflected light [2–4], the systems
based on laser units [5], the systems based on electrical resistance strain gauges [6–8], and the
fiber-optic strain measurement systems [9–11].

The methods of the first group capture the light reflected from the rotor blades in
order to determine their deformation. Thus, the system presented in [2] uses light from the
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external source that is modulated by the rotating blades to define the amplitude of blade
flapping, its velocity, bending, etc. The system described in [3] comprises CCD detectors
installed in the helicopter fuselage and is able to determine the blade pitch angle and
flapping. The work [4] presents an approach to blade deformation monitoring based on the
digital image correlation (DIC) technique, in which the surface of the blade is painted with
a high-contrast random dot pattern. Two high-resolution digital cameras are separated by a
certain distance and view the same area on the blade so that the parallax is used to measure
three-dimensional displacements of the blade surface. In general, the main advantage of
the systems based on the reflected light detection is that they do not require the structural
modification of the blade. On the other hand, the performance of such systems depends on
the conditions of the ambient environment, such as weather conditions, altitude, time of
day, disturbances from external light sources.

In order to increase the measurement accuracy of blade deformation, in comparison
with the aforesaid methods, systems based on laser units have been proposed. Thus, in [5],
Projection Moiré Interferometry (PMI) with infrared laser source is applied to measure
dynamic rotor blade deflections. Similarly, to the previous group of approaches, the laser
units-based methods are realized without blade structural modifications, while not being
affected by disturbances from external visible light sources. However, the accuracy of such
approaches also depends on the weather conditions and optical density of the environment.

Electrical resistance strain gauges have been applied for the development of rotor
blade strain measurement systems for more than four decades [6]. The NASA/Army
UH-60A Airloads Program was completed in 1994 [7,8] and performed over 200 flights,
collecting data from the instrumentation system installed on the main rotor of the helicopter.
The system included 25 strain gauges, accelerometers, pressure transducers, temperature
sensors, and acquired a vast amount of data, including deformation to estimate the airloads.
Unlike the methods that detect optical radiation reflected from the blades, the systems
based on electrical resistance strain gauges are immune to the influence of weather condi-
tions and generally provide higher accuracy and resolution of measurements. However,
the implementation of electrical resistance strain gauges requires the corresponding modifi-
cations of the blade structure. In addition, despite the low weight and compact dimensions
of the gauges, the installation of a high number of such sensors may lead to a significant
increase in the overall blade weight due to the metal wires connecting the gauges.

At present, a considerable amount of research activity is aimed at the development
of fiber-optic sensor systems for blade deformation measurement. The main advantages
of FBG-based techniques are low weight, immunity to electromagnetic interference, small
dimensions (the optical fiber diameter is 125 µm), and the absence of an electrical power
supply to the sensors [9]. Moreover, optical fibers can be embedded into composite struc-
tures during fabrication [10] or attached to the surface of the blade [11]. The experimental
setup presented in [12] includes 60 fiber-optic sensors based on fiber Bragg gratings (FBG)
nonuniformly allocated along four optical fibers so that one-third of the sensors are posi-
tioned close to the blade root where the strain gradients are higher. The system is used
to measure blade deformation in vertical and lateral directions. The system discussed
in [13] uses 16 FBGs interrogated by optical frequency domain reflectometry (OFDR) and
is capable of retrieving the first and second bending modes of the blade.

The application of blade deformation measurements to aeroelastic analysis requires
the detection of blade oscillatory deformations during aerodynamic testing procedures.
However, an alternative application for such systems can be found in the vertical displace-
ment definition of the blades in order to estimate the gross vehicle weight of a helicopter.
The development of such systems significantly contributes to the safety of helicopters,
since, at present, the weight is generally determined by manually tracking the weight of
cargo, passengers, fuel, etc., which does not guarantee adequate accuracy. The work [14]
proposes a system that calculates the weight of a helicopter by measuring and averaging
the distances between the fuselage and the underside of each blade of the main rotor while
in hover or level unaccelerated forward flight. The system comprises two laser distance
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measuring devices at the front and rear of the fuselage. Predetermined calibration data are
used to compensate for the effects of vertical and horizontal drag forces on the fuselage
due to the spinning rotor and forward velocity. The task of blade vertical displacement
measurement can be also accomplished using strain sensors installed on the blades [14],
similarly to the previously mentioned developments. In this application, the oscillatory
behavior of the blade vertical displacements caused by aeroelastic effects may deteriorate
the accuracy and resolution of the weight measurement. The problem is illustrated in
Figure 1, in which Figure 1a represents a qualitative graph of a signal from the strain
sensor located on a steady blade under the load that increased over time in five fixed steps,
while Figure 1b shows the qualitative graph of the signal from the same sensor on the
oscillating blade under the same sequence of loads. As it can be seen from this example, the
oscillations significantly complicate the task of distinguishing the loads acting on the blade.
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Figure 1. Example of data obtained by a strain sensor located on a blade for five cases of vertical
loads: (a) without oscillations; (b) with oscillations.

The aim of the current work is to propose the method for the elimination of noise
in the strain measurement data caused by the blade oscillations, thereby enhancing the
metrological performance of the helicopter weight measurement system.

2. Deformation Measurement Using Fiber Bragg Gratings

A fiber Bragg grating (FBG) is a segment of an optical fiber that reflects particular
wavelengths of optical radiation and transmits the others. FBGs are manufactured by
inscribing a systematic variation of the refractive index of the fiber core. The central
wavelength of the reflected light is called the Bragg wavelength and is defined according
to the following generally accepted formulation:

λB = 2ne f f Λ, (1)

where neff is the effective refractive index of the grating, and Λ is the grating period, i.e.,
the period of the refractive index variation.

The working principle of FBG is based on the change of either the effective refractive
index (neff) or the grating period (Λ) and the resulting shift of its central wavelength
(λB) when the sensor is subjected to physical fields, such as strain, temperature, pressure,
humidity, etc. [15]. Figure 2a shows the schematic representation of an FBG, and Figure 2b
presents the typical spectral response of an FBG for transmitted and reflected light.
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Figure 2. (a) Schematic representation of a fiber Bragg grating: Λ is the grating period, n1 is the refractive index of the fiber
cladding, n2 is the refractive index of the fiber core, and n3 is the refractive index of periodic variations forming the FBG;
(b) spectra of transmitted and reflected light of an FBG.

The most common techniques for FBG multiplexing and interrogation, such as wave-
length [16], time [17], frequency [18], polarization [19], and spatial [20] division are im-
plemented using complex electro-optical devices, including spectrum analyzers, tunable
Fabry–Perot interferometers, diffraction gratings, etc. The common disadvantage of the
mentioned interrogation techniques is the complexity and high cost of devices required for
their implementation. In order to simplify the FBG interrogation, the usage of addressed
fiber Bragg structures (AFBSs) has been proposed [21,22]. An AFBS is a type of FBG, the
spectral response of which has two ultra-narrowband components. The frequency spacing
between the components is called the address frequency of the AFBS, it is in the microwave
range and unique for each sensor in the system, and does not change when the AFBS is
subjected to strain or temperature variations. The microwave-photonic approach for AFBS
interrogation utilizes a broadband light source, an optical filter with predefined linear
slope spectral response, and a photodetector. The central wavelength shift of AFBS is
defined using the amplitude of the beating signal generated at the photodetector at the
address frequencies of the sensors. This approach is further developed with the introduc-
tion of multiaddressed fiber Bragg structures (MAFBSs) [23], which have three or more
ultra-narrowband components in their spectral response. The combination of address
frequencies expands the sensor capacity of the measurement system and increases the
accuracy of the MAFBS central wavelength definition.

The FBG interrogation device used in the current work implemented conventional
wavelength-division multiplexing of FBG sensors, where each grating had a different Bragg
wavelength so that their spectral responses did not superimpose on each other during
measurements. The device was based on the Ibsen® I-MON spectrum analyzer and was
operated by custom software.

3. Noise Cancellation Methods
3.1. Description of the POLS Method

In order to decrease the noise evoked by vibro-oscillations, we use the procedure of
the optimal linear smoothing (POLS) that was successfully applied earlier in papers [24–29]
covering different regions of physics.

The basic formula is given by the following expression:

Ysmj(w) =

N
∑

i=1
K
( xj−xi

w

)
yi

N
∑

i=1
K
( xj−xi

w

) , K(t) = exp
(
−t2

)
, j = 1, 2, . . . , N (2)

Here, K(t) is a smoothing kernel given in the form of the Gaussian function. The
value w determines the width of the smoothing window. We want to remark the following
attractive features of this expression:
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(a) This expression is linear with respect to the function yi subjected to the smoothing
procedure. Therefore, it does not contain any additional distortions evoked by the
possible treatment of a function yi;

(b) If w >> 1, then (as it is easily seen from Expression (2)) the smoothed function Ysmj
coincides with its mean value;

(c) If w becomes close to the zero value, then the smoothing kernel K(t) coincides practi-
cally with delta function δ(xj − xi) and therefore, in this case, Ysmj (0) ∼= yj.

These attractive features allow the selection of high-frequency oscillations and leave
only low-frequency “trend” that is proved to be useful for practical applications.

In this paper, we apply the simple Expression (2) for the elimination of high-frequency
oscillations, and the remaining trend allows us to select the desired parameters that differ-
entiate the oscillations without load from oscillations with a load.

3.2. Description of 3D-DGI Method

In this section, we describe the mathematical details associated with the derivation
of the complete discrete geometrical invariant (DGI) in 3D space. We remind here that
preliminary results based on the application of the incomplete DGI form of the fourth
order in 3D space are outlined recently in [29]. Let us consider the complete form of the
fourth-order power law.

L(4)
k = A(1,0)

40 (y1 − r1k)
4 + A(2,0)

40 (y2 − r2k)
4 + A(3,0)

40 (y3 − r3k)
4−

−B(1,2)
22 (y1 − r1k)

2 · (y2 − r2k)
2 − B(1,3)

22 (y1 − r1k)
2 · (y3 − r3k)

2

−B(2,3)
22 (y2 − r2k)

2 · (y3 − r3k)
2 + C1(2,3)

211 (y1 − r1k)
2 · (y2 − r2k) · (y3 − r3k)

+C2(1,3)
211 (y2 − r2k)

2 · (y1 − r1k) · (y3 − r3k)+

+C3(1,2)
211 (y3 − r3k)

2 · (y1 − r1k) · (y2 − r2k)

− 1
2 D(1,2)

31 (y1 − r1k) · (y2 − r2k)
[
(y1 − r1k)

2 + (y2 − r2k)
2
]
−

− 1
2 D(1,3)

31 (y1 − r1k) · (y3 − r3k)
[
(y1 − r1k)

2 + (y3 − r3k)
2
]
−

− 1
2 D(2,3)

31 (y2 − r2k) · (y3 − r3k)
[
(y2 − r2k)

2 + (y3 − r3k)
2
]
.

(3)

In Expression (3), the upper indices define the combination of the variables yα (α = 1,
2, 3) fixing the location of an arbitrary point M(y1, y2, y3) in 3D space, the low indices
determine the values of the power law exponents that correspond to the algebraic form of
the fourth order. The choice of the sign’s combination (±) before the constants in (3) will
be explained below. Three random sequences are determined by the values rαk (α = 1, 2,
3; k = 1, 2, . . . , N). Expression (1) represents itself the complete form of the fourth order
that contains the combination of three variables associated with an arbitrary point M(y1,
y2, y3) and three arbitrary sequences rαk. The desired DGI is obtained from the following
requirement:

1
N

N

∑
k=1

L(4)
k = I4 (4)

In order to remove in Expression (4) the cubic terms, we introduce the variables

Yα = yα − 〈rα〉, 〈rα〉 =
1
N

N

∑
k=1

rαk (5)

and nullify the linear terms. This requirement helps us to separate the desired variables Yα

from each other and keep only the terms of the second and fourth orders, correspondingly.
In order to decrease the number of constants in (3) and derive the DGI not depending on
some additional constants, one defines three key ratio constants R(α,β), with (α,β) = (1,2),
(1,3), (2,3),
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R(α,β) = B(α,β)

A = Cγ(α,β)

A = D(α,β)

A ,
A(α)

40 = A(β)
40 = A(γ)

40 ≡ A, α,β,γ = 1, 2, 3.
(6)

It is convenient also to introduce the following notations for the integer moments and
their intercorrelations and present them as

Qαnβmγl = 1
N

N
∑

k=1

(
(∆r3k)

m(∆r2k)
n(∆r1k)

l
)
≡
〈
(∆rα)

m(∆rβ)
n(∆rγ)

l
〉

,

α ≥ β ≥ γ, (α,β,γ) = 1, 2, 3.
(7)

In the result of the introduced notations (6) and (7), the system of linear equations
for the finding of unknown ratios R(α,β) from the nullification requirement of the entering
linear terms accepts the following form:

[
2Q221 −Q332 +

3
2 Q211 +

1
2 Q222

]
· R(1,2)+

+
[
2Q331 −Q322 +

3
2 Q311 +

1
2 Q333

]
· R(1,3) − 2Q321 · R(2,3) = 4Q111,[

2Q211 −Q331 +
3
2 Q221 +

1
2 Q111

]
· R(1,2) − 2Q321 · R(1,3)+

+
[
2Q332 −Q311 +

3
2 Q322 +

1
2 Q333

]
· R(2,3) = 4Q222,

−2Q321 · R(1,2) +
[
2Q311 −Q221 +

3
2 Q331 +

1
2 Q111

]
· R(1,3)+

+
[
2Q322 −Q211 +

3
2 Q332 +

1
2 Q222

]
· R(2,3) = 4Q333.

(8)

The linear system of equations helps to reduce three moments (Q333, Q222, Q111) and
seven intercorrelations of the third order (Q332, Q322, Q221, Q211, Q331, Q311, Q321) to the
calculation of three unknown ratios R(α,β) only. We should notice also that the combination
of the algebraic signs in (3) is chosen in that way for the keeping of the partial solution
R = 1 of system (8) in the case when all three random sequences rαk are identical to each
other, i.e., r1k = r2k = r3k. It is natural to define it as the case of spherical symmetry. If only
two sequences coincide with each other (for example, r1k = r2k 6= r3k), then we deal with the
case of the cylindrical symmetry. In this case, the linear system (8) is reduced to a couple of
linear equations relatively the variables R(1,2) 6= R(1,3) = R(2,3). After averaging procedure
applied to Expression (4), the structure of the fourth-order form can be rewritten as

K4(Y1, Y2, Y3) + K2(Y1, Y2, Y3) = I4 (9)

The fourth- and the second-order forms entering to the left-hand side can be presented as

K4(Y1, Y2, Y3) = Y4
1 + Y4

2 + Y4
3 + R(1,2)Y1Y2

[
Y2

3 − 1
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2
]
+
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Y2

2 − 1
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2
]
+ R(2,3)Y2Y3
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2
]
.

(10a)

K2(Y1, Y2, Y3) = A11Y2
1 + A22Y2

2 + A33Y2
3+

+ A12Y1Y2 + A13Y1Y3 + A23Y2Y3.
(10b)

The constants Aαβ figuring in Expression (10b) are defined as
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3
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)
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3
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3
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(
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3
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(
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3
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3
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3
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(11)
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The constant I4 (defined by 3 moments and 12 intercorrelations of the fourth order)
figuring in the right-hand side of (9) is defined as

I4 = Q1111 + Q2222 + Q3333 −
(

Q2211 −Q3321 +
1
2 Q2111 +

1
2 Q2221

)
R(1,2)−

−
(

Q3311 −Q3221 +
1
2 Q3111 +

1
2 Q3331

)
R(1,3)−

−
(

Q3322 −Q3211 +
1
2 Q3222 +

1
2 Q3332

)
R(2,3).

(12)

It is interesting to notice that in the case of the spherical symmetry (r1k = r2k = r3k), all
correlations coincide with each other and the value of I4 equals zero. The form of the fourth
order (9) admits the separation of the variables in the spherical system of coordinates. If
one accepts the following conventional notations:

y1 = 〈y1〉+ R sin θ cosϕ,
y2 = 〈y2〉+ R sin θ sinϕ,
y3 = 〈y3〉+ R cos θ,
0 ≤ θ ≤ π, 0 ≤ ϕ ≤ 2π,

(13)

then substitution of these variables into (9) leads to the following biquadratic equation
relatively the unknown radius R(θ,ϕ):

[R(θ,ϕ)]4 +
(

P2(θ,ϕ)
P4(θ,ϕ)

)
[R(θ,ϕ)]2 − I4

P4(θ,ϕ)
= 0. (14a)

The desired solution (R(θ, ϕ) > 0) is written as

R(θ,ϕ) =




√
P2

2 (θ,ϕ) + 4I4 · P4(θ,ϕ)− P2(θ,ϕ)

2P4(θ,ϕ)




1
2

(14b)

The polynomials P2,4(θ,ϕ) entering in (14) are defined by the following expressions:

P4(θ,ϕ) = sin4 θ · cos4ϕ+ sin4 θ · sin4ϕ+ cos4 θ+

+R(1,2) sin2 θ sinϕ cosϕ
[
cos2 θ− sin2 θ

2 (sinϕ+ cosϕ)2
]
+

+R(1,3) sin θ cos θ cosϕ
[
sin2 θ sin2ϕ− 1

2 (sin θ cosϕ+ cos θ)2
]
+

+R(2,3) sin θ cos θ sinϕ
[
sin2 θ cos2ϕ− 1

2 (sin θ sinϕ+ cos θ)2
]

(15a)

P2(θ,ϕ) = A11 sin2(θ) cos2(ϕ) + A22 sin2(θ) sin2(ϕ)+
+A33 cos2(θ) + A12 sin2(θ) sin(ϕ) cos(ϕ)+
+A13 sin(θ) cos(θ) cos(ϕ) + A23 sin(θ) cos(θ) sin(ϕ).

(15b)

The last Expressions (13)–(15) determine the final form of the DGI in 3D space. It
includes three surfaces determined by Expression (13). The further analysis shows that
Expression (14b) equals zero (because I4 = 0) in the case of the coincidence of three compared
random sequences (r1k = r2k = r3k). The radius R(θ,ϕ) can contain the complex expression
when the integrand in (14b) becomes negative. It accepts the negative values when the
constant I4 (which in most cases is defined by Expression (12)) becomes negative. In this
case, it is convenient to rewrite expression (13) in the form

y1 = 〈y1〉+ |R(θ,ϕ)| sin θ cosϕ,
y2 = 〈y2〉+ |R(θ,ϕ)| sin θ sinϕ,
y3 = 〈y3〉+ |R(θ,ϕ)| cos θ,

|R(θ,ϕ)| =
√
[Re(R(θ,ϕ))]2 + [Im(R(θ,ϕ))]2,

0 ≤ θ < π, 0 ≤ ϕ < 2π.

(16)
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The curves defined by Equation (16) facilitate considerably the numerical analysis of
initial data. As it follows from this preliminary analysis, this 3D surface is determined by
the combination of 13 parameters: three moments of the first order <yα>, α = 1, 2, 3 from
(3), six correlators of the second-order Aαβ from (11), three reduced correlators R(α,β) from
(8), and invariant of the fourth-order I4 from (12). We want to stress here again that the
final Expressions (14) and (15) do not use any model and are determined completely by the
measured data together with their measurement errors. Finishing this section, one can say
that this method can be applied for the reduction of initial data. It is necessary to note that
the dimension of the radius [R(θ,ϕ)] coincides with the dimension of initial data yα.

This reduction procedure can be divided into the following stages:
1. Initially, any available data can be written in the form of rectangle matrix [N ×M],

where number N (j = 1, 2, . . . , N—number of rows) determines the given data points and M
(m = 1, 2, . . . , M—columns) determines the number of the repeated measurements forming
in total the statistically significant sampling. As the result of the application of the 3D-DGI
method, we obtain the reduced matrix [M × S], where each column of the reduced matrix
(Prm,s: <yα>(3), R(α,β)(3), Aαβ(6), I4(1); α,β = 1, 2, 3) determines the complete combination
of the moments and their intercorrelations (3 + 3 + 6 + 1 = 13) up to the fourth-order
inclusive. In the result of the application of the 3D-DGI method, we obtain s = 1, 2, . . . , S
(S = 13) distributions that demonstrate the variations of each statistical parameter Prs(m)
with respect to the number of repeated measurements (m = 1, 2 . . . , M).

2. The further reduction is possible if one takes into account that each random function
ys(m) ≡ Prs(m) is located inside the rectangle M × (Range[ys(m)]), where Range(f ) = max(f )
− min(f ). For comparison of one random function y1,s(m) with another y2,s(m) corre-
sponding to the chosen parameter s (s = 1, 2, . . . , S), one can use the following simple
formula:

Q1,2(s) =
Range(y1,s) + Range(y2,s)

max(y1,s, y2,s)−min(y1,s, y2,s)
(17)

This expression, in spite of its simplicity, is really effective for the comparison of the
statistical closeness of a pair of random functions belonging to the given/another sampling
participating in the comparison operation. Really, if the function Q1,2(s) is located in the
interval [1,2], then the pair random functions are statistically close to each other. In the
case when Q1,2(s) ∈ [0,1), one can conclude that the pair random functions compared are
statistically different. Besides this important parameter (16), one can take into account the
symmetry of the random function y1(m). Any random function located in the rectangle
M × Range[y(m)] crosses the line <Pr(m)>, coinciding with its mean value. Therefore, for
evaluation of the symmetry of a random function, one can introduce the value

Sm(y) =
mean(y)− 0.5 · (max(y) + min(y))

Range(y)
(18)

If the value Sm(y) is located near zero (Sm(y) ≈ 0), then the line <y> divides the
rectangle M × Range[y(m)] into two almost equal parts. In other cases, the value Sm(y)
∈ [−0.5, 0.5] determines the measure of asymmetry. After the application of Expression
(17) for comparing similar columns (belonging to the same parameter Prs), one can receive
finally the vector of the length S = 13 that contains information about the statistical closeness
of two matrices compared. It is interesting to notice that simple Expression (17) can be
used also for comparison each successive measurement with another one in the given
rectangle matrix [N ×M]. If one compares the vectors ym forming the columns of the initial
matrix with each other, then in the result of application (17), one can obtain the symmetrical
matrix U(m1,m2) (m1,2 = 1, 2, . . . , M) with elements located in the interval 0 ≤ U(m1,m2)
≤ 2. Only elements located in interval 1 ≤ U(m1,m2) ≤ 2 will correspond to a “good”
experiment, while the elements from interval 0 ≤ U(m1,m2) < 1 should be considered as
possible “outliers” and correspond to “bad” experiment.
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3. How to find the parameters belonging only to one matrix in order to compare them
with similar parameters of another tested matrix in cases when the reference matrix is
absent? Initially, it is necessary to scale each column to the same interval

Prns =
DPrs

Range(Prs)
≡ Prs−〈Prs〉

Range(Prs)
,

− 1
2 ≤ Prns ≤ 1

2 , 〈Prs〉 = 1
M

M
∑

m=1
Prm,s.

(19)

This normalization procedure makes all parameters Prs statistically close to each other
with mean value equaled zero mean(Prns) = 0 and with the Range(Prns) = 1. If one inte-
grates Expression (19) for each parameter one can receive the statistically different curves
JPs = Integral(Prns) for each initial parameter (s = 1, 2, . . . , S). The distributions of the
ranges of these integral curves P1 = Range(JPs), together with the distribution of asymme-
tries P2 = Range(Sm(JPs)) calculated with the help of Expression (18), give finally the matrix
containing [S × 2] containing (S = 13) rows and two columns only. If we calculate the
ranges of these two columns, we obtain finally two values only that can characterize the
initial matrix [N ×M]. If we have a set of matrices [N ×M]q (q = 1, 2, . . . , Q), then this
simple and general procedure allows us to select the “best” one having minimal values
of these two key parameters P1,2. It will characterize the stability of the initial sequence
and their minimal values will serve as a criterion for the selection of the “best” TLS among
other TLS(s). We want to emphasize here that this final stage of treatment of “big” matrices
differs from the procedure used in the paper [29]. Earlier, one of us (RRN) had the set of
rectangle matrices that can be characterized as “normal/reference” ones and compared
them with “strange/tested” matrices associated with defects. Data that will be analyzed
below do not contain this information. Therefore, we propose another procedure described
above for the selection of the “best” data expressed in the form of rectangle matrices.

Concluding this section, it is necessary to mention the following. The POLS is the
universal tool that can be applicable for smoothing all available data. It possesses some
remarkable features that make it really universal for many applications, which include the
following:

1. The POLS is a linear tool, and it does not distort initial data;
2. When the value of the smoothing window tends to zero (w→ 0), then the smoothed

replica coincides with the initial data. In another limiting case, when w >> 1, the
smoothed replica coincides with its arithmetic mean.

Another new instrument as the 3D geometrical invariants can be defined as the
“universal” tool as well, by virtue of the following features:

1. Thanks to 13 universal parameters defining the feature space, it allows the comparison
of the different random sequences having different natures;

2. It can be applied to analyses of the TLS and, therefore, this tool forms a universal
platform that cannot contain treatment errors;

3. Section 3, given above, gives an example for its application to real data.

We should also note that both methods keep the units of the initial data.

4. Experimental Results and Their Treatment
4.1. Experimental Setup

In order to imitate the process of helicopter blade deformation measurement, an
experimental setup was designed that included a composite plate with six strain detectors
based on fiber Bragg gratings attached to the upper surface of the plate using epoxy
adhesive. The FBGs used in the experiment were manufactured at the Department of
Radiophotonics and Microwave Technologies of KNRTU-KAI (Kazan) using a common
fabrication technique based on the Lloyd interferometer. Figure 3a presents a photograph
of the experimental plate, and Figure 3b shows a schematic representation of the detector
arrangement on the plate (positions 1.1–1.3, 2.1–2.3), as well as the main dimensions.
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During the experimental procedure, the plate was fixed on one end to the vibrating stand,
while the opposite end remained free, mimicking the vibrations of a helicopter blade. To the
free end of the plate, a load with predefined mass was attached at point A (see Figure 3b).
The values of the Bragg wavelength shifts of all FBG detectors were acquired for seven
different load cases (L = 0, 50, 60, . . . , 100 g). It must be noted that in this preliminary
research, the authors did not pursue the goal to compare the vibrations with the real-life
reference, which will be the aim of the subsequent studies. The measurements were taken
during a certain time interval (~8 s) so that 800 points of data were registered with the rate
of ~100 Hz for each load case. The data were collected using an FBG interrogation device
developed at KNRTU-KAI based on the Ibsen I-MON 512 interrogation monitor.
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4.2. Treatment Procedure

Based on the treatment procedure explained in Section 3, we received seven matrices.
Each matrix included 6 columns and 800 data points corresponding to different loads
(L = 0, 50, 60, . . . , 100 g), which were subjected to the same vibrations measured in nm as
the wavelength shifts of the fiber-optic detectors. Each column inside the matrix 800 × 6
included the recorded vibrations associated with the fixed detector. Each detector shown
in Figure 3b was tightly associated with a number of columns (their correspondence to
each other shown below), and it was located on the plate imitating the helicopter blade.

In order to select the desired value of the smoothing window w figuring in Expression
(2), we chose a simple criterion that the low-frequency trends obtained after POLS should
be almost uncorrelated with each other. If we fix the interval of correlations [−0.5 × 10−3,
0.5 × 10−3] for the smoothed trends and require that

− 0.0005 ≤ Ysm(0, w) ·Ysm(L, w)√
(Ysm(0, w))2(Ysm(L, w))2

≤ 0.0005, (20)

where Ysm(L,w) is determined by Expression (2) and corresponds to the smoothed function
for the given load L = 0, 50, 60, . . . , 100 g, then from condition (20), one can find the desired
value w from the interval [100–200]. We chose the value w = 150, corresponding to the
middle of the found interval. The figures below demonstrate the low-frequency fluctuations
that were obtained for detectors D-1.1 and D-2.2 for comparison with Figure 4a,b. We notice
that after application of the POLS the smoothed curve associated with fluctuations with
load is shifted up. It takes place because condition (20) allows decreasing the value of the
initial correlations.
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Figure 5. (a) Results of the application of POLS for w = 150 and detector D-1.1; (b) the same results for D-2.2 at w = 150.  

Figure 6a demonstrates six calibration curves calculated for all types of detectors. All 

curves are monotone and we see the increase of these curves with respect to the applied 

load. Figure 6b comprises the data calculated with respect to Expression (17). It demon-

strates the sensitivity of different detectors with respect to the applied load. Three detec-

tors D-2.3, D-1.1, and D-2.2 are the most sensitive, while the detector D-2.1 has minimal 

sensitivity. The detectors D-1.2 and D-1.3 have an intermediate sensitivity. We highlight 

again that the mean values conserve the vibration units. 

Figure 4. (a) This figure shows the level of vibrations without loads (red lines) and with minimal load corresponding to the
load equal to 10 g (blue lines). This figure reflects the noise fluctuation for the first detector D-1.1. In order to stress their
difference, the same picture Figure 4 (b) is placed on the right-hand side for detector D-2.2 (with load 10 g) and without
load (red lines), correspondingly. For other detectors, the obtained pictures look the same and therefore they are omitted.

Figure 5a demonstrates the results of the application POLS for w = 150 and detector
D-1.1. Figure 5b shows the same result for D-2.2 at w = 150, as well. Analysis of these
curves shows that for construction of the calibration curves showing the dependence of
each detector with respect to the applied load one can select the differences between mean
values corresponding to these smoothed curves.
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Figure 5. (a) Results of the application of POLS for w = 150 and detector D-1.1; (b) the same results for D-2.2 at w = 150.

Figure 6a demonstrates six calibration curves calculated for all types of detectors. All
curves are monotone and we see the increase of these curves with respect to the applied load.
Figure 6b comprises the data calculated with respect to Expression (17). It demonstrates
the sensitivity of different detectors with respect to the applied load. Three detectors D-2.3,
D-1.1, and D-2.2 are the most sensitive, while the detector D-2.1 has minimal sensitivity.
The detectors D-1.2 and D-1.3 have an intermediate sensitivity. We highlight again that the
mean values conserve the vibration units.
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the distribution of maximum values, red markers (Ymn) represent the distribution of mean values, and blue markers (Ydn) 

show the distribution of minimum values.  

In order to compare these parameters with each other, we take the mean values for 

the correlators of the first order (corresponding to the gravity center), then correlators of 

the second, third, and fourth orders, correspondingly. For us, it is important to detect a 

monotone behavior among these correlators. Figure 8a demonstrates six calibration 

Figure 6. (a) Six calibration curves (mean values) calculated for all types of detectors; (b) comparison of correlators
calculated for different detectors.

It is interesting to analyze also 13 parameters (given by Expressions (8), (11), and (12))
that form the desired 3D surface. In order to compare these parameters with each other,
we form the corresponding SRAs after applying the POLS procedure for different loads.
Figure 7a demonstrates 3 curves calculated for the load L = 0 g. In order to notice the
possible monotone behavior of these curves, we use the corresponding SRAs for different
loads. On the right-hand side (Figure 7b), we place similar triple curves corresponding to
L = 50 g. Other curves for the loads L = 60–100 g look similar and therefore are not shown.
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Figure 7. (a) Sequences of the ranged amplitudes (SRAs) calculated for the load L = 0 g; (b) curves of SRAs corresponding
to L = 50 g. Other curves for the loads L = 60–100 g look similar and therefore are not shown. Black markers (Yup) denote
the distribution of maximum values, red markers (Ymn) represent the distribution of mean values, and blue markers (Ydn)
show the distribution of minimum values.

In order to compare these parameters with each other, we take the mean values for
the correlators of the first order (corresponding to the gravity center), then correlators of
the second, third, and fourth orders, correspondingly. For us, it is important to detect
a monotone behavior among these correlators. Figure 8a demonstrates six calibration
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curves calculated for the mean values of the first-order correlators. All curves are almost
monotone, and we see an increase in these curves with respect to the applied load.
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Figure 8. (a) Calibration curves calculated for mean values of the first-order correlators; (b) mean values of the second-order
correlators.

However, the detectors D-2.1 D-1.2 and D-1.3 show nonmonotonic behavior in the
limits of the load 0–50 g. We associate this phenomenon with the influence of the vibration
waves amplitudes that are propagated over the plate. This phenomenon needs more
detailed research. These curves are similar to Figure 6a. Figure 8b shows the nonmonotonic
behavior of the correlators of the second order. In comparison with Figure 8a, the behavior
of the correlators of the second order is different. As one can see, for this figure, the values
of these correlators are small; only detector D-2.2 demonstrates the high values of the
correlators of the second order when the applied load is absent.

Figure 9a demonstrates six calibration curves calculated for mean values of the third-
order correlators. These curves have different behavior if we compare them with Figure 8.
On the small figure inside, we show the correlators of the third order for detectors D-2.2
and D-2.3 that have a monotonic behavior. Figure 9b shows the different behavior of the
correlators of the fourth order, in comparison with Figure 9a. As one can see, for this
figure, the values of these correlators are small. However, only detectors D-2.2, D-1.1, and
D-2.1 demonstrate the relatively high values of the correlators of the fourth order when the
applied load is absent.

Analysis of these figures shows that they have different sensitivity to the applied
load. Only the mean correlators of the first order having monotonic property can be used
for calibration purposes. It presents an interesting possibility to give also the plots of
3D surfaces at different loads. It will reflect a unique combination of the 13 correlation
parameters and this surface will serve as a specific fingerprint facilitating an initial analysis
of the available data. Figure 10a shows the 3D surface for the L = 0 g, while Figure 10b
presents the surface for L = 50 g. The 3D surface for the L = 90 g is demonstrated in
Figure 11a. Figure 10b shows the surface for L = 100 g. In all these 3D surfaces, the unit of
the OZ axis is conserved, and it is given in the units coinciding with initial data (values of
vibrations in our case). As one can notice from the comparison of these figures, they are
different in their values and have different forms.
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Figure 9. (a) Calibration curves calculated for mean values of the third-order correlators; (b) calibration curves calculated
for mean values of the fourth-order correlators.
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5. Discussion and Conclusions

The proposed data treatment method based on the procedure of the optimal linear
smoothing (POLS) allowed us to eliminate the noise induced by vibrations of the ex-
perimental plate, imitating the helicopter blade in flight conditions. As the result of the
treatment procedure, monotonic calibration curves were obtained for each detector, making
it possible to distinguish the increase of load applied to the plate with an increment of 10 g,
which otherwise would be impracticable. It should be noted that the calibration curves
comprising mean values of POLS-treated wavelength shift data of the detectors (Figure 6a)
demonstrated higher mean deformation of the detector 2.2 (and even higher in case of the
detector 2.3) than the one of the detector 2.1, which does not correspond to the a priori
assumption that the detectors 2.1 and 1.1 (which are the nearest to the fixed end of the
plate) should be subjected to the highest deformations, while 2.3 and 1.3 should experience
the lowest strain. More detailed analysis based on a complete set of data allows concluding
that detector 2.1 had lower sensitivity, in comparison with others, which can be caused by
relatively weak adhesive bonding to the surface of the plate.

Highly likely, this peculiarity is related to the chosen material and formation in it the
deformation waves.

However, the calibration curves calculated for mean values of the first-order correla-
tors (Figure 8a) do agree with the mentioned assumption, showing the higher values at the
detectors 1.1 and 2.1, and the lowest ones at the detectors 1.3 and 2.3.

As one can infer from the content given above, the second method associated with 3D
invariants takes into account 13 quantitative parameters associated with a combination of
different moments and their intercorrelations up to the fourth-order inclusive. They reflect
more sophisticated behavior of the moments and their intercorrelations evoked by the
applied load. Figures 8b and 9a,b show their peculiarities. These 13 parameters allow the
calculation of the desired 3D surface that can serve as a specific fingerprint, differentiating
one set of initial data from another one. Figure 10a,b and Figure 11a,b vividly demonstrate
these peculiarities.

Therefore, the combination of these two methods that were used to analysis of real
load data can be applied successfully to other data, because they are general, do not use a
specific model, and are free from treatment errors.
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Abstract: FBG shape sensors based on soft substrates are currently one of the research focuses of
wing shape reconstruction, where soft substrates and torque are two important factors affecting
the performance of shape sensors, but the related analysis is not common. A high-precision soft
substrates shape sensor based on dual FBGs is designed. First, the FBG soft substrate shape sensor
model is established to optimize the sensor size parameters and get the optimal solution. The two
FBG cross-laying method is adopted to effectively reduce the influence of torque, the crossover angle
between the FBGs is 2α, and α = 30◦ is selected as the most sensitive angle to the torquer response.
Second, the calibration test platform of this shape sensor is built to obtain the linear relationship
among the FBG wavelength drift and curvature, rotation radian loaded vertical force and torque.
Finally, by using the test specimen shape reconstruction test, it is verified that this shape sensor can
improve the shape reconstruction accuracy, and that its reconstruction error is 6.13%, which greatly
improves the fit of shape reconstruction. The research results show that the dual FBG high-precision
shape sensor successfully achieves high accuracy and reliability in shape reconstruction.

Keywords: fiber Bragg grating; curvature; torque; shape reconstruction

1. Introduction

Fiber grating shape sensing technology has been a new research direction in the field of
fiber grating sensing in recent years, especially in three-dimensional shape reconstruction,
and it is a widely studied and researched method that uses FBG shape sensors to obtain
shape change information parameters [1], for example, in position tracing and positioning
of probes, soft manipulators, endoscopes, etc., in the medical field [2,3]; deformation
monitoring of key structures in the aerospace field, such as deformation monitoring of
airplane skin, wings, etc. [4–6]; real-time monitoring of the motion status and spatial
position of mechanical arms embedded in robot links and robot arms of continuum robots
in industrial fields [7–9]; realization of joint positioning and posture monitoring during
human movement by flexible smart wearable devices [10,11]; and the structural health
monitoring of urban civil buildings [12] and bridges [13].

After MIT and NASA jointly designed a new digital deformable wing with polyimide
film skin and composite lattice honeycomb structure, the development and application of
FBG shape sensors are mainly concentrated in two types: Shape sensor based on a single
core fiber grating, and shape sensor based on a multicore fiber.

A multicore fiber shape sensor is suitable for extremely large curvatures (bending
radii up to 5 mm). As early as 2012, the US Luna set a multicore fiber shape sensor (total
length of 30 m) on the surface of flexible structures of approximately 10 m, obtained the
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space deformation of the measured surface by reconstructing the multicore fiber space
position, and had found that the reconstruction error was within 1.5% [5]. In recent years,
distributed optical fiber shape sensors have developed rapidly. Chen, X.Y et al. established
a distributed Brillouin optical time domain analysis based on a seven-core MCF to verify
the linear relationship between fiber curvature and the Brillouin frequency shift of the
outer core in the MCF and realized a curvature with a spatial resolution of 20 cm using
a 1 km fiber length [14]. According to the temperature-sensitive characteristics of optical
fibers, Zhao, Z et al. designed a high-performance temperature-insensitive shape sensor
based on a differential pulse pair system, whose spatial resolution reached 10 cm, and its
sensitivity was greatly improved [15]. Ba, D.X et al. proposed a high-sensitivity distributed
shape sensor based on a seven-core optical fiber and phase sensitive optical time domain
reflectometry, which can achieve high strain sensitivity as low as 0.3 µε on a 24 m-long
MCF with a spatial resolution of 10 cm [16].

Some of the inevitable problems of using multicore optical fibers as shape sensors
are twisting, eliminating the measurement error caused by distortion and improving
the accuracy of shape measurement and reconstruction, which have become the focus of
research for many scholars in recent years. Some scholars have proposed solutions for spiral
multicore fibers [17], but the high fabrication cost and immature fabrication technology of
spiral multicore fibers prevent their large-scale application.

In comparison, the moldability of a single-core fiber grating shape sensor is better,
especially the combined sensing mode of a soft substrate material and FBG, which is
more widely used [18]. Wang et al. proposed a sensing network and method-based FBG
sensor for 3D shape detection of flexible robotic arms and proved high detection accuracy
for complex 3D shapes by simulation [19]. Zhi, G.H et al. designed a new intensity
modulated fiber optic sensor with an enhanced sensitivity region to measure curvature
and proposed a wind speed monitoring system based on the fiber optic shape sensor,
which monitored the frequency of the fiber optic sensor period signal to measure wind
speed. The experimental results show that the measurement error and repeatability of
the wind speed monitoring system are within ±0.65 m/s and ±2.9%, respectively [20].
Abro, A. Z et al. [21,22] developed and designed a smart sensing garment SSG and a FBG
smart belt. The FBG was embedded in special silicone to make a shape sensor that was
mounted on the palm, wrist and elbow joints to measure changes in body posture. The
sensitivity of the FBG smart belt was between 0.018% and 0.021% for male subjects at
speeds of 2 and 3 km/h, respectively. He, Y.L et al. [23–25] used silica gel and polyimide
with FBG to design two different types of shape sensors; one was a soft actuator based on
silica gel to reconstruct the 3D shape of the soft actuator in different bending states, and
the other was to embed FBG into polyimide to make a morphing wing smart skin. The 3D
shape reconstruction of the polyimide skin of the wing was completed. The test results
show that the maximum error of FBG measurement is less than 5%. Wang, Q.L et al. [26]
proposed a bending curvature sensor for a soft surgical manipulator, which buried a Bragg
grating into polyimide to form a polyimide sensing layer and integrated the sensing layer
into a soft manipulator model to achieve bending curvature monitoring of the soft surgical
manipulator. The maximum error between the measured value and the actual bending
curvature was less than 2.1%. Arnaldo G et al. [27] presented a 3D displacement sensor
based on a single fiber Bragg grating in CYTOP fiber, to obtain the influence of each
displacement condition, namely, axial strain, torsion and bending on the FBG reflection
spectrum, and had relative errors below 5.5%, but the fiber Bragg grating in CYTOP was
prone to breakage and not suitable for harsh environments.

For single-core fiber grating shape sensors, how to eliminate the measurement error
caused by distortion to improve the accuracy of shape reconstruction was not considered
in the previous literature. In addition, there is little literature on how to eliminate the
influence of the properties of soft substrate materials and volume size on the performance
of shape sensors to improve the measurement accuracy of sensors, and only a few papers
have analyzed the effect of the depth of FBG preburial in soft substrates [28–30].
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In this paper, we choose the more widely used single-core FBG and soft substrate
combination mode to design a new FBG shape sensor, analyze in detail the influence of
the length, thickness and width of the soft substrate on the accuracy of the shape sensor
and choose the most reasonable soft substrate size. At the same time, considering the
irresistible factor of torque in the use of FBG shape sensors, we adopt the cross double-grid
method to measure the FBG center wavelength drift caused by torque. By a calibration
test, the linear relationship between FBG wavelength drift and rotation radian loaded
torque is obtained. The shape sensor designed in this paper can structurally improve the
measurement accuracy.

2. FBG Sensing Principle and Structure Analysis
2.1. Sensory Principle of FBG

From Hooke’s law, we know that after a uniform elastic solid material is stressed, there
is a linear relationship between stress ε and strain (unit deformation) in the material, as
shown in Equation (1) [31].

ε =
∆l
l

(1)

A microarc segment of the elastic material is intercepted, in which length L and
thickness H are chosen, and the location of the preburied FBG is X from the upper plane, as
shown in Figure 1. When the elastic material is subjected to axial stress, two cross-sections
of the microarc segment relatively rotate by a microsmall angle θ, as shown in Figure 1b.
The length of the neutral plane does not change, the length of the upper plane is stretched
by ∆l, the length of the under plane is shortened by ∆l and the length of the plane on which
the FBG is located is stretched by ∆x, where ∆x < ∆l and R is the radius of curvature.
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When the length of the microarc segment is small enough, sinθ = θ

upper plane : L + ∆L = (R + H)θ (2)

neutral plane : L = (R +
1
2

H)θ (3)

under plane : −∆L = Rθ (4)

From Equations (2) and (4), the following is obtained:

2∆L = Hθ (5)

From Equations (3) and (5), the following is obtained:

∆L
L

=
1
2 Hθ(

R + 1
2 H
)

θ
=

1
2 H

R + H
2

(6)

105



Sensors 2022, 22, 168

For a standard single–method optical fiber, the relationship between the center wave-
length drift ∆λ and the center wavelength λ and the changes in temperature ∆T and strain
ε can be obtained.

∆λ

λ
= (1− Pe)ε + (α + ξ)∆T (7)

where Pe-photoelastic parameter of the optical fiber core for a general single-mode fiber,
where Pe ≈ 0.22.

α-thermal expansion of the optical fiber core.
ξ-thermal-optic coefficient of the optical fiber core.
Assume that the temperature change is zero, Equation (7) simplifies to

∆λ

λ
= (1− Pe)ε = (1− Pe)

∆x
L

= (1− Pe)
1
2 H

R + H
2

(8)

In the case where the center wavelength of the FBG is known, H is the thickness of the
silica gel and the FBG center wavelength drift ∆λ can be measured from Equation (8). It
follows that R is linearly related to ∆λ

λ :

R ∝ a· λ

∆λ
(9)

where a is a constant associated with the thickness, size and material of the shape sensor, the
wavelength drifts of the fiber grating, etc., and the specific value is determined by testing.

2.2. Effect of Soft Substrate Material Size on Shape Sensors

There are few reports on the influence of the size of soft substrate shape sensors,
i.e., the length, width and thickness of the soft material, on the performance. Few papers
have analyzed the influence of FBG preburial depth; however, choosing the appropriate
soft substrate material size is also one of the focuses of FBG shape sensor design. To analyze
the influence of the length, width and thickness of the soft material on the performance
of the FBG shape sensor, we choose common silica gel as the soft substrate and use the
experimental model shown in Figure 2 to perform the following simulation and analysis
in the workbench in the case where the size of the stainless steel, the direction and the
position of the force are unchanged.
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Figure 2. Sensor simulation model.

As shown in Figure 2, one end of the 304 stainless steel is fixed, the other free end is
applied with a force F = 20 N, the direction is vertically downward and the silica gel is
pasted on the stainless steel. The center always remains in the same line as the center of the
stainless steel, regardless of the change in silica gel size. The dimensions of the stainless
steel were as follows: Length of 100 mm, width of 25 mm, thickness of 10 mm. The length,
width and thickness of the silica gel are indicated by L, D and H respectively.
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2.2.1. Variation of Silica Gel Length

When the width and thickness of the silica gel are constant, the length is changed and
the stress of the silica gel is analyzed. The size changes of silica gel are shown in Table 1.

Table 1. Variation of silica gel length.

Size a b c d

length (mm) 30 25 15 8
width (mm) 8 8 8 8

thickness (mm) 3 3 3 3

From Figure 3, we clearly find that the stress distribution of the silica gel varies
significantly by length when the width and thickness of the silica gel are constant.

Sensors 2022, 21, x FOR PEER REVIEW 5 of 25 
 

 

less steel were as follows: Length of 100 mm, width of 25 mm, thickness of 10 mm. The 

length, width and thickness of the silica gel are indicated by L, D and H respectively. 

2.2.1. Variation of Silica Gel Length 

When the width and thickness of the silica gel are constant, the length is changed 

and the stress of the silica gel is analyzed. The size changes of silica gel are shown in Ta-

ble 1. 

From Figure 3, we clearly find that the stress distribution of the silica gel varies sig-

nificantly by length when the width and thickness of the silica gel are constant. 

(1) If the length of the silica gel is longer, the stress area is larger and the maximum peak 

of the strain is greater, while the stress is concentrated in the upper layer of the 

neutral surface of the silica gel; if the length of the silica gel is smaller, the stress be-

gins to shift from the upper layer to the lower layer of the neutral surface.  

(2) Regardless of the length of the silica gel, the stress distribution in the silica gel has 

left-right axis symmetry. 

 

(a) 

 

(b) 

 

(c) 

0.604 × 10−6 0.612 × 10−5 0.186 × 10−4 

0.611 × 10−6 0.624 × 10−5 0.178 × 10−4 

0.697 × 10−6 0.693 × 10−5 0.147 × 10−4 Sensors 2022, 21, x FOR PEER REVIEW 6 of 25 
 

 

 

(d) 

Figure 3. Stress distribution nephogram of silica gel with different lengths, (a) L = 30 mm, (b) L = 25 

mm, (c) L = 15 mm, (d) L = 8 mm. 

2.2.2. Variation of Silica Gel Width 

When the length and thickness of the silica gel are constant, the width of the silica 

gel is changed and the stress distribution of the silica gel is analyzed. The size changes of 

silica gel are shown in Table 2. 

From Figure 4, we can find that the difference in silica gel stress distribution is small 

for different widths. When the width of the silica gel is varied, the maximum peak value 

of the strain of the silica gel varies from 0.0189 to 0.0186 MPa, with a small change in 

value, so we think that the effect of silica gel width on its stress can be ignored. 

Table 2. Variation of the silica gel width. 

Size a b c d 

Length (mm) 30 30 30 30 

Width (mm) 25 15 10 8 

Thickness (mm) 3 3 3 3 

   

  (a)

  

(b)  

0.354 × 10−6 0.580 × 10−5 0.126 × 10−4 

0.598 × 10−6 0.874 × 10−5 0.169 × 10−4 

0.620 × 10−6 0.874 × 10−5 0.189 × 10−4 

Figure 3. Stress distribution nephogram of silica gel with different lengths, (a) L = 30 mm, (b) L = 25 mm,
(c) L = 15 mm, (d) L = 8 mm.

107



Sensors 2022, 22, 168

(1) If the length of the silica gel is longer, the stress area is larger and the maximum peak
of the strain is greater, while the stress is concentrated in the upper layer of the neutral
surface of the silica gel; if the length of the silica gel is smaller, the stress begins to
shift from the upper layer to the lower layer of the neutral surface.

(2) Regardless of the length of the silica gel, the stress distribution in the silica gel has
left-right axis symmetry.

2.2.2. Variation of Silica Gel Width

When the length and thickness of the silica gel are constant, the width of the silica gel
is changed and the stress distribution of the silica gel is analyzed. The size changes of silica
gel are shown in Table 2.

Table 2. Variation of the silica gel width.

Size a b c d

Length (mm) 30 30 30 30
Width (mm) 25 15 10 8

Thickness (mm) 3 3 3 3

From Figure 4, we can find that the difference in silica gel stress distribution is small
for different widths. When the width of the silica gel is varied, the maximum peak value of
the strain of the silica gel varies from 0.0189 to 0.0186 MPa, with a small change in value, so
we think that the effect of silica gel width on its stress can be ignored.
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2.2.3. Variation of Silica Gel Thickness

When the length and width of the silica gel are constant, the thickness of the silica gel
is changed. Size changes of silica gel are shown in Table 3.

Table 3. Variation of the silica gel thickness.

Size a b c d

length (mm) 30 30 30 30
width (mm) 10 10 10 10

thickness (mm) 2 5 8 10

From Equation (9), we can deduce that if the thickness of the silica gel is larger, the
measured radius of curvature is larger, but this is not actually the case, from Figure 5, we
can find that the thickness changes and the silica gel stress distribution varies significantly
when the silica gel length and width are constant.

(1) When the silica gel thickness changes, the maximum stress position of silica gel will
also change, the thickness of the silica gel gradually increases, the area of the stress
maximum gradually decreases, its position moves closer to the center of the silica gel,
the gel thickness tends to the thickness of the stainless steel and the stress distribution
is likely to be transformed from the upper layer to both the upper and lower layers.

Therefore, the thicker the silica gel thickness, the better the performance of the sensor;
this method has not been established.

(2) The stress of silica gel reaches the maximum when the thickness is 5 mm, and the
maximum stress increases with increasing thickness when the thickness is below
5 mm. The maximum stress decreases with increasing thickness when the thickness is
above 5 mm.

In summary, selecting a reasonable silica gel size has a great role in improving the ac-
curacy of the FBG shape sensor. The longer the length of the silica gel is, the larger the stress
distribution area and the larger the maximum stress, while the width has less influence on
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the stress. Considering the practical application of shape sensors, the preparation process,
the length of the grating of FBG and other factors, silica gel is selected as a rectangular
structure with a length of 25–30 mm, width of 8–10 mm and thickness of 2–3 mm.
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3. High-Precision FBG Shape Sensor Structure Design

Two main aspects should be considered in the design of high-precision FBG shape
sensors based soft substrates: (1) The choice of the soft substrate—silica gel, as one of
the most widely used and maturely processed soft materials, is suitable for the study of
validation tests; (2) the layout problem of the grating in the silica gel. The influence of
torque on the FBG soft substrate shape sensors cannot be ignored, and in order to minimize
the influence of torque and improve the accuracy of the sensor, the FBG arrangement in
Figure 6 is chosen.
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Figure 6. Structure diagram of the dual FBG high-precision shape sensor: (a) Dual FBG shape sensor
structure Figure, (b) FBG layout Figure.

The angle between the grating and the silica gel central axis is α1 and α2. We choose
the simulation model shown in Figure 7 to simulate the stress of the FBG shape sensor
when it is loaded with three loading methods, i.e., bending, torque and bending plus torque,
and discuss the variation in the equivalent force of the FBG when the angles α1 and α2 are
varied. All simulations are completed by Mechanical APDL software, and the equivalent
stress stated in this section is the maximum equivalent stress on the nodes where the FBG
is located.
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Figure 7. Simulation model of dual FBG high-precision shape sensor.

In the simulation model shown in Figure 7, we set the silica gel size to a length L of
23 mm, width D of 8 mm and thickness H of 2 mm, while the length Lb and thickness Hb
of the cantilever beam size are variable. The applied load is shown in Table 4.

Table 4. Parameters of the applied load.

Parameter Force Torques Force + Torques

value 800 N 800 N·m 800 N 800 N·m
direction vertical down clockwise vertical down clockwise

loading point End of beam
(free end)

Any position
of beam

End of beam
(free end)

Any position
of beam

3.1. The Stress Relevance between the Three Loading Methods

To ensure that the equivalent stress of the FBG is independent of the size of the
cantilever beam and the location of the torque loaded, when three different loads are
applied to the cantilever beam, we perform simulation and analysis for two different
parameter settings, i.e., constant and variable beam size.

3.1.1. Constant Beam Size (Lb = 500 mm Hb = 4 mm)

The loaded torque points are located at 1/4, 1/2 and 3/4 of the beam from the fixed
end, and the equivalent stress simulation analysis of the FBG is shown in Table 5.
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Table 5. Absolute value of the maximum equivalent stress.

Loaded Force Torque Force + Torque
Point FBG1 (MPa) FBG2 (MPa) FBG1 (MPa) FBG1 (MPa) FBG2 (MPa) FBG1 (MPa)

1/4 5.78 × 10−4 5.78 × 10−4 −1.80 × 10−11 1.82 × 10−11 5.78 × 10−4 5.78 × 10−4

1/2 5.78 × 10−4 5.78 × 10−4 −1.04 × 10−8 1.04 × 10−8 5.78 × 10−4 5.78 × 10−4

3/4 5.78 × 10−4 5.78 × 10−4 −1.41 × 10−4 1.41 × 10−4 4.37 × 10−4 7.19 × 10−4

3.1.2. Variable Beam Size

The length Lb and thickness Hb of the cantilever beam are variable, and the loaded
torque points are located at 1/3 and 2/3 of the beam from the fixed end. The equivalent
stress simulation of the FBG is shown in Table 6.

Table 6. Absolute value of the maximum equivalent stress.

Size/ Force Torque Force +Torque
Loaded Point FBG1(MPa) FBG2 (MPa) FBG1 (MPa) FBG2 (MPa) FBG1 (MPa) FBG2 (MPa)

Lb = 300 mm,
Hb = 4

mm,1/3
1.12 × 10−4 1.12 × 10−4 −5.45 × 10−8 5.45 × 10−8 1.12 × 10−4 1.12 × 10−4

Lb = 400 mm,
Hb = 4

mm,1/3
1.86 × 10−4 1.86 × 10−4 −3.62 × 10−10 3.62 × 10−10 1.86 × 10−4 1.86 × 10−4

Lb = 500 mm,
Hb = 5

mm,2/3
1.13 × 10−4 1.13 × 10−4 −5.45 × 10−8 5.45 × 10−8 1.13 × 10−4 1.13 × 10−4

Lb = 600 mm,
Hb = 8

mm,2/3
2.49 × 10−4 2.49 × 10−4 −3.57 × 10−7 3.57 × 10−7 2.49 × 10−4 2.49 × 10−4

We analyze the tables of stress in Tables 5 and 6 and obtain the following conclusions:

(1) When the cantilever beam is subjected to a separate torque, the maximum equivalent
stress at the FBG on the silica gel is Ft; when the cantilever beam is subjected to
a separate force, the maximum equivalent stress at the FBG on the silica gel is Ff ;
and when the cantilever beam is subjected to a combination of torque and force,
the maximum equivalent stress at the FBG on the silica gel is Fm; Equation (10) is
always established, which is independent of the position of the loaded torque and
independent of the size of the cantilever beam.

Ft + Ff = Fm (10)

(2) The value of the maximum equivalent stress at the FBG on the silica gel Ft is affected
by the size of the beam, the location of the loaded torque and other factors.

3.2. Influence of Angles α1 and α2 on Torque

In the experimental model shown in Figure 7, we set the cantilever beam length as
500 mm and thickness as 6 mm and load a force of 800 N vertically downward at the end of
the beam and a torque of 800 N·m at 1/4 of the beam from the fixed end. In Mechanical
APDL, we simulate and analyze the maximum equivalent stress at the nodes on four
coordinate lines, which are the X-axis and Y-axis of the center of the silica gel, and the
positions of the two FBGs are laid out. Simulation of equivalent stress on the 4-coordinate
line at different values of α are shown in Figure 8.
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90◦α2 = 0◦, (b) α1 = α2 = 10◦.

From the simulation results, we can find the following characteristics:

(1) α1 = 90◦, α2 = 0◦ : The two FBGs correspond to the X-axis and Y-axis of the center
of the silica gel, and the two maximum equivalent stress values at the positions of
the two FBGs are 3.72 × 10−13 MPa and 1.92 × 10−13 MPa, respectively, which are
generated by torque. These results show that the stress generated by torque is not
sensitive to the X-axis and the Y-axis

(2) α1 = α2 6= 0 6= 90◦: The maximum equivalent stress at the nodes where FBGs is
located are shown in Table 7.

Table 7. Absolute value of the maximum equivalent stress.

α1/α2
(◦)

Stress(torque)
(MPa)

Stress(force)
(MPa)

α1/α2
(◦)

Stress(torque)
(MPa)

Stress(force)
(MPa)

α1= 0 α2 = 90 - - - - - - - - α1 = α2 = 45 1.63 × 10−4 2.27 × 10−4

α1 = α2 = 10 5.59 × 10−5 8.87 × 10−4 α1 = α2 = 50 1.61 × 10−4 1.05 × 10−4

α1 = α2 = 20 1.05 × 10−4 7.65 × 10−4 α1 = α2 = 60 1.41 × 10−4 1.24 × 10−4

α1 = α2 = 30 1.41 × 10−4 5.78 × 10−4 α1 = α2 = 70 1.05 × 10−5 3.14 × 10−4

α1 = α2 = 40 1.61 × 10−4 3.49 × 10−4 α1 = α2 = 80 5.59 × 10−5 4.32 × 10−4
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In summary, the equivalent stress by torque has the following characteristics: When α1
is equal to 10◦ and 80◦, 20◦ and 70◦, 30◦ and 60◦, or 40◦ and 50◦, the maximum equivalent
stress is equal for two different angles. With the increase of α1 and α2, the maximum
equivalent stress increased and then decreases. The equivalent stress is the maximum when
α1 and α2 are equal to 45◦

The equivalent stress by force has the following characteristics: When α1 is equal to 0◦,
the FBG is the most sensitive, and with the increase of α1 and α2, the maximum equivalent
stress decreases and then increased.

For a comprehensive comparison, when α1 = α2 = 30◦, as far as the equivalent stresses
by the three loads at the FBGs are concerned, the stress by force is large and the stress by
torque is relatively pronounced. Therefore, the parameters of the dual FBG high-precision
shape sensor are set as follows:

The length is 23 mm, the width is 8 mm, the thickness is 2 mm, angle α1 = α2= 30◦, the
FBG length is 5 mm and the depth that the FBGs are preburied is 0.5 mm from the neutral
plane in the silica gel.

4. Sensor Performance Testing
4.1. Fabrication of the Dual FBG High-Precision Shape Sensor

The silica gel in this paper is a translucent silicone, liquid, and it must be mixed
with a certain proportion of curing agent evenly to become a solid state as shown in
Figure 9. The cured silica gel product is high temperature resistant, tough and tear resistant.
After many tests, it is discovered that the optimal ratio of silica gel and curing agent is
15 g:0.1 g– ~ 10 g:0.1 g, which can not only avoid the silica gel being cured in the process of
vacuuming, but also ensure that the curing time at normal temperature does not exceed
8 h, which is shorter in the 90 ◦C heating environment.
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Figure 9. Liquid-like translucent silica gel.

A large number of bubbles will be generated during the mixing process of silica gel
and curing agent. If there are a large number of bubbles in the curved shape sensor, it
will affect the stress transfer between FBG and silica gel, and reduce the sensitivity of the
sensor, so it is necessary to vacuum before the silica gel is injected into the mold, as shown
in Figure 10.
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Figure 10. Mold of Sensor Fabrication.

The sensor curing process and the finished sensor after curing are shown in Figure 11.
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4.2. FBG Shape Sensor Test Platform

The shape sensor designed in this paper is mainly used for shape reconstruction of
objects similar to wing structures, so the cantilever beam is used for parameter calibration,
especially when the influence of torque on the accuracy of the shape sensor is considered.
The traditional cylinder calibration method is not used because in the reconstruction
process, we mainly consider the relationship between the rotation angle of the reconstructed
object and the FBG wavelength drift, rather than the relationship between the size of the
object subjected to torque and wavelength drift. The performance parameters of the dual
FBG high-precision shape sensor were tested by building the sensor test platform shown
in Figure 12.
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Figure 12. Dual FBG High-Precision Shape Sensor Test Platform.

The material of the beam is stainless steel, the length of the beam is 500 mm and three
types of sensors are attached at 200 mm from the fixed end of the beam: Single FBG silica
gel shape sensor (labeled FBG2) on the left, bare FBG (labeled FBG1) in the middle and
dual FBG silica gel shape sensor (labeled FBG3/FBG4) on the right. The parameters of all
FBGs are shown in Table 8

Table 8. The detailed parameters of the FBG sensors.

Parameter FBG1 FBG2 FBG4 FBG3
(Bare FBG) (Single FBG Sensor) (Dual FBG Shape Sensor)

Fiber type single mode
1549.190

5

single mode
1536.141

5

single mode
1529.953

5

single mode
1536.185

5
Wavelength (nm)

Grating length (mm)
Peak reflectivity (%) 75 75 75 75

The test experiment was divided into several groups, and each group of experimental
processes was repeated many times. By processing the data recorded in the experiment,
various performance parameters of this sensor, such as sensitivity, repeatability error and
hysteresis error, can be analyzed.

4.3. Sensor Parameter Calibration
4.3.1. Curvature Calibration Loaded with Vertical Force

At the free end of the beam, weights of 101 g, 175 g, 175 g, 175 g, 500 g, 500 g and 500 g
were added in turn, and the reading of the corresponding FBG high-speed demodulator
wavelength for each weight was recorded one by one.

The relationship between the curvature k of any point on the curve and the derivative
of the curve equation w is shown in Equation (11).

k = ± w′′
(

1 + w′2
) 3

2
(11)

For cantilever beams, the curve equation w is the deflection curve of the beam after
the beam has been subjected to the force, which has the following physical relationship
with the curvature k and the bending moment M(x):

w′′
(

1 + w′2
) 3

2
= −M(x)

EI
(12)
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In this experiment, the deflection curve of the beam is a flat curve, and w′2 � 1, which
is negligible, Equation (12) is simplified as

w′′ = −M(x)
EI

(13)

Equation (14) can be obtained from the Equations (11) and (12).

k = −M
EI

(14)

The bending moment equation M(x) of any cross section at a distance x from the fixed
end of the cantilever beam can be expressed as Equation (15).

M(x) = −F(l − x) (15)

Here: l-length of the cantilever beam, where l = 0.4 m
x-distance between sensor center and fixed end, where x = 0.2 m
EI-cantilever beam flexural stiffness, where EI = 5.0333 N·m2

The curvature k of the cantilever beam at a distance x from the fixed end can be derived
from Equations (14) and (15)

k = −M
EI

=
F(l − x)

EI
(16)

The sensitivity of FBG sensors refers to the ratio of the change in the input physical
quantity to the change in the output center wavelength when the sensor is in a steady state.
Therefore, the sensitivity of three types of FBG sensors can be expressed as Equation (17).

S =
∆λ

∆k
(17)

It can be judged from Figure 13 and Table 9 that for the dual FBG high-precision
shape sensor loaded with vertical force, (1) the center wavelength drift of FBG2 and
FBG3 is linearly related to the curvature change; (2) the sensitivity of FBG3 and FBG3
is 54~55 pm per 1 m−1, which is lower than that of bare FBG1 and the single FBG shape
sensor FBG2.
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Table 9. Sensitivity of the three kinds of FBG sensors.

Parameters FBG1 FBG2 FBG4 FBG3

∆λ (pm) 217 70 49 48
∆k (m−1) 0.896024 0.896024 0.896024 0.896024

Sk (pm/m−1) 242.18 78.12 54.69 53.57

4.3.2. Calibration of the Rotation Radian Loaded with Torque

The cantilever beam will flip under the action of torque. In the test model shown
in Figure 12, first, the fixture shown in the figure is welded on the cantilever beam, then
torque is applied to the cantilever beam using a torque wrench, and the displacement of
the edge of the beam to the position of the shape sensor is measured. The cantilever beam
is in equilibrium when no torque is applied, and the cantilever beam is gradually loaded
with torque to ensure that the micrometer degree increases by 0.5 mm in turn, i.e., the beam
rotates by 0.021 radians with one torque loaded.

The wavelength drift of the bare grid, where the grid is at the center of the cantilever
beam axis, is almost 0. The relationships between the radian and wavelength drift for the
single grid shape sensor (FBG2) and the dual FBG shape sensors (FBG3 and FBG4) are
shown in Figure 14.
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It can be judged from Figure 14 and Table 10 that for the dual FBG high-precision
shape sensor loaded torque, (1) the center wavelength drift of FBG3 and FBG4 is linearly
related to the radian change; (2) the sensitivity of FBG3 and FBG4 is 866.5~899 pm per 1,
which is more than three times the sensitivity of the single FBG shape sensor FBG2.

Table 10. Radian sensitivity of the two kinds of FBG sensors.

Parameters FBG2 FBG4 FBG3

∆λ (pm) 25 −80 83
∆r (1) 0.09233 0.09233 0.09233

Sr (pm/1) 270.77 −866.46 898.956

4.3.3. Calibration of the Dual FBG High-Precision Shape Sensor under a Combined Load

From the above analysis, it can be discovered that the sensitivity of FBG3 and FBG4 in
the dual FBG high-precision shape sensor differs when different loads are applied.

When a vertical force is applied, the sensitivity to curvature is as follows

Sk3 = 53.57pm/m−1 Sk4 = 54.69pm/m−1
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The corresponding wavelength drift is shown in Equations (18) and (19), where ∆k is
the curvature change.

∆λ31 = Sk3 ∗ ∆k (18)

∆λ41 = Sk4 ∗ ∆k (19)

When a torque is applied, the sensitivity to the rotation radian is as follows:

Sr3 = 898.956pm/1 Sr4 = −866.46pm/1

The corresponding wavelength drift is shown in Equations (20) and (21), where ∆r is
the rotation radian change.

∆λ32 = Sr3 ∗ ∆r (20)

∆λ42 = Sr4 ∗ ∆r (21)

The forces of the two different loads mentioned above can be superimposed in the
dual FBG high-precision shape sensor.

From Equations (18)–(21), we can obtain

∆λ3 = Sk3 ∗ ∆k + Sr3 ∗ ∆r (22)

∆λ4 = Sk4 ∗ ∆k + Sr4 ∗ ∆r (23)

The curvature change ∆k and the rotation radian change ∆r in the dual FBG high-
precision shape sensor are expressed as Equations (24) and (25), when the combined loads
are applied.

∆k =
Sr4 ∗ ∆λ3 − Sr3∗∆λ4

Sk3 ∗ Sr4 − Sk4 ∗ Sr3
(24)

∆r =
Sk4 ∗ ∆λ3 − Sk3∗∆λ4

Sk4 ∗ Sr3 − Sk3 ∗ Sr4
(25)

4.4. Error Analysis of Repeatability

On the experimental platform shown as Figure 12, a torque of 8 N·m is loaded on
the cantilever beam at the free end of the beam, and the mass block is added in turn with
weights of 101 g, 175 g, 175 g, 175 g, 175 g, and 500 g. We repeat five tests and record the
relationship between the center wavelength drift of FBG3 and FBG4 and the change in
curvature to obtain the curves shown in Figure 15.
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The repeatability errors R of FBG3 and FBG4 are calculated from the sensor error
formula of repeatability:

R3 =
∆λ

(∆λ)FS
× 100% =

2
123
× 100% = 1.63%R4 =

∆λ

(∆λ)FS
× 100% =

2
123
× 100% = 1.63%

Here: ∆λmax-maximum deviation value of the FBG center wavelength drift in forward-
reverse stroke.

(∆λ)FS -the center wavelength drift of the FBG output at full scale
For the above repeatability test results, using the same operation procedure, we

randomly selected a shape sensor for the test as shown in Figure 16, two of FBGs in the
sensor are labeled as FBG1 and FBG2, respectively.
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Figure 16. Shape sensor FBG error analysis of repeatability: (a) FBG1 center wavelength drift
consistency, (b) FBG2 center wavelength drift consistency.

If the sensor has multiple output characteristic curves under the same input conditions
many times, the sensor has better repeatability and smaller error, which indicates that the
FBG center wavelength drift in the dual FBG high-precision shape sensor is more stable.

4.5. Hysteresis Error Analysis

Hysteresis error is one of the important indicators to reflect the accuracy of the sensor.
The hysteresis of the sensor is easily caused by the physical properties of the sensor’s
sensitive component materials or design defects.

On the experimental platform shown as Figure 12, a torque of 8 N·m is loaded on the
cantilever beam at the free end of the beam. First, the mass block is increased in turn with
weights of 101 g, 175 g, 175 g, 175 g, 175 g and 500 g. Then, the mass block is sequentially
decreased, with weights of 500 g, 175 g, 175 g, 175 g, 175 g and 101 g. We repeat five tests
and record the relationship between the center wavelength drift of FBG3 and FBG4 and the
change of curvature. The obtained curves are shown in Figure 17.
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Figure 17. Shape sensor FBG hysteresis error analysis: (a) FBG3 center wavelength drift in forward-
reverse stroke, (b) FBG4 center wavelength drift in forward-reverse stroke.

The hysteresis errors of FBG3 and FBG4 are calculated from the hysteresis error formula.

eH3 =
∆λmax

(∆λ)FS
× 100% =

3
123
× 100% = 2.43%

Here: ∆λmax-maximum deviation value of FBG center wavelength drift in forward-
reverse stroke.

(∆λ)FS-the center wavelength drift of the FBG output at full scale.
For the above hysteresis test results, using the same operation procedure, we randomly

selected a shape sensor for the test as shown in Figure 18, two of FBGs in the sensor are
labeled as FBG1 and FBG2, respectively.
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From the hysteresis error in Figure 16, we can intuitively judge that the FBG center
wavelength drift of the dual FBG high-precision shape sensor is stable, and the operating
performance of the dual FBG high-precision shape sensor is also stable.

5. Shape Reconstruction Test of a Test Specimen

To verify the high accuracy and reliability of the dual FBG high-precision shape sensor
in the process of shape reconstruction, which is proposed in this paper, we will carry out a
reconstruction test on a test specimen installed with 19 shape sensors (38 FBGs in total),
and the experimental setup is shown in Figure 19.
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Figure 19. Shape sensor reconstruction experiment platform.

According to the FBG center wavelength drift in each dual FBG high-precision shape
sensor, the discrete curvature information of each measurement point is obtained, and
the improved Kalman filtering algorithm is used. The three-dimensional shape of the test
specimen is reconstructed by the curvature, coordinate position and other information of
the measured point in MATLAB software. The loading method of the test specimen is
shown in Figure 18.

In Figure 20a, a weight mass is added in the middle loading point, and it is added
three times in turn. In Figure 20b, a weight mass is added at the left loading point, and
an upward force is loaded at the right loading point. The reconstructing shapes of the
specimen are shown in Figures 20 and 21.
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Figure 21. Test piece shape reconstruction loaded in the middle point: (a) Initial state, (b) state I, (c) 
state II, (d) state III. 
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Figure 21. Test piece shape reconstruction loaded in the middle point: (a) Initial state, (b) state I,
(c) state II, (d) state III.

In Figures 21 and 22, the change value of the measurement point in the Z-axis coordi-
nate reflects the degree of specimen bending, which corresponds to the change in curvature
of the dual FBG shape sensor, and the change in the x-axis coordinate reflects the degree of
specimen rotation, which corresponds to the change in the rotation angle in the dual FBG
shape sensor. To verify the accuracy of the shape reconstruction, comparing the measured
and reconstructed point coordinates of the FBG shape sensor with the actual coordinates of
two measurement points is shown as Tables 11 and 12. (This results comparison ignores
the error caused by the reconstruction algorithm).

Table 11. Comparison of the results of the measurement points in Figure 21.

Measured Points Parameters State I State II State III

point 1 Reconstructed value(cm) 1.582 2.497 5.868
Measured value(cm) 1.671 2.57 6.13

Error (%) 5.33 2.84 4.27

point 2 Reconstructed value(cm) 4.65 8.566 19.52
Measured value(cm) 4.51 8.151 20.58

Error (%) 3.1 5.09 5.15
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Figure 21. Test piece shape reconstruction loaded in the middle point: (a) Initial state, (b) state I, (c) 
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Figure 22. Test piece shape reconstruction loaded in both side points: (a) Initial state, (b) state IV,
(c) state V, (d) state VI.

Table 12. Comparison of the results of the measurement points in Figure 22.

Measured Points Parameters
State IV State V State VI

x-axi z-axis x-axi z-axis x-axi z-axis

point 1 Reconstructed values (cm) 9.917 0.497 9.899 0.6798 9.891 1.254
Measured values (cm) 9.751 0.468 9.741 0.722 9.732 1.198

Error (%) 1.7 6.13 1.62 5.84 1.63 4.67

point 2 Reconstructed values (cm) 24.51 2.848 23.99 4.48 23.08 7.074
Measured values (cm) 24.109 2.769 23.465 4.356 22.591 7.267

Error (%) 1.66 2.85 2.24 2.85 2.16 2.66

As shown in Tables 11 and 12, the maximum reconstruction error is 6.13% (z-axis)
when the test specimen is reconstructed in shape, and the greater the curvature, the smaller
the reconstruction error. The results show that the shape reconstruction of the test specimen
based on the dual FBG shape sensor is highly restored, and the dual FBG shape sensor has
the high feasibility and effectiveness in 3D shape reconstruction.

6. Conclusions

To improve the measurement accuracy of FBG shape sensors, especially in terms of
structural shape reconstruction accuracy, the design idea of a high-precision shape sensor
based on dual FBGs is proposed. First, a high-precision shape sensor with dual FBGs is
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designed and analyzed. Second, the linear relationship among the FBG wavelength drift
and curvature, rotation radian loaded vertical force and torque is obtained. Finally, the
verification test of shape reconstruction is completed in the laboratory. The test specimen is
loaded with an arbitrary load, and the discrete curvature is collected according to the dual
FBG high-precision shape sensor. Then the three-dimensional shape of the test specimen is
reconstructed by using the reconstruction algorithm. Experimental results show that the
maximum reconstruction error of the sensor proposed in the paper is less than 6.5%.

In summary, we can draw the following conclusion: A dual FBG high-precision shape
sensor is an effective method for improving structural shape reconstruction, especially in the
field of deformation monitoring such as robots, smart wearables, wings and fan blades, and
has greater application potential. In the future, we will increase the sensitivity of the dual
FBG high-precision shape sensor, improve the shape reconstruction algorithm and further
improve the three-dimensional shape reconstruction precision of the structural deformation.
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Abstract: Mediumfrequency fiber Bragg grating (FBG) acceleration sensors are used in important
applications in mechanical, aerospace and weapon equipment, and have strict requirements in terms
of resonance frequency and sensitivity. A novel medium-frequency accelerometer, based on fiber
Bragg grating and flexible hinges, is proposed in this paper. The differential structure doubles the
sensitivity of the sensor while avoiding temperature effects. The structure model and principle for the
sensor are introduced, the sensor’s sensing characteristics are theoretically analyzed, and the structure
parameters for the sensor are determined through numerical analysis. The sensing experiments show
that the resonance frequency of the sensor is approximately 2800 Hz, the sensitivity is 21.8 pm/g
in the flat frequency range of 50–1000 Hz, and the proposed sensor has a good temperature self-
compensation function and lateral anti-interference capability.

Keywords: fiber Bragg grating; accelerometer; flexible hinge; vibration monitoring

1. Introduction

Electronic acceleration sensor technology is relatively mature, and it is widely used in
the field of mechanical fault diagnosis [1–3]. Compared with traditional electronic sensors,
FBG sensors have many advantages, including anti-electromagnetic interference, corrosion
resistance, long-distance transmission, and distributed measurement. FBG sensors are
widely used in important fields, such as railways [4], bridges [5], the oil industry [6], and
aerospace [7,8]. Up until the present day, FBG acceleration sensors have been widely used
in vibration measurement, playing an important role in structural health monitoring [9–13].
A packaged FBG acceleration sensor is composed of a spring-mass system with one or
several FBGs. Various elastic elements have been studied to form FBG acceleration sensors,
including cantilever type [14–18], diaphragm type [19–21], and flexure hinge type [22–27].
In flexure hingebased acceleration sensors [23–25], the two sides of a flexure hinge are
connected with the mass and the base, respectively, and the FBG is placed between the
base and the inertial mass to realize the acceleration measurement. Wei et al. [26] arranged
two couple FBGs to eliminate the influence of temperature and double the sensitivity of the
sensor. The acceleration sensitivity reached 40 pm/g, but its resonance frequency is as low
as 814.3 Hz. Wang et al. [27] realized the measurement of three-dimensional acceleration
based on a composite flexible hinge. The sensor’s z-axis sensitivity is 20.3 pm/g, and the
measurement frequency range is only 0–250 Hz, which is unable to measure medium–high-
frequency acceleration.

In recent years, many scholars proposed various structures for medium–high-frequency
FBG acceleration sensors [28–32]. In [28], Stefani et al. proposed an FBG accelerometer
based on polymer fiber and a flexible hinge structure. The sensor’s resonance frequency
is approximately 3 kHz, and the sensitivity is up to 19 pm/g. The study pointed out that
polymer FBGs can increase the sensitivity of an accelerometer by more than four times,
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compared with silica FBGs. In [29], based on the flexible hinge structure, Dai et al. dis-
cussed the influence of hinge structure parameters on the sensor’s sensitivity and resonance
frequency, and reported an accelerometer with a resonance frequency of about 3000 Hz.
Their experiments showed that the sensor sensitivity is 13.82 pm/g at an excitation fre-
quency of 100 Hz. In [30], Guo et al. introduced a welding-packaged accelerometer based
on a metal-coated FBG; the resonance frequency and sensitivity of the sensor are 3.6 kHz
and 1.7 pm/g, respectively. In [31], based on the elastic structure of a steel tube and a
mass block, Wang et al. designed a high-frequency FBG accelerometer. Embedded with
two FBGs for axial vibration sensing, the resonance frequency and sensitivity are 3806 Hz
and 4.01 pm/g, respectively. According to [32], Wu et al. reported a high-frequency FBG
accelerometer with an isosceles triangular cantilever beam and a mass block. In this sensor,
one FBG is pasted onto the cantilever beam for measurement and the other FBG is used as a
reference. Adopting light intensity demodulation, the resonance frequency and sensitivity
of the sensor are 8193 Hz and 0.46 pm/g, respectively.

For FBG acceleration sensors, the resonance frequency and sensitivity restrict each
other, which is also mentioned in some related studies [21]. In existing reports about
mediumhigh frequency FBG acceleration sensors, the sensitivities are often low, which
leads to low resolution. A possible way to improve the sensor performance is to use FBGs
in polymer optical fiber, but polymer optical fiber will bring higher transmission losses.
Therefore, we try to broaden the frequency measurement range and increase the sensitivity
by improving the structure of the sensor.

In this work, we propose a novel medium-frequency FBG accelerometer based on two
FBGs, three flexible hinges, and two inertial mass blocks, where the three straight circular
flexure hinges connect the two masses and the base into a whole. Two FBGs are then
arranged symmetrically at both ends of the two masses. Such a hingemasshinge structure
can improve the overall rigidity of the sensor compared with the common masshingebase
structure. Meanwhile, two FBGs suspended between two masses not only doubles the
sensitivity of the sensor, but also leads to a temperature self-compensation capability. In
the following sections, the sensing characteristics of the sensor are analyzed theoretically,
the structural parameters are determined by numerical analysis, and, finally, the sensor is
experimentally studied.

2. Materials and Methods
2.1. Structure Model and Principle of the Sensor

The detailed design of the proposed medium-frequency FBG accelerometer is illus-
trated in Figure 1. This sensor is mainly composed of two inertial masses, three straight
circular flexure hinges, two FBGs and a base. The sensor is symmetrical, the sizes of flexure
hinge-2 and flexure hinge-3 are exactly the same. The two ends of the masses are provided
with optical fiber grooves. The two ends of the pre-stretched FBG are fixed in the grooves
by glue. The FBG is suspended above the flexible hinge, and the base and the package shell
are connected by threads.

When an acceleration excitation along the measurement direction is generated exter-
nally, the two masses will rotate slightly around the center of flexible hinge-2 and flexible
hinge-3, respectively, driving the FBGs to stretch or compress and converting the vibration
acceleration into the strains and wavelength shifts of two FBGs. Vibration signals can be
obtained from the wavelength shifts of the two FBGs. In this design, three straight round
flexible hinges connect the two masses and the base into a whole. The hinge–mass–hinge
structure can improve the overall rigidity of the sensor compared with the hinge-mass
structure. Meanwhile, two FBGs designs double the sensor’s sensitivity while realizing
temperature self-compensation.
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2.2. Sensitivity

When an external acceleration acts on the sensitive direction of the sensor, the two
masses will rotate slightly around the center of flexible hinge-2 and flexible hinge-3, respec-
tively, under the action of inertial force. The mechanical model of the sensor is shown in
Figure 2.
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According to the principle of virtual displacement, the general dynamics equation for
the system can be expressed as follows:

(−2M1 − 2M2)δθ + 2maδz− 4Ff δ∆l = 0 (1)

where θ is the rotation angle of the mass relative to flexible hinge-2, m is the mass of the
mass block, a is the vibration acceleration in the z-axis of the sensor, z is the displacement
of the mass center of the mass in the z-axis, Ff is the tensile force generated by the optical
fiber, l is the optical fiber pasting span, and ∆l is the displacement of the bonding point at
one end of the optical fiber in the x-axis.

The magnitude of the moment Mi is proportional to the stiffness Ki of the straight
circular flexure hinge, which can be expressed as follows:

Mi = Kiθ (i = 1, 2) (2)

Here, the stiffness of the straight round flexure hinge is given by [33].

K =
EwR2

24
/

[
s3(6s2 + 4s + 1

)

(2s + 1)(4s + 1)2 +
6s4(2s + 1)

(4s + 1)5/2 arctan
√

4s + 1

]
(3)
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s =
r
t

(4)

where E is the elastic modulus of the flexible hinge, r is the radius of the straight circular
flexible hinge, t is the thickness of the hinge waist, and w is the width of the hinge.

In Equation (1), the magnitude of the pulling force can be obtained by the following:

Ff = 2k f ∆l (5)

where the following is the elastic coefficient of the optical fiber:

k f =
A f E f

l
(6)

where l is the bonding span of the optical fiber, and Af and Ef are the cross-sectional area
and elastic modulus of the optical fiber, respectively.

Since θ is very small, we can take sinθ ≈ θ. From the geometric relationship, we have
the following:

z = (r2 +
d
2
)θ (7)

∆l =
h
2

θ (8)

When deformation occurs between spans, the strain ε corresponding to the grating
can be described as follows:

ε =
2∆l

l
(9)

When the incident light passes through the FBG, part of light that meets the Bragg
central wavelength condition will be reflected. External strain and temperature load will
result in a shift of the Bragg central wavelength. The effects of strain and temperature on
the Bragg wavelength shift can be expressed as follows:

∆λ

λ
= (1− Pe)ε + (αf + ξf)∆T (10)

where λ is the Bragg central wavelength for the FBG, ∆λ is the Bragg wavelength shift of
the FBG, αf is the thermal expansion coefficient, ζf is the thermo-optical coefficient, and Pe
is the photoelastic coefficient (theoretical value = 0.22).

For FBG-1 and FBG-2, the following apply:

∆λ1

λ1
= (1− Pe)ε1 + (αf + ξf)∆T (11)

∆λ2

λ2
= (1− Pe)ε2 + (αf + ξf)∆T (12)

where λ1 and λ2 represent the central wavelengths for FBG-1 and FBG-2 after prestretching,
∆λ1 and ∆λ2 represent the central wavelength shifts for FBG-1 and FBG-2 after prestretch-
ing, respectively, and ε1 and ε2 represent the strain amounts for FBG-1 and FBG-2 after
prestretching, respectively.

FBG-1 and FBG-2 are symmetrically arranged at both ends of the mass block. When
FBG-1 is stretched, FBG-2 is compressed, with ε1 = ε and ε2 = −ε. The temperature
sensitivity coefficients for the selected gratings are the same, and the central wavelengths
are approximately equal, with λ1 = λ2 = λ.

By combining Equations (11) and (12) to eliminate the influence of temperature on the
wavelength shift of the grating, we can obtain the following:

∆λ = ∆λ1 − ∆λ2 = 2(1− Pe)ε (13)
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Combining Equations (1), (7), (8) and (13), the sensitivity of the sensor can be expressed
as follows:

S =
∆λ

a
=

4λ(1− Pe)∆l
al

=
λ(1− Pe)

l
2mh(r2 +

d
2 )

k f h2 + K1 + K2
(14)

2.3. Resonance Frequency

The resonance frequency is an important indicator to account for the performance of
an accelerometer. Suppose J is the inertia moment of the mass around the center of hinge-2
and θ is the generalized coordinate for obtaining the Lagrangian function, as follows:

L = Tm −Vf −VJ (15)

The strain potential energy of the optical fiber can be expressed as follows:

Vf = 2× 1
2

k f (hθ)2 (16)

The elastic potential energy of the hinge can be obtained by the following:

VJ = 2× 1
2
(K1 + K2)θ

2 (17)

The kinetic energy of the mass block can be described as follows:

Tm = 2× 1
2

J
.
θ

2
(18)

The Lagrangian equation for the conservative force can be written as follows:

∂

∂t
(

∂L

∂
.
θ
)− ∂L

∂θ
= 0 (19)

Substituting Equation (15) to (18) into Equation (19), the dynamic equation for the
system can be described as follows:

2J
..
θ + (2k f h2 + 2(K1 + K2))θ = 0 (20)

The resonance frequency of the system can be expressed as follows:

f =
1

2π

√
k f h2 + (K1 + K2)

J
(21)

According to the moment of inertia formula and the parallel axis theorem, the moment
of inertia can be obtained by the following:

J = m
d2 + h2

12
+ m(r2 +

d
2
)2 (22)

2.4. Dimensional Parameter Optimization

Since the sensor is symmetrical, only the influence of flexible hinge-1 and flexible
hinge-2 on the resonance frequency and sensitivity of the sensor is discussed. It can be seen
from Equations (14) and (21) that the radius (r1) and waist thickness (t1) of hinge-1, the
radius (r2) and the waist thickness (t2) of hinge-2, the thickness of hinge (w), and the width
(d) and height (h) of the mass block are seven key parameters that affect the resonance
frequency and sensitivity of the sensor. To obtain a higher resonance frequency and greater
sensitivity, the structural parameters of the sensor need to be optimized.

Since the length of the FBG grating used is 5 mm, to increase the sensitivity, the radius
r1 is set to 2.5 mm. To ensure reliable fixation at both ends of the optical fiber, the width of
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mass block d is set to 10 mm. To limit the sizes of the sensor, the height h is set to 30 mm,
and the thickness w is 8 mm. The sensor adopts wire-cutting integrated processing. The
material characteristic parameters are shown in Table 1.

Table 1. Parameters for the FBG accelerometer structure and material properties.

Parameter Parameter Description Value (Units)

r1 Radius of hinge-1 2.5 mm
t1 Waist thickness of hinge-1 1.2 mm
r2 Radius of hinge-2 2.5 mm
t2 Waist thickness of hinge-2 2.2 mm
d Width of mass block 10 mm
h Height of mass block 30 mm
w Width of hinges 8 mm
l Fiber pasting span 5 mm

Af Section area of optical fiber 1.227 × 10−8 m2

Ef Young’s modulus of optical fiber 70 GPa
E Young’s modulus of 304 steel 210 GPa
ρ Density of 304 steel 7850 kg·m−3

µ Poisson’s ratio of 304 steel 0.3
g Gravitational acceleration 9.8 m·s−2

So, we have investigated the influence of r2, t1, and t2 on the sensor’s resonance
frequency and sensitivity to determine the optimal size parameters. The dependence
relationships of the resonance frequency and sensitivity on three dimensional parameters
(r2, t1, t2) are shown in Figure 3a–c.

As shown in Figure 3a, the resonance frequency decreases with increasing radius of
flexible hinge-2. When 1 mm ≤ r2 ≤ 3 mm, the resonance frequency has a larger variation
range, which can be used to adjust the working frequency range of the sensor. Compared
with t1 and t2, r2 has a greater impact on the size of the sensor, and r2 should not be
too large.

As shown in Figure 3b, the resonance frequency increases as the thickness of the
thinnest part of flexure hinge-1 t1 increases. When 0.5 mm ≤ t1 ≤ 2 mm, the resonance
frequency changes in a smaller range.

As shown in Figure 3c, the resonance frequency increases as the thickness of the
thinnest part of flexure hinge-2 t2 increases. When 1 mm ≤ t2 ≤ 4 mm, the resonance
frequency shows a large variation range, which can be used to adjust the operating fre-
quency range. In addition, t2 should not be too small, and sufficient connection strength
between the mass and the base should be maintained. When 1 mm ≤ t2 ≤ 2.5 mm, the
sensitivity range is also very large, and the mutual restriction of sensitivity and resonance
frequency is obvious. To obtain a higher resonance frequency and greater sensitivity,
2 mm ≤ t2 ≤ 2.5 mm was selected.

This paper aims to design a medium-frequency accelerometer with a resonance fre-
quency of about 3000 Hz. While ensuring that the sensor obtains a higher resonance
frequency and greater sensitivity, we determined the structure size parameters. The struc-
ture and material characteristics of the FBG accelerometer are shown in Table 1. Based on
the data in Table 1, the theoretical resonance frequency and sensitivity of the sensor are
2922.1 Hz and 23.1 pm/g, respectively.
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3. Simulation Analysis of the Sensor

To further study the dynamic characteristics of the sensor, ANSYS software was used
to perform analysis for the sensor model. According to the size parameters given in
Table 1, a three-dimensional model of the sensor was established through SOILDWORKS
software and imported into ANSYS software. The material properties of the model were
set according to the material characteristic parameters in Table 1. The hexdominant grid
division was complete, with the grid element size being equal to 0.3 mm. Fixed support
constraints were imposed on the bases at both ends of the sensor. The optical fiber was
modeled by spring constraints with the same elastic coefficient, suspended above and
below flexible hinge-1.
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3.1. Model Analysis

The model was solved to obtain the sensor’s deformation cloud diagram. As shown
in Figure 4a, the first-order model shape involves two masses rotating slightly around the
center of the flexible hinge connected to the base. The first-order resonance frequency is
2801.7 Hz, which is quite consistent with the theoretical value (2922.1 Hz). As shown in
Figure 4b, the second-order model shape of the sensor involves a lateral vibration of two
masses along the y-axis, and the second-order resonance frequency is 4472.4 Hz. These
data show that the resonance frequency of the lateral vibration is 59% higher than the
main resonance frequency, indicating that the sensor has a strong ability to resist lateral
interference.
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3.2. Harmonic Response Analysis

An excitation acceleration of 1 g was applied along the z-axis of the sensor. The
constant damping ratio was set to 0.015. The excitation frequency varied in the range from
50 Hz to 3300 Hz, with a step length of 50 Hz. The maximum displacements of the fiber’s
fixed points on top of the masses were calculated and converted into two FBG wavelength
shifts (∆λ1–∆λ2). The simulated curve in Figure 5 shows the harmonic response of the
sensor, and the first-order resonance frequency is approximately 2800 Hz, which is basically
consistent with the theoretical value (2922.1 Hz). At an excitation signal frequency of 50 Hz,
the sensor’s sensitivity is 25.7 pm/g, which is basically consistent with the theoretical value
(23.1 pm/g).
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4. Experimental Characterization of the Sensing Properties
4.1. Fabrication of Sensor

According to the sensor’s structure shown in Figure 1 and the parameters shown
in Table 1, the sensor was directly processed into a one-piece structure by a piece of
304 stainless steel, using the slow wire electrical discharge machining (EDM) method. The
machining surface of the slow wire EDM method is smooth, and the machining accuracy
is high. Two FBGs (silica fiber with an outer diameter of 125 µm, Shenzhen AtGrating.,
Ltd., Shenzhen, China; 1545.785 nm, 1546.025 nm; 5 mm length, >70% reflectivity) were
used. Adhesive 353ND (Epoxy Technology, USA) is a high-temperature-resistant epoxy
designed for semiconductor, hybrid, optical fiber and medical applications. To obtain a
better paste effect, firstly, about 5 mm of coating was removed at the two sides of the FBG
before pasting. Then, the peeled parts were placed on the optical fiber grooves tightly. At
the same time, pre-tension was applied to the FBG by hanging a weight of 300 g. When
the temperature increased to 120 ◦C, 353ND epoxy adhesive was applied evenly to the
peeled parts on both sides of the FBG, and curing was achieved by heating the epoxy at
120 ◦C for 15 min. After fabrication, annealing was carried out at 80 ◦C in an oven before
the experiment.

4.2. Experimental System Compositions

The experimental system for the FBG accelerometer is shown in Figure 6. The ex-
perimental system consists of the following two parts: a vibration sensing system and a
demodulation system. The vibration sensing system (LAN-XI, made by the B&K Company,
Copenhagen, Denmark) includes an FBG accelerometer, a vibration exciter, a power ampli-
fier, a standard reference acceleration sensor, and a computer. The computer is responsible
for controlling the frequency and amplitude of the vibration exciter. The demodulation
system consists of the FBG demodulator and signal acquisition software. The FBG demod-
ulator was self-developed, based on an FPGA-IRS demodulation module produced by
BaySpec Inc. The maximum sampling frequency was 8 kHz, and the resolution was 1 pm.
The demodulation system is responsible for collecting the central wavelength signal of
the reflected light from the sensor grating. The proposed accelerometer was fixed onto
the vibration axis of the vibration exciter, and the two FBGs in this accelerometer were
connected to the demodulator through an optical fiber. The experiment was carried out at
room temperature (25 ◦C).
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4.3. Amplitude-Frequency Response

To study the amplitude-frequency characteristics of the sensor, the amplitude of the
excitation acceleration was kept at 1 g, and the excitation frequency was varied in the range
of 50 Hz to 3300 Hz, with a step of 100 Hz. The relationship between the central wavelength
difference (∆λ1–∆λ2) of the two FBGs and the frequency under different excitation frequen-
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cies was measured, and the amplitude-frequency response curve is shown in Figure 5. The
response curve shows that the resonance frequency of the accelerometer is approximately
2800 Hz, which is basically consistent with the theoretical value (2922.1 Hz) and the finite
element simulation data (2801.7 Hz). The amplitude-frequency curve has better flatness
below 1000 Hz, and the operating frequency range of the sensor is 50–1000 Hz.

4.4. Sensitivity

In the sensitivity experiment, since the sensor adopts a dual FBG differential structure,
the wavelength shift difference (∆λ1–∆λ2) for the two FBGs was selected as the output
response. Through the vibration exciter, sinusoidal excitation signals of 100 Hz, 300 Hz,
500 Hz, 800 Hz, and 1000 Hz were given to the sensor, and the acceleration amplitude
increased from 0.5 g to 3 g, with a step length of 0.5 g. Each group of experiments was
repeated three times. The variations for the wavelength shift difference, with acceleration
at different frequencies, are shown in Figure 7—by open square, circles, up-triangles,
down-triangles, and diamonds.
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The average values of the three sets of experimental data at different frequencies are
denoted by solid circles. Progressively, for the average values at each frequency, the least-
square fitting method was used to acquire its linear fitting line, which was denoted by solid
lines (black, red, green, blue, and cyan). At excitation frequencies of 100 Hz, 300 Hz, 500 Hz,
800 Hz, and 1000 Hz, their slopes, meaning the sensitivities of the sensor, are 19.9 pm/g,
20.4 pm/g, 21.3 pm/g, 22.8 pm/g, and 24.6 pm/g, respectively. These experimental data
show that the wavelength shift difference for the sensor has a good linear relationship
with the acceleration amplitude. Within the working frequency of 50–1000 Hz, the sensor
obtained an average sensitivity of 21.8 pm/g. The main reasons for the difference between
theoretical sensitivity and experimental sensitivity are dimensional deviations in the sensor,
in its slow wire EDM and packaging.

The Bessel formula was used to calculate the standard deviation. First, all the sub-
samples’ standard deviations σi were calculated, where i = 1, 2 . . . N, and N = 6 is the
number of calibration points. Then, the standard deviation of the sensor was calculated

using σ =

√
1
N

N
∑

i=1
σ2

i . Finally, the repeatability error was calculated as eR = ησ/λFS, where

η = 3, which is the coverage factor, and λFS is the maximum wavelength shift. As shown in
Figure 7, when the frequency of the excitation signal is 100 Hz, 300 Hz, 500 Hz, 800 Hz,
and 1000 Hz, the repeatability errors for the sensor are 2.7%, 2.4%, 2.7%, 3.3%, and 2.2%,
respectively.
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4.5. Temperature Self-Compensation

Since FBGs are sensitive to both strain and temperature, to study the temperature
self-compensation performance of the sensor, a temperature control box (SDEI, SDJ402F,
adjustment range of 10–200 ◦C, resolution of 0.01 ◦C, measurement accuracy of 0.05 ◦C)
was used to test the sensor. The sensor was placed in the temperature control box, and the
temperature was adjusted from 20 ◦C to 80 ◦C, in steps of 10 ◦C. The central wavelength
shift was measured for the two FBGs at different temperatures, and the temperature re-
sponse curves obtained for ∆λ1, ∆λ2, and ∆λ1–∆λ2 are shown in Figure 8. The temperature
sensitivity coefficients for FBG-1 and FBG-2 are KT1 = 22.01 pm/◦C and KT2 = 21.67 pm/◦C,
respectively, and their linear correlation coefficients are 0.999. The experimental results
show that the sensitivity coefficients for the two FBGs are basically the same, and the sensor
has good temperature self-compensation capability.
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4.6. Cross-Interference Characteristic

Anti-interference ability is also an important indicator for accelerometers, so an anti-
interference experiment was also finished, where the sensor was fixed onto the vibration
exciter along the main axis of the vibration exciter and in its vertical direction, respectively.
A sinusoidal excitation signal, with frequency of 300 Hz and amplitude of 1 g, was applied
to the sensor. The wavelength shift differences of the sensor were obtained in the main and
lateral directions, as shown in Figure 9. The peak–peak value of the central wavelength
difference for the sensing in the main direction is about 41 pm, but the peak–peak value in
the lateral direction does not exceed 2 pm; therefore, the lateral interference degree for the
sensor is less than 5%, which shows that the designed sensor has a good anti-interference
ability.

Table 2 gives a characteristics comparison of the proposed medium–high-frequency
FBG accelerometer with other FBG accelerometers, based on different structures, including
resonance frequency, sensitivity, FBG type, and temperature self-compensation capabilities.

Table 2. Summary of the characteristics of reported medium–highfrequency FBG accelerometers.

Ref Resonance
Frequency Sensitivity Fiber Type Temperature

Self-Compensation

Stefani [28] 3000 Hz 19 pm/g Polymer FBG No
Dai [29] 2918 Hz 13.82 pm/g Silica FBG No
Guo [30] 3600 Hz 1.7 pm/g Metalized FBG No

Wang [31] 3806 Hz 4.01 pm/g Silica FBG Yes
Wu [32] 8356 Hz 0.46 pm/g Silica FBG Yes

This article 2800 Hz 21.8 pm/g Silica FBG Yes
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5. Conclusions

A novel medium-frequency FBG accelerometer, based on two FBGs, three flexible
hinges, and two inertial mass blocks, was designed and prepared. Theoretical analysis and
finite element simulation were used to determine the optimal parameters of the sensor.
The sensing experiments show that the proposed sensor had a resonance frequency of
about 2800 Hz and a sensitivity of 21.8 pm/g in the flat frequency range of 50–1000 Hz.
The sensor’s resonance frequency and sensitivity, given by theoretical analysis, finite
element simulation, and sensing experiments, are basically consistent. In addition, the
experiments also show that the sensor has a good temperature self-compensation function
(temperature sensitivity KT1–KT2 ≈ 0.34 pm/◦C) and lateral anti-interference capability
(lateral interference degree is less than 5%). These performances provide a novel and
reliable method for the engineering application of medium-frequency FBG acceleration
sensors.
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Abstract: The design of a refractometric sensing system for liquids analysis with a sensor and the
scheme for its intensity interrogation combined on a single photonic integrated circuit (PIC) is
proposed. A racetrack microring resonator with a channel for the analyzed liquid formed on the
top is used as a sensor, and another microring resonator with a lower Q-factor is utilized to detect
the change in the resonant wavelength of the sensor. As a measurement result, the optical power at
its drop port is detected in comparison with the sum of the powers at the through and drop ports.
Simulations showed the possibility of registering a change in the analyte refractive index with a
sensitivity of 110 nm per refractive index unit. The proposed scheme was analyzed with a broadband
source, as well as a source based on an optoelectronic oscillator using an optical phase modulator.
The second case showed the fundamental possibility of implementing an intensity interrogator on
a PIC using an external typical single-mode laser as a source. Meanwhile, additional simulations
demonstrated an increased system sensitivity compared to the conventional interrogation scheme
with a broadband or tunable light source. The proposed approach provides the opportunity to
increase the integration level of a sensing device, significantly reducing its cost, power consumption,
and dimensions.

Keywords: integrated photonics; silicon photonics; refractometry; optoelectronic oscillator; interrogation

1. Introduction

Nowadays, sensing systems for label-free determination of the substance concentration
in a liquid play a significant role in modern medicine [1], experimental biology [2], and
applied chemistry [3]. In the general case, the structure of a photonic sensing system
includes an optical sensor circuit, a light source, a detector, and an interrogation and control
circuit. The technological maturity of integrated photonics makes it possible to effectively
implement the individual elements of such a system in an integrated form to create high-
performance lab-on-a-chip devices. At the same time, increasing the integration level with
the required stability of the characteristics is an obvious way to implement refractometric
sensing systems, which are in demand in a wide range of applications.

Among the various approaches to implementing refractometry systems, phase-sensitive
circuits are the most attractive in terms of technological viability and efficiency. Widely used
schemes for detecting changes in the physical properties of an analyte include fiber (FBG)
and waveguide (WBG) Bragg gratings [4–7], waveguide Mach–Zehnder interferometers
(MZI) [8–10], and microring (MRR) or microdisk (MDR) resonators [11–13].

FBG sensors have proven to be very simple to implement yet highly efficient structures
for environmental measurements [14,15]. A shift in the resonant wavelength can be caused
by a grating deformation or various types of interactions between the analyte and the

140



Sensors 2022, 22, 9553

grating structure. These interactions are achieved by forming a phase shift in the lattice [5]
or integrating a Fabry–Perot interferometer, which allows for obtaining a sensor sensitivity
of up to 1210.49 nm per refractive index unit (RIU) [7].

In addition to fiber sensors, high performance can be obtained using integrated sensors
due to their ability to fabricate MZI, MRR, and WBG on photonic integrated circuits (PICs)
using technological platforms such as silicon nitride (Si3N4) or silicon-on-insulator (SOI).
SOI structures are most often used for operation in the near-infrared and mid-infrared
ranges due to their relatively low propagation losses and small allowed bending radii of
the Si waveguides. These structures also have a large set of components that are supported
for monolithic integration, including fast diode phase modulators and photodetectors [16].

Among all existing types of sensors on PICs, MRR is the most used [17]. MRRs have
great potential to implement label-free detectors because they are fast, energy-efficient, and
have a significant sensitivity to detect biomolecules in liquids and gases [12,13]. MRR fabri-
cation technology is widely applied, and silicon MRRs can be integrated into a microfluidic
system [11]. The principle of operation is based on a shift in the resonant wavelengths of
the ring caused by a change in the refractive index (RI) near the sensor, which occurs when
the studied parameter of the substance varies.

The sensitivity of MRR sensors currently varies from 70 to 490 nm/RIU depending
on the type of waveguide and the selected operating mode [11]. Specifically, for the MRR
sensors on SOI, sensitivity does not exceed 100 nm/RIU [18,19]. MRR cascading [13,20],
subwavelength grating microring [21,22], or phase-shifted Bragg grating microring [23]
have been proposed to increase the sensitivity.

The main problem in utilizing MRRs as sensors is a need for a tunable mode-hop-
free laser or a broadband source to excite the resonances within the structure. Hybrid
integration of a semiconductor laser directly onto a chip is a technologically feasible but
rather expensive solution. In this context, the generation of broadband radiation directly
on a PIC could be a solution capable of circumventing these technological limitations.

The output characteristics of a sensing system are greatly determined by the efficiency
of the interrogation scheme. The typical solution for assessing a change in the optical
spectrum is using commercial interrogators based on tunable lasers [24]. However, the
pricey equipment and the system bulkiness are among the main disadvantages of this
approach. For the practical application of optical sensors, indirect methods have been
developed to analyze the optical emission spectrum for high-speed interrogation with
high resolution [25]. Depending on the analyzed parameters of the output electrical signal,
three methods of interrogation are distinguished: by intensity, when the photocurrent
power is measured [26]; by frequency, when the frequency of the signal at the output of
the photodetector is estimated [27,28]; and by time, when the shape of the output signal
envelope is analyzed [29].

Intensity interrogation can provide fast sensor scanning, but the radiation source
dispersion or the low stability of the optical source affects the measurement accuracy [29].
Frequency interrogation can be implemented by an optoelectronic oscillator (OEO), where
the generated frequency depends on the resonant characteristics of the sensor. High-
precision measurements can be achieved by the ultra-high wavelength resolution of the
OEO (up to 360 fm [28]). However, this method requires additional devices for measuring
the microwave signal frequency. Time interrogation enables a high scanning rate (up to
48.6 MHz [29]), but the resolution of such systems is inferior to those described above. In
addition, the accuracy of the signal shape estimation is related to the capacity of the analog-
to-digital converter (ADC). Thus, for integrated implementation, it is preferable to use
intensity interrogation because its limitations are determined mainly by the shortcomings
of the radiation source.

PIC-based interrogation systems are extremely interesting in sensing applications [30],
especially in the case of wearable devices and medical diagnostics [24]. In addition, mono-
lithic integration of the interrogation system and the sensor into a single miniature chip will
potentially reduce losses and the footprint, consequently creating ultra-compact sensing
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systems with high performance. However, to our knowledge, PIC-based sensing systems
with such an integration level have not been previously discussed.

In this paper, we propose for the first time, to our knowledge, the design of a sensing
system for liquids refractometry that is suitable for the monolithic integration of both
the sensor and interrogator parts (except only the light source) on a single SOI PIC. Two
different design options are considered, including an external broadband light source
and an OEO. The latter allows for an off-the-shelf, single-mode laser in the intensity
interrogation scheme.

The remainder of this paper is organized as follows: in the second section, the pro-
posed schemes of an integrated sensing system and the main design problems are discussed;
the third section describes the MRR-based sensor and interrogator design features and
characteristics; the fourth section presents the simulation results for the intensity interroga-
tion scheme based on an MRR and a broadband radiation source, as well as for the scheme
based on an MRR and an OEO source; in the fifth section, the application aspects of the
designed interrogation system together with an FBG and a phase-shifting FBG (PS-FBG)
are considered; and in the Discussion section, the possible options for PIC-based imple-
mentation of the proposed system on different technological platforms are considered, as
well as the modeling results for the influence of the waveguide width deviation on the
system operability.

2. PIC-Based Sensing System Concept and Operation Principle
2.1. Microring-Based Sensing System with a Broadband Optical Source

The structure of the proposed sensing system is shown in Figure 1. The input port
of the microring racetrack resonator, which acts as a sensor, receives a broadband signal
from an optical source. The effective RI of the MRR’s waveguide depends on the RI of the
medium surrounding the MRR, which determines the position of the resonant peaks in the
transmission spectrum at the MRR’s drop port. The proposed system is designed to detect
and measure changes in the properties of aqueous solutions. To do this, a microfluidic
channel can be connected to the MRR sensor by analogy with [11].
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To trace the sensor resonant wavelength without using a mode-hop-free tunable
laser or an optical spectrum analyzer, which are non-compliant with planar integration,
we propose an interrogation scheme by intensity, where another MRR is utilized for the
sensor interrogation.

In this case, the interrogation process is a transformation of a change in the resonant
wavelength at the input port of the interrogator into the intensity of optical power at the
through and drop ports of the interrogator (Figure 2).
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The signal at the output of the sensor’s drop port is determined by its resonant
characteristic. The MRR resonant peak width at the half power level (FWHM) is given by:

FWHM =
(1− r1r2a)λ2

res
πngL

√
r1r2a

(1)

where a = exp(−αL/2) is the ring amplitude transmission coefficient; α is the ring waveg-
uide power attenuation coefficient; r1 and r2 are the amplitude transmission coefficients of
the directional couplers to the in-through and add-drop waveguides, respectively; λres is
the MRR resonant wavelength (λres = Lneff/m, where positive integer m is the resonance
number); L is the MRR circumference; and ng and neff are the values of the waveguide group
and effective refractive indices, respectively. The optical power transmission coefficients at
the through and drop ports of the MRR are determined, respectively, by the equations:

Tp =
Ipass

Iinput
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As mentioned in the Introduction, one of the main drawbacks of the intensity interro-
gation system is its dependence on the instability of the optical source output power. To
address this shortcoming, we propose using the relative value defined as:

P = 10lg

(
pdrop

pdrop + pthru

)
(3)

where pdrop and pthru are the output powers at the sensor MRR’s drop and through ports,
respectively. Thus, the proposed interrogation scheme estimates the power level, pdrop, at
the drop port of the interrogator MRR relative to its total output power (pdrop + pthru). These
powers may be calculated using the MRR transmission spectrum (2a, 2b). In this case,
considering that pthru = PinTp and Pin = Pin0 + ∆Pin, the relative power will be determined
as follows:

P = 10lg
(

Td
Td + Tp

)
(4)

Thus, the measured relative power does not depend on fluctuations in the optical
source output power.

2.2. Matching the Frequency Characteristics of the Sensor, Interrogator, and Broadband Source

An analysis of Figure 2 allows us to formulate the essential requirements for the
sensing system consisting of the two MRRs. First, the FWHM of the sensor MRR should
be substantially smaller than the FWHM of the interrogator MRR to provide a greater
sensitivity and measurement range of the interrogator. Practically, the FWHM of the
sensor MRR can be reduced by increasing its circumference without changing the coupling
coefficient in directional couplers, e.g., by inserting straight waveguide sections between the
MRR half rings (using racetrack-MRR). Therefore, the quality factor, Q, of the interrogator
MRR, defined as:

Q =
λres

FWHM
(5)

should be lower than that of the sensor. The actual relationship between the FWHMs of the
sensor and interrogator MRRs should be determined for specific application scenarios and
the possible range of the sensor’s resonant wavelength change. Ideally, this range should
be completely located within the monotonic section of the utilized resonant peak in the
interrogator transmission spectrum.

Second, it should be considered that the MRR resonances occur periodically with a
free spectral range (FSR) determined by:

FSR =
λ2

ngL
(6)

and thus, the resonant peaks in the sensor and the interrogator transmission spectra must
intersect only in the wavelength range corresponding to the operating range of the sensing
system (see Figure 2). In practice, this condition can be fulfilled in two ways. The first
option is to select the bandwidth of the optical source to be equal to the half FWHM of
the interrogator’s resonance and its central wavelength coinciding with the middle of the
monotonic section of that resonance. The second option is to choose the geometry of the
sensor and interrogator MRRs so that the resonant peaks, except for the analyzed sensor
peak and the corresponding operating interrogator peak, would not overlap in a sufficiently
wide wavelength range exceeding the bandwidth of the optical source. The second option
is universal and practically achievable in terms of selecting a source, so let us consider it in
more detail. On the one hand, the large radius of the sensor ring ensures its high-quality
factor and, consequently, its sensitivity. On the other hand, increasing the radius of the
sensor ring leads to a decrease in its FSR, which can lead to the response of the interrogator
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to be closely spaced sensor resonant peaks. An example of such a negative overlap is
shown in Figure 3.
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Figure 3. An example of improper overlapping of the interrogator and sensor transmission spectra,
which can lead to destructive crosstalk between signals from two sensors’ resonant peaks.

The left peak of the interrogator transmission spectrum is situated on the decline
region of the sensor’s resonant characteristic, whereas the right peak is on the rise region.
Then, with an increase in the sensor resonant wavelength in response to the analyte RI
change, the signal from the left peak at the interrogator’s drop port will increase, and
the signal from the right peak will decrease, which will prevent correct measurements.
To reduce this probability, the FSR of the interrogator must be suitably large, which also
provides the required lower quality factor, thus increasing the RI measuring range. It
should be considered that commercially available optical sources have either a very narrow
band (CW lasers) or, in the case of SLD sources, provide a bandwidth of 30–40 nm at a
3 dB level [31]. A narrower band (up to 20 nm) can be obtained by installing an additional
filter based on AWG (arrayed waveguide grating) [32] or FBG at the source output. Such
a filter can be either external, combined with the source, or integrated directly into the
sensing system PIC (in the case of using AWG). A larger source bandwidth increases the
probability that several interrogator’s resonant peaks fall into the source band and the
likelihood of a destructive overlap between the sensor and the interrogator characteristics.
Thus, the choice of MRR dimensions is determined not only by a trade-off between the
system sensitivity and the range of measured RI values but also by the characteristics of
the used optical source.

2.3. Microring-Based Sensing System with an Optoelectronic Oscillator

The general problem with intensity interrogation is the need for a broadband optical
source [26] or a cascade of narrow-band sources [6], which complicates the integrated
implementation of the interrogator and increases its cost. Thus, it is crucial to consider how
to obtain a feeding optical signal on a PIC and how to reduce its influence on the sensing
system characteristics. Let us consider a Mach–Zehnder phase modulator covered by a
positive feedback loop as a source. Such a system performs the function of an optoelectronic
oscillator (OEO) [33]. Figure 4 shows the structure of the proposed PIC-based interrogator,
using a frequency self-adjustable OEO as an optical radiation source. It consists of two key
components: a phase MZM and MRR, where the latter performs as a notch filter at the drop
port and a bandpass filter at the through port. It should be noted that the photodetector can
be made either as a discrete external device or implemented on a PIC, as shown in Figure 4.
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The microwave elements are shown tentatively. They may be mounted on the printed
circuit board (PCB) as discrete planar devices or implemented as a monolithic microwave
integrated circuit. The electrical circuit design is out of the scope of this paper.
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microwave elements are shown tentatively).

The operating principle of an OEO was described in [33]. To start the generation, the
narrow-band continuous-wave (CW) optical signal from an external laser diode is used
as the carrier signal for the phase Mach–Zehnder modulator (MZM). At the output of the
phase MZM, a phase-modulated (PM) optical signal is generated and sent to the MRR
sensor, which serves as an optical notch filter. A feature of the PM signal spectrum is the
phase opposition of the spectral components, which are symmetrically relative to the carrier.
Therefore, when a PM signal is applied to the photodiode (PD), the antiphase components
compensate each other, and the electrical signal at the output of the PD is determined
only by the intensity of the optical carrier. However, when the notch filter suppresses one
of the spectral components of the PM optical signal at the PD input, one of the spectral
components becomes uncompensated. This causes a microwave signal to appear at the
PD output. The frequency of this signal is determined by the difference between the CW
wavelength and the resonant wavelength of the notch filter (i.e., the sensor MRR):

f =

∣∣∣∣
c

λCW
− c

λMRR

∣∣∣∣ (7)

where c is the velocity of light in vacuum; and λCW and λMRR are the laser source wavelength
and the resonant wavelength of the sensor, respectively. The microwave signal through the
amplifier is fed to the input of the phase MZM, thereby closing the positive feedback loop.
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Following the described operation principle, the OEO source bandwidth at the sensor
drop port will be very narrow, as it is defined by the width of one spectral component in the
signal, phase-modulated by a narrow-band microwave signal (the confirming simulation
results are given in Section 4.2). In this case, the main wavelength of this optical signal
is unambiguously related to the sensor transmission spectrum and changes along with
it. Thus, the scheme shown in Figure 4 allows the generation of the input signal for the
intensity interrogator without using a broadband optical source.

3. Sensing System Elements
3.1. Microring-Based Sensor

The layout of a label-free MRR sensor for liquid analysis is shown in Figure 1. It
represents a silicon racetrack MRR on a SiO2 buried-oxide layer, operating in a real-time
regime. Hereinafter, the material dispersion in the waveguides is modeled by using the RI
wavelength dependencies of the materials from [34]. The following MRR sensor geometric
parameters were set: an outer radius set at 18 µm, the straight waveguide length of the
racetrack set at 3 µm, the gap in the directional coupler of the in-through ports set at
0.18 µm, the gap in the directional coupler of the add-drop ports set at 0.25 µm, and
the Si waveguide height/width set at 0.22/0.4 µm. The frequency response of the MRR
sensor was calculated using the FDTD (Finite Difference Time Domain) method in the
Ansys Lumerical software as follows: a simulation time of 7000 fs, a mesh accuracy of 3,
and a minimum mesh step of 0.25 nm. The calculation was carried out for the TE-mode.
The dispersion, loss, effective RI, and group RI were defined using the Finite Difference
Eigenmode Solver the in Lumerical MODE. The MRR calculation method was employed as
presented in [35,36].

The gap value for the in-through waveguide was selected based on the critical coupling
criterion [37]. Using FDTD, the attenuation in the MRR waveguide and the coupling
coefficients of the directional couplers were calculated. The resulting gap value for the
in-through waveguide equals 0.18 µm. The presence of an add-drop waveguide introduces
additional losses into the MRR system caused by the transfer of energy from the ring
to the drop port. Therefore, the add-drop port coupler’s gap value was chosen to have
a high Q-factor in the under-coupling regime, providing enhanced sensitivity [17]. The
resonant properties of the MRR were evaluated using FWHM (Equation (1)) and Q-factor
(Equation (5)) using the following values: the ring transmission was measured using
FDTD to be a = 0.971; the amplitude coupling coefficients to the in-through and add-
drop waveguides are r1 = 0.935 and r2 = 0.961, respectively; the MRR circumference is
L = 2πR + 2Ls (Ls = 3 µm is the length of the straight waveguide in the racetrack, R = 18 µm
is the ring radius); and ng = 4.55 and neff = 2.21 are the values of the waveguide group
and effective RIs, respectively, determined numerically using the Ansys Lumerical MODE
software R1.4 2021.

Figure 5 shows a fragment of the transmission spectrum at the through and drop ports
of the sensor for the minimum value of the analyte RI (1.311). According to Figure 5, with
the gap values set as described above, the FWHM equals 190 pm (whereas in the case
of equal gap values for both couplers of 0.18 µm, the FWHM would be 270 pm). Thus,
an increase in the gap with the add-drop waveguide to 0.25 µm reduced the coupling
coefficient and FWHM, providing the calculated quality factor Q ≈ 8000. However, a
further gap expansion leads to a decrease in the power at the drop port, making it more
difficult to register.
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Figure 5. Transmission spectra of the through and drop ports of the sensor MRR.

As mentioned in the Introduction, a variation in any parameter of a liquid flowing over
the sensor surface (e.g., composition, concentration, or temperature) shifts the resonant
wavelengths of the MRR. Figure 6 demonstrates this process depending on the analyte
RI sweeping from 1.311 to 1.315 with ∆n = 0.001 (the analyzed resonant peak around
1537.4 nm is shown). To obtain the sensor MRR transmission spectrum depending on the
analyte RI, the FDTD calculation of the sensor MRR was redone for each analyte RI value
above the MRR waveguide within the channel area (see Figure 1). The resonant wavelength
shift, ∆λ, shows almost linear behavior, with ∆λ = 0.11 nm at ∆n = 0.001. From these results,
the sensor sensitivity, S, can be evaluated as follows:

S =
∆λ

∆ne f f
= 110

nm
RIU

(8)
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The resulting sensitivity value slightly exceeds the results presented in [18], where
a design with different gaps in the straight and add-drop couplers was also used. This
improvement can be explained by the method applied for calculating the resonator’s design
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parameters. At the same time, because we used a single MRR sensor in the simulation, the
sensitivity is lower than in [21–23].

3.2. Microring-Based Interrogator

To fulfill the requirements of the interrogator transmission spectrum discussed in
Section 2, the parameters of the interrogator’s MRR were defined as follows: the outer
radius was set at 10 µm, the gap in both directional couplers was set at 0.1 µm, and the
Si waveguide height/width were set at 0.22/0.4 µm. The interrogator MRR frequency
response and corresponding Q-factor and FWHM values were calculated using the FDTD
method in the Ansys Lumerical software, similar to the sensor MRR. The corresponding
Q-factor of the interrogator’s MRR read ~1400, and the FWHM equaled 1.1 nm.

Figure 7 shows a fragment of the interrogator MRR transmission spectra at the through
and drop ports.
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4. Sensing System Simulation
4.1. System Simulation with a Broadband Source

A simulation of the whole sensing system was carried out following the scheme shown
in Figure 1 in the Lumerical INTERCONNECT environment. The transmission spectra of
the sensor and interrogator (for the minimum considered analyte RI of 1.311) are shown
in Figure 8a. The resonant peaks of the sensor and interrogator MRRs overlap at the
wavelength of 1537.37 nm (this resonant peak of the sensor is selected as the analyzed
one); the next resonant peak of the sensor is at 1541.91 nm (so, the FSR equals 4.54 nm),
and the previous resonant peak is at 1532.83 nm. There is a partial overlapping of the
resonant peaks of the sensor and interrogator at 1546.52 nm, and the next resonant peak of
the interrogator is at 1553.4 nm (the FSR of the interrogator equals 8.07 nm). Therefore, the
broadband source may have a spectrum width of up to 20 nm, but the wavelengths from
1533 nm to 1535 nm and from 1550 nm to 1553 nm are useless because the transmission
of the interrogator is very close to zero within those ranges. Therefore, to accelerate the
simulation, the broadband source was emulated with an optical network analyzer (ONA)
unit with a wavelength range from 1535 nm to 1550 nm, and the output powers at the
interrogator PDs were calculated according to the equation:

Ppd = Zout




λmax∫

λmin

Pl(λ)R(λ)2dλ




2

(9)
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where Pl(λ) is the optical power at the PD input; R(λ) is the PD responsivity; Zout is the PD
load resistance; and λmin and λmax are the minimum and the maximum wavelengths of
the broadband source, respectively (1535 nm and 1550 nm, respectively, in our case).
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The source signal enters the in-port of the sensor, and when the resonance condition is
met, the signal appears at the sensor drop port and enters the in-port of the interrogator.
Figure 8b shows how the optical power intensity at the drop port of the interrogator changes
depending on the analyte RI. Suppose the analyzed resonant wavelength of the sensor and
the utilized resonant wavelength of the interrogator coincide. In that case, there will be
a maximum transmission coefficient and maximum intensity of the optical signal at the
drop port of the interrogator. If the analyzed resonance of the sensor hits within the FSR of
the interrogator, then the transmission coefficient will be minimal. Almost all the optical
power will pass to the through port of the interrogator.

To plot the dependence of the relative power at the system output on the analyte RI, we
first analyzed the optical intensity at the through and drop ports of the sensor. The results
for each port were separately converted into units of electrical power according to Equation
(9), considering the wavelength-dependent responsivity of the PD (Figure 9a). The typical
SOI-based structure described in [38] was used for the PD numerical model. Then, for
each value of the RI, the relative power at the interrogator drop port was calculated using
Equation (3).

The results are shown in Figure 9b. As can be seen from the graph, a change in the
RI of 0.001 leads to a change in the relative power of at least 1.35 dB, which makes it
possible to estimate the minimum aggregate sensitivity of the entire system by analogy
with Equation (8):

Smin =
∆Pmin

∆n
= 1350

dB
RIU

(10)

The averaged system sensitivity over the entire measurement range equals S = 1570 dB/RIU.
The simulation results confirm the validity of the requirements outlined in Section 2.

The choice of the MRR geometry provided a higher Q-factor for the sensor and a lower Q-
factor for the interrogator. The ratio of the sensor and interrogator FSRs made it possible to
use a broadband source (with spectrum width up to 20 nm) without the negative resonances
overlapping effect. Of course, it is possible to expand the bandwidth of a broadband source
with a decrease in the interrogator MRR radius, but this would lead to a further decrease
in its quality factor and the slope of the resonant characteristic, which would reduce the
system sensitivity.
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4.2. Simulating the System with Optoelectronic Oscillator as a Source

Let us consider the sensing system scheme with the OEO utilized as a radiation source,
according to Figure 4. The possibility of an integrated OEO design on the SOI platform was
demonstrated in [39]. The simulation was performed in the Lumerical INTERCONNECT
environment with the following circuit parameters: a CW laser carrier wavelength of
1538 nm; a CW laser output power of 2 mW; a microwave amplifier gain of 65 dB; the
PD model is the same as in Section 4.1; the PD dark current of 60 nA; the PD, amplifier,
and MZM RF bandwidth f max = 50 GHz; and the MZM Vπ = 4 V. At the current stage of
research, the idealized phase MZM transfer function is used without parasitic amplitude
modulation because the real phase modulator characteristics will be strongly dependent on
the parameters of the photonic integration platform used for the system implementation.
The parameters of the MRR sensor and MRR interrogator are given above in Section 3.
The choice of the CW laser wavelength is determined by the range of the analyzed sensor
resonance wavelengths and the allowable microwave signal frequency, which is determined
by the frequency characteristics of the PD, modulator, and amplifier. To set the value of
the laser carrier wavelength for analyzing a certain sensor resonance peak, it is necessary
to define the maximum value of the microwave signal frequency, f max. Then, it is easy
to convert Equation (7) into an expression for determining the required optical carrier
wavelength. For definiteness, we assume that the wavelength of the CW laser is greater
than the analyzed resonance wavelength. In this case, the highest value of the microwave
signal frequency will correspond to the lowest value of the MRR resonant wavelength,
λMRRmin. Then:

fmax =
c

λMRRmin
− c

λCW
(11)

λCW =
c · λMRRmin

c− fmaxλMRRmin
(12)

Figure 10 shows the simulated optical spectra at the through and drop ports of the
sensor MRR. The dependence of the relative power at the interrogator drop port on the
analyte RI, obtained from the simulation, is shown in Figure 11.
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Figure 10. Optical spectrum at the through port (a) and the drop port (b) of the sensor in the scheme 

with an OEO. In inset: the magnified spectrum of the optical subcarrier at the drop-port. 
Figure 10. Optical spectrum at the through port (a) and the drop port (b) of the sensor in the scheme
with an OEO. In inset: the magnified spectrum of the optical subcarrier at the drop-port.
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Figure 11. Modeled dependence of the relative power at the system output on the analyte RI in the
scheme using an OEO as a source.

It can be seen that a change in the RI of 0.001 leads to a change in the output relative
power of at least 2.51 dB, which makes it possible to evaluate the minimum aggregate
sensitivity of the entire sensing system by analogy with Section 3.1:

Smin =
∆Pmin

∆n
= 2510

dB
RIU

(13)

The averaged system sensitivity, in this case, is S = 3935 dB/RIU.
Thus, when using an OEO, the system’s sensitivity is much higher than when using

an optical broadband source. However, the use of an OEO in the described intensity
interrogation system has some specifics. First, the interrogation wavelength range is limited
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by the RF bandwidth of the phase modulator, RF amplifier, and PD (see Equation (7)). For
example, at the maximum OEO generation frequency of 30 GHz, the interrogation range
will be 235 pm, and when the frequency range is extended to 50 GHz, the interrogation
wavelength range will increase to 395 pm. At the same time, this limitation in the analyzed
spectrum width removes the problem mentioned above regarding the unintended mixing
of the useful signal from the analyzed resonant peak of the sensor MRR and the parasitic
signals from its other resonant peaks.

Second, the use of an OEO causes additional delays. Figure 12 shows that it takes
about 5 ns to start generating in a steady-state operational mode. During this time, the
output of the interrogator will not be reliable.
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Figure 12. The waveform of the microwave signal at the MZM input.

Moreover, the scheme with an OEO is anticipated to be more power-consuming
due to the need for optoelectronic and electro-optic conversions and microwave signal
amplification in the feedback loop.

Despite the shortcomings described, the interrogation scheme using an OEO also has
obvious advantages. First, there will be only one resonant peak in the signal spectrum at
the drop port of the MRR sensor (Figure 10b); second, the linewidth of the optical spectrum
generated by the OEO is significantly narrower than the resonance FWHM of the MRR
used as a sensor. Thus, the optical spectrum width, according to the simulation, was less
than 10 pm, even though the FWHM of the sensor is 190 pm. These advantages avoid
the negative overlap of adjacent peaks of the sensor transmission spectrum described in
Section 2 and, as can be seen from the simulation results, increase the sensitivity of the
sensor system.

5. Bragg-Grating Interrogation Using an MRR-Based Interrogator

Fully integrated sensing systems are of interest, as described in the Introduction.
However, in monitoring extended objects (i.e., pipelines and bridges), it is advisable to
create quasi-distributed sensor systems in which the sensors and the interrogators are
geographically spaced. Today, in such systems, FBG sensors are widely used, so it makes
sense to also evaluate the compatibility of the proposed PIC-based interrogator with FBG.
The simulation was carried out for a typical grating using the parameters presented in
Table 1. The transmission and reflection spectra of the FBG are shown in Figure 13. For
representativeness, an ONA was used as an input optical signal source. The interrogator
output signals were calculated by integrating the ONA output signals over the spectrum
width of the broadband source. The spectral band of the broadband source was assumed to
be the same as in the model with the MRR sensor (1535–1550 nm).
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Table 1. FBG sensor parameters.

Name Value

Outer cladding diameter 150 µm
Inner core diameter 50 µm

Grating period 0.5 µm
Number of periods 20,000

Effective refractive index 1.5
Periodic variation in the refractive index of the core 10−3

Material SiO2
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Figure 13. FBG transmission and reflection spectra at the resonant wavelength λB = 1537.2 nm.

The modeling has shown that the scheme using an OEO as a source cannot work
properly with standard FBG due to the relatively wide FBG’s output spectrum. However,
an OEO can be applied with appropriately designed fiber grating sensors, e.g., a narrow-
band phase-shifting Bragg grating (PS-FBG).

The MRR-based interrogation scheme was modeled with FBG replacing the MRR
sensor. Figure 14a shows the first operation option when the FBG transmission signal is
processed, whereas Figure 13b demonstrates the second option when FBG is connected
through an optical circulator to operate with the reflected signal.
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Figure 15a,b show the interrogator drop port transmission spectra and demonstrate
how the transmission changes depending on the shift of the Bragg wavelength. The
simulated relative power at the drop port of the interrogator versus the resonant wavelength
of the FBG is provided in Figure 15.
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Figure 15. The combined transmission spectra at the interrogator drop port depending on the Bragg
wavelength of the FBG: (a) for the scheme that analyzes the transmitted light; (b) for the scheme that
analyzes the reflected light.

The sensitivity SBG can be calculated as follows:

SBG =
∆P
∆λ

(14)

where ∆P is the difference between the neighboring values of the relative power levels at
the interrogator drop port and ∆λ is the corresponding change in the resonant wavelength.
According to Equation (14), the minimum system sensitivity for analyzing the transmitted
and reflected light are 7.2 dB/nm and 2.27 dB/nm, respectively. The average sensitivity may
be calculated as the ratio between the relative power change and the resonant wavelength
variation; the average sensitivity equals 13.7 dB/nm and 2.8 dB/nm for analyzing the
transmitted and reflected light, respectively.

By comparing these two interrogation options for an FBG sensor (Figure 16), it can be
noticed that the sensitivity turns out to be higher when operating with the reflected light.
At the same time, for the option that analyzes the transmitted light, the sensitivity is flatter
over a wider range of the FBG’s resonant wavelength shifts. This result can be explained
by the shape of the interrogator’s transmission spectrum. When operating in reflected
light, the FBG works as a bandpass filter, passing the signal to the interrogator near the
high-steepness region of its transmission spectrum. When operating in the transmitted
light, the FBG works as a notch filter, and the wavelengths at the in-port of the interrogator
fall into the low slope region of the filter characteristic.

Due to the relatively wide spectrum width of the reflected signal, it is not possible to
use a classical Bragg grating in an interrogation scheme with an OEO. However, the PS-FBG
has a very narrow stopband spectrum when analyzing the reflected light. We simulated
the interrogation system with the PS-FBG (parameters are given in Table 2) following the
scheme shown in Figure 17a. The grating spectrum is shown in Figure 17b. The simulated
relative power at the drop port of the interrogator versus the resonant wavelength of the
PS-FBG is provided in Figure 18. The average sensitivity of the sensing system in the model
reads about 37 dB/nm.
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Figure 16. Relative power at the interrogator drop port versus the resonant wavelength of the
FBG: (a) for the scheme that analyzes the transmitted light; (b) for the scheme that analyzes the
reflected light.

Table 2. PS-FBG sensor parameters.

Name Value

Outer cladding diameter 150 µm
Inner core diameter 50 µm

Grating period 0.51 µm
Phase-shifted aria 0.51 µm

Number of periods 4000
Effective refractive index 1.5

Periodic variation in the refractive index of the core 10−3

Material SiO2
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Figure 17. (a) PS-FBG interrogation scheme with an OEO; (b) PS-FBG transmission and reflection
signals spectra at the resonant wavelength λB = 1537.2 nm. Numbers 1–3 denote the order of the
circulator’s ports.
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Figure 18. Relative power at the interrogator drop port versus the resonant wavelength of the PS-FBG
in the scheme with OEO.

In turn, the PS-FBG cannot be used in the intensity interrogation scheme when operat-
ing in transmitted light due to the wide output of the optical spectrum. However, its use
when analyzing reflected light (by analogy with Figure 14b) is possible.

The simulated relative power at the drop port of the interrogator versus the resonant
wavelength of the PS-FBG in the scheme broadband source is provided in Figure 19. The
corresponding average sensitivity of the sensing system is about 55 dB/nm.
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Figure 19. Relative power at the interrogator drop port versus the resonant wavelength of the PS-FBG
in the scheme with broadband source.

Although the scheme with the broadband source provides higher system sensitivity, it
should be underscored that it requires a more complicated source with a certain bandwidth,
which may be hard to realize on a PIC. System sensitivity for the interrogation scheme with
an OEO is lower but remains sufficient to distinguish the output electrical signal variations
using modern electronic components.

157



Sensors 2022, 22, 9553

6. Discussion

The proposed integrated sensing system can be fabricated on the SOI platform. Other
commonly used technological platforms such as silicon nitride, indium phosphide (InP),
and polymer-based have several limitations [40], making them less suitable for the fabrica-
tion of the considered scheme.

Thus, on the Si3N4 platform, modulators can be implemented with heaters only,
but the thermo-optical effect provides operation times down to 30 µs [41], which limits
the performance of the interrogation scheme with an OEO. Meanwhile, for polymer-
based platforms, modulation speeds of about 250 ns can be achieved with a stress-optical
effect [42], and in commercially available InP platforms, the phase modulators based on
p-i-n hetero-junction can provide a modulation bandwidth >20 GHz [43]. However, all
aforementioned platforms are of lower contrast [44] compared to SOI, which leads to an
increased radius of the MRRs. Owing to this, the FSR values become too small, which
significantly complicates the system design required to avoid unintended interference from
the side resonant peaks.

For a fully integrated system, laser source implementation on a chip is required.
Only the InP platform can provide the full range of photonic devices. However, in the
standard substrate-based InP platform, there are no small bend radii of the waveguides.
The waveguide radii similar to those of the SOI platform can be achieved on the novel InP
membrane platform [45], which is currently under development and appears promising
for full integration of the considered sensing system. Alternatively, the hybrid integration
of InP elements could be used to overcome this problem. For instance, passive elements
can be implemented using an SOI or Si3N4 process and then connected to the InP chip with
active elements via 45◦ mirrors or butt-joint coupling [40]. In addition, flip-chip integration
is available for the silicon nitride platform [46]. These integration approaches provide
insertion losses from 1 dB to 2 dB [40,46] that are lower than when using discrete elements
connected via optical fiber.

A promising solution is using monolithic hybrid platforms [47,48], which provide a
smaller footprint and better reliability than conventional hybrid integration methods. It is
worth noting that both platforms have optical sources with a bandwidth higher than 20
nm [48,49].

One of the problems in implementing PIC-based devices is the inaccuracies in the
feature size of the fabricated chips. For the scheme under consideration, the deviation
in the width of the waveguides appears to be the primary type of fabrication inaccuracy
that can affect the system performance, as it changes the effective and group indices of the
waveguides and the coupling coefficients of the directional couplers in MRRs. According
to the experimental data presented in [35], the intra-wafer standard deviation of the waveg-
uide width for the typical SOI fabrication process based on 248 nm photolithography is
about 3.9 nm. In the commercially available state-of-the-art 193 nm immersion lithography
and dry etch fabrication process, the intra-wafer waveguide width standard deviation can
be as low as 2.5 nm [50]. However, according to [51], for different wafers, the standard
deviation of waveguide width can reach 6.4 nm. Based on the wafer maps of the waveguide
geometry variations, their influence on the performance of certain integrated components
can be analyzed, and the corresponding fabrication yield can be predicted and optimized,
as presented in [52].

We have analyzed the possibility of maintaining the system operability with errors
in the waveguide width up to 8 nm, which is guaranteed to consider the characteristics
of available platforms. The performed analysis showed (Figure 20) that the sensitivity of
110 nm/RIU is retained; although, changing the waveguide width significantly affects
the resonant frequencies of the MRR sensor and the transfer function at the drop port.
The change in the position of the resonant frequencies of the sensor MRR relative to the
frequency characteristics of the interrogator can be compensated using a built-in heater for
the interrogator MRR (Figures 1 and 4). The same method can be applied in the case of
FBG sensors interrogation to compensate for their possible Bragg wavelength deviation,
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which practically does not exceed tenths of a nanometer. The systematic amplitude and
phase inaccuracies during the FBGs inscription and their mitigation have been described in
the literature [53,54]. In a lower-quality interrogator MRR, the waveguide width deviation
only leads to a shift in the resonant frequencies (Figure 21), which can also be corrected
using a heater. Changes in the FWHM and Q-factor are negligible. Therefore, the sensitivity
of the entire system will not change. Thus, the proposed schemes will remain operable
within a practically relevant range of fabrication errors in the waveguide width.
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Figure 20. (a) Sensor’s transmission spectra for sensing an RI increment of 0.001 (n1 = 1.311,
n2 = 1.312) in the case of fabrication deviation of the waveguide width of +8 nm; (b) sensor’s
transmission spectra for the same analyte RI (n = 1.311) for the fabrication deviation of the waveguide
width of ±8 nm.
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Figure 21. Interrogator’s transmission spectra for the fabrication deviation in the waveguide width
of ±8 nm.

7. Conclusions

The concept of a sensing system based on microring add-drop resonators, suitable for
integration on the SOI platform, is proposed. It includes a sensor based on the racetrack
MRR, which, according to simulation results, has a sensitivity of 110 nm/RIU and the
interrogator based on the MRR with a lower Q-factor.

A novel scheme for generating an input optical signal for feeding the sensor using
the OEO is also proposed. The key feature of this scheme is that it does not require either
an external broadband source or a tunable laser for its operation. At the same time, the
average sensitivity of the system with an OEO is 3935 dB/RIU, which is even higher than
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that for the configuration with a broadband or tunable source (1570 dB/RIU). Despite the
limitation of the sensor’s transmission spectrum width that can be analyzed, this scheme
allows for interrogating the sensor targeted exclusively on the analyzed resonant peak and
avoiding crosstalk from the other resonant peaks. Noteworthy, the transient process of the
OEO causes an additional delay in measurements. Yet, the simulation showed that the
introduced delay is lower than 10 ns, which is relevant only at sampling rates exceeding
100 MHz.

As modeling revealed, the interrogation scheme with an OEO cannot be applied with
typical FBG-based sensors due to their relatively wide stop band. Therefore, system perfor-
mance with the FBG sensor was evaluated using a broadband source. The scheme provides
classical FBG interrogation in reflected and transmitted light. The system sensitivity in
the former case is considerably higher; although, it is less monotonic because the FBG
output spectrum is wide and may cover the interrogator transmission spectrum regions
with different slopes. At the same time, interrogation in transmitted light does not require
an optical circulator, providing a less expensive and more compact scheme suitable for full
integration. That fact makes it a good candidate for applications with undemanding high
sensitivity. Nevertheless, the OEO could be a promising integrable solution as a source
operating with narrow-band gratings, such as PS-FBG. For such gratings, simulation was
performed with a broadband source and an OEO. The results have shown that the former
provides a higher system sensitivity but requires a more complicated source that may be
difficult for PIC-based realization; the latter provides a sufficient system sensitivity when
using it with a control circuit realized on modern electronic components.
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Abstract: Herein we propose a design of a wavelength-tunable integrated vortex beam emitter based
on the silicon-on-insulator platform. The emitter is implemented using a PN-depletion diode inside
a microring resonator with the emitting hole grating that was used to produce a vortex beam. The
resonance wavelengths can be shifted due to the refractive index change associated with the free
plasma dispersion effect. Obtained numerical modeling results confirm the efficiency of the proposed
approach, providing a resonance wavelength shift while maintaining the required topological charge
of the emitted vortex beam. It is known that optical vortices got a lot of attention due to extensive
telecommunication and biochemical applications, but also, they have revealed some beneficial use
cases in sensors. Flexibility in spectral tuning demonstrated by the proposed device can significantly
improve the accuracy of sensors based on fiber Bragg gratings. Moreover, we demonstrate that the
proposed device can provide a displacement of the resonance by the value of the free spectral range of
the ring resonator, which means the possibility to implement an ultra-fast orbital angular momentum
(de)multiplexing or modulation.

Keywords: orbital angular momentum; vortex beam; microring resonator; pn-depletion diode

1. Introduction

Since the unique properties of optical beams carrying orbital angular momentum
(OAM), also referred to as optical vortices, have been discovered in [1], the request for
further research and development in this field has been growing steadily. This was not
unreasonable, as applications of the vortex beams turned out to be interesting in a wide
variety of areas. One of their most known use cases is trapping and moving particles
with the optical tweezers and spanners [2,3]. Optical tweezers empowered with OAM
have demonstrated the manipulation of particles with multiple degrees of freedom, as
well as the simultaneous trapping of multiple particles [4,5]. Optical beams carrying
OAM, e.g., Bessel beams [6], along with other kinds of structured light [7] have also found
their application in such a remarkable topic as quantum communications [8], specifically
in higher-dimensional quantum key distribution [9], entanglement swapping [10], and
multidimensional entanglement [11].

Another major field for vortex beams is optical communications where OAM is usu-
ally considered as an additional degree of freedom for multiplexing. The exponentially
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growing demand for network traffic [12,13] resulted in the fiber-optic lines utilizing time,
wavelength, and polarization division multiplexing, which have almost reached the Shan-
non limit [13,14]. Therefore, the next step on the way to increase the throughput of fiber
transmission lines was the space division multiplexing (SDM) [15–17]. SDM technology
is based on the use of a degree of freedom determined by the transverse distribution of
the electromagnetic (EM) field, that corresponds to multiplexing of spatially separated
optical fields in multicore fibers (MCF) or using several linear polarized (LP) modes in
few-mode fibers (FMF) [18]. SDM concept can be applied in both fiber-optic [17–20] and
atmospheric [21–23] optical communication lines.

A common property of optical modes carrying OAM is the presence of a multiplier
ei`ϕ, where ` is the azimuthal mode index. These modes are the eigenfunctions of the
angular momentum operator and carry the OAM proportional to ` [1]. As the OAM modes
represent a basis of orthogonal functions which can be divided spatially by its order `, it is
convenient to use them in the SDM approach [19,24]. Moreover, OAM multiplexing can
be combined with other multiplexing technologies and multilevel modulation formats for
increasing throughput to the Tbit level [20,25].

Finally yet importantly, beams carrying OAM are widely used in sensing. In bio-
chemistry, optical vortices were used to detect the molecules of amino acids, nucleotides,
and sugars [26]. Diffraction limit [27] and super resolution [28] imaging was reached
with focusing of vortex beams. Another example is a temperature sensor consisting of a
fiber Bragg grating (FBG), an optical fiber path used to eliminate errors, and a Gaussian
beam, interfering with the OAM beam transmitted through the Bragg grating [29]. The
principle of operation of this temperature sensor lies in a combination of the thermo-optical
effect and the effect of thermal expansion, which appear in the Bragg grating when the
temperature changes and leads to a shift in the central wavelength of the reflected spectrum.
In turn, the phase difference between the Gaussian beam and the vortex beam leads to the
rotation of their interference diagram. The temperature measurement step corresponds to
the rotation of the radiation pattern. A similar method can be used to make highly accurate
measurements of microstrains caused by pressure and displacement. It is also important
to note the recent successes in plasmonic vortex studies: nanometrology approaches [30],
generation of the high order plasmonic vortices [31], and OAM-SPR (surface plasmon
resonance) based refractive index sensing [32] are making a breakthrough.

In this paper, we propose and numerically verify a novel scheme of real-time OAM
order switch for radiated optical vortex beam using a pn-depletion diode integrated into
the ring waveguide. The most common solution that can be used to excite optical beams
with a helical phase front, and which we employed in the proposed design, is a micro-ring
resonator [33]. Usually, this is a ring-shaped waveguide with grating elements for the
light beam emission, and a bus waveguide located at a small gap, which couples an input
beam into the resonator. Such µm-scale structure was first demonstrated in [34]. Such
devices are capable to emit vector optical vortices with definite and quantized OAM states.
It is possible due to the ring (or disk) resonators supporting whispering gallery modes
(WGM), which carry high orders of OAM. The grating provides a periodic modulation
of an effective refractive index, and its working principle is analogous to the operation
principle of grating couplers in straight waveguides. The light wave is scattered by the
grating elements, and as a result, a part of the radiated power is deflected in the direction
of the constructive interference. Because the waveguide has a ring shape and supports
WGM, according to the Huygens principle the wavefront of the emitted light should point
to the azimuthal direction ϕ and be helical.

To our knowledge, there has been one system demonstrated based on a single ring
resonator that realizes real-time OAM switching. In [35], authors developed an approach
to a fast electrically-controlled vortex order switch and demonstrated a scheme with the
switching time of down to 20 µs. In this scheme, heaters are used to change the refractive
index of the waveguide, and as a result, the effective WGM index changes, which causes
the restructuring of the emitted OAM mode. In our case, an inversely-biased pn-junction
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offers more energy-efficient and faster switching [36] compared to the existing schemes.
Therefore, we believe, that this scheme can be used also as a fast (GHz-scale) electro-optical
OAM modulator.

The paper is organized as follows: in Section 2 we describe the working principle
of the proposed scheme; in Section 3 the device modeling results are presented; and in
Section 4 the methodology and the results of analysis of the emitted beams propagation
are described.

2. Principle of Operation

A schematic view of the proposed device is depicted in Figure 1. The device consists of
a straight input waveguide and a ring resonator with a light-emitting grating (etched holes
on top of the ring waveguide) and a pn-depletion diode, imprinted over the part of the
ring. The diode cross-section in detail is shown in Figure 2 and its dimensional quantities
listed in the Table 1.

Si w
aveguide

P++ P+

N+

N

Emi�ing elements

P

N++

SiO
2 cladding

Figure 1. 3D view of the proposed device. The pn-depletion diode follows the Si rib bent waveg-
uide. The different shades of blue and red represent the different electron (blue) and hole (red)
concentrations where darker shades correspond to higher concentrations.

n++
n+ n

p++
p+p

w2w2
w1

d

h1 h2h3

Figure 2. Cross-section of the doped part of the ring. N and P are for the electrons and holes
concentrations, respectively: ++ is 1020 cm−3, + is 1019 cm−3, and without sign is 5× 1018 cm−3. d
and h3 denote the hole diameter and height, respectively.

The main principle of vortex beam generation is similar to the presented in [37], where
the order of the radiated OAM carrying beam ` satisfies the following condition:

` = p− gq, (1)

where p is the WGM order in the ring, q is the number of grating elements in the ring
resonator, and g is the diffraction order, which is an integer and can be calculated as [37]:

(
ne f f − 1

)2πR
qλ

< g <
(

ne f f + 1
)2πR

qλ
, (2)
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where R is the ring resonator radius, ne f f is the effective index of the ring waveguide, and
λ is the operating wavelength.

To switch the emitted vortex order and the emitter resonance wavelength, it is nec-
essary to change the effective index of the ring resonator. There are two main methods to
modify the effective index: to use thermo-optical effect and electro-optical effect (mainly
plasma dispersion effect). In the context of optical switches and modulators, the first effect
is usually used in cases when GHz response frequencies are not required [36]. The main
disadvantages of the thermo-optical effect for modulation and switching are milli- to mi-
crosecond response and mW order power consumption [38]. In contrast, the electro-optical
effect is characterized by nanosecond to sub-nanosecond response and in most cases much
lower, or at least comparable to the thermo-optical case, power consumption [36]. On the
other hand, realizations of electro-optical effects impose higher losses and crosstalk [36],
however, the advantage of quick response usually overrides these problems.

In our device, we propose to use an inversely-biased pn-depletion diode, integrated
into the ring resonator, providing to change the refractive index of the ring waveguide due
to the plasma dispersion effect [39].

To model the device, we used modified coefficients for the Soref and Bennet model,
where a change in absorption coefficient and refractive index for wavelength 1.55 µm
(C-band) can be expressed as [40]:

∆α = ∆αe + ∆αh = 8.88× 10−21∆N1.167
e + 5.84× 10−20∆N1.109

h , (3)

− ∆n = ∆ne + ∆nh = 5.4× 10−22N1.011
e + 1.53× 10−18∆N0.838

h , (4)

where ∆Ne and ∆Nh are the changes in number of electrons and holes in the active
region, respectively.

The resonant wavelength λres of the ring can be calculated as [41]:

λres =
ne f f L

m
, m = 1, 2, 3, . . . , (5)

where L is the circumference of the ring resonator.

Table 1. List of geometric values in Figure 2.

Dimension w1 w2 h1 h2 h3 d

Value 0.545 0.5 0.22 0.11 0.07 0.15

The proposed device can be fabricated using a standard silicon-on-insulator (SOI)
platform, or other platforms supporting doping, where the waveguides with pn-junction
can be implemented. For our simulations, we considered a generic SOI platform with
the Si layer thickness of 220 nm. The designed waveguide structures in this platform can
be typically fabricated using 193 nm deep ultraviolet photolithography, or electron-beam
lithography (EBL).

3. Simulation Results

For the numerical modeling and simulation of the device, we used the Ansys Lumerical
software. The first step was calculating the carrier number in the cross-section of the ring
waveguide. This distribution was simulated in Lumerical Device and further exported into
a mat-file for application in the following modeling steps. The obtained carrier number
distributions are presented in Figure 3.
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Figure 3. Distributions of electrons in the cross-section of the rib waveguide for different applied
voltage values.

In the next step, we used the obtained carrier distributions to account for the effective
index change due to the free plasma dispersion effect in Lumerical FDTD. To implement
this, Lumerical’s silicon material model with the modified coefficients from Equation (4)
have been applied. Next, we calculated the resonance characteristics of the microring
emitter when voltages of 0.5 V and −5 V are applied between the inner and outer parts of
the ring waveguide. Finally, we investigated the emitted field distributions (after spreading
4 µm from the device) at the resonance wavelengths of interest (near 1550 nm).

As our simulations show, for the ring resonators with radii of less than 25 µm there is
no possibility to obtain the resonance shift equal or greater than the device free spectral
range (FSR). The main reason is that the FSR value of the small rings is biggish, and the
length of the doped region is too short to obtain the corresponding phase shift. This
limitation does not allow us to realize the OAM order modulation for such small rings, but
as shown in Figure 4 we can utilize pn-diode to adjust the resonance characteristics of the
OAM emitter.

1.51 1.53 1.55 1.57 1.59

µm0.0

0.2

0.4

0.6

0.8

1.0

ring port, 0.5 V throughput port, 0.5 V

ring port, −5 V throughput port, −5 V

Figure 4. Normalized transmission spectra for the ring with radius 5.5 µm.

Figure 5 shows that the vortex order does not change within one FSR. This effect
confirms that we have only functionality of the resonance adjustment for small rings.

In the case of larger rings (especially for the rings with radii of greater than 25 µm),
the FSR value becomes small enough to realize the change in the OAM state. As can be
seen from Figure 6, the resonances shift over the one FSR value. Through this effect, the
OAM order modulation of the optical signal can be obtained, as can be seen in Figure 7.

In addition, note that the resonant curves have smaller peaks due to the lower coupling
in the case of the larger ring. The weakening of coupling can be explained by the increased
complexity and hence the heterogeneity of the emitter, containing about 300 grating ele-
ments, which becomes difficult for optimizing due to doping. Nevertheless, we have shown
that the proposed scheme generally is capable to implement the OAM order switching.
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Figure 5. Intensity and phase distributions of the emitted fields from the ring with radius 5.5 µm.
(a1–a3) is an intensity, arg(Ex) and arg(Ey) at a given resonant wavelength, respectively. Phase
distributions are obtained after passing the field through the quarter-wave plate, so its x-component’s
azimuthal order is above by one, and its y-component’s azimuthal order is below by one than the
actual order of the generated vector vortex beam. Distribution patterns (b1–b3)–(f1–f3) are obtained
similarly. (a1–a3), (b1–b3), and (c1–c3) refer to the resonances at the voltage of 0.5 V, and (d1–d3),
(e1–e3), and (f1–f3) to the resonances at −5 V.
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Figure 6. Normalized transmission spectra for the ring with radius 26.5 µm.
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Figure 7. Intensity and phase distributions of the emitted fields from the ring with radius 26.5 µm.
(a1–a3) is an intensity, arg(Ex) and arg(Ey) at a given resonant wavelength, respectively. Phase
distributions are obtained after passing the field through the quarter-wave plate, so its x-component’s
azimuthal order is above by one, and its y-component’s azimuthal order is below by one than the
actual order of the generated vector vortex beam. Distribution patterns (b1–b3)–(f1–f3) are obtained
similarly. (a1–a3), (b1–b3), and (c1–c3) refer to the resonances at the voltage of 0.5 V, and (d1–d3),
(e1–e3), and (f1–f3) to the resonances at −5 V.

4. Analysis of the Emitted Field Propagation

To ensure that the resulting beams retain their vortex structure as they propagate
through free space (for example, before injecting them into the fiber), we performed calcula-
tions using some obtained field distributions from the emitter. The near-field distributions
for the vortices of 3rd (field 1) and 7th (field 2) orders are shown in Figure 8.

As it can be seen, field 1 is a radially polarized field with the 3rd order vortex phase
component. Field 2 is a hybrid-polarized (superposition of radial and azimuthal polariza-
tion) field with a 7th order vortex phase component. There is comparably high intensity in
the E-field component |Ez|2 due to the diffraction in the near field [42–44].

Primarily, we calculated the electromagnetic field in the lens focal plane (focal length
f = 1.3 mm, numerical aperture of the lens NA = 0.01) by using the transverse electric
field components of the incident beam and the vector propagation operator [45–47]:

[
E(r, ϕ, z)
H(r, ϕ, z)

]
= − i f

λ

θmax∫

0

2π∫

0

[
VE(θ, φ)
VH(θ, φ)

]
exp{ik[r sin θ cos(φ− ϕ) + z cos θ]}

√
cos θ sin θdθdφ (6)

where sin(θmax) corresponds to the lens numerical aperture, polarization vectors are de-
fined on the transverse electric field components of the incident beam E0x(θ, φ) and E0y(θ, φ)
applying the following equations:

VE(θ, φ) =




A(θ, φ) C(θ, φ)
C(θ, φ) B(θ, φ)
−D(θ, φ) −E(θ, φ)



(

E0x(θ, φ)
E0y(θ, φ)

)
, (7)

VH(θ, φ) =




C(θ, φ) −A(θ, φ)
B(θ, φ) −C(θ, φ)
−E(θ, φ) D(θ, φ)



(

E0x(θ, φ)
E0y(θ, φ)

)
, (8)
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A(θ, φ) = 1− cos2 φ(1− cos θ),
B(θ, φ) = 1− sin2 φ(1− cos θ),
C(θ, φ) = − sin φ cos φ(1− cos θ),
D(θ, φ) = cos φ sin θ,
E(θ, φ) = sin φ sin θ.

(9)

The calculation results, corresponding to the field in the far zone, are shown in Figure 9.
It can be seen that the beam structure has changed, becoming close to the radially polarized
Bessel beam of the third order, but the phase and polarization states of the beam are
preserved. Similarly, a hybrid-polarized seventh-order Bessel beam was formed in the
far-field.
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Figure 8. Distribution patterns of the emitted field in the near field. Size of the field plots is 26 µm ×
26 µm.
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∣∣c0t
m
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∣∣2 (envelopes).

Figure 9 also shows the results of the decomposition of each component of the electric
fields 1 and 2, based on angular harmonics for the incident field [48]:
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c0t
m =

1
2π

θmax∫

0

2π∫

0

E0t(θ, φ) exp(−imφ)dθdφ, (10)

and in far field:

ct
m =

1
2π

R∫

0

2π∫

0

Et

(
r, ϕ, z f

)
exp(−imϕ)rdrdϕ, (11)

where t = {x, y, z} and m is integer.
Using the coefficients from Equations (10) and (11), the OAM value for each field

component can be calculated by the following formula [49]:

µt
N =

(
N

∑
m=−N

m
∣∣ct

m
∣∣2
)(

N

∑
m=−N

∣∣ct
m
∣∣2
)−1

(12)

where 2N + 1 is the number of calculated decomposition coefficients (we used N = 15).
As follows from the results shown in Figure 9, the value of OAM (12) is practically

preserved in the far-field for all the field components of the vector vortex beams. In this
case, the OAM value for the longitudinal component differs by one from the OAM values
of the transverse components, which is in full agreement with the theory [44–46].

5. Discussion

In this paper, we proposed the novel design of the microring-based vortex beam
emitter. First, the proposed scheme provides a possibility to realize the adjustment of the
spectral properties of optical vortex emitter and, correspondingly, reduce the dependence
of the emitter resonances on the fabrication errors. Also, for the structures with larger radii
(starting from approximately 25 µm), it becomes possible to realize the OAM switching
in the wavelength domain, which can be used for electro-optical OAM modulation of
the signal.

As mentioned above, the proposed scheme is expected to provide much faster reso-
nance adjustment or OAM order switching with much lower power consumption compared
to the schemes based on thermo-optical effect following from the operating characteris-
tics of the inversely biased pn-junction. Moreover, the proposed integrated scheme is
much smaller than the conventional discrete optics for generating optical vortices in free
space. Generally, our device can be useful for future data transmission systems with spatial
division (de)multiplexing, for OAM encoding, or in sensing systems.

It is worth noting, that tunable vortex mode emitter can be especially useful in ap-
plications where the beam’s OAM order and fine-tuning of its spectral characteristics are
of decisive importance. For example, FBG temperature sensors, which are based on the
interaction of OAM radiation with the transmission medium, are influenced by the mea-
sured external parameters. Theoretically, our proposed device can be used for spin [50]
and lateral motion [51] detecting schemes. These methods are based on the light-matter
interaction, which couples OAM and mechanical momentum. Also, it would be interesting
to use such an emitter in an OAM-controlled hybrid plasmonic circuit for optical logic
operations [52] and in other photonic circuits for information processing.

For further development of the proposed device, the metal mirror placed in the buried
oxide [53] can be applied to suppress the cylindrical vector Bessel modes of higher orders,
which are formed sideways, and therefore improve the emission efficiency. There is also
a possibility to further optimize the coupling between the bus waveguide and the ring
resonator to increase the depth of the resonances and raise the emitted vortex beam power.

6. Conclusions

In summary, we showed that by integrating a pn-diode in the ring waveguide of the
OAM emitter, the carrier number can be controlled enabling a refractive index modulation,
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that allows rapidly changing the transmission spectrum of the emitter. This effect allows
adjusting the emitter resonance to the desired wavelength while maintaining the required
OAM in the case of rings with radii smaller than 25 µm. For the larger ring radii, it is
possible to implement the OAM (de)multiplexing or modulation.

Modeling results have shown that our device in case of the small ring radius (5.5 µm)
emits an optical vortex with the topological charge ` = −6 at the wavelength of 1549 nm
and the voltage level of 0.5 V, and with the same azimuthal order at 1552 nm and −5 V.
This provides a resonance wavelength shift while maintaining the required topological
charge of the emitted vortex beam. In the case of the larger ring (with the radius of 26.5 µm)
the voltage change provides the change in the topological charge of the emitted vortex
beam (−7 and −6 at the wavelength of 1548 nm for the voltage levels of 0.5 V and −5 V,
respectively). In a detailed study of the available beam distributions, we also ensured that
the radiated beams maintain their topological charges while propagating in free space.

We believe that the presented results will be useful both for the further development
of OAM-powered devices and for moving towards full-fledged photonic integration.
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Abstract: This work presents designed and fabricated silica few-mode optical fiber (FMF) with induced 
twisting 10 and 66 revolutions per meter, core diameter 11 µm, typical “telecommunication” cladding
diameter 125 µm, improved height of quasi-step refractive index profile and numerical aperture 0.22.
Proposed FMF supports 4 guided modes over “C”-band. We discussed selection of specified optical fiber
parameters to provide desired limited mode number over mentioned wavelength range. Some results
of tests, performed with pilot samples of manufactured FMF, are represented, including experimentally
measured spectral responses of laser-excited optical signals, that comprise researches and analysis of
few-mode effects, occurring after fiber Bragg grating writing.

Keywords: twisted optical fiber; laser beam profile; differential mode delay; laser-based few-mode 
optical signal transmission; fiber Bragg grating; few-mode effects
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1. Introduction

Twisted optical fibers have been known since the early 1980s: here, the concept of fiber
spinning was firstly originally introduced in the work [1]. The fabrication technique of
twisted optical fibers is based on rotation of preform during the fiber drawing [1] or directly
spinning of the drawn optical fiber [2]. Twisted single mode optical fibers are usually
considered as fibers with reduced polarization mode dispersion (PMD) [1–4], while induced
chirality (including twisting) over multimode optical fibers is declared as the method for
differential mode delay (DMD), decreasing with total bandwidth improvement [5,6].

Nowadays, twisted optical fibers (both with typical coaxial geometry (core, bounded
by intermediate and/or outer solid cladding) and microstructured/photonic crystal optical
fibers) are considered as alternative unique fiber optic elements with great potentiality for
various applications in fiber optic sensors [7–10].

At the same time, many recently published works demonstrated new effects, oc-
curring in fiber Bragg gratings (FBGs), written in FMFs as well as in multimode optical
fibers (MMFs), under laser-source excitation. A lot of many recently published works
demonstrated few-mode operation of these conventional, tilted or slanted FBGs on MMFs
and FMFs in vibration, temperature, deformation, displacement, bending, etc., fiber optic
sensors [11–20].

A few-mode regime adds a new other dimension to the space of parameters: it is
associated with guided modes of particular order, in which a limited number (from two to
a few dozen) transfer the most part of optical signal power over tested optical fiber. We
suppose that twisted FMF with recorded FBG can be considered as a new complicated
fiber optic element with unique features and great potentiality for application in fiber
optic sensors.

This work is focused on design and fabrication of twisted few-mode optical fiber
(FMF) with specified limited (3. . . 4) guided modes, supporting over “C”-band. Therefore,
at the first stage, by using commercially available software with rigorous numerical finite
element method, technological/geometrical parameters were specified to provide the
desired few-mode regime operation of designed FMF.

We performed adaptation of the conventional technique for drawing optical fibers to
fabricate designed FMF with induced twisting under small as well as large number of revo-
lutions per meter. Some results of theoretical and experimental researches, performed for
pilot samples of manufactured FMF, are represented, including experimentally measured
spectral responses of laser-excited optical signals, that comprise researches and analysis of
few-mode effects, occurring after fiber Bragg grating recording.

2. Design of FMF: Selection of Geometrical Parameters to Provide Desired Limited
Number of Guided Modes

At the first stage, we utilized rigorous numerical finite element method, used in
COMSOL Multiphysics software, to analyze a preliminary designed set of specified step-
index optical fibers with the same typical “telecommunication” cladding diameter 125 µm,
but differing by combination of core diameter and numerical aperture (e.g., height of
refractive index profile). Here, for each designed optical fiber sample, guided modes
(which satisfy to the cut-off condition) were defined, and their effective refractive indexes
were computed. The main criterion was focused on providing limited (3. . . 4) transversal
guided modes′ propagation over FMF under laser source excitation at the wavelength
λ = 1550 nm.

We performed analysis of FMF by an earlier developed and successfully verified
method [21–23], based on the numerical solution of linear Maxwell equation system,
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written for a homogeneous isotropic dielectric in the absence of free charges and currents
and reduced to wave equations for the vectors of electric (E) and magnetic (B) fields [24]:

∇×
(

1
µ
∇× E

)
− k2

0εE = 0, (1)

where k0 is wave number (k0 = 2π/λ); ε is the dielectric permeability (ε = n2, n is refractive
index); µ is magnetic permeability.

By taking into account satisfaction to the perfectly matched layer (PML) conditions,
Equation (1) was transformed to the following form [25]:

∇×
(

1
µ′∇ ×

1
[S]

E
)
− k2

0ε
′ 1
[S]

E = 0, (2)

where ε′ and µ′ are modified dielectric and magnetic permeability; [S] is matrix of PML
layer coefficients.

Solution of Equation (2) is equation of electromagnetic wave, propagating along z-axis
of optical fiber [24]:

E(z, t) = E0 exp
[

j
(
ωt− ω

c
neffz

)]
, (3)

where E0 is amplitude of electric field strength;ω is circular frequency; c is light speed in
vacuum; t is time.

Effective refractive index neff is defined by numerical solution of Equation (3) and re-
lated transversal mode is identified (in terms of linear polarized modes LPlm, e.g., azimuthal
and radial orders l and m) by comparison computed radial mode field distribution with pre-
defined field patterns of known order modes LPlm, which are exact solutions for scalar wave
equation, written for model optical fiber with ideal step index or unbounded parabolic
refractive index profiles and described by Bessel or Laguerre-Gaussian functions [26,27].

Table 1 shows results of optical fiber analysis, performed by a rigorous finite element
numerical method in COMSOL Multiphysics software under wavelength λ = 1550 nm. We
considered ideal step-index refractive index profile, the same cladding diameter 125 µm (that
corresponds to conventional telecommunication optical fibers), three various core diameters
(8.3, 10.0 and 11.0 µm) and six values of numerical aperture NA (0.14, 0.16, 0.18, 0.20, 0.22 and
0.24—it corresponds to approximately the difference between core and cladding refractive
indexes 0.02). We start from the core diameter 8.3 µm as the typical value for standard single
mode optical fibers (SMFs) of ITU-T Rec. G.652 [28]. It was supposed that even the weak
improvement of refractive index profile height, in comparison with ratified SMF, may provide
desired few-mode regime with 3. . . 4 transversal guided mode propagation at λ = 1550 nm.
However, results of computation showed that following increasing both core diameter and
numerical aperture (e.g., refractive index profile height) is required).

Table 1. Results of optical fiber analysis, performed by rigorous numerical method: step-index optical
fibers under various combinations of core diameter and numerical aperture (λ = 1550 nm).

№ Core Diameter, µm Cladding Diameter, µm Numerical
Aperture NA Mode Composition neff ∆neff

1 8.3 125 0.14 LP01 1.460478 –

2 8.3 125 0.16 LP01
LP11

1.462210
1.457688 0.004522

3 8.3 125 0.18 LP01
LP11

1.464263
1.459082 0.005181

4 8.3 125 0.20 LP01
LP11

1.466624
1.460940 0.005684
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Table 1. Cont.

№ Core Diameter, µm Cladding Diameter, µm Numerical
Aperture NA Mode Composition neff ∆neff

5 8.3 125 0.22 LP01
LP11

1.469284
1.463199 0.006085

6 8.3 125 0.24

LP01
LP11
LP21
LP02

1.472237
1.465821
1.458136
1.457159

0.006416
0.014101
0.015078

7 10 125 0.14 LP01
LP11

1.461181
1.457847 0.003334

8 10 125 0.16 LP01
LP11

1.463027
1.459219 0.003808

9 10 125 0.18 LP01
LP11

1.465177
1.461012 0.004165

10 10 125 0.20

LP01
LP11
LP21
LP02

1.467622
1.463176
1.457854
1.457139

0.004446
0.009768
0.010483

11 10 125 0.22

LP01
LP11
LP21
LP02

1.470355
1.465682
1.459875
1.458498

0.004673
0.010480
0.011857

12 10 125 0.24

LP01
LP11
LP21
LP02

1.473371
1.468510
1.462343
1.460621

0.004861
0.011028
0.012750

13 11 125 0.14 LP01
LP11

1.461499
1.458455 0.003044

14 11 125 0.16 LP01
LP11

1.463387
1.459994 0.003393

15 11 125 0.18

LP01
LP11
LP21
LP02

1.465572
1.461914
1.457563
1.457061

0.003658
0.008009
0.008511

16 11 125 0.20

LP01
LP11
LP21
LP02

1.468048
1.464179
1.459378
1.458241

0.003869
0.008670
0.009807

17 11 125 0.22

LP01
LP11
LP21
LP02

1.470808
1.466767
1.461642
1.460198

0.004041
0.009166
0.010610

18 11 125 0.24

LP01
LP11
LP21
LP02
LP31

1.473847
1.469664
1.464288
1.462650
1.458078

0.004183
0.009559
0.011197
0.015769

For example, combination of the SMF “nominal” core diameter 8.3 µm and maximal
(from the researched range) numerical aperture value NA = 0.24 provides technical sat-
isfaction of the cut-off condition for desired 4 modes—the fundamental LP01 and higher
order modes LP02, LP11, LP21. However, the last two modes LP02 and LP21 are unacceptably
instable to propagation over long distances due to their field concentration in the cladding:
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here, optical confinement factor Pco (e.g., mode power, transferred over core) for both afore-
mentioned modes is inadmissibly low (Pco < 0.5). Therefore, we conclude that none of the
researched combinations of core diameter 8.3 µm and 6 tested numerical aperture values
NA = 0.14. . . 0.24 do not provide desired 4-mode operation at wavelength λ = 1550 nm. The
same matter corresponds to core diameter 10.0 µm and NA = 0.20: here also, higher-order
modes LP02 and LP21 satisfy cut-off condition under unacceptable low optical confinement
factor Pco < 0.5, while desired 4-mode operation is achieved for numerical aperture range
NA = 0.22. . . 0.24. Following improvement of core diameter up to 11 µm showed the best
results for NA = 0.20 and NA = 0.22: all 4 modes satisfy the cut-off condition under the
required optical confinement factor Pco > 0.5. Lower NA = 0.18 led to inappropriate low
Pco < 0.5 for the same last two higher-order modes, while increased NA = 0.24 provides
satisfaction of the cut-off condition for 5th mode LP31.

Therefore, according to computation results, we selected the following configuration
for fabricated FMF: core diameter 11 µm, typical “telecommunication” cladding diameter
125 µm, numerical aperture NA = 0.22.

3. Pilot FMF 11/125 with Improved Height of Quasi-Step Refractive Index Profile and
Induced Twisting

According to the aforementioned technological parameters, a preform of the desired
FMF 11/125 with the numerical aperture NA = 0.22 was prepared by conventional modified
chemical vapor deposition (MCVD) method [29]. Figure 1 presents measured refractive
index profile with improved height of FMF fabricated preform.

Figure 1. Refractive index profile of pilot FMF preform (measured by refractometer Photon Kinetics P101).

The general form of fabricated preform refractive index profile is quasi-step. Moreover,
there is a dip of refractive index in the core center, which is typical for MCVD technique:
it is caused by highly volatile GeO2 dopant diffusion during support tube collapse. Here,
the absolute height of the profile reaches ~0.27, while dip is ~0.08. As a result, to cor-
rectly evaluate refractive index profile height, we computed the area of the central (core)
part and further estimated the effective height of the profile. For researched prepared
FMF 11/125 preform, this parameter was ~0.018, that is equivalent to numerical aperture
NA = 0.22.

We performed some modifications of the drawing tower to induce twisting on FMF
during its drawing. The detailed description of modification is represented in the earlier
published work [30]. Usually, preform is fixed in a mechanical chuck of the feed unit,
which inputs preform to the heat space of a high temperature furnace. Preform is kept
in a stationary position and redrawn without rotation. To induce desired twisting over
manufactured FMF, we integrated the stepper motor to the feed unit, which continuously
rotates preform under the set speed and adds a new rotation function to the drawing system.
The minimal motor rotation speed is 20 revolutions per minute, while the maximal is 200.
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Therefore, under slow drawing speed 2. . . 3 m/min (that is usually used for manufacturing
special or experimental optical fibers), it induces twisting with 10 and 66 revolutions per
meter (rpm), respectively.

Figure 2 shows an image of the end-face of fabricated pilot sample of twisted FMF 11/125
with numerical aperture NA = 0.22, drawn from the aforementioned manufactured preform.
Figure 3 presents near field laser beam profile (operating wavelength λ = 1550 nm) after
propagation over the fabricated FMF 11/125 by CCD camera.

Figure 2. Image of the end-face of fabricated pilot 4-mode FMF 11/125 with numerical aperture
NA = 0.22 (high-resolution optical microscope Nikon Eclipse N-U).

Figure 3. Near field laser beam profile (operating wavelength λ = 1550 nm), measured after propaga-
tion over pilot sample of FMF 11/125 by CCD camera DataRay WinCamD-LCM-C-TE.

We measured both 10 rpm and 66 rpm pilot sample 50 m length FMF 11/125 attenua-
tion α(λ) by cutback method over wavelength band λ = 900–1700 nm by using a halogen
lamp (OSRAM 64642 HLX) as a light source, programmable monochromator (ANDO),
germanium photodiode (wavelength range 900. . . 1700 nm), optical amplifier (eLockIn)
and optical power meter (and ANDO AQ-1135E).

Measured attenuation curves α(λ) contain typical resonance “water” peaks with strong
loss due to simplified and rapid technique for FMF preform fabrication without hydroxyl
(OH–) dopants extraction: here, we just focused on twisted FMF pilot sample length
manufacturing with specified geometry parameters, which should provide desired few-
mode operation by low widening core diameter and strong improvement of refractive
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profile height and did not pay attention to attenuation reduction. In the same way, increased
attenuation (in comparison with commercially available silica optical fibers [28]) at the
central regions of the “C”- and “O”-bands, which reaches almost α = 7. . . 8 dB/km, was
expected due to intentional excluding (to reduce reagent consumption and also to simplify
preform fabrication process) of typical operation of Fluorine (F) doping to the core region,
which helps to decrease GeO2 dopant unwanted influence on attenuation increasing.

Figure 4 demonstrates that attenuation curve α(λ) over “flat” regions between the reso-
nance peaks for FMF with twisting 66 rpm being lower in comparison with 10 rpm twisted
FMF. It may be explained by more smoothing of refractive index profile typical MCVD
technological defects under more rapid twisting of preform during optical fiber drawing.

Figure 4. Attenuation of manufactured 50 m length FMF 11/125 samples with induced twisting 10
and 66 rpm.

4. Dispersion Parameters of Guided Modes, Propagating in the Pilot Sample FMF
11/125 with Improved Height of Quasi-Step Refractive Index Profile

During the next stage, we computed spectral characteristics of dispersion parameters
of guided modes, satisfying the cut-off condition for fabricated pilot sample of FMF 11/125.
For this purpose, it was proposed to utilize an earlier on developed simple and fast ap-
proximate method, which is a modification of the Gaussian approximation, extended to
the case for estimation of the transmission parameters of arbitrary order modes, propagat-
ing in a weakly guiding optical fiber with an arbitrary axially symmetric refractive index
profile [31], with following, optionally (in appropriate case), accuracy improvement by
rigorous numerical method of mixed finite elements [32]. This extended modification of the
Gaussian approximation (EMGA) is based on combination of the stratification method [26]
and “classical” Gaussian approximation [27]. Stratification method provides ability to
represent complicated form of researched optical fiber refractive index profile with high
detailing and corresponding technological defects (including local refractive index fluctu-
ations), in spite of the most approximate methods, which typically utilize one or a set of
smooth functions. Proposed approach significantly reduces computational error during
direct calculation of transmission parameters of guided modes in optical fiber with large
core diameter (in comparison with single mode optical fibers) and complicated form of
refractive index profile [31,32]. Here, only one variational parameter—normalized mode
field radius R0—should be determined as a result of characteristic equation solution, while
R0 within the “classical” Gaussian approximation is the basis and it completely defines
all desired guided mode transmission parameters. According to Gaussian approximation,
radial mode field distribution is represented by a well-known approximating expression,
based on Laguerre-Gaussian functions [27], that corresponds to exact solution of scalar
wave equation, written for weakly guiding optical fiber with an ideal inbounded parabolic
refractive index profile. This permits to derive and write analytical expressions for varia-
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tional expression and characteristic equation in the form of finite nested sums, and further,
their first and second derivations—mode delay and chromatic dispersion parameter. There-
fore, developed approximate method EMGA does not require high computational resources
(even during higher-order mode dispersion parameter estimation) and provides low (less
than 1% [26,27]) computational error.

Figure 5 shows an equivalent quasi-step refractive index profile of the analyzed
FMF 11/125 with a numerical aperture NA = 0.22, restored by report of measurements,
performed for drawn optical fiber.

Figure 5. Equivalent quasi-step refractive index profile with improved height, restored by measure-
ment report data.

At the first stage, we computed optical confinement factor for modes, propagating in
a mentioned above FMF 11/125, over wavelength range λ = 700. . . 1700 nm. The results are
presented in the form of a diagram in Figure 6.

Figure 6. Diagram of the optical confinement factor distribution between modes of FMF 11/125 over
the wavelength range λ = 700. . . 1700 nm.
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According to computational results, desired 4-mode optical signal transmission is
provided by researched FMF 11/125 over band λ = 1450. . . 1700 nm. Generally, 38 LPlm
modes with l = 0. . . 7 azimuthal and m = 1. . . 9 radial orders nominally satisfy the cut-off
condition at the least researched wavelength range bound λ = 700 nm. However, only
for 19 modes with also l = 0. . . 7, but m = 1. . . 4, orders optical confinement factor as more
Pco ≥ 0.5 for the same wavelength.

At the central region of the “O”-band (λ = 1300 nm), researched FMF 11/125 supports
6 guided modes that satisfy the cut-off condition under the optical confinement factor value
more Pco ≥ 0.5: they are listed in Section 2—LP01, LP11, LP21, LP02 modes and two additional
higher-order modes LP12, LP31. We computed spectral curves of dispersion parameters for
those 6 aforementioned guided modes. Results are represented in Figure 7a with spectral
characteristics of mode delay and Figure 7b with chromatic dispersion coefficient. Analysis
of mode delay curves show that DMD reaches 18.35 ns/km over λ = 1300 nm wavelength
region, while near λ = 1550 nm DMD decreases down to 14.93 ns/km due to “suppression”
of two higher-order modes LP12 and LP31.

Figure 7. Spectral characteristics of guided mode dispersion parameters: (a) mode delay; (b) chro-
matic dispersion coefficient.

By comparing spectral characteristics of the chromatic dispersion coefficient for the
fundamental and higher-order modes, computed curves are generally similar to spectral
characteristic of chromatic dispersion coefficient for standard telecommunication single
mode optical fiber (SMF) of ITU-T Rec. G.652 [28]. Here, zero dispersion wavelength of
both the fundamental and higher-order guided modes corresponds to wavelength range
λ = 1300. . . 1350 nm. Maximal deviation of this parameter D between higher-order guided
modes was 27.09 ps/(nm·km) at λ = 1300 nm and 4.97 ps/(nm·km) at λ = 1550 nm.

5. Experimental Research of Spectral Responses of FBG, Written over Twisted FMF
11/125 with Improved Height of Quasi-Step Refractive Index Profile

Two FBG samples were written on the short (less 1.5 m) segments of SMF (Rec. ITU-T
G.652 [28]) and fabricated pilot sample of twisted FMF 11/125 by Lloyd ineterferometric
setup workstation under the same mask (with the same grating period), providing expected
Bragg wavelength about λB ≈ 1550 nm. We performed preliminary measurements of both
FBG spectral responses under propagation of optical signal, generated by continuous
emission (CE) wideband laser diode (LD) with operating wavelength λ = 1550 nm and
pigtailed by SMFs. Conventional setup was utilized for FBG spectral response measurement
by optical spectrum analyzer (OSA) with fiber optic circulator (CIR), also pigtailed by SMFs.
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The described above scheme for testing of FBG, written on FMF, is shown in Figure 8.
Both tested FBGs were jointed to SMF pigtail by fusion splicer and further connected to
circulator via corresponding fiber optic adapter.

Figure 8. Conventional setup for reflected FBG spectral response measurement: testing of FBG,
written on FMF under laser-based few-mode operation.

Results of measurements—OSA software screenshots—are represented in Figure 9a,b.
Comparison of two measured spectral responses show that detected Bragg wavelength of
FBG, written on FMF 11/125, is higher up to 16.46 nm (λB = 1567.50 nm), than for FBG on
SMF (λB = 1551.04 nm). This suggests that effective refractive index for the fundamental
mode LP01 of FMF is somewhat higher, in comparison with the fundamental mode LP01 of
SMF, in approximately 1%. Spectral response of FBG on FMF contains main and periphery
peaks. It may be considered as superposition of several modes, corresponding to transversal
mode components, that led to response widening and confirms desired few-mode regime
of FMF operation at the central wavelength of “C”-band (λ = 1550 nm).

Figure 9. Spectral responses of FBG, excited by laser-source (CE LD, λ = 1550 nm): (a) FBG on SMF;
(b) FBG on FMF 11/125.

The next set of tests was concerned with research of FBG Bragg wavelength λB shifting
sensitivity to the temperature action with the following comparison. We placed sequentially
both FBGs to the thermostat and discretely varied temperature from +40 ◦C up to +120 ◦C
with a step of 20 ◦C. Here, Bragg wavelength λB under the least bound temperature +40 ◦C
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was considered as the reference value for the following estimation of λB shifting under the
temperature increasing. Results are represented in Figure 10. Both dependences are highly
linear, while the slope for FBG on FMF is somewhat higher (approximately on 5%).

Figure 10. FBG Bragg wavelength λB shifting sensitivity to the temperature action: (a) FBG on SMF;
(b) FBG on FMF 11/125.

By analogy with the previous measurements, we performed test series which focused
on research and comparison sensitivity of FBGs on SMF and FMF to mechanical action. For
these researches, we placed FBGs to the precision translation stage, which provides tensile
and following with precision particular elongation of researched optical fiber segment with
written FBG over the range 100. . . 250 µm with a step of 50 µm. Here, Bragg wavelength
under the unstrained state was considered as the reference value for the following esti-
mation λB shifting ∆λ under the described mechanical action. Results are represented in
Figure 11. Both dependences are also highly linear, while the slope for FBG on FMF is
somewhat higher (approximately on 2.5%).

Figure 11. FBG Bragg wavelength λB shifting sensitivity to the mechanical action: (a) FBG on SMF;
(b) FBG on FMF 11/125.

The next test series was concerned with researches of few-mode effects, occurring dur-
ing laser-excited optical signal propagation over FBG, written in FMF 11/125, under some
various stress actions. Here, we utilized a “direct” FBG spectral response measurement
scheme without fiber optic circulator (Figure 12). We tested sample FBG on FMF which was
pigtailed by using fusion splicer by short SMF pigtails with length not more than 140 mm
to avoid conversion of higher-order FMF guided modes to leakage/cladding modes in
SMF pigtail [33].
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Figure 12. Conventional setup for direct FBG spectral response measurement: testing of FBG, written
on FMF under laser-based few-mode operation.

Spectral response, measured for FBG on FMF 11/125 in an unperturbed state (that
would be further considered as the reference) is presented in Figure 13. Here, 3 peaks
(1 main peak (1567.24 nm) and 2 periphery peaks (1566.65 nm and 1567.96)) could be seen
quite distinctly. During the next tests, we measured spectral responses under forming
FMF loop with radius 15 mm before, on and after FBG. Results are shown in Figure 14.
As expected, in all cases, Bragg wavelength shifting was detected. However, response
smoothing as well as periphery peak dropout were noticed. Here, λB shifted down to
∆λ = 0.24 nm under loop before and after FBG, while the loop on FBG λB became longer
up to 0.08 nm in comparison with the reference response main peak value. Second test
series was concerned with spectral response measurements after placing loops with radius
86 and 63 mm over researched segment of FMF 11/125 with written FBG. Results are
demonstrated in Figure 15. Here again, response smoothing and periphery peak dropout
are noticed under the same Bragg wavelength shifting down to 0.16 and 0.20 nm.

Figure 13. Reference spectral response of unperturbed FBG, written on FMF 11/125.
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Figure 14. Spectral responses under 15 mm loop before, after and on the FBG, written on FMF 11/125.

Figure 15. Spectral responses under 86 and 63 mm loops, placed over FMF 11/125 with written FBG.

6. Conclusions

This work is devoted to the design and fabrication, as well as experimental and
theoretical researches of the parameters of FMF 11/125 with induced twisting and improved
height of a quasi-step refractive index profile, which provides 4-mode operation over “C”-
band. Based on the series of simulation of described optical fiber, we selected specified
technological parameters to support the desired 4 guided modes over the mentioned
above “C”-band: core diameter 11 µm, cladding diameter 125 µm and numerical aperture
NA = 0.22.

Successfully fabricated pilot sample lengths of the described above FMF 11/125 with
induced twisting of 10 and 66 rpm are presented. Results of measured attenuation showed
expected increased loss α = 7. . . 8 dB/km over “C”- and “O”-bands, explained by an
intentionally simplified technique for FMF preform manufacturing by excluding typical F
doping to optical fiber preform core region, which helps to decrease GeO2 dopant unwanted
influence on attenuation increasing.

We performed analysis of designed and fabricated FMF 11/125: here, data from the
measurement report were utilized to restore the real form of quasi-step refractive index
profile. Orders of guided modes, satisfying the cut-off condition, were defined over re-
searched wavelength band λ = 700. . . 1700 nm (4. . . 6 guided modes were localized over
“C”- and “O”-band, respectively). Spectral characteristics of dispersion parameters (mode
delay and chromatic dispersion coefficient) for defined guided modes were computed for
the mentioned above researched wavelength range. Analysis of the mode delay curves
showed that at the wavelength λ = 1300 nm, DMD reaches 18.35 ns/km, while at the
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wavelength λ = 1550 nm, it reduces down to 14.93 ns/km. By comparing spectral character-
istics of the chromatic dispersion coefficient for the fundamental and higher-order modes,
computed curves are generally similar to spectral characteristics of chromatic dispersion
coefficient for conventional SMF (ITU-T Rec. G.652): here, zero dispersion wavelength of
both the fundamental and higher-order guided modes corresponds to wavelength range
λ = 1300. . . 1350 nm.

FBG was written in the sample of fabricated FMF 11/125 segment and test series were
performed to research a few-mode effects, occurring during laser-excited optical signal
propagation over FMF with written FBG, both unperturbed and under the temperature
or mechanical actions. Main and periphery peaks were localized on the spectral response
of unperturbed FMF FBG, while under the stress besides the expected Bragg wavelength
shifting, spectral response smoothed and periphery peaks dropped out. Results of per-
formed theoretical and experimental researches showed a good potentiality for utilization
of designed and fabricated twisted FMF 11/125 in various applications of selected order
guided mode management as well as in fiber optic sensors.
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