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ABSTRACT The article presents the results of a fibre Bragg grating (FBG) investigation. Two types of FBGs, uniform and tilted,
were fabricated. They were inscribed in the cores of fibres using a UV excimer laser KrF Coherent Bragg Star M and the phase
mask method. Photosensitive optical fibres GF1 were chosen for FBG fabrication. The properties and characteristics of the
fabricated FBGs were investigated in order to design fibre-optic bending sensors. In this case, the analysis of FBG spectral
characteristics and temperature sensitivity dependencies is crucial. The setup including a climatic chamber, an AQ6370D
Optical Spectrum Analyser, an S5FC1550S-A2 SM Benchtop SLD Source and a computer was used for FBG spectral
characteristics and temperature sensitivity measurement. Spectral characteristics of uniform and tilted FBGs were
investigated within the temperature range from -40.6°C to 181.8°C. The following peaks in the spectral characteristics in the
above-mentioned temperature range were chosen for analysis: the Bragg peak for uniform FBGs and such peaks as Bragg
peak, Ghost peak and three peaks of certain wavelengths for tilted FBGs. The shifts of the analysed peaks in the spectral
characteristics with temperature were observed. Temperature dependencies of wavelengths of the analysed peaks were
obtained. It was shown that there is an approximately linear temperature dependence of the Bragg wavelength and other
above-mentioned analysed peaks of certain wavelengths. The linear character of the investigated temperature dependencies
of the fabricated FBGs allows for their use in sensor application. It was shown that temperature sensitivities of uniform and
tilted FBGs were dependent on the temperature range chosen. Temperature sensitivities approximately equal to
11.1-11.4 pm/ °Cin a temperature range of 120.8 — 181.8 °C and approximately equal to 8.5 — 8.9 pm / °C in a temperature
range of -40.6 — 20.7 °C for uniform and tilted FBGs were determined. Temperature sensitivities were dependent on certain
wavelength and changed from 8.4 pm / °C to 10.1 pm / °C for particular wavelengths.
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n recent years, different sensing structures of bending 15
I sensors based on fibre Bragg gratings (FBGs) have " G
been proposed [1-2]. Fibre optic cable can be bent at a —

radius of less than 1 cm (microbending) or more than 1 cm
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(macrobending). Microbending can cause signal loss and . Soma—]
reduced transmission in the fibre. The macrobending can 5

result in spectral changes in FBGs, e. g. Bragg wavelength 0

shift (mainly to shorter wavelengths), reflectivity decrease 15815 lssl&wmm 1:5:‘: 15530
and widening the FBG spectrum. Investigations have

shown that spectral properties of FBGs depend on fibre )

type and bend radius. The examples of transmission spectra 2f B

for low bend loss fibres F-SBC and F-SBD are given in
Fig. 1. In Fig. 1a the trend in wavelength shift is depicted:
the wavelength shift to lower wavelengths is observed with
bend diameter decrease. The arrow indicates the trend in
wavelength shift as bend diameter decreases, shifts its
Bragg wavelength (usually shorter), reduces reflectivity
and broadens its spectrum.
Analysis and considering the changes in FBG spectra o ls”\:lvelength(n:::o.o e

due to bending should be taken into account at sensor b)

design. The aim of the work was to fabricate the uniform -, (a) Example of shifts in spectra of F-SBC fibre (125 um

and tilted FBGs and investigate their properties and  fipre diameter) for various bend diameters; (b) the spectra of F-

characteristics in order to design the fibre-optic bending  SBD fibre (80 pum fibre diameter) for various bend diameters [3].
sensors.
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Il. CHARACTERISTICS OF FIBRE BRAGG GRATINGS

In order to inscribe FBGs (uniform and tilted) the
authors have chosen single mode fibres. Single mode fibre
consists of core and cladding (typically 125 pm)
surrounded by a coating (protective layer). In order to
support only one light mode in the single-mode fibre optic
core the following conditions should be met: the core
diameter should be small (typically 9 um), the cladding
material should have slightly lower refractive index than
the core to eliminate modal dispersion and the operating
wavelength should be longer than the cut-off wavelength.
This is caused by the condition for attenuation of higher-
order modes (for single mode operation):

27a,/n’ —n?
le< 2.405 . 1)

V=
V —V parameter (normalised frequency) which determines
the number of modes a fibre can support; a — the core
diameter, pm; n; — the core refractive index; n, — the
cladding refractive index; A — the free-space wavelength,
um; the V parameter decreases with wavelength increase.

Due to this, reflection in the core occurs less frequently
and attenuation is minimised. But the small core diameter
can lead to difficulties in coupling losses. In single-mode
fibres, splice loss less than 0.1dB is acceptable.
Commonly light sources such as laser or laser diodes
working at 1310 nm (lowest dispersion) and 1550 nm
(lowest attenuation) are used in single-mode fibre cables.

Single mode photosensitive optical fibres GF1 were
chosen for FBGs recording (Fig. 2).
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FIG. 2. Fiber construction [4].

The use of these fibres allows to reduce FBG-writing
time, simplify splicing and achieve low attenuation.
Shorter grating writing time is achieved by enhanced
photosensitivity of the fibre. The enhanced
photosensitivity is achieved by Ge doping of fibre cores
resulting in high Ge concentration and yielding a larger
effective refractive index change. Mode-matching to
transmission fibres allows to minimise signal loss and
distortions. The main specifications of GF1 optical fibres
are as follows: clad diameter 125 +1.5 um, coating
diameter 250 +20 pum, core diameter 9.0 um, operating
temperature -55 °C to 85 °C, numerical aperture (nominal)
0.13, operating wavelength (nominal) 1500 — 1600 nm [5].
Optical fibres GF1 are Restriction of Hazardous
Substances (RoHS) compliant.

FBGs inscribed in single-mode fibres have been
intensively investigated and widely employed in different
types of sensors, including bending sensors, the designs of
which often contain single-mode optical fibres [6]. The
advantages of the sensors based on single-mode FBGs are
reliability, wavelength encoded measurements, immunity
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to electromagnetic interference and multiplexing
ability [7]. But their sensitivity to temperature and strain
complicates their usage and requires development of
additional methods for temperature or strain compensation.

Typical spectral characteristics for uniform and tilted
FBGs are given in Fig. 3.

For analysis of spectral characteristics of FBGs the
following parameters can be used: Bragg wavelength (Ag,
wavelength of highest reflection), reflectivity, Full Width
at Half Maximum (FWHM), side lobe suppression ratio
(SLSR), and FBG reflection spectra shape asymmetry ratio
factor (As). FWHM for FBG spectrum is measured at 50%
of its maximum reflectivity. For sensor applications it is
better to obtain the higher reflection peaks. As FWHM
changes, e. g. with temperature or bending, it can be used
for temperature and bending sensor applications [10]. The
sharper the reflection spectra, the smaller the FWHM. The
grating length and refractive index modulation influence
the FWHM.
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FIG. 3. Spectral characteristics for uniform FBG (a) [8] and tilted
FBG (b) [9].

The relationship between reflectivity and grating length
is dependent on FBG profile, e. g. for uniform FBGs 100%
reflectivity is achieved at much lower grating lengths as
compared with apodised (Gaussian or raised sine) FBG
profiles. Reflectivity increases with index modulation
increase. For uniform FBGs 100% reflectivity is achieved
at much lower index modulation as compared with e. g.
apodised (Gaussian or raised sine) FBG profiles. The
bandwidth decreases with grating length and increases with
index modulation. Side lobe suppression ratio (SLSR, the
ratio between the FBG main lobe peak and the highest
secondary neighbour peak) should be the highest to ensure
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only the main reflection peak. The side lobe intensity
increases with grating length and index modulation [11-
12]. FBG reflection spectrum asymmetry ratio factor As
(As50% / As 10%) characterises the asymmetry of the
spectrum peaks. In the case of full symmetry of the peak
the As factor equals 1. According to the above-mentioned
relationships between the main FBG parameters, the
optimal grating parameters should be chosen depending on
the sensor application.

Temperature sensitivity of FBGs is used in sensor
applications [13]. Temperature changes cause changes in
refractive indexes resulting in Bragg wavelength shift.

Ill. FBG FABRICATION AND INVESTIGATION

Uniform and tilted FBGs were inscribed in the cores of
photosensitive optical fibres GF1 using UV excimer laser
KrF (wavelength 248 nm) Coherent Bragg Star M and
phase mask method. A uniform FBG has been inscribed
with a pulse energy of 75 mJ and repetition rate of 20 Hz
in 60s. A tilted FBG has been inscribed with a pulse
energy of 71 mJ and repetition rate of 50 Hz in 40 min. The
phase mask method was used for FBG fabrication [14]. The
phase masks of 1075.86 nm and 1080 nm pitch were used
to fabricate the uniform and tilted FBGs, respectively. The
length of the uniform and tilted FBGs were, accordingly,
6 mm and 10 mm.

The spectral properties of gratings were measured in a
transmission, using setup including a climatic chamber, an
AQ6370D Optical Spectrum Analyser, an SS5FC1550S-A2
SM Benchtop SLD Source and a computer. In the case of
measurements performed in transmitted mode the light
from the SLD source was injected into an FBG, which
reflected the Bragg wavelength Ag back to the source. The
light of other wavelengths passed through the FBG and was
measured allowing the determination of the dip (notch) at
the Bragg wavelength Ag. The climatic chamber allowed to
provide precise temperature measurements and determine
temperature dependencies of FBG wavelengths. The
temperature range of the measurements was from -40.6 °C
up to 181.8°C. The setup for measurement of FBG
characteristics is given in Fig. 4.

FIG. 4. Setup for measurement of FBG characteristics.

The measured spectral characteristics of uniform and
tilted FBGs at different temperatures are depicted in
Figs. 5a and 5b, respectively. For the uniform FBG one can
see the shift of the Bragg wavelength Ag relative to the
temperature. For the tilted FBG the transmitted wavelength
of each particular peak is also shifted with the temperature.
The analysed peaks for tilted FBG are depicted in Fig. 5b.
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FIG. 5. Spectral characteristics of uniform (a) and tilted FBGs (b)

at different temperatures (curve colours are assigned to different
temperatures).
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FIG. 6. Temperature dependencies of the Bragg wavelength for
uniform and tilted FBGs.
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FIG. 7. Temperature dependencies of the peak wavelength
(Bragg, Ghost, A2, and A3) for tilted FBGs.

Temperature dependencies of the Bragg peak for
uniform and tilted FBGs are given in Fig. 6. Temperature
dependencies of different peaks in spectral characteristics,
e. g. Bragg peak, Ghost peak, certain wavelength peaks
(marked in Fig. 5b) for tilted FBG are shown in Fig. 7. As
can be seen from Figs. 6 — 7, for fabricated uniform and
uniform FBGs there is an approximately linear temperature
dependence of the Bragg wavelength which simplifies
calibration, not requiring complex electronic corrections.
Temperature sensitivity of the FBG is determined by the
slope of the line of temperature dependence of wavelength
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(Figs.5-6). For uniform FBG and tilted FBG,
temperature sensitivities are dependent on temperature
range: the highest temperature sensitivity (approximately
equal to 11.1-114pm/°C) was determined in a
temperature range of 120.8-181.8 °C and the lowest
temperature  sensitivity  (approximately equal to
8.5—8.9 pm/ °C) was determined in a temperature range
of -40.6-20.7°C. For the above-mentioned FBGs,
temperature sensitivities are also dependent on certain
wavelength. As can be seen in Fig. 7, there are temperature
sensitivity changes from 8.4 pm / °C for A, to 10.1 pm / °C
for the Bragg wavelength.

IV. CONCLUSION

The article describes fabrication of uniform and tilted
FBGs and investigation of their spectral characteristics and
temperature sensitivity dependencies. Analysis of the
parameters and characteristics of fabricated FBGs has
shown that the investigated uniform and tilted FBGs can be
used in fibre-optic bending sensors. This guides the
direction of our ongoing study.
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JocnipXeHHA BNIUBY TEMMNEPATYPU HA XapPaKTEePUCTUKMU
BOJIOKOHHOI 6periBcbKoi rpaTKku

Necb Fotpa®’, Auek Knimek?, Irop MenbxuHCcbKuit

1Kadenpa enekTpoHHOI iHxKeHepii, HauioHanbHuit yHiBepcuTeT «/IbBiBCbKa NosiTexHika», 1beis, YKpaiHa
2Kacdenpa enekTpoHiku Ta iHGopMaLiiH1X TEXHONOTIN, YHiBepcuTeT «JltlobaiHcbKa MonitexHika», JIlobaiH, Monbwa

*ABTOpP-KOpecnoHAeHT (EnekTpoHHa agpeca: les.m.hotra@Ipnu.ua)

AHOTALLIAl Y cTaTTi npeacTaBaeHi pesynbTaT AOCNIAMKEHHA BOIOKOHHOI 6periscbkoi rpatku (BEI). Byno BurotosneHo asa
TMnu BBP: oaHopigHy Ta noxuay. BoHu 6ynu BnucaHi B cepLeBUHN BOJIOKOH 3a gonomoroto Yd-ekcumepHoro nasepa KrF
Coherent Bragg Star M Ta meToay ¢a3080i macku. [ina surotosneHHa BBl 6yno o6paHo ¢poTouyTanBi onTuuHi BonoKHa GF1.
BnacTMBOCTI Ta XapaKTePUCTUKM BUroToBAeHUX BBl mocniaxysanuca 3 MeTol po3pobKM BONOKOHHO-OMNTUUHMX CEHCOPIB
BUMMHY. Y LbOMY BMMAAKy BUPIIAAbHUM € aHani3 CNeKkTpasbHWX XapakTepucTuk BBI Ta 3aneskHocTell TemnepaTypHOi
uyTamsocTi. [nA BMMIpIOBaHHA CMEeKTpanbHWUX XapakTepuctvk BBl Ta TemnepaTypHOi YyTAMBOCTI BMKOPWUCTOBYBanacs
YCTaHOBKa, WO BK/IKOYAE KAIMATUYHY Kamepy, ONTUYHMIKA CNEKTpasibHUW aHanisatop AQ6370D, HacTinbHe axkepeno SLD
S5FC1550S-A2 SM Ta Komn'toTep. CneKTpaibHi XapaKTePUCTUKM OA4HOPIAHUX Ta noxuaux BBP gocniaskysanvca B gianasoHi
Temnepatyp Big -40,6°C no 181,8°C. na aHani3y 6yn0 06paHO HACTYNHI NiKM CNEKTPaNbHUX XapaKTEPUCTUK Y BULLLE3ragaHOMY
TemnepaTypHOMy Aiana3oHi: nik bperra ans oaHopigHoi BBl Ta Taki niku, Ak nik bperra, No6iuHMI pe3oHaHCHWIA MiK Ta Tpu
NiKM NEeBHOT AOBXMHM XBUAI ANna noxunoi BBI'. Cnoctepiranunca amilleHHs aHani30BaHMX MiKiB CNEKTPasIbHUX XapaKTePUCTUK 3
TemnepaTypoto. byan oTpumaHi TemnepaTypHi 3aNeXKHOCTi AOBXUH XBW/Ib aHaNi30BaHUX MiKiB. byno mokasaHo, Lo iCHye
NpMBAN3HO NiHiIiHA TeMNepaTypHa 3aNeXHICTb AOBXKWUHU XBUAI Bperra Ta iHWKX 3ragaHux BULLLE aHaNi30BaHUX MiKiB NeBHOI
[OBXUHU XBUAI. JIiHIMHWIA XapaKTep AOCHIAMKYBaHWX TemnepaTypHUX 3aneskHocTeit BuroToBneHux BBl gossonse ix
BMKOPUCTOBYBATM B CEHCOPHMX 3aCTOCYBaHHAX. by/10 NOKa3aHo, WO TemnepaTypHa YyT/IMBICTb OAHOPIAHUX Ta noxuamx BBP
33/1€XUTb Big, 06paHOro TemnepaTypHoro gianasoHy. byno Bu3HayeHo TemnepaTypHy YyTIMBICTb, WO NPUBAU3HO AOPIBHIOE
11,1 -11,4 nm/°Cy TemnepaTtypHomy giana3oHi 120,8 — 181,8 °C Ta npmba13Ho gopisHioe 8,5 — 8,9 nwm/°Cy TemnepatypHomy
gpianasoHi -40,6 — 20,7 °C ana ogHopigHoi Ta noxunoi BEP. TemnepaTypHa YyT/iMBICTb 3an1exKana Big, NeBHOI AOBXUHU XBUI
Ta 3miHloBanaca Big 8,4 nm/°C go 10,1 nm/°C gaa fOCNiAKYBaHUX SOBKUH XBUb.

K/1HOYOBI C/IOBA BonokoHHa 6periscbka rpaTtka (BBI), piBHomipHa BEI, moxuneHa BBI, cnekTpaibHi XapaKTepuUCTUKK,
TemnepaTypHa YyTMBICTb.

@ @ This article is licensed under a Creative Commons Attribution 4.0 International License.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Vol 3, No 2, Paper 02010, pp. 1-5 (2025)


http://creativecommons.org/licenses/by/4.0/

