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In this simulation study, Optisystem 18 software is used to monitor and study the effectiveness of side strain on selected lengths of two
virtual uniform fiber Bragg grating (FBG) sensors. The operational FBG sensor Bragg wavelength was 1550 nm, which is used to find
the measured shift in deflected light source optical spectrum. This value is also supplied by the light source to offer the minimum
absorption and attenuation during transmission inside the optical fiber. Reliability of the sensor and technique of transferring the signal
under such effect are screened. The investigation is also used to observe the shift in wavelength with altered applied side strain. The
influence of sensor active length on side strain sensitivity is studied where according to theory, the length of the FBG influences the
sensitivity via reflectivity R. The constructed sensor sensitivity is observed against length before and during the experiment. The
sensing principle, in essence, depends on tracking the wavelength shift due to the variation of such strain. Results achieved in this study
show an inverse relationship between sensor effective length and shift in the observed wavelength. The measured strain sensitivity is
carried out for the active sensor length, which ranges from 0.05 to 15 cm, with corresponding sensitivity values of 1.19 pm/°C to
0.9 pm/°C, respectively, under the same strain conditions. The empirical results also show the success of the suggested sensing system
in measuring strain. The strain measurement, ¢, is linearly increasing, identical to the increasing values of the wavelength shift of
Bragg. It's also been observed that the wavelength of Bragg is shifting during small ratios in the length protraction of the FBGs.
Keywords: Bragg-Grating; Elasto-Optic Effect; Optisystem, Strain-Sensor, Strain-Optic Tensor
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INTRODUCTION

Due to its properties such as; high sensitivity, small size, light weight, low price, material qualities, and sensing
capabilities, optical fiber has emerged as a possible candidate for sensing applications. Other primary advantages of fiber
optic sensors are chemical passivity, high temperature tolerance, immunity to electromagnetic interference, and long life
with the possibility of usage in a hazardous environment [1]. Optical fiber sensors based on FBG technology, from the
other hand, included additional advantages such as sensitivity, reliability, low intrusiveness, galvanic insulation, and the
possibility to provide quasi-distributed remote measurements. FBGs are extensively utilized in optical sensing and can
compete with traditional electrical strain gauges. To determine many parameters such as temperature, strain, refractive
index, pressure, etc. FBGs also have many applications in civil engineering and aeronautics [2]. Furthermore, FBG sensors
have received widespread recognition for features such as erosion resistance, immunity to electromagnetic and radio
frequency interference, and the ability to operate in harsh environments where traditional sensors cannot [3]. For the time
being, many interferometry techniques, including Mach-Zehnder and Fabry-Perot, have been suggested for heat sensing
implementation [4]. From the other hand, applications with FBGs includes in additional to sensing, laser experiments for
chaotic generation in parallel to sensing such as studies listed in Refs. [5] [6] [7].

THEORETICAL APPROACH

Despite the rotating cross-section of an optical fiber, examine only an average stack, in that the doubled layers are distinct
with indices of interleaved of refraction n; and n,, for core and cladding, respectively, where n; differs from n, in magnitude to
ensure the light guiding [8]. A light beam possessing monochromatic wavelength perpendicularly launches into the stack.
Suppose the thickness of all medium layer is controllable, one may discover once the thickness of each layer reaches A5 /4, in
where Ay is the relative wavelength in the medium, or Az = 4,/n,,, where ng,, is the average index of refractive of the
intermediate stack, such that all the reflected waves of light from the stack interfere constructively at the interface where light
is injected and give rise to a substantial reflection at wavelength A. If the number of layers is sufficient, and/or the medium
stacks refractive index modulation becomes deeper, eventual reflection will approach unity at Az. Subsequently, if the above
depicted refractive index grating is constructed in the center of the optical fiber, a fiber Bragg grating is produced.

For a single mode fiber, the only mode propagating is LPg,, if the fiber grating pitch is known as the thickness of
double layers of neighboring, the FBG condition (first order condition [1]) can then be expressed as [9]:

AB = ZneffA (1)

where n.s is the effective core index of refraction for fundamental mode.
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A portion of the propagating light scatters at each grating plane, which causes the scattered light to either transmit
or reflect at the grating planes. Destructive interference causes the reflected beams to cancel each other out if they are out
of phase. The reflected wave constructively interferes and back-reflects, satisfying the Bragg condition, when the light
rays reflected from each grating plane are in phase [1].

The influences of strain on a fiber grating have two-fold; firstly, the alteration in physical spacing between sequential
index amendments (fiber grating pitch) will cause a shift of Az and, secondly, the strain-optic influence will induce an
alteration in the index of the refraction causing additional shift of A5. Because of this, a technique to gauge temperature
and strain fluctuations has been made possible by changes in these two physical characteristics [1]. Periodic difference in
A inside the FBG, and the index of refractive affected the deflected wavelength [11]. Altering in last grating parameter
due to strain is calculated by the following Equation [10]:

My =2 [AZ2E 4, 2 Al ?)

a

where Ay is the change in Bragg's wavelength and [ is the effective length.

Last equation measures the strain influence on the FBG. This matches the influence of the grating spacing and the
strain-optic induced influence in index of refraction [8]. Under the case of a uniform strain along the axis of the optical
fiber and no temperature alteration, the shift of wavelength is linked to the strain (&,) by the coefficient of elastic-optical

(pe) [8][10]:
Adg = 25(1 = pe)e, 3

Equation (3) indicates that in the Bragg peak shift of wavelength is proportional to applied strain. In the sensing theory
of FBG, the strain value &, should be expressed as

Mg
& = Mp(-po) @
where ¢ is the strain direction along the lengthwise of the fiber, p, is calculated as the following [11]:
nZ
pe = (5)

p12—v(p11+p12)]

here p;4 and p;, are components of the strain-optic tensor, and v is the ratio of Poisson. For a model Germanium-Silicate
optical fiber, parameters for last equation are reported in Ref. [11] as the following: p;; = 0.113,p;, = 0.252,v = 0.16
and ngrr = 1.482.

A Bragg grating region is a result of a permanent periodic refraction index modulation in the core area of an optical
fiber when exposure to UV. The phenomenon of a permanent refractive index change is called photosensitivity, to enhance
this effect Germanium is doped into fiber core [1]. The magnitude of the change is also affected by the intensity and
duration of the exposure. The operations principle of an FBG sensor are observed by observing the shift in wavelength of
the output signal with the variations in the measurement as strain or the light reflected heat using an FBG [12].

There are various kinds of sensors obtainable using optical fiber. It is classified into three kinds: extrinsic, intrinsic, and
hybrid [13]. The optical characteristics of intrinsic type are sensitive to strain and temperature [14]. For the information
transition to a long-range site, extrinsic is the better option [15] [1]. Here, the length of the FBG influences the sensitivity
via reflectivity R, which is itself function to length of FBG and light wavelength according to the following Equation [1]:

Q2sinh?(sl)
Ak2sinh?(sl)+s2cosh?(sl)

R = (6)
where Ak is detuning of wave vector and (Q is a coupling coefficient.

Thus, length term (I) in last equation indicate an important factor of the grating when determining its sensitivity.
Different groups studied the relationship between the grating length and the sensitivity. When the direction of the highest
strain is parallel to the fiber axis, the sensitivity of FBGs to strain in the static is greatest, and it is least sensitive when it
is orthogonal to the axis [16]. According to Liang Ren et al., the lateral strain can be neglected in comparison with the
longitudinal strain of the fiber [17]. Frieden et al. reported that the longitudinal strain predominates on the optical fiber,
and the transverse strain sensed by the optical fiber is six times smaller than the surrounding transverse strain, also known
as a transverse or traction transverse bending [16].

Ref. [1] has developed FBG sensors which may be applied to scale the kinematics of body, by using optisystem
program software. This mode, huge long sensors, is wearable system that may watch most knee flexibility, motion, and
all the alterations during the full period of human motion [18].

Based on that, it is very desirable to discuss the variation of the strain sensitivity of FBG sensor systems with a selected
sensor length. This work represents an attempt to fulfill such a demand and also to develop a systematic approach for
deciding the sensor length corresponding to an application. The focus of this study is to analyze the execution of the
sensor while it is being used with a certain strain. Hence, the values of strain that can be applied to analyze the most useful
values of strain that can be used on the FBG. The paper calculations were all completed by applying simulation with the
software "Optisystem version 18" with the consideration for specific light source wavelength.
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SIMULATION SET-UP

As shown in Fig. (1), the set-up includes one source of white light, its light is lunched into a single mode fiber with
60 Km length. Two uniform FBG sensors, with Az = 1550 nm receives the light. These two sensors subject to selected
values of longitudinal strain, named "zz". Two optical nulls are used to close the effect of back-reflected portion or
transmitted light. Observations were recorded by using two optical spectrum analyses and three FBG sensors investigator.
FBG 1 can respond to both heat and strain whilst FBG 2 sensors is for only for scaling temperature. The FBG investigator
is for display the shift of wavelength from the reflecting spectra of both two FBG sensors, separately. Strain is selected to
vary from the value 0.005 to 0.01. All remaining parameters in the Optisystem software follow their default setting.
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Figure 1. Simulation set-up for double-filtered FBG sensor design

RESULTS AND DISCUSSIONS
The results are obtained by applying six various values of strain to analyze the effectiveness of axial strain on FBG. The resulted
shift in peak wavelength decreased with an increase in axial strain value. For comparisons, the theoretical computation of sensitivity
was first performed by applying Equation (3) for the value of temperature (3°C) and strain. Results for the theoretical computation of
peak shift by wavelength are shown in Tables (1, 2, and 3) for wavelengths of 1550, 1310, and 980 nm, respectively.
From Figure (2), we found that the sensitivity for each wavelength was different from the other, but the largest sensitivity was
found with A=1550 nm which equals 53 pm/pe, so the sensor of wavelength, 1550 nm, was chosen to make a simulation in this work.

Table 1. Computation for peak wavelength shift with 1.550 um.

Initial wavelength A5 (um) Temperature | Strain experienced by | Peak wavelength

C) FBG shift (nm)
0.0051 6.63820

0.0061 7.96584

0.0071 9.29348

1550 3 0.0081 10.6211
0.0091 11.9487

0.01 13.2764

Table 2. Calculation of peak wavelength shift with 1310 nm.

Tnitial wavelength A5 (nm) Temperature | Strain experienced by | Peak wavelength

(°C) FBG shift (nm)

0.005 5.61035

0.006 6.73242

0.007 7.85449

1310 3 0.008 8.97656
0.009 10.0986

0.01 11.2207

Table 3. Calculation of peak wavelength shift with 980 nm.

Initial wavelength A5 (nm) Temperature | Strain Experienced by | Peak wavelength

(°C) FBG shifted (nm)
0.005 4.1970
0.006 5.036
0.007 5.875
980 3 0.008 6.715
0.009 7.554

0.01 8.394
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Figure 2. Results for peak wavelength shift experienced by FBG versus strain.

Measured results for wavelength peak shifting according to simulations are given in Table 4. Fig. 3 displays shifting
of wavelength against strain experienced by FBG, theoretically. Sensor sensitivity shows directly proportional with
increasing of FBG active length within the range (0.05-15 cm). Also increasing the FBG active length shows linear
relation between wavelength shift as with applied strain variation showed in the same figure. Fig. 4 displays wavelength
peak shift against strain experienced by FBG via simulation. Figure 5 displays comparison between the theoretical
calculations and simulation results of the peck shifted of wavelength. The FBG sensor in Optisystem also has strain value
limitation that cause the wavelength were shifting when the value of strain changed.

Table 4. Results for peak wavelength shift calculations by simulation

Wavelength shifting(um)

. Temperature Strain experienced by Peak wavelength
Initial wavelength A5 (nm) change (°C) FBG shifted (nm)

0.0051 3.370
0.0061 4.054
0.0071 4.718
1550 3 0.0081 5.392
0.0091 6.000
0.01 6.740
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Figure 3. Results for theoretical calculations of shifted-
wavelength against strain experienced by FBG

Figure 4. Wavelength peak-shift against the strain experienced
by FBG (simulations)

From the Figure (5), the values of simulation and theory weren't the same due to the design of the parameter groups in the
simulation software. In addition, there was a special optical fiber composition used in the simulation that could influence the wavelength
values via dispersion, as mentioned in theory as material dispersion relations, such as Ref. [19]. Furthermore, the effects of the shift in
wavelength in a Bragg grating engraved in fiber with a diameter of 125 um and the index of effective index n,rr = 1.4473. This result
agrees will with experimental work reported by Ref. [20], while simulation results present better behaviors than theoretical calculations
in comparison with Ref. [21].

Figure 5 shows the relationship between wavelength shift of three different values of wave lengths and strain of six different
values. This work searches for the influence of the length of the sensor on the strain sensitivity of the FBG. Sensitivity for grating
region protection, pre-tensioning, the adhesive of the sensor, and the choice of length of the sensor are based on experimental work
presented by Ref. [22]. Concerns examined before and during the experimentation structure of an FBG sensor.

In general, an FBG sensor can be made in any length, where for every measurement, the system resolution defines the potential
accuracy and precision of its performance. For an FBG sensor system, the strain-to-length relationship is shown in Figure 6. This is an
inverse relationship between sensor length and strain. It is concluded that an integer multiplied by the FBG effective length of a longer
sensor has a better strain resolution. If the monitoring requirements have a resolution of 1 pm/ue suggested sensor active length will
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be (0.05 to 0.15) cm. If the size of the structure is relatively small, then a compromise has to be made between the sensor resolution
and gauge length.

According to the operating principle, the grating reflects the various wavelength components of the signal at various points along
the grating. Also, it's clear from the transportation that the Bragg wavelength results and the shift of Bragg wavelengths are
progressively increased with increased loading. If the used loading is uniform, then the shifting of wavelengths by Bragg happens
without amendment to the initial form of the spectrum. The strain of the 0.05 cm sensor was studied versus all results of shifted Bragg
wavelengths applied in simulation, as shown in Figure 7. When it is regular, shifts take place without adjustment of the initial spectrum
form. The strain is determined from the shift in wavelengths acquired under the used loading. The strain measurement &, obtained after
computation, is linearly increasing, identical to the increasing shifted Bragg wavelength value. So, a plot between the Bragg wavelength
shift and the strain for a 0.05 cm sensor is drawn as a straight line.
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Figure 5. Comparisons between and the simulation and Figure 6. Strain resolution of the FBG sensor (sensor accuracy)
theoretical shifted of wavelength

After application of longitudinal tense to FBG, during the test, the first and last identical transmission spectra observed by the
optical spectrum analyzer are displayed to proceed the shift of the Bragg wavelength. An alteration in load with sensor length equal to
15 cm is observed in this experiment, as displayed in Fig. 8.
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Figure 8. Shift of wavelength against applied strain for the
15 cm sensors length

During the simulation run, the strain measurement for the 15 cm long sensor was studied versus each value of wavelength shift.
The strain measurement, &, is linearly increasing, identical to the increasing values of the wavelength shift of Bragg. It's also been
observed that the wavelength of Bragg is shifting during small ratios in the length protraction of the fiber gratings.

This test is carried out for two different lengths of grating, which are 0.05 and 15 cm. Analysis of the optical spectra was done
for the detected signal of Bragg wavelength. Figure 9 shows the relation between wavelength shift and intensity for the wavelengths
of 1550 nm, 1310 nm, and 980 nm on strain sensitivity.
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Figure 9. Relation between intensity and wavelength shift for; 1550, 1310 and 980 nm for mentioned strains
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CONCLUSIONS

According to the consequence of simulations, shifted wavelengths have been observed with several active lengths
for virtual FBGs. Comparisons for observations based on theoretical calculations are carried out indicates that there is
only a little variation between simulation and theoretical results. Based on the FBG sensors suggested in the
experiment, the consequences show that efficient length is inversely related with shift in Bragg wavelength when axial
strain increased. This means FBG sensor is most sensitive to the shortest FBG sensor length and less sensitive to the
largest length of sensor due to the complicated math effect of reflectivity R parameter. It's also concluded from the
relationship of the theoretical computation against empirical values and then the linearity of the strain against the
shifted wavelength of Bragg that it may be applied in implementations in optical sensing as a sensor of high heat, a
sensor of fire alarm, a sensor of vibration, or a sensor of pressure.
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XAPAKTEPUCTHYHE JOCIIKEHHSA BIUIABY JTOBXKUHU JATUMKA 3 IIOJBIMHUM ®LIETPOM
HA UYTJIMBICTb 10 JE®OPMAIIIA
Bacma A. JIxxa66ap?, Aiicep Xemen?, Maiisaa ®aaxana®, Iemain Anb-Baiiaxani®
4/lenapmamenm @hizuxu, nedazoziynuil koneoic, ynigepcumem Mycmancipis, Bazoao, Ipax
bCepeons wxona Ancanamy, ynpaeninus oceimu Kapxa, Bazoao, Ipax

Y oMy MOZETIOBAIBEHOMY AOCIIIKEHHI MporpaMHue 3abe3nedeHHs Optisystem 18 BUKOPUCTOBY€EThCS ISt MOHITOPUHTY Ta BUBYCHHS
edexTuBHOCTI 00KOBOi Aedopmariii Ha BUOpPaHUX BiOpi3Kax ABOX BipTyalbHUX OMHOPIOHHX BOJOKOHHUX aaruymkiB bperra (FBG).
Jomxuna xBmii pododoro narunka FBG bperra cranosmna 1550 HM, [0 BUKOPHUCTOBYETBCS JUIS BU3HAYEHHS BHMIPSHOTO 3CYBY B
ONITHYHOMY CHEKTpi BIAXWJIEHOTO Jukepena cBimia. lle 3HaueHHS Takoxk 3a0e3NedyeThest JDKEpEeNioM CBIiTIa, o0 3a0e3NneduTH
MiHiMaJIbHE HONIMHAHHS Ta OCJIa0JIeHHs ITijT Jac Iepesadi BCceperHi ONTHIHOTO BOJIOKHA. [lepeBipeHo HafilfHICTh JaTINKa Ta TEXHIKY
nepeaadi CUrHally Ipy TakoMy BIDIMBI. JIOCHiIKyBaHHS TaKO)K BUKOPHCTOBYETHCS JJIsl CHOCTEPE)KEHHS 32 3CyBOM JOBXHMHH XBHII 3i
3MIHEHHM IIPUKJIAJCHAM OOKOBUM HaTaroM. JOCIIJDKYETHCSl BIUIMB aKTHBHOI JIOBKMHM JaTdika Ha YyTIMBICTE 1O OOKOBOT
nedopmauii, xe, 3rinHo 3 Teopieto, nomkuHa FBG BruiBae Ha 4y TIMBICTH 4epe3 BinOuBHY 3aatHicTh R. [ToOymoBany 4yTiMBicTh
JIaT4¥Ka CIoCTepiragach BiIHOCHO JOBKHUHY JI0 Ta I/l Yac eKCIIepUMEHTY. [IpUHIUIT 4y TIMBOCTI, IO CYTi, 3aJISKUTH Bifl BIJICTEKCHHS
3CYBY JOBXHHH XBHJII uepe3 3MiHy Takoi aedopmarii. Pesynapratu, oTpumaHi B IIbOMY AOCHTIIKCHHI, JEMOHCTPYIOTh OOCpHEHY
3aJIeKHICTh MK €(EKTHBHOIO TOBXHHOIO NAaTYWKa Ta 3MILICHHSIM CIIOCTEPEKYBaHOI IOBXHHH XBWIi. BuUMipsHa 49yTIUBICTE 10
nedopmanii IPOBOXUTECS AT HOBXKHWHH aKTUBHOTO JaTdMKa, ska KonuBaeThes Bim 0,05 mo 15 cM, 3 BIiONOBIIHUMHU 3HAYCHHSIMHU
gymmBocTi Bix 1,19 mM/°C mo 0,9 pm/°C, BigmoBigHo, 3a ogHaKoBHX yMOB nedopmanii. EMmipudaHi pe3yisraTé Takoxk MOKa3yloTh
YCHIIIHICTh 3alpOIIOHOBAHOI CHUCTEMM BHMiproBaHHs Jedopmarii. BumiproBana nedopmaris, €, JiHIHHO 3pocTae, iASHTUYHO
3pOCTAIOYMM 3HAUYCHHSIM 3CyBY JOBXKHHHM XBHII bperra. Byio Takox nmomiueHo, o JOBKHHA XBUIIi bperra 3MilyeTsest i yac Majux
koedinieHTiB nonowxeHHs noBxuHu FBG.
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