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a  b  s  t  r  a  c  t

A  set-up  based  on  an interferometric  technique  and  including  tilted  Fibre Bragg Gratings  has  been  used
to provide  refractive  index  and  liquid  level  measurements.  Such  gratings  have  been  investigated  using
the  well-known  Phase  Sensitive-Optical  Low  Coherence  Interferometry  technique.  This  combination  pro-
vides  very  promising  refractometry  sensing  results,  as  the  relative  uncertainty  on  measurement  is  lower
than 0.04%  in  the  range  1.37–1.40  and  shows  a  clear  potential  in liquid  level  sensing.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction20

Fibre Bragg Gratings (FBGs) [1] have existed since the photo-21

sensitivity process in optical fibres was discovered in 1978 [2,3].22

They are now well-characterized and used in a variety of high-23

performance communication systems as well as in many sensing24

devices. In the field of sensing, standard FBGs are usually used25

to transduce physical parameters such as temperature, strain and26

pressure [4–7]. Nevertheless, they are not appropriate to measure27

bio-chemical parameters of liquids surrounding the fibre since the28

light diffracted by the grating does not interact at all with such29

external medium. To extend their application in this field, spe-30

cific gratings diffracting light towards the external medium have31

to be used. Tilted FBGs [8] can bear such a function by diffracting32

the guided light towards the outside of the optical guiding core.33

Accordingly, they are proposed here as optical transducers mea-34

suring any refractive index change of a liquid surrounding the fibre,35

i.e. for refractometry and liquid level sensing. TFBGs have already36

been used for refractometry applications, connected to a tunable37

laser source and a simple photodetector [9,10].  Concerning FBG-38

based level sensors, several technologies have been mentioned in39

scientific publications [11–14] but none of them includes a TFBG-40

based transducer. Therefore, the combination of TFBGs and the41
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pierre.ferdinand@cea.fr (P. Ferdinand).

Phase Sensitive-Optical Low Coherence Interferometry technique 42

(PS-OLCI) for both refractometry and liquid level sensing has never 43

been suggested. PS-OLCI has several advantages compared to con- 44

ventional techniques such as tunable laser source and classical 45

photodetector, which only provide the amplitude of the optical 46

spectrum. Indeed, PS-OLCI delivers information simultaneously in 47

the spectral and spatial domains. Moreover, in the spectral domain, 48

such a technique provides both real and imaginary components 49

(respectively amplitude and phase) of the optical signal spectrum. 50

If the phase does not present any interest in our application, it is 51

however very useful to characterize chromatic dispersion of the 52

optical fibres [15]. On the other hand, information in the spatial 53

domain should be of particular interest for liquid level sensing, as 54

they are more straightforward to interpret than information in the 55

spectral domain to perform a quantitative analysis of the influence 56

of liquid level. 57

In this paper, we  will define TFBGs as well as the PS-OLCI tech- 58

nique. Then, we will present the measurements performed with 59

PS-OLCI and TFBGs considering a set of index liquids and different 60

levels of liquid in which the TFBG is immerged. 61

2. Tilted Fibre Bragg Gratings (TFBG) 62

The capability to photo-imprint gratings in optical fibres 63

requires the glass to be photosensitive. This phenomenon, called 64

photosensitivity, involves the irradiation of an optical waveguide 65

with a laser beam of ultraviolet light to change the refractive index 66

of the fibre core (Fig. 1). By irradiating the fibre core with an 67
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Fig. 1. Scheme from Ferdinand [16] of irradiation of a fibre by ultraviolet light for
FBG photowriting.

intensive pattern that has a periodic (or even aperiodic) distribu-68

tion (Fig. 1), a corresponding index perturbation is permanently69

induced. The result is an index grating that is photo-imprinted in70

the optical core waveguide.71

A specific setup has been developed at the CEA LIST in order to72

photowrite tilted FBG in standard singlemode fibres [9].73

A Tilted Fibre Bragg Grating (TFBG) is a periodic or aperiodic74

perturbation of the effective refractive index of the guiding core of75

an optical waveguide (Fig. 2) [8].76

In a TFBG, the variation of the refractive index is tilted with77

respect to the optical axis. This enhances coupling between78

the forward-propagating core mode and the contra-propagating79

cladding modes. Thus, TFBGs diffract the guided light towards the80

cladding at several predetermined narrow spectral locations or res-81

onance wavelengths, while passing all the other wavelengths of82

light. Consequently, they are usually characterized by their trans-83

mission spectrum (Fig. 3) as the light diffracted backwards by TFBGs84

is no longer guided by the core (and experiences high optical losses).85

The resonances composing the spectral transmission response86

of a TFBG are modified by external refractive index changes. Wave-87

length resonances associated with cladding refractive index values88

lower than the external refractive index are not guided any more,89

since the interface between the cladding and the external medium90

has disappeared. The spectra shown on Fig. 4 are processed using91

a dedicated and patented signal processing technique [17] in order92

to retrieve the refractive index surrounding the fibre accurately.93

Such TFBGs are entirely appropriate for refractometry and liq-94

uid level measurements. Refractometers based on this principle95

reach a resolution of 10−5 for refractive index values in the range96

1.3–1.45 [10,18,19].  For instance they have been used in cure moni-97

toring of epoxy-based resins for composite material manufacturing.98

These components may  also find applications in bio-chemical pho-99

tonics [20]. Detection of target molecules such as proteins first100

requires the additional development of specific fibre coating. Such101

transverse developments require skills not only in metrology and102

Fig. 2. Scheme of a Tilted Fibre Bragg Grating.

Fig. 3. Transmission spectrum of a TFBG in a single-mode fibre.

guided optics but also in research fields such as surface bio- 103

functionalization and characterization. 104

3. Phase Sensitive-Optical Low Coherence Interferometry 105

(PS-OLCI) 106

A PS-OLCI is a Michelson interferometer illuminated with a 107

broadband source (BBS). The device under test (DUT) is inserted 108

into the test arm of the interferometer, whereas the reference arm 109

contains a variable-length path so that the total optical path differ- 110

ence of the interferometer can be varied. The basic principle of a 111

Michelson interferometer is that interference fringes are observed 112

only if the difference in optical path between both arms matches the 113

coherence length of the light source. As the source is large, its coher- 114

ence length is small, therefore interferograms are very localized and 115

resolved spatially. 116

A diagram of the low coherence interferometric system devel- 117

oped at LNE is shown in Fig. 5. An Er3+ amplified spontaneous 118

emission (ASE) source (central wavelength 1566 nm,  spectral 119

spread 80 nm, power 25 mW)  provides the input signal. This sig- 120

nal is sent to a 30–70% fibre coupler, via a 5–95 % fibre coupler, 121

then directed into the reference and test arms of the interferom- 122

eter. The light coming from the reference arm is combined with 123

the light from the test arm, transmitted through the DUT at the 124

fibre coupler, and recombined light is directed onto an autobal- 125

anced InGaAs detector. The two  entrances of this detector have 126

similar excess noise characteristics thanks to the 5–95% fibre cou- 127

pler. Therefore, using such detector reduces excess noise from the 128

source and improves the signal-to-noise ratio (SNR). 129

A frequency-stabilized HeNe laser interferometer monitors the 130

position of the reference arm mirror, i.e. the imbalance of the PS- 131

OLCI. This mirror consists of corner cube reflectors mounted on an 132

air born translator allowing the scanning of a 120 cm maximum 133

length. 134

The optical bandwidth of the BBS allowed to achieve a 135

�x  = 12 �m spatial resolution (FWHM ∼�He–Ne/4·n) in a silica fibre 136

and this scheme allowed to achieve a −80 dB dynamic range. 137

The signal on the photodetector carries spatial and spectral 138

transmittances of the DUT. However, the interferograms have to 139

be processed to get information in the spectral domain. Indeed, the 140

interferograms correspond to the real part of the inverse Fourier 141

transform of the product of the source spectrum S(�) by the ampli- 142

tude transmittance T̃(�) of the device under test, i.e.:  143

I(ı) = Re

{∫ +∞

−∞
S(�)T̃(�) exp(j2��ı)d�

}
(1) 144
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Fig. 4. Spectral response of a tilted FBG to three different refractive index surrounding the fibre.

where � is the wave number i.e. the inverse of the wavelength �145

in vacuum, j the complex number and ı the optical path difference146

between the PS-OLCI’s two arms.147

In addition, LNE’s set-up enables to get the optical phase spec-148

trum of the DUT [21] but in these studies, we  will only focus149

on the envelope of the interferograms in the spatial domain and150

on the amplitude spectrum in the spatial domain. To get this151

envelope, we  first truncate the interferogram at the points where152

the SNR is approximately unity. Secondly, we append zeros to153

the interferogram array (zero padding) to obtain a total array154

length of 2n. Thirdly, we take the inverse Fourier transform155

of the truncated and padded interferograms, thereby obtaining156

the transmission spectrum. Fourthly, using an appropriate win-157

dow corresponding to the width of the source, we filter the158

amplitude transmittance to finally process a Fourier transform in159

order to get the envelope. From a chosen reference envelope, we160

proceed to a cropping of other acquisition envelopes through cross161

correlation.162

4. PS-OLCI measurements of TFBG163

The set-up in Fig. 5 was used to measure the transmission of two164

different TFBG manufactured by the CEA LIST of 5 mm and 7 mm165

long, a 14◦ blaze angle and a 1535 nm working wavelength. First of166

all, the TFBG were characterized in order to analyze their signatures.167

The repeatability and reproducibility of PS-OLCI measurements168

have been estimated and conclusions were drawn concerning the169

parameters to consider in measurements. Then, we have performed170

refractometry measurements using different index liquid ranging171

from 1.37 to 1.40, and finally we have proceeded to liquid level 172

sensing with a 1.41 liquid index. 173

4.1. PS-OLCI spatial and spectral signatures of a TFBG in the air 174

The PS-OLCI signal from the detector of a TFBG as a function 175

of the optical path difference consists of two  distinct signatures 176

(Fig. 6). The first one in space (first interferogram) represents the 177

interference of the direct transmitted light through the TFBG, cor- 178

responding to the fundamental mode LP00, with the light reflected 179

from the reference arm mirror. The other signature (second inter- 180

ferogram) results from the interference of light corresponding to 181

the cladding mode reflected on the cladding surface, then in the 182

grating and again on the cladding surface coupled with the LP00 183

mode as shown in Fig. 6, with the light from the reference arm. 184

The refractive index of the outer of the fibre upper cladding deter- 185

mines the shape and extent of the second signature as will be 186

demonstrated later. Thus, only the second interferogram will be 187

considered and studied in the next part. 188

Performing inverse Fourier transform on the second interfer- 189

ogram provides the amplitude spectrum response of the TFBG 190

(Fig. 7). This response presents resonance peaks. 191

4.2. Repeatability and reproducibility of both spatial and spectral 192

analysis of TFBG in the air, based on PS-OLCI measurements 193

To evaluate the repeatability and reproducibility of TFBG and 194

PS-OLCI measurements, we  have proceeded to several PS-OLCI 195

Fig. 5. LNE’s PS-OLCI set-up.

dx.doi.org/10.1016/j.sna.2012.10.020
Original text:
Inserted Text
fiber.Figure 

Original text:
Inserted Text
analyse 

Original text:
Inserted Text
fiber 

Original text:
Inserted Text
Performing 



Please cite this article in press as: A.F. Obaton, et al., Tilted Fibre Bragg Gratings and Phase Sensitive-Optical Low Coherence Interferometry for
refractometry and liquid level sensing, Sens. Actuators A: Phys. (2012), http://dx.doi.org/10.1016/j.sna.2012.10.020

ARTICLE IN PRESSG Model

SNA 8047 1–8

4 A.F. Obaton et al. / Sensors and Actuators A xxx (2012) xxx– xxx

Fig. 6. PS-OLCI spatial signatures of a TFBG: the first envelope corresponds to the
transmission of the LP00 mode and the second one to the transmission of a cladding
mode coupled with the LP00 mode as a function of the optical length.

characterizations of TFBG day after day. The spectral and spatial196

responses of the TFBG were both analyzed.197

The envelope of the second interferogram as a function of198

the optical length and the spectrum as a function of the wave-199

length are given respectively in Figs. 8 and 9. The repeatability200

and reproducibility of these results have been evaluated accord-201

ing to two criteria for both signatures: the area under the envelope202

and a position of a given peak in the spatial domain and the area203

under the spectrum and the wavelength of a resonant peak in the204

spectral domain. The associated uncertainties were calculated in205

accordance with the ISO 5725-2 standard [22] using the repro-206

ducibility variance. Regarding the area in both domains, the relative207

repeatability standard uncertainty is less than 0.4% but the rela-208

tive reproducibility standard uncertainty is greater than 38%. These209

standard uncertainties are more satisfying regarding the optical210

length in the spatial domain (0.1%) and the wavelength in the spec-211

tral domain (0.01%). In our view, the effects that are influential212

among all these measurements are the following: the “day effect”,213

the “fibre-to-fibre connection/deconnection effect”, the “TFBG’s214

curvature effect” as well as the “operator effect”. The predomi-215

nant effects that influenced the measurement are the “connexion216
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Fig. 7. PS-OLCI spectral signature of a TFBG: amplitude spectrum of the second
interferogram corresponding to the transmission of a cladding mode coupled with
the  LP00 mode as a function of the wavelength.
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Fig. 8. PS-OLCI spatial measurements of a TFBG: spatial transmission (envelope of
the second interferogram) as a function of the optical length on different days.

effect” and the “TFBG’s curvature effect”, since we  have noticed 217

that when the TFBG is not disconnected and moved in between 218

measurements, the uncertainties fall to reasonable values closed 219

to repeatability uncertainty. 220

In conclusion, the more significant quantities are not the area 221

but the optical length in the spatial domain and the wavelength in 222

the spectral domain. Consequently these quantities will have to be 223

considered if possible. However, as we have noticed that the repro- 224

ducibility is satisfying if the TFBG is not moved and disconnected 225

between measurements, the area can be used as well. It will be the 226

case when it comes to liquid level sensing. 227

5. Refractometry measurements 228

In order to demonstrate that the system is able to provide refrac- 229

tive indices measurements, a TFBG immersed in different index 230

liquids was  interrogated with PS-OLCI. Preliminary measurements 231

were performed in order to choose the range of index liquids to 232

measure. This range depends on the TFBG characteristics. If the 233

index liquid is too high, the resonance peaks on the spectrum disap- 234

pear and the interest of cladding mode cannot be exploited. Indeed, 235

the leakage modes are preferred on cladding mode in that case. 236

Finally, the range from 1.37 to 1.40 (step 0.005) was  chosen. The 237
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Fig. 9. PS-OLCI spectral measurements of a TFBG: spectral transmission as a function
of  the wavelength on different days.
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Fig. 10. PS-OLCI spatial measurement of a TFBG for different index liquids: spa-
tial  transmission (envelope of the second interfrogram) as a function of the optical
length.

TFBG was cleaned with alcohol between measurements with dif-238

ferent index liquids. Results are shown in Figs. 10 and 11.  In the239

spatial domain (Fig. 10), both width and amplitude of the second240

interferogram as a function of the optical length (corresponding to241

the cladding mode) decrease as the index increases. In addition,242

the maximum amplitude shifts on the right as the index increases.243

In the spectral domain (Fig. 11), we observe the same phenomena244

on the spectrum with a red shift of the maximum amplitude. Fur-245

thermore, as the spectrum decreases as a function of the refractive246

index, the number of resonance peaks decreases (Fig. 12).Q3247

The indices have been plotted as a function of the optical248

length and the wavelength at the maximum transmission, (respec-249

tively Figs. 13 and 14). Both curves have a linear behaviour in250

the range 1.37–1.40. We  can observe that the more the difference251

(nclad − nout) decreases, the more the response of the TFBG is linked252

to low order cladding modes, associated with low diffraction angles253

with respect to the propagation axis of the fibre. A Forsythe method254

[23] has been used to estimate the linear fitting model and the asso-255

ciated uncertainty (Figs. 13 and 14). The results fit into the model256

especially from 1.37 to 1.39.257

In conclusion, we have shown that the TFBG and PS-OLCI- asso-258

ciation is a relevant way to evaluate the refractive index of a liquid259
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Fig. 11. PS-OLCI spectral measurement of a TFBG for different index liquids: spectral
transmission as a function of the wavelength.

Fig. 12. PS-OLCI spatial measurement of a TFBG for different liquid indices: indices
as a function of the optical length at the maximum transmission and associated
linear fitting model (in light grey: uncertainty range for average on measurements,
in grey: uncertainty range for a single measurement, and in black: linear fit).

with a relative standard uncertainty of 0.03% in spatial and 0.04% 260

in spectral domains, in the range 1.37–1.40. 261

6. Liquid level sensing 262

Regarding liquid level sensing, an aluminium tank with a 263

250 �m-centred hole in its bottom was  manufactured. The TFBG 264

was vertically held in this tank, its end being glued at the hole. 265

Then it was  gradually immersed in the liquid index 1.41. This 266

value was chosen, as there is no more coupling between core and 267

cladding modes but only between core and radiation modes for this 268

liquid index. This configuration facilitates the analysis of the spec- 269

tral and spatial information. Between each drop of liquid, PS-OLCI 270

measurements were performed. The experiments were carried out 271

without moving or disconnecting the TFBG between each level of 272

liquid. 273

Spatial and spectral measurements in such conditions, for differ- 274

ent levels of liquid, are presented on Figs. 14 and 15.  The envelope 275

amplitude of the second interferogram decreases as the level of 276

liquid increases (Fig. 14(a)). There is no progressive shift of the 277

interferogram on the right as observed previously in refractometry 278

measurements but we can notice a sudden shift when the level of 279

liquid reaches half (2.5 mm)  of the TFBG (Fig. 14(b)). We  observed a 280

similar tendency in the spectral domain (Fig. 15(a) and (b)). Conse- 281

quently, the spatial and spectral positions criterion of the maximum 282

transmission can no longer be used and we have to consider 283

the area under the envelope of the interferogram and under the 284

spectrum. 285

In order to explain this shift at half height, we have calculated 286

the angle (˛) resulting from the cladding mode reflection at the 287

Fig. 13. PS-OLCI spectral measurement of a TFBG for different liquid indices: indices
as  a function of the wavelength at the maximum transmission and associated linear
fitting model (in light grey: uncertainty range for average on measurements, in grey:
uncertainty range for a single measurement, and in black: linear fit).
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Fig. 14. PS-OLCI spatial measurement of a TFBG for different level of index liquid 1.41: spatial transmission (envelope of the second interfrogram) as a function of the optical
length  for immersion of (a) the first half of the TFBG, (b) the second half of the TFBG.

Fig. 15. PS-OLCI spectral measurement of a TFBG for different level of index liquid 1.41: spectral transmission as a function of the optical length for immersion of (a) the first
half  of the TFBG, (b) the second half of the TFBG.

interface between the cladding (refractive index nclad = 1.48) and288

the outer (refractive index nout = 1.41 for index liquid and nout = 1289

for air) (Insert of Fig. 6 and Table 1):290

˛ = arcsin
(

nout

nclad

)
(2)291

When the TFBG is not immersed, radiative modes forming a 43◦
292

angle,relative to the perpendicular to the optical cladding (Table 1) 293

are preferred (Fig. 16). As the liquid level gradually covers the FBG, 294

it is the radiative modes forming a 72◦ angle relative to the per- 295

pendicular to the optical cladding (Table 1) which are preferred 296

(Fig. 16).  As 72◦ is a larger angle, the associated modes interfere 297

Fig. 16. Schematic representation of the angle resulting from the cladding mode reflections in a TFBG as it is gradually immersed in a liquid: (a) no immersion, (b) 1/3
immersed, (c) 1/2 immersed.
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Table  1
Angle (˛) resulting from the cladding mode reflection at the interface between the
cladding (refractive index nclad = 1.48) and the outer (refractive index nout).

nout/nclad � (◦)

Liquid:nout = 1.41 0.95 72
Air:nout = 1 0.68 43

Fig. 17. PS-OLCI spatial measurement of a TFBG gradually immersed in liquid:liquid
level as a function of the area under the second interfergram (in light grey: uncer-
tainty range for average on measurements, in grey: uncertainty range for a single
measurement, and in black: linear fit).

with a spatial delay (resulting in a spatial shift) compared to the298

modes associated to 43◦. This would explain why the interferogram299

shifts to longer wavelengths (Fig. 17).300

The index liquid level up to half of the TFBG as a function of301

the areas in the spatial and spectral domains has been plottedQ4302

(Fig. 18)(Fig. 19). The mean tendency of these curves is linear. How-303

ever all the points do not fit into the Forsythe model. The relative304

standard uncertainties extend from 3% to 50%. We  believe that the305

determination of the liquid level is liable for this. Indeed, the height306

of the liquid level has been estimated from the TFBG length, the307

volume of an index liquid drop and from the shape of the PS-OLCI308

signature. Indeed, the shape of PS-OLCI signature enables to deter-309

mine if the TFBG is in contact or not with the liquid at the beginning310

of the grating and is completely covered at its end. In a similar way,311

we have estimated the spatial resolution of the technique to be312

around 0.3 mm.  These determinations are not rigorous, thus the313

associated uncertainty is high, as the volume of a drop is not con-314

stant from one drop to the next. They will have to be improved to315

decrease the uncertainty on measurement.316

Nevertheless, the results show a clear tendency and the system317

TFBG and PS-OLCI- is a very promising tool to measure liquid levels.318

Fig. 18. PS-OLCI spectral measurement of a TFBG gradually immersed in liq-
uid:liquid level as a function of the area under the inverse Fourier transform of the
second interfergram (in light grey: uncertainty range for average on measurements,
in  grey: uncertainty range for a single measurement, and in black: linear fit).

7. Conclusion and perspectives 319

We  have proposed, for the first time, Tilted Fibre Bragg Grating 320

(TFBG) and Phase Sensitive-Optical Low Coherence Interferometry 321

technique (PS-OLCI) for both refractometry and liquid level sensing. 322

We  have clearly shown that the technique is very interesting for 323

refractometry applications as the relative uncertainty on measure- 324

ment is lower than 0.04% in the range 1.37–1.40. Concerning liquid 325

level measurements, the calibration of the TFBG has to be consoli- 326

dated. Nevertheless, results show a clear tendency, thus promising 327

interesting results. These preliminarily experiments have been con- 328

ducted to validate the PS-OLCI measurement on TFBG in order to 329

detect any change of refractive index in liquids. A second step will 330

consist in functionalising the surface of the TFBG to increase its sen- 331

sitivity and selectivity to a particular molecule. Our ultimate goal 332

is to combine these sensors with this technique to develop per- 333

formance of bio-chemical sensors for medical and environmental 334

applications. 335

Acknowledgments 336

The authors are grateful to Laura Eudeline and Caroline Ville, 337

LNE translators, for their proofreading work, and wish to thank the 338

French Metrology for its support. 339

References 340

[1] R. Kashyap, Fiber Bragg Gratings, Academic Press, San Diego, 1999. 341

[2] K.O. Hill, Y. Fujii, D-C. Johnson, B-S. Kawasaki, Photosensitivity in optical fiber 342

waveguides: application to reflection filter fabrication, Applied Physics Letters 343

32 (1978) 647–649. 344

[3] B.S. Kawasaki, K.-O. Hill, D.C. Johnson, Y. Fujii, Narrow-band bragg reflectors in 345

optical fibers, Optics Letters 3 (1978) 66–68. 346

[4] J.M. Lopez-Higuera, Optical Sensors, Universidad de Cantabria Press, Santander, 347

Spain, 1998. 348

[5] A.D. Kersey, M.A. Davis, H.J. Patrick, M.  LeBlanc, K.P. Koo, C.G. Askins, M.A. Put- 349

nam, J.E. Friebele, Fiber grating sensors, Journal of Lightwave Technology 15 350

(1997) 1442–1462. 351

[6] Y.-J. Rao, In-fibre bragg grating sensors, Measurement Science and Technology 352

8 (1997) 355–375. 353

[7] K.T.V. Grattan, B.T. Meggitt, Optical Fiber Sensor Technology, Kluwer Academic 354

Publishers, Boston, 2000. 355

[8] T. Erdogan, J.E. Sipe, Tilted fiber phase gratings, Journal of the Optical Society 356

of America A Optics and Image Science 13 (1996) 296–313. 357

[9] G. Laffont, P. Ferdinand, Tilted short-period fibre-Bragg-grating-induced cou- 358

pling to cladding modes for accurate refractometry, Measurement Science and 359

Technology 12 (2001) 765–770. 360

[10] H. Phan, C. Minh, G. Laffont, V. Dewynter, P. Ferdinand, L. Labonté, D. Pag- 361

noux, P. Roy, W.  Blanc, B. Dussardier, Tilted Fiber Bragg Grating photowritten 362

in microstructured optical fiber for improved refractive index measurement, 363

Optics Express 14 (2006) 10359–10370. 364

[11] S. Khaliq, S.W. James, R.P. Tatam, Fiber-optic liquid-level sensor using a long- 365

period grating, Optics Letters 26 (2001) 1224–1226. 366

[12] P. Nath, P. Datta, K.C. Sarma, All fiber-optic sensor for liquid level 367

measurement, Microwave and Optical Technology Letters 50 (2008) 368

1982–1984. 369

[13] H.J. Sheng, W.F. Liu, K.R. Lin, S.S. Bor, M.Y. Fu, High-sensitivity temperature- 370

independent differential pressure sensor using fiber Bragg gratings, Optics 371

Express 16 (2008) 16013–16018. 372

[14] C-W. Lai, Y-L. Lo, J-P. Yur, C-H. Chuang, Application of fiber Bragg grating level 373

sensor and Fabry–Perot pressure sensor to simultaneous measurement of liq- 374

uid level and specific gravity, IEEE Sensors Journal 12 (2012) 827–831. 375

[15] R. Gabet, P. Hamel, Y. Jaouën, A.-F. Obaton, G. Debarge, Versatile specialty fibre 376

characterization using phase-sensitive OLCR technique, Journal of Lightwave 377

Technology 27 (2009) 3021–3033. 378

[16] P. Ferdinand, Capteurs à fibres optiques à réseaux de Bragg, Techniques de 379

l’Ingénieur R 6735 (1999) 1–24 (in French). 380

[17] G. Laffont, P. Ferdinand, Refractometer with blazed bragg gratings, US7184135, 381

2 October, 2001. 382

[18] C. Caucheteur, Y. Schevchenko, L.-Y. Shao, M.  Wuilpart, J. Albert, High resolution 383

interrogation of tilted fiber grating SPR sensors from polarization properties 384

measurement, Optics Express 19 (2011) 1656–1664. 385

[19] J. Albert, L.-Y. Shao, C. Caucheteur, Tilted fiber Bragg gratings sensors, Laser and 386

Photonics Reviews (2012), http://dx.doi.org/10.1002/lpor.201100039. 387

[20] S. Maguis, G. Laffont, P. Ferdinand, B. Carbonnier, K. Kham, T. Mekhalif, M-C. Mil- 388

lot, Biofunctionalized tilted Fiber Bragg Gratings for label-free immunosensing, 389

Optics Express 16 (2010) 19049–19062. 390

dx.doi.org/10.1016/j.sna.2012.10.020
Original text:
Inserted Text
 = 1.48) 

Original text:
Inserted Text
liquid: n

Original text:
Inserted Text
air: n

Original text:
Inserted Text
Figure 

Original text:
Inserted Text
wavelengths.Fig. 17The 

Original text:
Inserted Text
)(Figs. 18 and 

Original text:
Inserted Text
linear.However 

Original text:
Inserted Text
Figure 

Original text:
Inserted Text
Fiber 

Original text:
Inserted Text
phase sensitive Optical 

Original text:
Inserted Text
1.37-1.40. 

Original text:
Inserted Text
consolidated.Nevertheless, 

Original text:
Inserted Text
The 

Original text:
Inserted Text
Application 

Original text:
Inserted Text
Appl. Phys. Lett.32

Original text:
Inserted Text
Opt. Lett.3

Original text:
Inserted Text
Sensors, ed. Universidad 

Original text:
Inserted Text
J.Lightwave 

Original text:
Inserted Text
Technol.15

Original text:
Inserted Text
Meas. Sci. Technol.8

Original text:
Inserted Text
J. Opt. Soc. Am. A13

Original text:
Inserted Text
Opt. 

Original text:
Inserted Text
Opt. Lett.26

Original text:
Inserted Text
Microw. Opt. Technol. Lett.50

Original text:
Inserted Text
Opt. 

Original text:
Inserted Text
Fabry-Perot 

Original text:
Inserted Text
Sens. J.12

Original text:
Inserted Text
Specialty Fibre Characterization 

Original text:
Inserted Text
Using Phase-Sensitive 

Original text:
Inserted Text
TechniqueJ.Ligthwave technol.

Original text:
Inserted Text
R 6735 (1999) 1-24, in French.

Original text:
Inserted Text
oct. 

Original text:
Inserted Text
Opt. 

Original text:
Inserted Text
sensors, Laser & 

Original text:
Inserted Text
Rev. (2012) DOI: 10.1002/lpor.201100039.

dx.doi.org/10.1002/lpor.201100039
Original text:
Inserted Text
Opt. 

OBATON
Cross-Out
Figs. 17 and 18

OBATON
Cross-Out
Fig. 17 is after.

OBATON
Sticky Note
Unmarked set by OBATON

OBATON
Sticky Note
Fig. 17 is after.

OBATON
Sticky Note
Figs. 17 and 18

OBATON
Sticky Note
There is a problem with this figure. Some lines are missing. Please find attached in my e-mail a new version of figure 17.

OBATON
Sticky Note
There is a problem with this figure. Some lines are missing. Please find attached in my e-mail a new version of figure 18.



Please cite this article in press as: A.F. Obaton, et al., Tilted Fibre Bragg Gratings and Phase Sensitive-Optical Low Coherence Interferometry for
refractometry and liquid level sensing, Sens. Actuators A: Phys. (2012), http://dx.doi.org/10.1016/j.sna.2012.10.020

ARTICLE IN PRESSG Model

SNA 8047 1–8

8 A.F. Obaton et al. / Sensors and Actuators A xxx (2012) xxx– xxx

[21] A-F. Obaton, A. Quoix, J. Dubard, Uncertainties on distance and chromatic dis-391

persion measurement using Optical Low Coherence Reflectometry, Metrologia392

45 (2008) 83–92.393

[22] ISO 5725-2:1994 Accuracy (trueness and precision) of measurement394

methods and results – Part 2: basic method for the determination of395

repeatability and reproducibility of a standard measurement method,396

Geneva.397

[23] G.E. Forsythe, Generation and use of orthogonal polynomials for data-fitting398

with a digital computer, Journal of the Society for Industrial and Applied Math-399

ematics 5 (1957) 74–88.400

Biographies401
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