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Abstract 

A set-up based on an interferometric technique and including tilted Fiber 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 

provides 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. 
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1. Introduction 

Fiber Bragg Gratings (FBGs) [1] have existed since the photosensitivity process in optical fibers was 

discovered in 1978 [2, 3]. They are now well-characterized and used in a variety of high-performance 

communication systems as well as in many sensing devices. In the field of sensing, standard FBGs are 

usually used to transduce physical parameters such as temperature, strain and pressure [4, 5, 6, 7]. 

Nevertheless, they are not appropriate to measure bio-chemical parameters of liquids surrounding the 

fiber since the light diffracted by the grating does not interact at all with such external medium. To extend 

their application in this field, specific gratings diffracting light toward the external medium have to be 

used. Tilted FBGs [8] can bear such a function by diffracting the guided light toward the outside of the 

optical guiding core. Accordingly, they are proposed here as optical transducers measuring any refractive 

index change of a liquid surrounding the fiber, i.e. for refractometry and liquid level sensing. TFBGs have 

already been used for refractometry applications, connected to a tunable laser source and a simple 

photodetector [9, 10]. Concerning FBG-based level sensors, several technologies have been mentioned in 

scientific publications [11, 12, 13, 14] but none of them includes a TFBG-based transducer. Therefore, 

the combination of TFBGs and the Phase Sensitive-Optical Low Coherence Interferometry technique 

(PS-OLCI) for both refractometry and liquid level sensing has never been suggested . PS-OLCI has 

several advantages compared to conventional techniques such as tunable laser source and classical 

photodetector, which only provide the amplitude of the optical spectrum. Indeed, PS-OLCI delivers 

information simultaneously in the spectral and spatial domains. Moreover, in the spectral domain, such a 

technique provides both real and imaginary components (respectively amplitude and phase) of the optical 

signal spectrum. If the phase does not present any interest in our application, it is however very useful to 

characterise chromatic dispersion of the optical fibers [15]. On the other hand, information in the spatial 

domain should be of particular interest for liquid level sensing, as they are more straightforward to 

interpret than information in the spectral domain to perform a quantitative analysis of the influence of 

liquid level. 

In this paper, we will define TFBGs as well as the PS-OLCI technique. Then, we will present the 

measurements performed with PS-OLCI and TFBGs considering a set of index liquids and different 

levels of liquid in which the TFBG is immerged. 

 

2. Tilted Fiber Bragg Gratings (TFBG) 

The capability to photo-imprint gratings in optical fibers requires the glass to be photosensitive. This 

phenomenon, called photosensitivity, involves the irradiation of an optical waveguide with a laser beam 

of ultraviolet light to change the refractive index of the fiber core (Fig. 1). By irradiating the fiber core 
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with an intensive pattern that has a periodic (or even aperiodic) distribution (Fig. 1), a corresponding 

index perturbation is permanently induced. The result is an index grating that is photo-imprinted in the 

optical core waveguide. 

 
Figure 1: Scheme from P. Ferdinand [16] of irradiation of a fiber by ultraviolet light for FBG photowriting.  

 

A specific setup has been developed at the CEA LIST in order to photowrite tilted FBG in standard 

singlemode fibers [9]. 
 

 

A Tilted Fiber Bragg Grating (TFBG) is a periodic or aperiodic perturbation of the effective refractive 

index of the guiding core of an optical waveguide (Fig. 2) [8].  
 

 
Figure 2: Scheme of a Tilted Fiber Bragg Grating.  

 

In a TFBG, the variation of the refractive index is tilted with respect to the optical axis. This enhances 

coupling between the forward-propagating core mode and the contra-propagating cladding modes. Thus, 

TFBGs diffract the guided light toward the cladding at several predetermined narrow spectral locations or 

resonance wavelengths, while passing all the other wavelengths of light. Consequently, they are usually 

characterized by their transmission spectrum (Fig. 3) as the light diffracted backwards by TFBGs is no 

longer guided by the core (and experiences high optical losses). 

 

 
Figure 3: Transmission spectrum of a TFBG in a single-mode fiber.  

 

The resonances composing the spectral transmission response of a TFBG are modified by external 

refractive index changes. Wavelength resonances associated with cladding refractive index values lower 

than the external refractive index are not guided any more, since the interface between the cladding and 

the external medium has disappeared. The spectra shown on Fig. 4 are processed using a dedicated and 
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patented signal processing technique [17] in order to retrieve the refractive index surrounding the fiber 

accurately. 

 
Figure 4: Spectral response of a tilted FBG to three different refractive index surrounding the fiber.  

 

Such TFBGs are entirely appropriate for refractometry and liquid level measurements. Refractometers 

based on this principle reach a resolution of 10-5 for refractive index values in the range 1.3-1.45 [10, 18, 

19]. For instance they have been used in cure monitoring of epoxy-based resins for composite material 

manufacturing. These components may also find applications in bio-chemical photonics [20]. Detection 

of target molecules such as proteins first requires the additional development of specific fiber coating. 

Such transverse developments require skills not only in metrology and guided optics but also in research 

fields such as surface bio-functionalization and characterization. 

 

3. Phase Sensitive-Optical Low Coherence Interferometry (PS-OLCI) 

A PS-OLCI is a Michelson interferometer illuminated with a broadband source (BBS). The Device 

Under Test (DUT) is inserted into the test arm of the interferometer, whereas the reference arm contains a 

variable-length path so that the total optical path difference of the interferometer can be varied. The basic 

principle of a Michelson interferometer is that interference fringes are observed only if the difference in 

optical path between both arms matches the coherence length of the light source. As the source is large, 

its coherence length is small, therefore interferograms are very localized and resolved spatially. 

A diagram of the low coherence interferometric system developed at LNE is shown in Fig. 5. An Er3+ 

amplified spontaneous emission (ASE) source (central wavelength 1566 nm, spectral spread 80 nm, 

power 25 mW) provides the input signal. This signal is sent to a 30-70 % fiber coupler , via a 5-95 % 

fiber coupler , then directed into the reference and test arms of the interferometer. The light coming from 

the reference arm is combined with the light from the test arm, transmitted through the DUT at the fiber 

coupler, and recombined light is directed onto an autobalanced InGaAs detector. The two entrances of 

this detector have similar excess noise characteristics thanks to the 5-95 % fiber coupler . Therefore, 

using such detector reduces excess noise from the source and improves the signal-to-noise ratio (SNR).  

A frequency-stabilized HeNe laser interferometer monitors the position of the reference arm mirror, i.e. 

the imbalance of the PS-OLCI. This mirror consists of corner cube reflectors mounted on an air born 

translator allowing the scanning of a 120 cm maximum length.  

The optical bandwidth of the BBS allowed to achieve a x = 12 µm spatial resolution (FWHM ~ He-

Ne/4.n) in a silica fiber and this scheme allowed to achieve a - 80 dB dynamic range .  

The signal on the photodetector carries spatial and spectral transmittances of the DUT. However, the 

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

correspond to the real part of the inverse Fourier transform of the product of the source spectrum S() by 

the amplitude transmittance )(
~
T  of the device under test, i.e.: 

 



  djTSI )2exp()(

~
)(Re)(     (1) 

where  is the wave number i.e. the inverse of the wavelength  in vacuum, j the complex 

number and the optical path difference between the PS-OLCI’s two arms. 

In addition, LNE’s set-up enables to get the optical phase spectrum of the DUT [21] but in these 

studies, we will only focus on the envelope of the interferograms in the spatial domain and on the 

amplitude spectrum in the spatial domain. To get this envelope, we first truncate the interferogram at the 
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points where the SNR is approximately unity. Secondly, we append zeros to the interferogram array (zero 

padding) to obtain a total array length of 2n. Thirdly, we take the inverse Fourier transform of the 

truncated and padded interferograms, thereby obtaining the transmission spectrum. Fourthly, using an 

appropriate window corresponding to the width of the source, we filter the amplitude transmittance to 

finally process a Fourier transform in order to get the envelope. From a chosen reference envelope, we 

proceed to a cropping of other acquisition envelopes through cross correlation. 

 

Low-coherence interferometer: Interrogation of the sensor

ASE

Translation

stage

Fibre 

coupler

Fibre 

coupler

Parabolic 

mirror

PC

Coherent reflectometer: Sampled acquisition

Frequency 

stabilised

He-Ne laser 

633 nm
Mirror

Beamsplitter

Silicon detector

-50

-45

-40

-35

-30

-25

-20

 

 

1550 nm

signalreference

InGaAs autobalanced 

detector

Device under test
30%

70%

30%

70%

5%

95%

Fibre 

coupler

Low-coherence interferometer: Interrogation of the sensor

ASE

Translation

stage

Fibre 

coupler

Fibre 

coupler

Parabolic 

mirror

PC

Coherent reflectometer: Sampled acquisition

Frequency 

stabilised

He-Ne laser 

633 nm
Mirror

Beamsplitter

Silicon detector

-50

-45

-40

-35

-30

-25

-20

 

 

1550 nm

signalreference

InGaAs autobalanced 

detector

Device under test
30%

70%

30%

70%

5%

95%

Fibre 

coupler

 
 

Figure 5: LNE’s PS-OLCI set-up. 

 

4. PS-OLCI measurements of TFBG 

The set-up in Fig. 5 was used to measure the transmission of two different TFBG manufactured by the 

CEA LIST of 5 mm and 7 mm long, a 14° blaze angle and a 1535 nm working wavelength. First of all, 

the TFBG were characterized in order to analyse their signatures. The repeatability and reproducibility of 

PS-OLCI measurements have been estimated and conclusions were drawn concerning the parameters to 

consider in measurements. Then, we have performed refractometry measurements using different index 

liquid ranging from 1.37 to 1.40, and finally we have proceeded to liquid level sensing with a 1.41 liquid 

index. 
 

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

The PS-OLCI signal from the detector of a TFBG as a function of the optical path difference consists 

of two distinct signatures (Fig. 6). The first one in space (first interferogram) represents the interference 

of the direct transmitted light through the TFBG, corresponding to the fundamental mode LP00, with the 

light reflected from the reference arm mirror. The other signature (second interferogram) results from the 

interference of light corresponding to the cladding mode reflected on the cladding surface, then in the 

grating and again on the cladding surface coupled with the LP00 mode as shown in Fig. 6, with the light 

from the reference arm. The refractive index of the outer of the fiber upper cladding determines the shape 

and extent of the second signature as will be demonstrated later. Thus, only the second interferogram will 

be considered and studied in the next part. 
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Figure 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. 

 

Performing inverse Fourier transform on the second interferogram provides the amplitude spectrum 

response of the TFBG (Fig. 7). This response presents resonance peaks. 
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Figure 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.  

 

4.2. Repeatability and reproducibility of both spatial and spectral analysis of TFBG in the air, based 

on PS-OLCI measurements 

To evaluate the repeatability and reproducibility of TFBG and PS-OLCI measurements, we have 

proceeded to several PS-OLCI characterizations of TFBG day after day. The spectral and spatial 

responses of the TFBG were both analyzed. 

The envelope of the second interferogram as a function of the optical length and the spectrum as a 

function of the wavelength are given respectively in Fig. 8 and 9. The repeatability and reproducibility of 

these results have been evaluated according to two criteria for both signatures: the area under the 

envelope and a position of a given peak in the spatial domain and the area under the spectrum and the 

wavelength of a resonant peak in the spectral domain. The associated uncertainties were calculated in 

accordance with the ISO 5725-2 standard [22] using the reproducibility variance. Regarding the area in 

both domains, the relative repeatability standard uncertainty is less than 0.4 % but the relative 

reproducibility standard uncertainty is greater than 38 %. These standard uncertainties are more satisfying 

regarding the optical length in the spatial domain (0.1 %) and the wavelength in the spectral domain (0.01 

%). In our view, the effects that are influential among all these measurements are the following: the “day 

effect”, the “fiber-to-fiber connection/deconnection effect”, the “TFBG's curvature effect” as well as the 

“operator effect”. The predominant effects that influenced the measurement are the “connexion effect” 

and the “TFBG's curvature effect”, since we have noticed that when the TFBG is not disconnected and 

moved in between measurements, the uncertainties fall to reasonable values closed to repeatability 

uncertainty. 

In conclusion, the more significant quantities are not the area but the optical length in the spatial 

domain and the wavelength in the spectral domain. Consequentlythese quantities will have to be 
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considered if possible. However, as we have noticed that the reproducibility is satisfying if the TFBG is 

not moved and disconnected between measurements, the area can be used as well. It will be the case 

when it comes to liquid level sensing. 
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Figure 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. 
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Figure 9: PS-OLCI spectral measurements of a TFBG: spectral transmission as a function of the wavelength on different days. 

 

5. Refractometry measurements 

In order to demonstrate that the system is able to provide refractive indices measurements, a TFBG 

immersed in different index liquids was interrogated with PS-OLCI. Preliminary measurements were 

performed in order to choose the range of index liquids to measure. This range depends on the TFBG 

characteristics. If the index liquid is too high, the resonance peaks on the spectrum disappear and the 

interest of cladding mode cannot be exploited. Indeed, the leakage modes are preferred on cladding mode 

in that case. Finally, the range from 1.37 to 1.40 (step 0.005) was chosen. The TFBG was cleaned with 

alcohol between measurements with different index liquids. Results are shown in Fig. 10 and 11. In the 

spatial domain (Fig. 10), both width and amplitude of the second interferogram as a function of the 

optical length (corresponding to the cladding mode) decrease as the index increases. In addition, the 

maximum amplitude shifts on the right as the index increases. In the spectral domain (Fig. 11), we 

observe the same phenomena on the spectrum with a red shift of the maximum amplitude. Furthermore, 

as the spectrum decreases as a function of the refractive index, the number of resonance peaks decreases. 
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Figure 10: PS-OLCI spatial measurement of a TFBG for different index liquids: spatial transmission (envelope of the second 

interfrogram) as a function of the optical length. 
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Figure 11: PS-OLCI spectral measurement of a TFBG for different index liquids: spectral transmission as a function of the 

wavelength. 

 

The indices have been plotted as a function of the optical length and the wavelength at the maximum 

transmission, (respectively Figs. 13 and 14). Both curves have a linear behaviour in the range 1.37-1.40. 

We can observe that the more the difference (nclad - nout) decreases, the more the response of the TFBG is 

linked to low order cladding modes, associated with low diffraction angles with respect to the propagation 

axis of the fiber. A Forsythe method [23] has been used to estimate the linear fitting model and the 

associated uncertainty (Figs. 13 and 14). The results fit into the model especially from 1.37 to 1.39. 
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Figure 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). 
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Figure 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). 

 

In conclusion, we have shown that the TFBG and PS-OLCI- association is a relevant way to evaluate 

the refractive index of a liquid with a relative standard uncertainty of 0.03 % in spatial and 0.04 % in 

spectral domains, in the range 1.37-1.40. 

 

6. Liquid level sensing 

Regarding liquid level sensing, an aluminium tank with a 250 µm-centred hole in its bottom was 

manufactured. The TFBG was vertically held in this tank, its end being glued at the hole. Then it was 

gradually immersed in the liquid index 1.41. This value was chosen, as there is no more coupling between 

core and cladding modes but only between core and radiation modes for this liquid index. This 

configuration facilitates the analysis of the spectral and spatial information. Between each drop of liquid, 

PS-OLCI measurements were performed. The experiments were carried out without moving or 

disconnecting the TFBG between each level of liquid.  

Spatial and spectral measurements in such conditions, for different levels of liquid, are presented on 

Fig. 14 and 15. The envelope amplitude of the second interferogram decreases as the level of liquid 

increases (Fig. 14 (a)). There is no progressive shift of the interferogram on the right as observed 

previously in refractometry measurements but we can notice a sudden shift when the level of liquid 

reaches half (2.5 mm) of the TFBG (Fig. 14 (b)). We observed a similar tendency in the spectral domain 

(Fig. 15 (a) and (b)). Consequently, the spatial and spectral positions criterion of the maximum 

transmission can no longer be used and we have to consider the area under the envelope of the 

interferogram and under the spectrum. 
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Figure 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. 
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Figure 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. 

 

In order to explain this shift at half height, we have calculated the angle ( ) resulting from the cladding 

mode reflection at the interface between the cladding (refractive index nclad = 1.48) and the outer 

(refractive index nout = 1.41 for index liquid and nout = 1 for air) (Insert of Fig. 6 and Table 1): 

 cladout nnarcsin        (2) 

 

 nout/nclad  (°) 

liquid: nout = 1.41 0.95 72 

air: nout = 1 0.68 43 
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). 

 

When the TFBG is not immersed, radiative modes forming a 43° angle,relative to the perpendicular to the 

optical cladding (table 1) are preferred (Fig. 16). As the liquid level gradually covers the FBG, it is the 

radiative modes forming a 72° angle relative to the perpendicular to the optical cladding (Table 1) which 

are preferred (Fig. 16). As 72° is a larger angle, the associated modes interfere with a spatial delay 

(resulting in a spatial shift) compared to the modes associated to 43°. This would explain why the 

interferogram shifts to longer wavelengths. 

 
 

a) b) c)  
Figure 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. 

  
The index liquid level up to half of the TFBG as a function of the areas in the spatial and spectral 

domains has been plotted (Figs. 18 and 19). The mean tendency of these curves is linear.However all the 

points do not fit into the Forsythe model. The relative standard uncertainties extend from 3 % to 50 %. 

We believe that the determination of the liquid level is liable for this. Indeed, the height of the liquid level 
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has been estimated from the TFBG length, the volume of an index liquid drop and from the shape of the 

PS-OLCI signature. Indeed, the shape of PS-OLCI signature enables to determine if the TFBG is in 

contact or not with the liquid at the beginning of the grating and is completely covered at its end. In a 

similar way, we have estimated the spatial resolution of the technique to be around 0.3 mm. These 

determinations are not rigorous, thus the associated uncertainty is high, as the volume of a drop is not 

constant from one drop to the next. They will have to be improved to decrease the uncertainty on 

measurement. 

Nevertheless, the results show a clear tendency and the system TFBG and PS-OLCI- is a very 

promising tool to measure liquid levels. 
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Figure 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: uncertainty range for average on measurements, in grey: uncertainty range for a single 

measurement, and in black: linear fit). 
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Figure 18: PS-OLCI spectral measurement of a TFBG gradually immersed in liquid: 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 

We have proposed, for the first time, Tilted Fiber Bragg Grating (TFBG) and phase sensitive Optical 

Low Coherence Interferometry technique (PS-OLCI) for both refractometry and liquid level sensing. We 

have clearly shown that the technique is very interesting for refractometry applications as the relative 

uncertainty on measurement is lower than 0.04 % in the range 1.37-1.40. Concerning liquid level 

measurements, the calibration of the TFBG has to be consolidated.Nevertheless, results show a clear 

tendency, thus promising interesting results. These preliminarily experiments have been conducted to 

validate the PS-OLCI measurement on TFBG in order to detect any change of refractive index in liquids. 

A second step will consist in functionalising the surface of the TFBG to increase its sensitivity and 

selectivity to a particular molecule. Our ultimate goal is to combine these sensors with this technique to 

develop performance of bio-chemical sensors for medical and environmental applications. 
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