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Abstract: In this paper, the mode coupling mechanism of tilted fiber Bragg gratings (TFBGs) is 
briefly introduced at first. And a general review on the fabrication, theoretical and experimental 
research development of TFBGs is presented from a worldwide perspective, followed by an 
introduction of our current research work on TFBGs at the Institute of Modern Optics, Nankai 
University (IMONK), including TFBG sensors for single-parameter measurements, temperature 
cross sensitivity of TFBG sensors, and TFBG-based interrogation technique. Finally, we would make 
a summary of the related key techniques and a remark on prospects of the research and applications 
of TFBGs. 
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1. Introduction 

With the rapid development of fiber-optic 
component fabrication technique, fiber gratings have 
become typical and promising passive optical 
components that have been widely applied in the 
field of optical communications and optical sensing 
technology. Just like the motion of electrons 
confined by nano-structures of semiconductor 
materials, the motion behavior of photons could be 
manipulated through fiber structure design on a 
nanometer scale. The milestone work to fabricate the 
first fiber Bragg grating (FBG) by K.O. Hill et al. in 
the latter half of 1970s greatly impels the success of 
optical fiber technology on a global scale [1]. Due to 
their several distinguished advantages such as 
electro-magnetic immunity, longevity, stability, and 

high sensitivities, FBG-based-sensors have found 
their various applications in the measurement of 
numerous physical parameters, including 
temperature [2], strain [3-4], pressure [5], vibration 
[6], etc. Due to the limitation of fiber 
photosensitivity and fiber fabrication technique, 
early studies on fiber gratings were focused on fiber 
Bragg gratings until 1990, when Meltz et al. firstly 
presented the mode coupling model of tilted fiber 
Bragg grating (TFBG) and preliminarily discussed 
about its radiation modes at an Optical Fiber 
Communication (OFC) conference [7]. It was found 
that the mode coupling in phase gratings could be 
enhanced to some degree by introducing some tilt 
angle between the wave vector and fiber axis. To 
meet the increasing demands for multi-functionalities, 
tilted fiber Bragg gratings (TFBGs), one type of 
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important multi-functional fiber gratings with novel 
structure and new characteristics have attracted 
considerable research interest in the past few 
decades. Compared with conventional FBG-based 
photonic components, TFBGs with quasi-three 
dimensional structure promise a good variety of 
interactions between photons. Different from FBGs, 
the wave vector of TFBG has a certain angle with 
respect to the fiber axis, and therefore, the grating 
has different structural geometry along radial, 
azimuth, and axial orientations, making TFBG a 
good candidate for multi-functional fiber-optic 
component with new characteristics. Hence, TFBG 
has become subject of numerous studies since its 
birth about 20 years ago. 

In this paper, a general review on the research 
development of TFBGs is presented. The mode 
coupling mechanism of TFBGs is briefly introduced 
firstly, followed by a comprehensive review on the 
worldwide development of the related fabrication, 
theoretical and experimental research. Moreover, we 
would give a general introduction of our current 
research work on TFBGs at the Institute of Modern 
Optics, Nankai University (IMONK), and finally we 
would make a summary of the related key 
techniques and a prospect of the research and 
applications of TFBGs. 

2. Mode coupling mechanism in TFBGs 

Like common FBGs, TFBGs also possess a 
periodic refractive index modulation along the fiber 
axis, but different from FBGs, in TFBGs there is a 
certain tilt angle between grating plane and fiber 
cross section, leading to the occurrence of more 
complex mode coupling, as shown in Figs. 1 and 2. 
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Fig. 1 Structure diagram of a TFBG. Λ  is the grating 

period and ξ  represents the tilt angle. 

 

 
Fig. 2 Illustration of wave vectors for mode coupling in 

TFBG. 

Owing to the existence of tilt angle, besides the 
mode coupling between forward propagating and 
counter-propagating core modes, as the primary 
mode coupling in common FBGs, core and cladding 
mode coupling may also occur in TFBGs, including 
the mode coupling between forward propagating 
core mode and counter-propagating cladding mode, 
and the mode coupling between forward propagating 
core mode and radiation mode as the fiber diameter 
is assumed to be infinite. Accordingly, the 
transmission spectrum of TFBG possesses many 
resonance peaks. For TFBGs exposed in the air, 
besides the resonance peaks corresponding to core 
mode coupling, a series of discrete resonance peaks 
corresponding to core-cladding mode coupling also 
exist in the short wavelength range. And for TFBGs 
with small tilt angles, the ghost mode resulting from 
the mode coupling between core mode and some 
low cladding mode may also turn up, as shown in 
Fig. 3. Since the tilt angle and refractive index 
modulation determine coupling efficiency and the 
bandwidth of cladding mode resonance peak, the 
transmission characteristics of TFBGs provide a 
great amount of information related to the fiber and 
grating structures. 

 
Fig. 3 Transmission spectrum of TFBG with tilt angle of less 

than 5 degrees. 
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To quantify the transmission characteristics of 
TFBGs, it is necessary to acquire the expression of 
cladding mode resonance wavelength. The 
resonance wavelength dependent on grating 
parameters in a TFBG could be acquired by solving 
the coupled mode equations, however, it would be 
more convenient to deal with this issue through 
analogy of resonance conditions between FBGs and 
TFBGs. For common FBGs, the resonance 
wavelength satisfying Bragg condition could be 
described as 

Bragg eff ,core eff ,core( ) gn n Λλ = +        (1) 

where neff,core is refractive index of the fiber core and 
Λg represents the grating period along the fiber axis. 
Above Bragg resonance condition is governed by 
mode coupling between the forward propagating 
core mode and counter-propagating core mode. And 
for TFBGs, due to the tilt angle of grating plane with 
respect to the fiber axis, the grating period along 
fiber axis could be modified as 

cosg
ΛΛ

ξ
= .              (2) 

By substituting (1) with (2), Bragg resonance 
condition for TFBG could be expressed as 

co co
Bragg eff eff( )

cos
gn n

Λ
λ

ξ
= + .         (3) 

Due to the existence of tilt angle, part of the 
forward propagating core mode light will be coupled 
into counter-propagating cladding mode, and the 
resonance wavelength of cladding mode is 
determined by 

co cl
Cl, eff eff ,( )

cos
g

i in n
Λ

λ
ξ

= +           (4) 

where 
Cl,

eff
i

n  is the effective refractive index of ith 
cladding mode. 

The similarity between the resonance conditions 
of FBGs and TFBGs determines that the core mode 
of TFBGs has similar sensing characteristics, 
including temperature, strain, etc. For common 
FBGs, however, the cladding mode resonance 
wavelength is also influenced by effective refractive 
index of cladding modes, which is sensitive to 
temperature, strain, and fiber cross section. From 

Fig. 3, it could be seen that due to the co-existence 
of core mode and cladding mode in TFBGs, besides 
Bragg wavelength, many other resonance peaks turn 
up in the transmission spectrum of TFBG, including 
a series of cladding mode resonance peaks located in 
the short wavelength range and the ghost mode 
resonance peak close to Bragg wavelength. The 
complex mode coupling taking place in TFBGs 
determines their distinguished characteristics 
compared with common FBGs, which could be 
employed to develop novel photonic components for 
optical communications and optical sensing 
applications. 

3. Development of TFBG fabrication 
technique 

The mainstream TFBG fabrication approaches 
include phase mask method, scanning technique, 
and point by point writing technique, etc. Phase 
mask method combined with the scanning technique 
was adopted in most studies. The merit of phase 
mask method is that the grating period of TFBG is 
independent on tilt angle, and hence fiber gratings 
could be fabricated more flexibly. Some researchers 
also presented holographic method, by which 
performances of fiber gratings could be improved to 
a large extend although the grating period is 
normally dependent on tilt angle. In 2006,       
M. C. P. Huy et al. fabricated the TFBG in photonic 
crystal fiber (PCF) by using the interference method 
based on Lloyd mirror [8]. Other scholars also 
developed some novel schemes to fabricate TFBGs. 
In 1999, by writing TFBG in the cladding region of 
photosensitive fiber through ultraviolet (UV) 
exposure method, L. Brilland et al. compared its 
spectral characteristics with TFBG written in 
standard step-index fiber and analyzed the 
dependence of grating reflectivity on tilt angle [9]. 
As to the fabrication of TFBGs with large tilt angle, 
in 2002 J. M. Battiato et al. successfully fabricated 
the TFBG with tilt angle equal to or larger than   
45 degrees, the polarization characteristics of which 
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were earlier experimentally investigated by       
P. S. Westbrook et al. in 2000 [10-11]. 

4. Theoretical progress of TFBG 
research 

Besides the mode coupling and side radiation, 
much effort has been put on theoretical aspect to 
discover other distinguished characteristics of TFBG. 
Fundamental approaches to analyze the spectral 
characteristics of TFBGs involve the coupled mode 
theory and volume current method.  

As early as before the birth of fiber gratings, 
people had employed the coupled mode theory to 
investigate planar waveguide gratings, several 
methods and conclusions of which could be 
imported and modified to deal with TFBGs. In 1996, 
T. Erdogan and J. E. Sipe used the coupled mode 
theory to preliminarily study the spectral 
characteristics and mode coupling between guided 
mode, cladding mode, and radiation mode of the 
TFBG [12]. Their theoretical calculation is in good 
agreement with experimental results, and the 
coupled mode theory is also applicable to deal with 
long period gratings (LPGs) and some special 
gratings. The expressions of resonance wavelength, 
bandwidth, coupling coefficients, and propagation 
constant as well as their dependence on grating 
period and effective refractive index were obtained. 
Thereafter, some other researchers further developed 
the coupled mode theory [13]. Based on 
three-layer-medium model and fiber geometry, 
Erdogan’s research group developed multi coupled 
mode theory, providing a universal theoretical basis 
for mode coupling analysis [14-16].  

Based on the well established coupled mode 
theory, in 2001 Y. Li et al. analyzed the phase 
matching condition, wavelength dependence, 
angular distribution, and polarization dependence of 
TFBG in detail by using volume current method in a 
cylindrical coordinate system [17]. Experimental 
results validate its applicability to analyze the 
external coupling of the fiber gratings with uniform 

refractive index modulation, and under appropriate 
approximation volume current method is equivalent 
to coupled mode theory. By using volume current 
method, in 2005 R. B. Walker et al. theoretically 
investigated the physical relationship between the 
grating structure and shape of radiation field [18]. In 
the meantime, Holmes et al. successfully explained 
a few spectral characteristics of TFBG using the 
antenna theory, which is unfortunately based on the 
far field approximation and could not be directly 
used to calculate the radiation field around fiber. To 
overcome this disadvantage, in 2003 C. Jáuregui   
et al. presented a near field model of cladding 
modes [19]. Furthermore, in 2006 Y. Li et al. 
employed the coupled mode theory to prove that the 
radiation mode is orientation dependent and the 
relationship between tilt angle and slipping off 
direction was also acquired [20]. 

5. Sensing applications of TFBG 
research 

As one type of important photonic components, 
their unique structure and mode coupling 
characteristics promise the great application 
potential of TFBGs in the field of optical fiber 
communications, fiber sensing technology, and other 
related areas. 

Major applications of TFBGs in optical fiber 
communications include gain flattening filters for 
erbium-doped fiber amplifiers (EDFAs) [21-23], 
filters & wavelength division multiplexing (WDM) 
channel monitor [24-30], and polarization 
independent components [11, 31-35], etc. 
Considering the topic of this review, our discussion 
is limited to sensing applications of TFBGs in the 
following part. We recommend the readers 
interested in the applications of TFBGs in optical 
fiber communications refer to the related references 
listed above. 

As mentioned above, due to the existence of tilt 
angle, part of the forward propagating core mode 
light will be coupled into counter-propagating 
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cladding mode and radiation mode for finite and 
infinite fiber cladding geometry, respectively. Since 
different modes have their respective response to 
various measurands, TFBGs could find great 
application potential in the field of fiber sensing 
technology. 

5.1 Basic sensing applications of TFBG sensors 

Since the birth of TFBGs, their unique mode 
coupling characteristics compared with common 
FBGs have been exploited for basic sensing 
applications. Based on mode coupling 
characteristics of TFBG, temperature and strain 
responses of core mode and cladding modes were 
firstly investigated, and C. Chen et al. later analyzed 
strain sensing characteristics of cladding modes for 
different fiber cladding diameters, which was 
experimentally proved to have no influence on the 
strain sensitivity [36-37]. Based on the mode 
coupling analysis, by employing mode recoupling,  
J. Albert et al. proposed a vibration sensor and 
experimentally studied its basic sensing 
characteristics [38-39]. As bending has also an 
impact on the mode coupling characteristics of 
TFBGs, in 2000 R. Parker et al. found that part of 
cladding mode power will change when bending is 
applied onto TFBG, which was later analyzed based 
on the mode coupling theory. In 2002 S. Baek et al. 
classified the transmission spectra corresponding to 
different bending orientations, and through power 
monitoring of LP11 mode, a micro-bending sensor 
was realized [40]. Moreover, C. Caucheteur 
achieved simultaneous measurement of bending and 
temperature through monitoring the 
bending-induced envelope variation, which provides 
a solution to avoid the temperature cross sensitivity 
of TFBG sensors for practical applications [41]. 

5.2 Refractometer and concentration sensors 

Due to the dependence of cladding effective 
refractive index on ambient refractive index, the 
resonance wavelength of cladding modes and mode 

coupling are highly sensitive to the environmental 
refractive index. Thus, TFBG-based refractometer 
and concentration sensors have been investigated for 
biochemical applications. 

In 2001 G. Laffont et al. firstly applied the 
TFBG in refractive index sensing. They studied the 
influence of ambient refractive index on spectral 
characteristics of TFBG, and environmental 
refractive index could be measured by calculating 
the integral area of normalized cladding mode 
spectrum [42]. In 2006, C. Zhao et al. achieved 
simultaneous measurement of refractive index and 
temperature based on different sensitivity of core 
and cladding modes in a TFBG with 3-degree tilt 
angle [43]. In the mean time, K. Zhou et al. found 
TFBG with large tilt angle could be highly sensitive 
to refractive index but rather insensitive to 
temperature [44]. Besides the refractive index 
sensing characteristics, interrogation technique was 
also investigated for TFBG refractometer [45]. As an 
extension, X. Chen et al. proposed a chemical sensor 
using the etched TFBG written in multimode fiber 
[46]. And moreover, C. Caucheteur et al. achieved 
temperature-insensitive quasi-distributed TFBG 
refractometer based on optical time domain 
reflectometry (OTDR) [47]. 

5.3 All-fiber interrogation technique of TFBG 
sensors 

Based on the investigations of transmission and 
reflection charateristics of TFBG, the research on 
TFBG has developed into a new stage since 2003, 
and the photonic research group at Aston University 
has been playing an important role. In 2003,      
K. Zhou et al. of this group experimentally proved 
that when TFBG is immersed into the solution with 
refractive index close to the effective refractive 
index of the fiber cladding, cladding modes no 
longer propagate in the fiber and will be coupled 
into radiation mode [48], and since then the 
radiation mode of TFBG has attracted considerable 
research interest. In 2004, K. Zhou et al. further 



Xiaoyi DONG et al.: Tilted Fiber Bragg Gratings: Principle and Sensing Applications 

 

11

found that radiation mode of TFBG propagates 
along different directions for different wavelengths, 
which could be exploited to achieve TFBG-based 
wavelength interrogation through side radiation [49]. 
This interrogation technique is a breakthrough over 
conventional wavelength interrogation approaches 
based on optical spectrum imaging method. Based 
on the above interrogation technique, some schemes 
were also presented to employ TFBGs as optical 
spectrometers [50-52]. 

5.4 Extended applications of TFBG sensors using 
new materials 

Owing to the good refractive index sensitivity of 
TFBGs, TFBG sensors based on surface processing 
and new materials have been investigated for a good 
variety of applications. In 2006 M. C. P. Huy et al. 
proposed a TFBG refractive index sensor written in 
PCF, which has better performances in comparison 
with the FBG sensor written in PCF because of the 
optimized mode coupling between core mode and 
high order cladding modes [53]. At the 18th Optical 
Sensor Conference, E. Chechura et al. reported the 
influence of surface-deposited nano-structure film 
on cladding mode resonance of TFBG [54]. And in 
2008, S. Maguis et al. achieved a label-free 
biosensor by depositing bio-functional materials on 
TFBG, showing its application potential for antibody 
and antigen sensing [55]. Besides film deposition, 
plasmonic resonance was also investigated as a 
novel mechanism that could be exploited to achieve 
TFBG-based biosensors. In 2007 Y. Yanina et al. 
firstly investigated the surface plasmon resonances 
phenomenon of gold-coated TFBG sensor [56], and 
in 2008 T. Allsop et al. reported the infrared surface 
plasmon resonances of TFBG [57]. By measuring 
the resonance wavelength shift induced by the 
change of ambient refractive index, detection of 
DNA and virus molecules could be achieved with 
high sensitivity. Through depositing bio-sensitive 
films, including enzyme, antigen, antibody, nucleic 
acid, cell, and microbe, etc., a great amount of 
biochemical processes such as molecular 

interactions, concentration, and dynamic behavior 
could be further investigated by using TFBG 
sensors. 

6. Current research activities on TFBG 
sensors at IMONK 

Considering several distinguished characteristics 
of TFBGs in comparison with conventional FBGs, 
TFBG-based sensing is amongst the important 
research areas being carried out in our research 
group at IMONK. Our research work on TFBGs has 
been focused on single-parameter measurement and 
solutions of temperature cross sensitivity issue, and 
as an important aspect that should be considered for 
practical applications, TFBG-based interrogation 
technique has been investigated as well. 

6.1 TFBG sensors for single-parameter 
measurement 

From the discussion in Section 2, it is clear that 
the mode coupling between forward propagating 
core mode, counter-propagating core mode, and 
cladding mode may co-exist in a TFBG with finite 
diameter. According to (4) the cladding mode 
resonance wavelength is determined by the effective 
refractive index of the fiber core and a certain 
cladding mode, and as the ambient refractive index 
varies, the cladding mode effective refractive index 
will change accordingly, promising the application 
of TFBG sensors in refractive index measurement. 
Based on above mode coupling principle, TFBGs 
could be applied in the measurement of refractive 
index and other related parameters. 

6.1.1 TFBG sensor for refractive index 
measurement [58] 

Figure 4 shows the experimental setup of the 
proposed refractive index sensing system. A 1.2 cm 
TFBG with a tilt angle of 6 degrees is immersed in 
different solutions within a refractive index range of 
1.3723 - 1.4532. A C-band SLED is employed as 
the light source and an optical analyzer with 
resolution of 0.01 nm is used for spectral monitoring. 
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To economize the interrogation cost, a photoelectric 
diode is also utilized in our experiment for 
transmission power detection. 

BBS OSA

Holder 
BFBG

Solution

 
Fig. 4 Schematic diagram of TFBG refractive index sensing 

system. 

As ambient refractive index changes from 
1.3723 to 1.4532 at room temperature, the evolution 
of transmission spectra is shown in Fig. 5. The 
cladding mode resonance should theoretically cut off 
from higher order to lower order in turn, leading to 
gradual shrinking of cladding mode resonance 
peaks. 

 

n=1.3723 n=1.3811 n=1.3902 

n=1.3977 n=1.4096 n=1.4200 

n=1.4370 n=1.4418 n=1.4532 

Wavelength

WavelengthWavelength 

Wavelength Wavelength 

Wavelength 

WavelengthWavelength Wavelength 

Po
w

er
 

Po
w

er
 

Po
w

er
 

Po
w

er
 

Po
w

er
 

Po
w

er
 

Po
w

er
 

Po
w

er
 

Po
w

er
 

 
Fig. 5 Transmission spectra of TFBG immersed in different 

refractive index environments. 

From Fig. 5, it could be seen that effective area 
of cladding mode envelope in the transmission 
spectrum gradually decreases. It should be noted 
that other than the mode coupling between forward 
propagating core mode and counter-propagating 
cladding mode, some high order cladding modes 
will also be coupled into the radiation mode leaking 
into the environment, and therefore, the extinction of 
cladding mode resonance peaks will decrease from 
short wavelength range to longer wavelength range 
in turn. When ambient refractive index is close to 

the cladding refractive index, more cladding mode 
power will be coupled to the environment. 
Furthermore, when the refractive index increases to 
larger than the cladding refractive index, cladding 
modes will no longer exist, and the transmission 
spectrum turns into a smooth loss envelope. 

Figure 6 shows the first order fitting of 
transmission power as function of ambient refractive 
index. It could be seen that the transmission power 
decreases as ambient refractive index increases, and 
the coefficient of determination reaches 0.9906. The 
relationship between P (transmission power) and n 
(ambient refractive index) could be approximately 
formulated as 

1.913 3.239P n= − + .        (5) 

 
Fig. 6 First order fitting of transmission power curve. 

If the third order fitting is taken, the coefficient 
of determination could be improved to 0.99955, and 
the relationship between transmission power and 
ambient refractive index could be described as 

3 2457.910 1933.687 +2719.392 1273.065P n n n= − − . 
(6) 

From above experimental results, it can been 
seen that as ambient refractive index increases, more 
cladding modes will leak into ambient environment, 
causing a decrease of TFBG transmission power. 
Therefore, if appropriate approaches are taken to 
increase the number of cladding modes located in 
short wavelength range and enhance the cladding 
mode resonance, the sensing range and sensitivity of 
TFBGs could be further improved. 

6.1.2 HF-etched TFBG refractometer with 
enhanced sensitivity [59] 

Since the cladding mode resonance is 
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determined by effective refractive indices of the core 
mode and cladding modes, the refractive index 
sensitivity could be further improved by reducing 
fiber thickness to enhance the interaction between 
fiber cladding and ambient environment. Based on 
this principle, a TFBG refractometer with enhanced 
sensitivity was proposed and experimentally 
demonstrated. A 1.3 cm TFBG with a tilt angle of  
8 degrees and the same experimental setup as shown 
in Fig. 4 were employed in our experiment. By using 
hydrofluoric (HF) acid to etch the fiber cladding of 
TFBG for different time, TFBGs with diameters of 
125 μm, 90 μm, and 50 μm were experimentally 
obtained. 

 

(

d=125μm

 
 

(

d=90μm 

 

 
Fig. 7 Transmission spectra of TFBGs with different 

cladding diameters. 

Figure 7 shows the transmission spectra of 
TFBGs with different cladding diameters. It could 
be seen that most of the light energy is confined in 
the core region, and therefore the core mode 
resonance peak is insensitive to the ambient 
environment. However, cladding mode resonance is 
more sensitive to ambient refractive index. As the 
etching time elapses, the fiber cladding diameter 
decreases accordingly, leading to enhancement of 
cladding mode leakage into the ambient 
environment. And in practical applications, it would 
be more convenient to select cladding mode with 
higher coupling efficiency for improved sensitivity. 

 
(a) 

 
(b) 

Fig. 8 Temperature responses of core mode and cladding 

modes before and after etching. 

We have also investigated the temperature 
responses of core mode and cladding modes before 
and after etching, as shown in Fig. 8. Experimental 
results indicate that the temperature characteristics 
of core and cladding modes do not make a 
distinguishable change before and after etching, and 
the wavelength interval between core mode and 



                                                                                             Photonic Sensors 

 

14  

cladding mode resonance wavelengths is 
temperature-insensitive. Thus, by monitoring the 
variation of this wavelength interval, it is possible to 
eliminate temperature cross sensitivity. 

Figure 9 shows the resonance peak shift of 3rd, 
6th, and 10th order cladding modes with relation to 
Bragg wavelength as a function of refractive index 
as TFBG with a diameter of 80 μm is immersed in 
different solutions. Experimental results show that 
there is a nonlinear relationship between them, and 
higher order cladding mode resonance peaks are 
more sensitive to ambient refractive index while low 
order cladding mode resonance peaks close to Bragg 
wavelength do not have distinguishable wavelength 
shift as ambient refractive index changes. 

The influence of fiber cladding on refractive 
index sensitivity has also been experimentally 
investigated, as shown in Fig. 10. It is apparent that 
as the fiber cladding diameter decreases, the ambient 
refractive index would have greater distinguishable 
impact on cladding refractive index, leading to 
higher refractive index sensitivity. 

 
Fig. 9 Cladding mode resonance wavelength shift with 

relation to Bragg wavelength as a function of ambient refractive 

index for TFBG with a diameter of 80 μm. 

From above discussion, we can see that fiber 
cladding diameter could be flexibly designed by 
etching fiber cladding to improve TFBG refractive 
index sensitivity. It should be noted that the etched 
TFBG still maintains fairly strong mechanical 
intensity, which ensures its applicability for practical 
applications. 

6.1.3 TFBG sensor for relative humidity 
measurement [60] 

As its transmission characteristics are affected 
by ambient refractive index, TFBG sensors could 
also be extended for the measurement of other 
parameters sensitive to refractive index. We have 
successfully achieved a relative humidity (RH) 
sensor using TFBG with polyvinyl alcohol (PVA) 
coating. PVA was selected as a suitable material 
sensitive to the environmental humidity. PVA could 
readily absorb and release water; moreover, a fast 
equilibrium with atmospheric moisture can be 
established. Its refractive index changes with 
different ambient humidity to affect the cladding 
mode coupling of TFBG. 

Figure 10 shows the experimental setup of the 
proposed RH sensor, which is similar to that in   
Fig. 4. Here TFBG RH sensor with PVA coating is 
placed inside a humidity chamber. A humidifier and 
a fan are used to control the humidity environment 
surrounding TFBG sensor, which is calibrated by a 
hygrometer. 

 

Fig. 10 Experimental setup of proposed TFBG RH sensor. 

Figure 11 shows TFBG transmission spectra for 
a wavelength range of 1535 nm to 1565 nm when 
TFBG is exposed to 32% RH, 65% RH, 80% RH, 
and 95% RH, respectively. It could be seen that with 
the increase of humidity, the resonance wavelength 
has a slight shift towards shorter wavelength and the 
coupling strength of cladding modes becomes 
stronger from low order modes. We believe that its 
sensing mechanism is primarily related to ambient 
refractive index rather than spectral absorption and 
morphological changes, due to water vapor 
accumulation. 
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Fig. 11 Evolution of TFBG transmission spectrum under 

different relative humidity. 

Figure 12 gives the integrated optical 
transmission powers under different humidity within 
a wavelength range of 1535 nm to 1565 nm. With 
the increase of humidity, a noticeable nonlinearity is 
observed. The relationship between transmission 
power and RH can be considered as two linear 
regions of 20% RH - 74% RH and 74% RH - 98% 
RH. It can be explained as follows: in the low 
humidity area (near the 20%) where ambient 
refractive index of 1.49 is higher than that of the 
cladding (about 1.45), the whole transmission 
spectrum could be fitted as a smooth loss curve 
indicating the core mode coupling into lots of 
radiated modes. As the humidity increases from  
20% RH to 74% RH, the refractive index of PVA 
decreases from 1.49 to 1.42, and there are more dips 
with lower coupling strength appearing in the 
transmission spectrum. Moreover, if the original 
ambient refractive index is close to that of cladding, 
the reduction in refractive index should not cause 
any major change in the dips. When the humidity 
changes from 72% RH to 98% RH, corresponding to 

the refractive index ranging from 1.42 to 1.34, the 
cladding modes are no longer radiation modes but 
become guided modes gradually, and the 
transmission intensity of cladding-mode resonances 
increases as well. For the humidity range of    
20% RH - 74% RH, 74% RH - 98% RH, 84% RH - 
98% RH, linear fitting of transmission power and 
relative humidity is found as y = 35.015 + 0.0252x, 
y= -12.674 - 0.5639x + 0.00388x2, and y= 
-45.371+0.14947x, respectively. Here and in the 
remainder of this paper, the combination of x and y 
always refer to the horizontal and vertical 
coordinates in each figure in concern. The 
sensitivity for the RH range of 84% to 98% is   
14.9 dBm, which is 6 times as that for the low RH 
range. This feature ensures its applications for high 
RH environment. 

 
Fig. 12 Integrated transmission power as a function of RH 

for 1535 nm to 1565 nm. 

As an important factor to evaluate sensor 
performances, hysteresis effect of the proposed RH 
sensor has also been investigated, as shown in   
Fig. 13. It can be seen that the measured maximum 
error of hysteresis effect is no more than 0.56% for 
whole RH measurement range of 20% RH-98% RH. 

Our proposed RH sensor synthesizes the 
advantages of TFBG and PVA as a smart material 
with design flexibility, interchangeability, chemical 
long-term stability, and fast response, which is 
promising for applications in real-time RH 
monitoring for normal as well as extremely humid 
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environment. 

 
Fig. 13 Hysteresis curve of PVA-coated TFBG RH sensor 

for a humidity range of 20% RH - 98% RH. 

6.1.4 Bending and directional characteristics of 
TFBG [61] 

For many structural monitoring and engineering 
measurement applications, it is very important to 
evaluate the structural bending with orientation 
information. Some studies have shown that a few 
special modes of TFBG are sensitive to bending [62]. 
As bending takes place, fiber turns into bending 
waveguide, and the cross section of TFBG would 
experience further bending or compression. And 
when the angle between bending direction and 
grating plane varies, the effective tilt angle will 
change accordingly. Therefore it is necessary to 
investigate the influence of bending direction on the 
mode coupling of TFBG. 

As fiber bending takes place, the refractive index 
distribution over fiber cross section will change due 
to the photoelastic effect [63]: 

2 2 2
eff 0 eff2 2 2 2

0 0

1 2 1( ) ( ) ( )
4 4

N x n x n x
k R R k R

= + + −  (7) 

where 0 2 /k π λ= , R is bending radius, 0 ( )n x  
represents the initial refractive index distribution 
over fiber cross section, neff is the effective refractive 
index of mode in concern, and x refers to the radial 
coordinate in fiber cross section. 

Opposite refractive index variation on both sides 
of fiber axis leads to the decrease of mode field 
overlap between core mode and cladding modes. 
Moreover, the change of effective index induced by 
fiber bending is related to the normalized frequency 
and mode order other than fiber curvature [64]. 

Figure 14 illustrates the experimental setup of 
bending and directional sensitivity test system. A  
1.5 cm TFBG with 4-degree tilt angle is inserted 
into a capillary (its inner and outer diameters are  
320 μm and 500 μm, respectively), both ends of 
which are fixed onto two moving stages. The fiber 
curvature could be controlled by moving the stages, 
and the fiber curvature could be described as 

2 2

2dC
d L

=
+

            (8) 

where d  is the vertical deviation of grating center 
and L  refers to half of the distance between two 
stages. Two scaled round plate are employed to 
adjust bending direction. 

 

Moving

OSA

Rotation 

BBS

2L  
Fig. 14 Experimental setup of bending and directional 

sensitivity test system. 

Figure 15 shows TFBG evolution of 
transmission spectrum as fiber curvature increases 
for 0-degree angle between bending direction and 
grating plane. It can be seen that for a curvature 
range of 0 - 25 m−1, the resonance peaks of LP0n 

cladding modes almost do not make any change, and 
no new cladding mode turns up. However, those of 
LP1n cladding modes obviously chirp, and the 
coupling strength decreases due to the reduction of 
mode field overlap between core mode and cladding 
modes. 
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Fig. 15 Evolution of TFBG transmission spectrum as fiber 

curvature increases for 0-degree angle between bending 

direction and grating plane. 
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To investigate the chirping characteristics 
induced by mode coupling between core mode and 
cladding modes in bending fiber, a 3-layer medium 
(fiber core, fiber cladding, and environment) 
waveguide model is utilized. The refractive index 
distribution over fiber cross section is illustrated in 
Fig. 16. As bending takes place, a gradient strain 
distribution along bending radius is established. The 
axial strain located in the neutral plane around fiber 
core is zero with cladding region above the neutral 
plane stretched and cladding region below the 
neutral plane compressed. Strain (ε) of different 
layers is determined by the distance x between 
bending radius R and the neutral plane: 

x
R

ε = .             (9) 

 
Fig. 16 Illustration of gradient strain distribution over fiber 

cross section when fiber bending takes place.  

Due to photoelastic effect, this strain will cause 
the refractive index change corresponding to x- and 
y-polarization modes [65]: 

( )
3
2

12 11( ) 1stn n p p Rν νΔ = − ⎡ − − ⎤⎣ ⎦    (10) 

where ν  is Poisson ratio, ijp  represents the 
photoelastic coefficient, and n  is effective 
refractive index. Considering the non-uniform strain 
distribution over cladding area, the resonance peaks 
of LP1n modes will chirp and the coupling strength 
will decrease accordingly. Assuming that efractive 
index modulation over fiber core is uniform, the 
resonance peak will experience uniform broadening, 
and the chirp bandwidth could be described by 

( )1 e
Dp
R

λΔ = −             (11) 

where 0.22ep =  is effective photoelastic coefficient 
and D refers to fiber diameter. However, due to the 
change of tilt angle induced by fiber bending, the 

transmission spectrum turns out more complex 
characteristics. 

Figure 17 shows TFBG evolution of 
transmission spectrum as fiber curvature increases 
for 90-degree angle between bending direction and 
grating plane. From this figure, it could be seen that 
all of the cladding mode resonance peaks do not 
chirp or split. The coupling strength of LP0n modes 
considerably decreases while that of LP1n modes 
increases greatly. As a result, the coupling strength 
of LP1n modes is much higher than that of LP0n 
modes. According to coupled mode theory, the 
coupling strength of TFBG resonance peaks is 
determined by coupling coefficient of core mode 
and cladding modes, which could be described as 

1
2cl co

0 1

2
( ) cl co* cl co*

1 01 2
0 0

( ) ( )
a

w n z
r rz d rdr E E E E

π
ε σ

ν φ φκ φ
−

− = +∫ ∫  

(12) 
where co ( , )E r φ  and cl ( , )E r φ  represent the 
transverse electric fields of core mode and cladding 
modes, respectively. 
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Fig. 17 Evolution of TFBG transmission spectrum as fiber 

curvature increases for 90-degree angle between bending 

direction and grating plane. 

The coupling coefficient is determined by 
refractive index modulation and the overlap integral 
of two coupled modes located in the refractive index 
modulated region. As UV-induced refractive index 
modulation is normally assumed to be uniform over 
fiber cross section, the coupling coefficient is 
primarily determined by the overlap between core 
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mode and cladding modes. When fiber bending 
takes place, much of the core mode power will be 
coupled to fiber cladding, leading to the increase of 
overlap integral between core mode and LP1n 

cladding modes, and due to energy conservation, the 
LP0n resonance peaks turn out an opposite trend. 

When bending direction is fixed, we have 
investigated the coupling strength of different 
cladding modes as fiber curvature increases, as 
shown in Fig. 18. As bending takes place, due to the 
asymmetry of fiber cross section, the influence of 
bending is different for specific cladding modes. 
From Fig. 18, it could be seen that as curvature 
increases the coupling strength monotonically 
decreases for LP0n modes while monotonically 
increases for LP1n modes. And because the mode 
overlap between low cladding modes and core mode 
changes more quickly, the coupling strength of low 
order cladding modes turn out higher linearity and 
more sensitive to bending. 

 

Curvature(m−1)  
Fig. 18 Transmission loss as a function of curvature for 

different cladding modes as bending direction is fixed. 

Figure 19 shows evolution of TFBG 
transmission spectrum as fiber curvature increases 
for 45-degree angle between bending direction and 
grating plane. As curvature increases from 0 to   
25 m−1, the coupling strength of LP0n cladding modes 
decreases gradually, and the resonance peaks almost 
do not shift or split. The low order LP1n cladding 
mode resonance wavelengths start to split into two 
peaks, and the coupling strength of newly split peaks 

increases with the increase of fiber curvature. As 
fiber bending takes place, effective tilt angle 
changes with fiber curvature, and hence some new 
resonance peaks satisfying phase matching condition 
turn up. And as curvature increases, the spatial shift 
of cladding modes leads to the enhancement of 
mode overlap between core mode and cladding 
modes, and therefore, the coupling strength of newly 
emerging modes will increase accordingly. 

 
Fig. 19 Evolution of TFBG transmission spectrum as fiber 

curvature increases for 45-degree angle between bending 

direction and grating plane. 

As fiber bending takes place, the variance of 
strain distribution, effective tilt angle, coupling 
coefficient between cladding modes and core mode 
will result in resonance peak chirping, the variation 
of the coupling strength, and appearance of new 
cladding modes. Therefore, TFBG provides an 
opportunity to realize a new class of 
single-component sensors capable of curvature 
measurement and direction recognition. 

6.1.5 TFBG sensor for liquid-level measurement 
[66] 

Liquid-level sensors have important applications 
in petroleum industry, steel industry, and people’s 
daily life. Compared with conventional electrical 
sensors, fiber liquid-level sensors have attracted 
considerable research interest for their distinguished 
fiber-based advantages. 

When TFBG is immersed into solutions with 
different refractive indices, its transmission power 
and resonance peaks will be affected by ambient 



Xiaoyi DONG et al.: Tilted Fiber Bragg Gratings: Principle and Sensing Applications 

 

19

refractive index and the length of immersed grating. 
Based on this principle, we have presented a TFBG 
liquid-level sensor, which could achieve continuous 
measurement of liquid level with good repeatability. 

Figure 20 shows schematic diagram of the 
proposed TFBG liquid level sensor. It is convenient 
to adjust liquid level and this device ensures TFBG 
tightly fixed. An optical spectrum analyzer (OSA) 
with a resolution of 0.01 nm is employed to monitor 
the TFBG transmission spectra for different liquid 
levels. In the mean time, the variation of 
transmission power is measured by an optical power 
meter. Two types of liquid have been investigated, 
and the transmission power of TFBG is measured as 
liquid level changes by every 1 mm. 

 
Fig. 20 Schematic diagram of TFBG liquid level sensor. 

Figure 21 shows evolution of transmission 
spectrum as liquid level changes. Since one part of 
TFBG is immersed in the solution while the other 
part is exposed in the air, the mode coupling 
between core mode and radiation mode, and the 
mode coupling between core mode and cladding 
modes may coexist in TFBG. As liquid level arises, 
the mode coupling between core mode and cladding 
modes gradually turns into mode coupling between 
core mode and radiation mode, and therefore, its 
coupling strength decreases till a smooth 
transmission curve comes into being. 
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Fig. 21 Evolution of TFBG transmission spectrum as liquid 

level changes. 

For different solutions, the decreasing trend of 
coupling strength is the same, and the only 
difference is that the cladding mode resonance peaks 
have different responses. When TFBG is immersed 
in solutions with low refractive indices, with the 
increase of liquid level, all of the cladding modes 
will be affected gradually. 

 
Fig. 22 Transmission power as a function of length of TFBG 

immersed in the liquid as liquid level falls or arises. 

Figure 22 shows the transmission power as a 
function of the length of immersed grating. It is 
apparent that whenever liquid level arises or falls, 
there is a linear relationship between transmission 
power and liquid level. And the relationship 
between them as liquid level arises or falls could be 
respectively formulated by linear fitting as 

2.8869 0.9012y x= − −        (13) 
2.8895 0.9918y x= − + .       (14) 
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The corresponding coefficients of determination 
reach 0.9982 and 0.9989, respectively. 

Owing to power interrogation through 
photoelectric detector, the proposed liquid level 
sensor has several advantages such as simple 
interrogation method, low cost, and ease of 
construction. 

6.2 Temperature cross sensitivity of TFBG 
sensors 

In many occasions, temperature is an important 
factor that has impact on sensor performances, but 
unfortunately, like common FBGs, the transmission 
characteristics of TFBGs are temperature sensitive, 
and hence how to eliminate temperature cross 
senility is an issue that has to be considered for 
practical applications of TFBG sensors. 

6.2.1 TFBG sensor for simultaneous 
measurement of strain and temperature [67] 

The transmission characteristics of TFBG are 
sensitive to both temperature and strain, and 
experimental results indicate that like common the 
FBG, core mode and cladding modes of TFBG 
possess the same temperature sensitivity but 
different strain sensitivity. By exploiting these 
characteristics, we have proposed and 
experimentally demonstrated a TFBG sensor for 
simultaneous measurement of temperature and 
strain. 

The resonance wavelength shift of core mode 
and cladding modes induced by the variation of 
temperature and strain could be expressed as 

eff eff

eff eff

Bragg, Bragg,
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where KBragg,T and Kclad,T represent thermal expansion 
coefficient and thermo-optic constant of fiber 

respectively, KBragg,ε and Kclad,ε refer to the constants 
related to fiber Poisson ratio, photoelastic coefficient, 
and the effective refractive indices of fiber core and 
fiber cladding respectively.  

Thus the variation of temperature and strain 
could be simultaneously determined by solving the 
sensing matrix: 

Bragg, Bragg,Bragg

clad, clad,clad

T

T

K K T
K K

ε

ε

λ
ελ

Δ ⎛ ⎞⎛ ⎞ Δ⎛ ⎞
= ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ΔΔ ⎝ ⎠⎝ ⎠ ⎝ ⎠

    (17) 

where ΔλBragg and Δλclad represent the resonance 
wavelength shift of core mode and cladding modes 
respectively, εΔ  and TΔ  refer to the variation of 
strain and temperature respectively. Therefore, by 
experimentally measuring KBragg,T, Kclad,T, KBragg,ε, 
and Kclad,ε, the variation of temperature and strain 
could be calculated through the following matrix: 

1
Bragg, Bragg, Bragg

clad, clad, clad

T

T

K KT
K K

ε

ε

λ
ε λ

−
Δ⎛ ⎞ ⎛ ⎞Δ⎛ ⎞

= ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟Δ Δ⎝ ⎠ ⎝ ⎠⎝ ⎠
.     (18) 

In our experiment, the thermal characteristics of 
core mode and cladding modes were studied by 
placing TFBG in a temperature-controlled chamber 
with resolution of 0.18 ℃. And the strain 
characteristics of TFBG have been also studied by 
attaching TFBG close to the fixed end of a 
cantilever beam. Transmission spectra of TFBG 
were monitored by using an optical spectrum 
analyzer with resolution of 0.01 nm. 

The temperature-induced resonance wavelength 
shifts of core mode and a certain cladding mode are 
shown in Fig. 23. As temperature increases, the 
resonance peaks of core mode and cladding mode 
linearly shift toward longer wavelength with the 
same temperature sensitivity of 0.011 nm/℃, and 
their corresponding coefficients of determination 
reach 0.9994 and 0.9995, respectively. 

We have also experimentally investigated the 
strain-induced resonance wavelength shifts of core 
mode and cladding mode, as shown in Fig. 24. It 
could be seen that as strain increases, both of the 
resonance wavelengths of core mode and cladding 



Xiaoyi DONG et al.: Tilted Fiber Bragg Gratings: Principle and Sensing Applications 

 

21

mode linearly increase as well, but they have 
different strain sensitivity. Their corresponding 
coefficients of determination reach 0.9966 and 0.998, 
respectively. 

 

λ ,
nm

 

λ ,
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Temperature,℃  

Fig. 23 Temperature responses of core mode and cladding 

mode resonance wavelengths. 

From above experimental results, four 
coefficients KBragg,T, KBragg,ε, Kclad,T, and Kclad,ε       
are found to be 11.1 pm/℃, 0.657 pm/με,      
11.1 pm/℃, and 0.766 pm/με, respectively. And 
thus variation of temperature and strain could be 
calculated simultaneously according to (18). 
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Fig. 24 Strain responses of core mode and cladding mode 

resonance wavelengths. 

6.2.2 TFBG sensor for simultaneous 
discrimination of bending and temperature [68] 

For structure monitoring applications, it is 
important to solve temperature cross sensitivity 
issue with simple system structure and low cost 
interrogation approach. Based on different bending 
and temperature characteristics of core mode and 
cladding modes of TFBG, we have presented a 
TFBG sensor for simultaneous discrimination of 
bending and temperature, which has good potential 
in practical structure monitoring applications. 

To investigate the bending characteristics of 
TFBG, in our experiment a 1.3 cm TFBG with 
2-degree tilt angle is placed along a series of 
V-grooved half circles with different radii, as shown 
in Fig. 25. An OSA with resolution of   0.01 nm 
and a power meter are utilized to monitor the 
transmission spectrum and transmission power, 
respectively. And to study its temperature 
characteristics, TFBG is placed in a 
temperature-controlled chamber. 

BBS OSA  
Fig. 25 Experimental setup of bending/temperature 

characteristics test system. 

Figure 26 shows evolution of TFBG 
transmission spectrum for constant temperature 
environment as fiber curvature increases. It is 
apparent that due to the change of effective tilt angle, 
the cladding mode and core mode resonance peaks 
turn out different trends as fiber curvature increases. 
For cladding modes, the transmission power 
gradually decreases from lower orders. As the 
bending radius increases from 2.5 cm to 13.55 cm, 
the transmission loss of low order cladding modes 
almost linearly decreases, while the high order 
cladding modes are not influenced. 
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Fig. 26 Evolution of TFBG transmission spectrum for 

constant temperature environment as fiber curvature increases. 

From Fig. 26, we could also find that as fiber 
curvature increases from 0 to 40 m−1, the 
transmission loss of core mode does not make any 
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distinguishable change, while the ghost mode and 
the cladding modes close to it are affected to some 
degree. But the variation of fiber curvature does not 
have an influence on the resonance wavelengths of 
cladding mode, ghost mode, and core mode. 

Temperature and curvature characteristics of 
TFBG sensor for a temperature range of 15 ℃ -   
60 ℃ with a fixed fiber curvature of 23.53 m−1 are 
shown in Figs. 27 and 28, respectively. As 
temperature increases the cladding mode resonance 
wavelength would shift toward longer wavelength, 
and because thermal expansion coefficient of 
silica-based fiber and temperature coefficients of 
core mode and cladding modes are normally 
negligible, all of the cladding mode resonance peaks 
approximately possess the same temperature 
sensitivity. 
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Fig. 27 Evolution of TFBG transmission spectrum for fixed 

fiber curvature as temperature increases. 

 
Fig. 28 Transmission power of cladding modes as a function 

of temperature. 

From above discussion, it could be summarized 
that as fiber curvature is fixed, the resonance 

wavelengths of cladding modes and core mode 
increase with the increase of temperature, however, 
their transmission loss is temperature-independent. 

Figure 29 shows transmission power of cladding 
mode as a function of fiber curvature. It could be 
seen that transmission power linearly decreases as 
fiber curvature increases, and the relationship 
between them could be formulated through linear 
fitting as 

2.6249 0.0027y x= − .        (19) 
The temperature responses of core mode and 

cladding mode resonance peaks are shown in Fig. 30. 
There also exists linear relationship between the 
resonance peak shift and temperature, which could 
be respectively expressed as 

1566.16 0.01076coy x= +         (20) 
1556.98 0.01085cly x= + .        (21) 

  
Fig. 29 Transmission power of cladding mode as a function 

of fiber curvature. 

  
Fig. 30 Resonance wavelength shift of core mode and low 

order cladding mode as functions of temperature. 

From above experimental results, it could be 
seen that the resonance peaks of core mode and high 
order cladding modes are insensitive to fiber 
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bending, but the transmission power of cladding 
modes are bending-dependent. Moreover, the 
resonance wavelengths of core mode and cladding 
mode are sensitive to temperature, but their 
transmission power is temperature-independent. 
Based on these unique characteristics of TFBG, we 
could achieve simultaneous discrimination of 
bending and temperature. Our proposed sensor has 
several advantages such as low cost, compact size, 
ease of construction, and availability of being 
embedded into smart materials. 

6.3 TFBG-based interrogation technique 

The interrogation technique of fiber grating 
sensors has been a subject of extensive studies for a 
long time. Typical interrogation approaches include 
inference method and filtering method, the 
applications of which are seriously limited by many 
factors such as system cost, multiplexing capability, 
measurement range, and system resolution. Based 
on the flexibility of TFBG spectrum envelope and 
temperature characteristics of TFBG similar to 
common FBGs, we have investigated the 
TFBG-based all-fiber interrogation technique with 
low cost, design flexibility, and applicability for 
practical applications. 

6.3.1 TFBG-based edge filtering interrogation 
technique [69] 

From the discussion in Section 6.1, we could see 
that as TFBG is exposed in the air, its transmission 
spectrum consists of a series of discrete resonance 
peaks resulting from the mode coupling between 
core mode and cladding modes. And when TFBG is 
immersed in solutions with refractive index close to 
its cladding refractive index, cladding mode will be 
coupled into radiation mode and a smooth 
transmission spectrum forms accordingly, which 
may be utilized for edge filtering interrogation. 

Figure 31 shows the transmission spectrum of 
TFBG immersed in index matching gel. It is clear 
that there are two linear edge regions around   
1505 nm - 1540 nm and 1540 nm - 1565 nm, 

respectively. As the transmission loss changes 
monotonically within above wavelength range, it is 
possible to realize linear edge filtering interrogation 
using a single TFBG. We have investigated the edge 
filtering characteristics of the rise edge. A tunable 
laser operating from 1530 nm to 1610 nm is 
employed as light source. 

 
Fig. 31 Transmission spectrum of TFBG immersed in index 

matching gel. 

Figure 32 shows the experimental setup of 
TFBG-based edge filtering interrogation system. 
TFBG is immersed in index matching gel (IMG) to 
obtain a smooth transmission spectrum profile. And 
in order to eliminate the influence of source power 
fluctuation on system performances, a 3dB coupler 
is employed to separate input light into two portions. 
The output light is guided to an OSA and a 
photoelectric detector for spectral and power 
monitoring via an optical switch. 
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Fig. 32 Experimental setup of TFBG-based edge filtering 

interrogation system. 

For our proposed interrogation system, the 
normalized transmission function ( )H λ  could be 
described as 

2 1( ) ( ) / ( )H I Iλ λ λ=           (22) 
where 2 ( )I λ  and 1( )I λ  refer to the transmission 
power of TFGB and the optical power of reference 
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branch, respectively. 
Figure 33 shows the transmission power of 

TFBG for different laser wavelengths. It could be 
seen that the laser intensity for different wavelengths 
has similar profile to rise edge of TFBG 
transmission spectrum. 

By measuring the light power of two branches in 
Fig. 32, we have experimentally studied the 
normalized transmissivity as a function of 
wavelength, as shown in Fig. 34. And through linear 
fitting, ( )H λ  could be described as 

2 1( ) = ( ) / ( )  0.014 22.078 H I Iλ λ λ λ= − . (23) 

 
Fig. 33 Transmission power of TFBG for different laser 

wavelengths. 
 

H
(λ

) 

 
Fig. 34 Normalized transmissivity as a function of 

wavelength. 

Above expression indicates that by measuring 
the power ratio of TFBG branch and reference 
branch in Fig. 32, the laser wavelength can be 
calculated. Thus wavelength interrogation could be 
achieved by using TFBG immersed in solutions with 
refractive index close to that of fiber cladding. It 
should be also noted that the transmission profile of 
TFBG could be flexibly controlled by adjusting tilt 

angle and exposure time, which ensures the 
flexibility of TFBG-based interrogation method for 
practical applications. 

6.3.2 TFBG-based dynamic temperature 
compensation interrogation technique for strain 
sensors [70] 

For engineering applications, strain is an 
important parameter related to the structure health 
information. However, conventional FBG strain 
sensors are seriously affected by temperature cross 
sensitivity, which degrades the sensing system 
performances and sometimes leads to error 
judgment of the interrogation system. In previous 
section, we have experimentally demonstrated a 
TFBG-based edge filtering interrogation system. 
Since the transmission spectrum envelope of 
cladding modes has the same temperature sensitivity 
with Bragg wavelength of FBG, the temperature 
effect on Bragg wavelength of FBG strain sensors 
could be possibly compensated. 

Figure 35 shows our proposed TFBG-based 
dynamic temperature interrogation system for strain 
sensors. A TFBG with 8-degree tilt angle is utilized 
as temperature compensation component. Its rise 
edge and fall edge are located within 1550 nm - 
1562 nm and 1530 nm - 1550 nm, respectively. An 
FBG with Bragg wavelength of 1539.3 nm is pasted 
onto a uniform cantilever beam to work as strain 
sensor. A 3dB coupler is employed to separate the 
light reflected by FBG sensor into signal branch and 
reference branch to eliminate the influence of source 
power fluctuation on system performances. Two 
photoelectric detectors are utilized to measure the 
TFBG transmission power and the light power of 
reference branch. 

 
Fig. 35 Schematic diagram of TFBG-based dynamic 

temperature interrogation system for strain sensors. 
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Figure 36 shows temperature responses of TFBG 
core mode and cladding mode resonance peaks. It is 
apparent that both of the core mode and cladding 
mode resonance wavelengths linearly shift toward 
longer wavelength as temperature increases, and 
their corresponding coefficients of determination 
reach 0.999 and 0.998, respectively. Experimental 
results show that the core mode and cladding mode 
have similar temperature sensitivity of about    
10.7 pm/℃, which is very close to temperature 
sensitivity of common FBGs. This feature could be 
exploited for dynamic temperature compensation of 
strain interrogation system. 

 
Fig. 36 Temperature responses of core mode and cladding 

mode resonance wavelengths. 

We have measured the power ratio of D2 and D1 
in Fig. 36 at 25℃ for different strains, as shown in 
Fig. 37. There is a linear relationship between them 
and the coefficient of determination reaches 0.9993. 
The linear wavelength interrogation range is 6 nm 
with a strain sensing resolution of 2.5532×10−6/με. 
From Fig. 37, it could also be seen that the power 
ratio of D2 and D1 has almost the same strain 
sensitivity at different temperatures, and the slope as 
a function of temperature is shown in Fig. 38. 
Therefore, the proposed interrogation system could 
be utilized for the elimination of temperature effect 
on strain sensor performances. 

From above analysis, we can see that as 
temperature changes, TFBG could be employed as a 
temperature compensation component to realize 
dynamic interrogation of FBG strain sensors. 

Compared with other interrogation components, 
TFBG has several advantages such as simple 
structure, low cost, and high reliability, which paves 
a new way for interrogation of distributed FBG 
sensor networks. 

 
Fig. 37 Ratio of optical intensity as functions of strain at 

different temperatures. 
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Fig. 38 Relationship between temperature and slope. 

7. Brief summary on the key techniques 
of TFBG sensors 

The uprising of TFBG-based sensing technology 
paves a new way for the development of 
multi-dimensional photonic devices. Fiber gratings 
with quasi two-dimensional structures have greatly 
expanded the functionality of one-dimensional fiber 
components. By controlling tilted angle and 
refractive index modulation, TFBGs with 
multi-dimensional pitches could be achieved, 
allowing for more versatile interaction between 
photons. Therefore, TFBGs have provided a brand 
new approach for experimental and theoretical 
investigations of multi-dimensional photonic 
devices. 
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As an important member of the big photonic 
sensor family, much effort has been put on 
developing novel TFBG-based sensors, the key 
techniques of which generally involves: 

1)Single-/multiple-parameter measurement 
technique 

Besides the measurement of single physical 
parameter, owing to the existence of cladding mode 
resonance peaks, multiple-parameter measurement 
could be achieved with a single TFBG as well. 

2)High resolution sensing technique 
Since the coupling modes of TFBGs have 

narrower bandwidth and better temperature stability, 
compared with LPGs, TFBG sensors would be more 
suitable for high resolution sensing applications. 

3)TFBGs based on new materials 
By depositing sensitive materials, e.g. polymer 

film and metal medium with controllable thickness, 
through appropriate approaches, novel TFBG 
sensors could be developed for applications in many 
interdisciplinary areas. 

4)TFBG-based interrogation technique 
Due to the special structure of TFBGs, light with 

different wavelengths will be spatially dispersed 
through side radiation, which could be employed for 
all-fiber interrogation incomparable with 
conventional electrical-assisted interrogation 
approaches. 

5)TFBG-based polarization control technique 
The polarization-dependent characteristics of 

TFBG make it a good candidate for applications in 
polarization controlling and high power polarized 
lasers. 

In a word, the optical characteristics of TFBGs 
are determined by many factors, including tilted 
angle, refractive index modulation, exposure time, 
grating pitch, and geometry of the grating structure, 
etc. Therefore, their spectral characteristics could be 
flexibly tailored through fabrication technique 
modification and grating structure design, which 
ensures the versatility and expandability of TFBG 
sensors. 

8. Prospects of research and 
applications of TFBGs 

As a newly emerging photonic component with 
distinguished features, TFBG deserves further 
investigations on its characteristics and applications. 
In our opinion, with the development of fiber 
fabrication technique, the research and applications 
of TFBGs are expected to make breakthrough in the 
following aspects: 

1)Fabrication technique and grating structure 
a)Optimization and further explorations of 

fabrication technique. 
b)Fabrication and study on TFBGs with special 

structures such as large tilted, spiral, and 
non-uniform TFBGs. 

c)Fabrication and study on superstructure fiber 
gratings with different tilt angles. 

d)TFBGs written in large mode area fibers. 
2)Research on TFBG sensors 
a)Construction of distributed sensor networks by 

using appropriate TFBG-based interrogation 
approach. 

b)Further investigations of mode coupling 
between core mode and cladding modes, e.g. when 
TFBG is immersed in solutions with refractive 
indices higher than cladding refractive index. 

c)Biochemical sensing applications of TFBGs 
based on their good refractive index response, e. g. 
TFBG-based surface plasmonic resonance sensors. 

3)Research on TFBGs in the field of optical 
communications 

a)Investigation of dispersion, polarization 
characteristics of TFBGs. 

b)Study on single-polarization and high power 
single-polarization fiber lasers. 

4)Novel fiber gratings with new structures and 
materials 

a)Fibers with different photosensitivity. 
b)Microstructured fibers. 
c)Polymer fibers. 
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9. Conclusions 

In summary, an overview on theoretical progress 
and research development of TFBG sensors from a 
worldwide perspective is presented followed by an 
introduction to current research work on TFBG 
sensors at IMONK. Due to their distinguished 
characteristics compared with common FBGs, 
TFBG sensors have attracted considerable research 
interest in the past few decades and will be an active 
research area for a long period. However, the current 
research and development of TFBG sensors are still 
far from meeting engineering demands, and there 
are still many issues awaiting further investigations. 
And as a novel photonic component with several 
unique features, TFBG could find it a subject of 
extensive studies from fiber sensing technology to 
biochemical applications. 
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