
1

Chapter

Optical Fibre Long-Period Grating 
Sensors Operating at and around 
the Phase Matching Turning Point
Rebecca Yen-Ni Wong, Dora Hu Juan Juan, Morten Ibsen  

and Perry Ping Shum

Abstract

Optical fibres have been exploited as sensors for many years and they provide a 
versatile platform with a small form factor. Long-period gratings (LPGs) operating 
at and around the phase matching turning point (PMTP) possess some of the 
highest sensitivities to external perturbations in the family of LPG-based sensor 
devices. This type of optical fibre grating has been demonstrated as a sensor for use 
in a wide range of applications. In this review chapter, an overview of PMTP LPGs is 
presented and the key developments, findings and applications are highlighted. The 
fabrication considerations and sensor limitations are also discussed.

Keywords: optical fibre, fibre optics, fibre sensors, long-period gratings, phase 
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1. Introduction

Optical fibre sensors do not only have use in telecommunications but are also 
extremely useful in a number of sensing applications. Many fields such as medical, 
oil and gas, civil, automotive as well as aerospace industries (structural health 
monitoring) have benefitted from optical fibre grating sensors [1–4].

In-fibre gratings are known as intrinsic sensing devices and therefore the propa-
gation of light is guided and controlled within the fibre. Fibre gratings have a per-
turbation with a certain periodicity which will cause the fibre properties to change. 
They are also relatively easy to configure, are wavelength encoded enabling stable 
signals, and offer a high signal-to-noise ratio. One type of in-fibre grating is the 
long-period grating (LPG), which Vengsarkar et al. [5, 6] were the first to introduce. 
LPGs typically have periods ranging from around 100 μm to around 1 mm [7]. The 
principle of operation consists of the forward propagating core mode coupling with 
one or more of the forward propagating cladding modes [8]. The coupling involves 
the cladding modes, which means that the evanescent field will extend into the 
fibre surroundings. This will cause the LPG to be affected by its local environment. 
Another type of in-fibre grating is the fibre Bragg grating (FBG). The FBG promotes 
coupling of the propagating core mode with the counter-propagating core mode. 
FBGs typically have sub-micron periods and will produce a peak (in reflection) at a 
wavelength that is able to satisfy the Bragg condition. FBGs have also been used for 
numerous sensing applications [9, 10], but they will not be covered in this chapter.
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By appropriately selecting the period of an LPG, it is possible to ensure the core 
mode will couple to a cladding mode operating at the turn around point (TAP) [11], 
also known as the phase matching turning point (PMTP), or dispersion turning 
point (DTP). A feature known as the dual resonance band can also be produced in 
this region. This type of LPG configuration has become increasingly popular due 
to its ultra-high sensitivity, a property usually desirable for a sensor. Approaches 
employed to improve the sensing capability of LPGs have included methods such as 
tapering [12] and etching [13]; however this can weaken the structure of the fibre 
and requires more delicate handling or complicated packaging. These sensors have 
been successfully used for measuring parameters such as temperature [14–16], 
strain [14–16] and refractive index (RI) [17–20]. The properties of LPGs at PMTP 
can be tailored further by adding a functional nanoscale coating for chemical and 
gas sensing [21]. This enables users to adapt the sensor to their own needs and appli-
cations. Chemical and bio-chemical based sensors, or those that can be applied to 
healthcare, are attracting increasing attention as they can have a more direct impact 
on the wellbeing of people. However, many are still yet to be applied in real situa-
tions outside of the laboratory [2].

This chapter aims to provide a more comprehensive coverage of LPGs which 
operate at and around the phase matching turning point, with respect to what can 
be found in existing literature [22]. The typical characteristics and fabrication 
considerations will be discussed. This will be followed by the different applications 
where PMTP LPGs have been demonstrated.

2. Long-period gratings at phase matching turning point

LPGs consist of some periodic modulation in the optical fibre which causes 
the core mode to couple with a number of modes in the cladding, at discrete 
wavelengths (Figure 1). The modes will propagate through the fibre with the 
propagation constants,   β  co   and  β  cl  

M
   (core and M-th cladding mode, respectively) and the 

wavelengths are dependent upon the satisfaction of the phase matching condition, 
which is described as [16]:

  λ =  [ n  co   (λ)  −  n  cl  
M  (λ) ] Λ  (1)

Where λ is the resonant wavelength,   n  co    is the effective refractive index of the 
propagating core mode,   n  cl  

M
   is the effective refractive index of the M-th cladding 

mode, and the  Λ  is the period of the LPG.
Light that couples to the fibre cladding modes is lost rapidly through scatter-

ing and absorption at the cladding and the surrounding medium interface. This is 
presented as a transmission spectrum, as shown in Figure 2, that contains one or 
more resonance bands with wavelengths, λn.

Figure 1. 
Schematic diagram of an LPG.
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Eq. (1) shows the resonant wavelength is dependent on the effective refractive 
indices of the core and cladding mode of the fibre. This central resonant wavelength 
and the sensitivity of an LPG is affected by the order of the coupled cladding mode; 
choosing the grating period, the type [23] and composition of the fibre [19], and 
any external perturbations can alter the coupled mode.

Optical fibre LPG structures (a three layer cylindrical waveguide consisting 
of the core, cladding and ambient surrounding) can be modelled using coupled 
mode theory [24–26]. This can be used to describe the power transmitted between 
the modes of the waveguides. Guided modes propagating in a fibre can be treated 
as linearly polarised (LP), employing the weakly guided approximation [27]; this 
approximates the difference between the normalised core and cladding refractive 
index, ∆, to be very small [24, 25, 27]:

  Δ =   
 n  co   −  n  cl   ______  n  co  

   ≪ 1  (2)

The coupled mode theory equations that are used to describe the LPG can be 
simplified to [24]:

    
 dA  co   ____ 

dz
   = i  k  co−co   + i  ∑ v       

m __ 
2
    k  cl−co  

M    A  cl  
M   e    (−i 2  δ  cl−co  

M   z)  ,  (3)

   ∑ v       
 dA  cl  

M 
 ____ 

dz
   = +i   m __ 

2
    k  cl−co  

M    A  co    e    (+i 2  δ  cl−co  
M   z)    (4)

Where   A  co    is the amplitude of the core mode along the z-axis,   A  cl  
M

   is the amplitude 
of the cladding mode along the z-axis, the  z -axis is along the axis of the optical 
fibre,  k  is the coupling constant,  m  is the induced-index fringe modulation.

The small-detuning factor for the co-propagating modes is defined as:

   δ  cl−co  
M   ≡   1 _ 

2
   ( β  co   −  β  cl  

M  −   2π ___ 
Λ

  )   (5)

Phase matching curves of resonance wavelength against grating period of an 
LPG can be generated by calculating the dispersion of the modes of the core and 
the cladding. These sets of curves are able to predict coupling from the core to 
the cladding mode, and that for each cladding mode there will be a turning point 
[28]. Around the turning point, a single mode can be coupled at two different 
wavelengths simultaneously [11, 28]. Figure 3 shows an example of phase matching 
curves for higher order cladding modes in the 600–1150 nm wavelength range. It 

Figure 2. 
Illustration of an LPG transmission spectrum with resonance bands at discrete wavelengths.
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can be observed that, at the turning point, the gradient of the curve tends to zero,  
 ∣d𝛬 / d𝜆∣→0  (and  ∣d𝜆 / d𝛬∣→∞ ). The waveguide dispersion of an LPG, expressed as  γ= (d𝜆 / d𝛬) 

Δ  n  core    [29], will tend to infinity. As  γ  can be used to generalise the sensitivity of an 
LPG [11] it indicates that the transmission spectrum of an LPG that is fabricated 
with a period that closely matches a turning point, will have the highest sensitiv-
ity to external perturbations [11, 14]. The appearance of turning points will move 
towards shorter wavelengths when the cladding mode order is increased, as pre-
sented in Figure 3.

With increasing wavelength, the cladding mode’s effective refractive index will 
decrease more than the effective refractive index of the core mode [15, 30]; this cor-
responds to the dual bands that become apparent in the LPG transmission spectrum.

Figure 4 shows how the grating period of an LPG approaching the turning point 
of the LP021 mode affects the transmission spectrum of the LP020 and LP021 cladding 
modes. Figure 4(b) shows the transmission spectrum where the period of the LPG 
chosen does not cut across the phase matching curve (Figure 4(a)) of LP021 at the 
turning point. A single resonant band develops (Figure 4(d)) followed by a small 
change in the central wavelength of the LP020 band as the period of the LPG hits 
the PMTP (Figure 4(c)). As the LPG crosses the turning point, the single band 
will split leading to the formation of two resonance bands. A much larger evolution 
can be seen for the LP021 mode when compared to the LP020 mode due to the much 
smaller gradient of the phase matching curve.

When an external perturbation is applied to the LPG, the two resonance bands 
of the mode around the turning point can either move towards or away from each 
other. This depends on the perturbation and the initial period of the LPG. The two 
bands respond differently to each other due to a non-symmetrical resonance [14], 
which may be due to modal dispersion [31]. For a 202.5 μm period LPG with dual 
resonance bands around the turning point, exposed to different temperatures, each 
band shows a sensitivity of 2.54 nm/°C (red shifted) and 3.29 nm/°C (blue shifted), 
respectively [14]. In the circumstance where the two bands shift towards each other, 
a single broad bandwidth band appears, similar to what is shown in Figure 4(d). 
Under the influence of an external measurand, the coupling strength between the 
core mode and the cladding mode changes, altering only the amplitude of this single 
band and not the resonant wavelength [15].

Figure 3. 
Phase matching curves of the 20–25th cladding modes of an optical fibre with a cut-off wavelength of 670 nm. 
The relationship between the grating period and wavelength is shown. Reprinted with permission from Ref. 
[28], OSA.
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3. Fabrication

LPGs at PMTP can be fabricated using the same methods as those used for 
conventional LPGs, albeit with higher precision - the effective refractive indices of 
the optical fibre modes can be altered via photo-induction, or by physical deforma-
tion [7]. The refractive index can be altered using a number of different methods. 
Some of these include local exposure of the fibre to a UV laser [28, 32, 33, 34], CO2 
laser [35, 36], femtosecond laser [23, 37] or by electrical arc discharge [30, 38]. 
PMTPs have been written in conventional single mode and doped fibres [12, 11, 33, 
34, 36, 39], and have been theoretically investigated using photonic crystal fibres 
[23]. The length of an LPG tends to range from 30 to 50 mm and have refractive 
index changes of around 10–4 [40]. Coelho et al. [41] calculated a refractive index 
change in the order of 2 × 10−4 and 3 × 10−4 for the core and cladding, respectively 
when writing an LPG in a single mode fibre using mid-infrared laser radiation. The 
same order of magnitude of refractive index change (4.49 × 10−4) is also needed for 
femtosecond laser radiation [42].

A PMTP can also be tuned after an LPG has been fabricated, by tuning the mode 
coupling and effective index guiding via the means of tapering [12], UV exposure 
[43], with a thin film overlay [31, 28], etching [44] and radiation exposure [12]. 

Figure 4. 
Illustration of the phase matching curve ((a), (c), (e)) with their corresponding transmission spectrum ((b), 
(d), (f)) for cladding modes LP020 and LP021 as coupling approaches and crosses the turning point. Korposh 
et al., adapted from [31]; originally published under CC BY 3.0 licence. Available from: 10.5772/52935

http://dx.doi.org/10.5772/52935
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The LPG can also been enhanced by reducing the cladding via hydrofluoric (HF) 
acid [13, 45–47] and plasma [48] etching to tailor the coupling strength of the 
cladding mode at PMTP. Using this method, Biswas et al. were able to increase the 
refractive index sensitivity of a hydrogen loaded PMTP LPG with a 165 μm period 
from 1350 to 1847 nm/RIU [45]. A refractive index sensitivity reported by Villar is 
143 × 103 nm/RIU [49]. Figure 5 shows the resonance band of the LPG splitting into 
two separate bands with a wavelength separation of approximately 200 nm, with 
a change of 0.001 RIU. This was theoretically obtained by reducing the diameter 
of a SMF28 single mode to 34.8 μm whilst operating at a period close to PMTP at 
288.5 μm [49].

Plasma etching via ion bombardment and chemical reaction has been used to 
etch the fibre cladding of an LPG to bring the resonance closer to the turning point. 
This process assists in the precise post processing of nano-coated fibres in hard 
and chemically resistant films, for example, diamond-like carbon [50]. Radiation 
exposure has also been demonstrated to alter the refractive index of B-Ge co-doped 
fibres, with an equivalent increase in core refractive index of around 1 × 10–5 [12].

3.1 Fabrication considerations

Due to the nature of the LPG, they can be highly sensitive to the surrounding 
environment. There are stringent demands placed on the fabrication process and the 
system used in order to fabricate LPGs at PMTP reproducibly. The notable constraints 
are given by ambient temperature (Figure 6), duty cycle [32], power of the irradia-
tion source [35] and amplitude of the index modulation [51]. The difference in the 
final outcome of LPG spectra where the ambient temperature is not controlled and 
allowed to fluctuate, and maintained to ±0.5°C are shown in Figure 6(a) and (b), 
respectively.

A period change of less than 1 μm can also influence transmission spectrum sig-
nificantly and high resolution control has to be taken into account when deciding on 
the grating period [32, 35]. UV exposure time may also play a part in the sensitivity 
of LPGs at turning point; the spectrum of a 168.7 μm period PMTP LPG written in 

Figure 5. 
Transmission spectra of a PMTP LPG with a 34.8 μm cladding diameter and 288.5 μm period, showing a large 
wavelength shift with a surrounding refractive index change of 0.001. SRI is surrounding refractive index. 
Reprinted with permission from Ref. [49], OSA.
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boron co-doped fibre had a greater variation with pressure when fabricated with a 
longer exposure time [34]. Other factors that can affect the grating include the size 
of the fibre. By changing the diameter of the cladding, but maintaining the same 
period, the dual resonance bands will also change accordingly [44].

Hydrogen loading can induce or increase the photosensitivity in a fibre by 
increasing the effective refractive index difference between the core and cladding 
[52]. However, hydrogen will diffuse from the fibre gradually over time, causing the 
LPG spectrum to drift [52, 53]. Annealing a hydrogen loaded fibre at a temperature 
above the desired operating temperature can help overcome this problem [54]. This 
rapid removal of hydrogen will still cause the resonance wavelengths to shift, due 
to the changing effective indices, but will remain stable and permanent after the 
annealing process has been completed. This has to be taken into consideration when 
choosing a period to fabricate an LPG, at or around turning point, using a hydrogen 
loaded fibre [33, 43].

4. Applications

For an LPG to function at its optimum sensitivity when exposed to an external 
perturbation, its period should be chosen such that it is able to operate at a turning 
point. Optical LPGs operating at the turning point provide the potential for low 
cost sensors with fast response time [21, 55, 56] and can provide a simpler detection 
method as some are able to work as intensity-based sensors [15, 17, 55].

LPGs operating at the PMTP have been used for temperature, strain, refractive 
index sensing [11, 35] and as filters. PMTP LPGs, when modified with a functional 
film can be adapted for potential uses as enhanced gas and chemical sensors [28].

4.1 Filters

By employing the broadband characteristics, PMTP LPGs can make successful 
bandpass and rejection filters [57, 58]. A coated PMTP LPG with a π phase shift 
is simulated to provide tuneable broadband characteristics for rejection filtering 
applications [58]. By introducing multiple π phase shifts, it is possible to adjust the 
separation between the dual resonant bands. On the other hand, by partially coating 
a phase shifted PMTP LPG, bandgaps appear over a narrow wavelength band which 
could be useful for designing spectral filters [59].

Figure 6. 
Transmission spectra of a 110.9 μm PMTP LPG. The temperature is (a) not controlled (5 spectra) and (b) 
controlled to ±0.5°C (4 spectra). Reprinted with permission from Ref. [32], OSA.
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4.2 Temperature sensing

By careful choice of the grating period to allow coupling close to or at the turn-
ing point, it is possible to improve the temperature sensitivity of an LPG  
[14, 15, 33, 60]. Shu et al. [14] showed that for an LPG with a 175 μm period, 
the dual resonance band had a temperature sensitivity of 3.2 nm/°C whereas 
the single band away from the PMTP had a much lower sensitivity of 
-0.31 nm/°C. The response of the dual resonant bands to changing temperature is 
non-linear, with a reduction in the rate of separation as the resonance moves away 
from the phase matching turning point. A band operating away from the turning 
point has a linear response to changing temperatures [60], which may make it 
easier to characterise temperature sensitivity. When comparing the sensitivities 
of LPGs with periods of 110.8, 111 and 111.5 μm the highest sensitivity was seen 
when the LPG was chosen to operate near the PMTP (111.5 μm period), just as the 
single broad resonance band would begin to appear. A sensitivity of 0.99 nm/°C 
was achieved for the sensor at turning point, which was more than five times 
greater when compared to the sensitivity of a band away from turning point 
(0.17 nm/°C). As the temperature response changes depending on the surround-
ing environment, it may also be possible for the thermo-optic coefficients of a 
surrounding medium to be characterised [60].

4.3 Strain sensing

Previous studies have shown that the dual resonance bands will move together, 
when increasing strain is applied, with a near linear trend [14]. The separation of 
the dual bands was calculated to be -33.6 nm/1000 μm whereas the sensitivity of an 
LPG can be more than an order of magnitude less [16]. Using the single broad band 
resonant mode at PMTP, Grubsky et al. [15] were able to obtain a sensor resolution 
of 1 μm by changing the coupling strength using different strengths of strain; the 
band would show an appreciable decrease in amplitude as strain increased, whilst 
the wavelength remained fixed as shown in Figure 7. The fixed wavelength allows 
for a simpler detection method as spectrometers or post processing can be bypassed 
for a simple photodetector [15].

Figure 7. 
Transmission spectrum of a 50.1 μm period LPG with increasing strain. The wavelength of the band remains 
fixed at 1420 nm but the coupling efficiency decreases. Reprinted with permission from Ref. [15], OSA.



9

Optical Fibre Long-Period Grating Sensors Operating at and around the Phase Matching…
DOI: http://dx.doi.org/10.5772/intechopen.81179

4.4 Refractive index sensing

The optical intensities of the guided cladding modes will likely dissipate out 
of the fibre after a short distance. This could be due the fibre being bent, of from 
scattering or absorption due to the protective jacket of the fibre. By removing the 
jacket, the cladding mode evanescent field extends into the immediate surround-
ings, which will influence the fibre mode properties. The refractive index of the 
local environment will affect the effective refractive indices of the cladding modes 
propagating in the fibre. These effective refractive indices determine the sensitivity 
of the PMTP LPG.

A refractive index PMTP LPG sensor based on intensity as opposed to wave-
length shift provides high sensitivity with a linear response for different refractive 
indices. A linear correlation coefficient, of more than 0.98 and sensitivity of 59.88/
RIU for the refractive index range of 1.410–1.420 was achieved using a PMTP LPG 
with a period of 231.5 μm [17]. This allows for simple calibration and linear interpo-
lation to determine the sensitivity of the sensor within this refractive index range.

By coating a PMTP LPG, such that it coincides with the mode transition region, 
it can be possible to enhance the refractive index sensitivity of a sensor [18, 31]. 
Mode transition describes the reorganisation of cladding modes caused when a 
higher refractive index material of a certain optical thickness surrounds the LPG 
[61–63]. After a certain thickness, the surrounding material is able to guide the 
outer most cladding mode, causing large shifts in the resonance wavelengths. The 
sensitivity of the LPG can also be optimised by controlling the optical thickness 
of the overlay so that the turning point coincides with the mode transition region, 
and has been proven theoretically and experimentally [28, 64]. Pilla et al. [18] were 
able to achieve a sensitivity exceeding 9000 nm/RIU in solutions with RIs similar to 
water, using an LPG with a single resonance band close to 1.55 μm. By increasing the 
refractive index, the dual bands appear and eventually split as shown in Figure 8. A 
mesoporous coating consisting of silica nanospheres was able to improve the refrac-
tive index sensitivity of a 100 μm period LPG operating near turning point, with a 
maximum sensitivity of 1927 ± 59 nm/RIU, as well as increase the detection range 
of the LPG [19]. The refractive index sensitivity of the first electric arc induced 
LPG at turning point was increased from 400 to 700 nm/RIU to 887–2146 nm/RIU 

Figure 8. 
Transmission spectra showing the response to different refractive indices of ethanol solutions. SRI is surrounding 
refractive index. Reprinted with permission from Ref. [18], OSA.
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by operating close to the turning point and by coating a thin film overlay of silicon 
nitride [20]. By combining these phenomena with a reduced diameter fibre, it can 
be possible to further enhance the sensitivity of the LPG, which can help improve 
the resolution of biochemical sensing applications.

4.5 Chemical and gas sensing

Their small dimensions, suitability in harsh environments and versatility make 
fibres ideal sensing platforms. The high sensitivity property of the PMTP allows for 
detection of low quantities and concentrations of different chemicals. For example, 
a PMTP is able to detect a 0.01% aqueous solution of cane sugar [65].

Optical fibre sensors with functional thin film coatings have become of interest 
due to the large pool of possible applications, especially in the chemical and bio-
sensing fields. These sensors have the potential to measure concentrations of chemi-
cals or for detecting gaseous species. These thin films can improve the sensing ability 
of the fibre and allow them to have different responses to different stimuli, such as 
concentrations of chemicals in the surrounding environment [19, 66, 67]. Functional 
materials can also be used to enhance the sensitivity for detection of a particular 
analyte. The thickness of the film on the LPG sensor is usually in the region of a few 
100 nm as the transmission spectrum can be greatly affected [28, 61, 68, 69].

The following techniques allow for nanoscale thickness deposition control of the 
coating. These include the Langmuir–Blodgett deposition [28, 59, 70], self-assembly 
[21, 55, 71], layer-by-layer deposition [19], atomic layer deposition [72], sol-gel [73] 
and liquid phase deposition [67].

Functionalised LPGs operating around the PMTP have been tested for volatile 
organic compound (VOC) detection [70, 74, 75]. VOCs can be generated from a 
variety of processes. These include, but are not limited to, fuels and combustion 
processes, petroleum products, paints, and in nature and farming [76]. PMTP 
LPGs have been used for toluene [70, 74] and benzene [74] detection. By applying 
a functional overlay, particular compounds will affect the refractive index of the 
overlay and therefore influence the fibre modes, which will be shown as changes 
in transmission spectrum [74]. Providing clean water is an integral part of life, 
therefore monitoring water quality is critical. Partridge et al. demonstrated a 
proof-of-concept sensor for detecting toluene contamination in water. A 97 μm 
period LPG at turning point coated with calix [4]res C11 and was shown to be 
specific to toluene when compared to another potential contaminant, ethanol as 
shown in Figure 9(a). The sensor was able to achieve a minimum detection limit 
of 100 ppm (see Figure 9(b)) which is the approximate limit of oil weep sam-
pling and leaking oil plumes [70]. Some gases, such as hydrogen, are odourless 
and colourless, and have a low ignition energy. Means of detecting leaks in small 
quantities are therefore an important safety tool. A sensor coated with a 70 nm 
thick palladium overlay, when exposed to 4% hydrogen, experienced a dual band 
wavelength shift apart of 7.5 nm [77]. A thin film PMTP LPG with a functional 
material of poly(acrylic acid) PAA was successfully used to selectively bind to 
ammonia with lower detection levels when compared to other devices such as 
colorimetric and absorption spectroscopic devices [71].

Optical sensors have become more popular and valuable in the biomedical 
field. They have the potential to be used for diagnosis and monitoring and can be 
cost effective, portable and easy to use. This has also contributed to the increase in 
interest in label-free sensing using LPGs, especially at the PMTP where there is high 
RI sensitivity, rapid response and adaptability by choice of overlay [18, 72, 78, 79]. 
LPGs at PMTP have been used for real time monitoring of phage-bacteria interac-
tions [80, 81] where a 1.3 nm wavelength shift was detected as bacteria binding 
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occurred [80], and target-probe DNA hybridisation [82, 83]. The well-known prop-
erties of the streptavidin-biotin interaction, as well as its use for studying biological 
processes, have encouraged its use as a means of understanding the characteristics 
of thin film PMTP sensors [21, 55]. Korposh et al. showed a mesoporous SiO2 
film coated sensor with an additional functional material could detect a specific 
chemical species. In this case the species was a porphyrin compound, with a 10 μM 
concentration being detected in under 10s [56].

Selectivity is an important indicator for a sensor as it can potentially prevent false 
readings, which is especially helpful at the highly sensitive turning point region [66, 
67, 84]. Molecular imprinting provides a versatile platform as the properties of the 
receptor can be modified to detect a desired molecular compound [66, 67]. An LPG 
coated with a molecularly imprinted polymer (MIP) was prepared, for the detection 
of antibiotics [66]. In the presence of different commonly prescribed antibiotics, the 
sensor showed selectivity to the target antibiotic vancomycin. The target compound 
can also be removed and the sensor reused. Removal methods used include organic 
solvents, and photodecomposition have also been investigated [67]. Reusing an LPG 
or sensor also increases the versatility of a biosensor [81, 82, 84] and can therefore be 
more time and cost effective.

Choosing a particular fibre type can also contribute to the final characteristics 
of the fabricated sensor. For instance, PMTP LPGs written in boron co-doped 
fibres have been demonstrated as radiation dose sensors [36], pressure sensors [34] 
(boron co-doping can increase the pressure-optic coefficient of a material [85]), 
and for fuel adulteration detection [39].

4.6 Sensor limitations

The inherent high sensitivity of the PMTP LPG also leads to its limitations. For 
instance, cross-talk or unwanted interference, such as from varying temperature, 
have to be limited in order to ensure the shift in the wavelengths is only due to the 
desired parameter. By fabricating cascaded PMTP LPGs, based on a Mach-Zehnder 
interferometer, it is possible to eliminate interference [86] and make simultaneous 
measurements for parameter compensated sensing [87]. James et al. demonstrated 
that coating a cascaded PMTP LPG device with mesoporous silica nanoparticles, 
and subsequently infusing a functional material to the central of the region 
(between the two gratings) enables measuring of only the desired analyte [86]. 

Figure 9. 
(a) Plots showing the response of a calix [4]red C11 coated LPG sensor to toluene and ethanol concentrations. 
Exposure to ethanol shows negligible response compared to toluene. (b) Transmission spectra showing the 
response of the dual resonance bands of a calix [4]red C11 coated LPG to different concentrations of toluene. 
Partridge et al.,. Reprinted from [70]; originally published under CC BY 3.0 licence. Available from: 10.1016/j.
snb.2014.06.121

http://dx.doi.org/10.1016/j.snb.2014.06.121
http://dx.doi.org/10.1016/j.snb.2014.06.121
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The broad spectral width of the resonance bands can also limit the multiplexing 
capabilities of the PMTP LPG. By utilising the double resonance bands, simultane-
ous measurements of surrounding refractive index and temperature were carried 
out for temperature ranges limited to ±3°C if the refractive index range is ±0.004 
RIU [87]. This information enables temperature calibrated sensing.

5. Summary

PMTP LPGs as versatile sensing platforms have become increasingly popular. The 
ultra-high sensitivity and quick response, as compared to other configurations of 
LPGs, proposes promising capabilities for use in many sensing applications. PMTP 
LPGs can be achieved by the precise choice of period or by post processing methods. 
However, the nature of their high sensitivity can also pose as limitations and sensors 
need to be optimised in order to avoid interference. By applying functional nanoscale 
coatings, it has been possible to tailor PMTP LPGs to have a preferred sensitivity to 
particular parameters. This opens the doors for a number of applications in the medi-
cal field for portable, real time monitoring. The sensors have potential deployment 
into the biochemical industry for measuring chemical concentrations and can also be 
applied to sense different gases in the environment. Specially designed sensors can 
also be used for monitoring food quality. However, calibration must be carried out 
first as the period and thickness of coating will affect the sensitivity of the sensor. 
More vigorous and consistent testing needs to be carried out before adoption in the 
healthcare and food safety industry [2]. Sensor packaging, ease of use and reus-
ability are some aspects that need to be taken into consideration. As many chemical 
sensing applications take place in a solution, it may be beneficial to fabricate an LPG 
such that the appearance of the dual resonance bands will appear when the fibre is 
placed in solution. The fibre cladding size can greatly affect the sensitivity allowing a 
greater flexibility when designing an LPG at PMTP [49].



13

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Optical Fibre Long-Period Grating Sensors Operating at and around the Phase Matching…
DOI: http://dx.doi.org/10.5772/intechopen.81179

Author details

Rebecca Yen-Ni Wong1*, Dora Hu Juan Juan1, Morten Ibsen2 and Perry Ping Shum3,4

1 Institute for Infocomm Research, Agency for Science, Technology and Research 
(A*STAR), Singapore

2 Optoelectronics Research Centre, University of Southampton, Southampton, 
United Kingdom

3 Centre for Optical Fibre Technology, School of Electrical and Electronic 
Engineering, Nanyang Technological University, Singapore

4 CINTRA CNRS/NTU/THALES, UMI 3288, Research Techno Plaza, Singapore

*Address all correspondence to: rebecca-wong@i2r.a-star.edu.sg



14

Applications of Optical Fibers for Sensing

[1] Alwis L, Sun T, Grattan KTV. 
Developments in optical fibre sensors 
for industrial applications. Optics  
and Laser Technology. 2016;78(A): 
62-66. DOI: 10.1016/j.optlastec. 
2015.09.004

[2] Correia R, James S, Lee SW, 
Morgan SP, Korposh S. Biomedical 
application of optical fibre sensors. 
Journal of Optics. 2018;20(7):1-25. 
DOI: 10.1088/2040-8986/aac68d

[3] Ramakrishnan M, Rajan G, 
Semenova Y, Farrell G. Overview of 
Fiber optic sensor Technologies for 
Strain/temperature sensing applications 
in composite materials. Sensors. 
2016;16(99):1-27. DOI: 10.3390/
s16010099

[4] Mescia L, Prudenzano F. Advances 
on optical Fiber sensors. Fibers. 
2014;2(1):1-23. DOI: 10.3390/
fib2010001

[5] Vengsarkar AM, Lemaire PJ, 
Judkins JB, Bhatia V, Erdogan T, Sipe 
JE. Long-period fiber gratings as band-
rejection filters. Journal of Lightwave 
Technology. 1996;14(1):58-65. DOI: 
10.1109/50.476137

[6] Vengsarkar AM, Lemaire PJ, 
Judkins JB, Bhatia B, Erdogan T, Sipe 
JE. Long-period fiber gratings as 
band-rejection filters. In: Optical Fiber 
Communications PD4; San Diego;  
1995

[7] James SW, Tatam RP. Optical 
fibre long-period grating sensors: 
Characteristics and application. 
Measurement Science and 
Technology. 2003;14(5):R49-R61. DOI: 
10.1088/0957-0233/14/5/201

[8] Kashyap R. Fibre Bragg Gratings. 2nd 
ed. New York: Academic Press; 2010. 
DOI: 10.1016/C2009-0-16830-7

[9] Werneck MMM, Allil RCSB, de 
Nazaré FVB. Fiber Bragg Gratings: 
Theory, Fabrication, and Applications. 
Washington: SPIE; 2017. DOI: 
10.1117/3.2286558

[10] Liu Z, Tam HY. Industrial and 
medical applications of fiber Bragg 
gratings (invited paper). Chinese Optics 
Letters. 2016;14(12):120007, 10.3788/
COL201614.120007

[11] Shu X, Zhang L, Bennion I. 
Sensitivity characteristics near the 
dispersion turning points of long-period 
fiber gratings in B/Ge codoped fiber. 
Optics Letters. 2001;26(22):1755-1757. 
DOI: 10.1364/OL.26.001755

[12] Chaubey S, Kher S, Oak SM. 
Radiation and taper tuning of long 
period grating for high sensitivity strain 
measurement. In: 7th Workshop on 
Fibre and Optical Passive Components. 
Montreal: Proceedings of the IEEE; 2011

[13] Chen X, Zhou K, Zhang L, Bennion I. 
Dual-peak long-period fiber gratings with 
enhanced refractive index sensitivity by 
finely tailored mode dispersion that uses 
the light cladding etching technique. 
Applied Optics. 2007;46(4):451-455. 
DOI: 10.1364/AO.46.000451

[14] Shu X, Shang L, Bennion I. 
Sensitivity characteristics of long-
period fiber gratings. Journal of 
Lightwave Technology. 2002;20(2): 
255-266. DOI: 10.1109/50.983240

[15] Grubsky V, Feinberg J. Long-period 
fiber gratings with variable coupling for 
real-time sensing applications. Optics 
Letters. 2000;25(4):203-205. DOI: 
10.1364/OL.25.000203

[16] Bhatia V, Campbell DK, Sherr D, 
D'Alberto TG, Zaboronick NA, Eyck 
GAT, et al. Temperature-insensitive and 
strain-insensitive long-period grating 

References



15

Optical Fibre Long-Period Grating Sensors Operating at and around the Phase Matching…
DOI: http://dx.doi.org/10.5772/intechopen.81179

sensors for smart structures. Optical 
Engineering. 1997;36(7):1872-1876. 
DOI: 10.1117/1.601379

[17] Lan X, Han Q Huang J, Wang H, 
Gao Z, Kaur A, et al. Turn-around point 
long-period fiber grating fabricated by 
CO2 laser for refractive index sensing. 
Sensors and Actuators B: Chemical. 
2013;177:1149-1155. DOI: 10.1016/j.
snb.2012.12.006

[18] Pilla P, Trono C, Baldini F, 
Chiavaioli F, Giordano M, Cusano A. 
Giant sensitivity of long period 
gratings in transition mode near the 
dispersion turning point: An integrated 
design approach. Optics Letters. 
2012;37(19):4152-4154. DOI: 10.1364/
OL.37.004152

[19] Korposh S, Lee SW, James SW, 
Tatam RP. Refractive index 
sensitivity of fibre-optic long 
period gratings coated with SiO2 
nanoparticle mesoporous thin 
films. Measurement Science and 
Technology. 2011;22(7):1-10. DOI: 
10.1088/0957-0233/22/7/075208

[20] Debowska AK, Smietana M, Mikulic 
P, Bock WJ. High temperature nano-
coated electric-arc-induced long-period 
gratings working at the dispersion 
turning point for refractive index 
sensing. Japanese Journal of Applied 
Physics. 2014;53(8S2)::08ME01-
1-08ME01-5). DOI: 10.7567/
JJAP.53.08ME01

[21] Marques L, Hernandez FU, James 
SW, Morgan SP, Clark M, Tatam RP, 
et al. Highly sensitive optical fibre long 
period grating biosensor anchored with 
silica core gold shell nanoparticles. 
Biosensors and Bioelectronics. 
2016;75:222-231. DOI: 10.1016/j.
bios.2015.08.046

[22] Ghambir M, Gupta S. Review of 
turn around point long period fiber 
gratings. Journal of Sensor Technology. 

2015;5(4):81-89. DOI: 10.4236/
jst.2015.54009

[23] Kanka J. Design of turn-around-point 
long-period gratings in a photonic crystal 
fiber for refractometry of gases. Sensors 
and Actuators B: Chemical. 2013;182: 
16-24. DOI: 10.1016/j.snb.2013.02.048

[24] Erdogan T. Cladding-mode 
resonances in short- and long- period 
fiber grating filters. Journal of the 
Optical Society of America. A. 
1997;14(8):1760-1773. DOI: 10.1364/
JOSAA.14.001760

[25] Erdogan T. Cladding-mode resonance 
in short- and long- period fiber grating 
filters: Errata. Journal of the Optical 
Society of America. A. 2000;17(11):2113. 
DOI: 10.1364/JOSAA.17.002113

[26] Huang WP. Coupled-mode theory 
for optical waveguides: An overview. 
Journal of the Optical Society of 
America. A. 1994;11(3):963-983. DOI: 
10.1364/JOSAA.11.000963

[27] Gloge D. Weakly guiding fibers. 
Applied Optics. 1971;10(10):2252-2258. 
DOI: 10.1364/AO.10.002252

[28] Cheung CS, Topliss SM, James SW, 
Tatam RP. Response of fibre optic long 
period gratings near the phase matching 
turning point to the deposition of 
nanostructured coatings. Journal of the 
Optical Society of America B: Optical 
Physics. 2008;25(6):897-902. DOI: 
10.1364/JOSAB.25.000897

[29] MacDougall TW, Pilevar S, 
Haggans CW, Jackson MA. Generalized 
expression for the growth of long period 
gratings. IEEE Photonics Technology 
Letters. 1998;10(10):1449-1451. DOI: 
10.1109/68.720290

[30] Rego G. Arc-induced long 
period fiber gratings. Journal of 
Sensors. 2016;2016:1-13. DOI: 
10.1155/2016/3598634



Applications of Optical Fibers for Sensing

16

[31] Korposh S, James S, Tatam R, Lee 
SW. Optical fibre long-period gratings 
functionalised with nano-assembled 
thin-films: Approaches to chemical 
sensing. In: Cuadrado-Laborde C, editor. 
Current Trends in Short- and Long-
Period Fiber Gratings. Rijeka: InTech; 
2013. pp. 63-86. DOI: 10.5772/52935

[32] Wong RYN, Chehura E, Staines 
SE, James SW, Tatam RP. Fabrication 
of fiber optic long period gratings 
operating at the phase matching turning 
point using an ultraviolet laser. Applied 
Optics. 2014;53(21):4669-4674. DOI: 
10.1364/AO.53.004669

[33] Mizunami T, Fukuda T, Hayashi 
A. Fabrication and characterization 
of long-period-grating temperature 
sensors using Ge-B-co-doped 
photosensitive fibre and single-mode 
fibre. Measurement Science and 
Technology. 2004;15(8):1467-1473. DOI: 
10.1088/0957-0233/15/8/006

[34] Smietana M, Bock WJ, Mikulic P,  
Chen J. Tuned pressure sensitivity of 
dual resonant long-period gratings 
written in boron co-doped optical 
fiber. Journal of Lightwave Technology. 
2012;30(8):1080-1084. DOI: 10.1109/
JLT.2011.2169234

[35] Lan X, Han Q Wei T, Huang J, Xiao 
H. Turn-around-point long-period fiber 
gratings fabricated by CO2 laser point-
by-point irradiation. IEEE Photonics 
Technology Letters. 2011;23(22):1664-
1666. DOI: 10.1109/LPT.2011.2166256

[36] Kher S, Chaubey S, Kashyap R, Oak 
SM. Turnaround-point long-period 
fiber gratings (TAP-LPGs) as high-
radiation-dose sensors. IEEE Photonics 
Technology Letters. 2012;24(9):742-744. 
DOI: 10.1109/LPT.2012.2187637

[37] Shen F, Zhou K, Zhang L, Shu X. 
Long period Fiber grating around the 
dispersion turning point fabricated with 
a femtosecond laser. In: Proceedigs of 
OSA. Guangzhou: ACPC; 2017

[38] Colaço C, Caldas P, Del Villar I, 
Chibante R, Rego G. Arc-induced long-
period Fiber gratings in the dispersion 
turning points. Journal of Lightwave 
Technology. 2016;34(19):4584-4590. 
DOI: 10.1109/JLT.2016.2540678

[39] Kher S, Chaubey S, Kishore J, Oak 
SM. Detection of fuel adulteration 
with high sensitivity using turnaround 
point long period fiber gratings in B/
Ge doped fibers. IEEE Sensors Journal. 
2013;13(11):4482-4486. DOI: 10.1109/
JSEN.2013.2270312

[40] Martinez-Rios A, Monzon-
Hernandez D, Torres-Gomez I, Salceda-
Delgado G. Long period fibre gratings. 
In: Yasin M, editor. Fiber Optic Sensors. 
Rijeka: InTech; 2012. pp. 275-294. DOI: 
10.5772/27727

[41] Coelho JMP, Nespereira MC, 
Abreu M, Rebordao JM. Modeling 
refractive index change in writing 
long-period fiber gratings using mid-
infrared laser radiation. Photonic 
Sensors. 2013;3(1):67-73. DOI: 10.1007/
s13320-012-0084-1

[42] Ahmed F, Joe HE, Min BK, Jun 
MBG. Characterization of refractive 
index change and fabrication of long 
period gratings in pure silica fiber by 
femtosecond laser radiation. Optics and 
Laser Technology. 2015;74:119-124.  
DOI: 10.1016/j.optlastec. 
2015.05.018

[43] Shu X, Zhu X, Wang Q Jiang S, 
Shi W, Huang Z, et al. Dual resonant 
peaks of LP015 cladding mode in long-
period gratings. Electronics Letters. 
1999;35(8):649-651. DOI: 10.1049/
el:19990442

[44] Ling Q Gu Z, Gao K. Smart design 
of a long-period fiber grating refractive 
index sensor based on dual-peak 
resonance near the phase-matching 
turning point. Applied Optics. 
2018;57(10):2693-2697. DOI: 10.1364/
AO.57.002693



17

Optical Fibre Long-Period Grating Sensors Operating at and around the Phase Matching…
DOI: http://dx.doi.org/10.5772/intechopen.81179

[45] Biswas P, Basumallick N, 
Bandyopadhyay S, Dasgupta K, Ghosh 
A, Bandyopadhyay S. Sensitivity 
enhancement of turn-around-point 
long period gratings by tuning initial 
coupling condition. IEEE Sensors 
Journal. 2015;15(2):1240-1245. DOI: 
10.1109/JSEN.2014.2361166

[46] Mysliwiec M, Grochowski J, 
Krogulski K, Mikulic P, Bock WJ, 
Smietana M. Effect of wet etching of 
arc-induced long-period gratings on 
their refractive index sensitivity. Acta 
Physica Polonica, A. 2013;124(3): 
521-524. DOI: 10.12693/APhysPolA. 
124.521

[47] Szymanska M, Krogulski K, Mikulic 
P, Bock WJ, Smietana M. Sensitivity of 
long-period gratings modified by their 
bending. In: Proceedia Engineering, 
28th Eurosensors; Brescia; 2014. 
pp. 1180-1183

[48] Smietana M, Koba M, Mikulic P, 
Bock WJ. Measurements of reactive 
ion etching process effect using long-
period fiber gratings. Optics Express. 
2014;22(5):5986-5994. DOI: 10.1364/
OE.22.005986

[49] Del Villar I. Ultrahigh-sensitivity 
sensors based on thin-film coated long 
period gratings with reduced diameter, 
in transition mode near the dispersion 
turning point. Optics Express. 
2015;23(7):8389-8398. DOI: 10.1364/
OE.23.008389

[50] Smietana M, Koba M, Mikulic P,  
Bock WJ. Tuning properties of 
long-period gratings by plasma post-
processing of their diamond-like carbon 
nano-overlays. Measurement Science 
and Technology. 2014;25:1-7. DOI: 
10.1088/0957-0233/25/11/114001

[51] Partridge M, James S, Barrington 
J, Tatam R. Overwrite fabrication and 
tuning of long period gratings. Optics 
Express. 2016;24(20):22345-22356. DOI: 
10.1364/OE.24.022345

[52] Mizunami T, Fukuda T. FEM 
calculation and the effects of hydrogen 
diffusion in fabrication processes of 
long-period fiber gratings. Optics 
Communication. 2006;259(2):581-586. 
DOI: 10.1016/j.optcom.2005.09.002

[53] Namihira Y, Mochizuki K, 
Kuwazuru M, Iwamoto Y. Effects of 
hydrogen diffusion on optical fibre 
loss increase. Electronics Letters. 
1983;19(24):1034-1035. DOI: 10.1049/
el:19830701

[54] Libish TM, Bobby MC, Linesh J, 
Mathew S, Biswas P, Bandyopadhyay 
S, et al. The effect of annealing and 
temperature on transmission spectra of 
long period gratings written in hydrogen 
loaded standard single mode fiber. 
Optik. 2013;124(20):4345-4348. DOI: 
10.1016/j.ijleo.2013.02.010

[55] Wang Z, Helfin JR, Cott KV, 
Stolen RH, Ramachandran S, Ghalmi 
S. Biosensors employing ionic self-
assembled multilayers adsorbed 
on long-period fiber gratings. 
Sensors and Actuators B: Chemical. 
2009;139(2):618-623. DOI: 10.1016/j.
snb.2009.02.073

[56] Korposh S, James SW, Lee SW, 
Topliss S, Cheung SC, Batty WJ, et al. 
Fiber optic long period grating sensors 
with a nanoassembled mesoporous film 
of SiO2 nanoparticles. Optics Express. 
2010;18(12):13227-13228. DOI: 10.1364/
OE.18.013227

[57] Ramachandran S, Ghalmi S, Wang 
Z, Yan M. Band-selection filters with 
concatenated long-period gratings 
in few-mode fibers. Optics Letters. 
2002;27(19):1678-1680. DOI: 10.1364/
OL.27.001678

[58] Chen H, Gu Z. Filtering 
characteristics of film-coated long-
period fiber gratings operating at 
the phase-matching turning point. 
Optik. 2014;125(20):6003-6009. DOI: 
10.1016/j.ijleo.2014.07.060



Applications of Optical Fibers for Sensing

18

[59] James SW, Topliss SM, Tatam 
RP. Properties of length-apodized 
phase-shifted LPGs operating at 
the phase matching turning point. 
Journal of Lightwave Technology. 
2012;30(13):2203-2209. DOI: 10.1109/
JLT.2012.2195473

[60] Korposh S, Wong R, James S, Tatam 
R. Temperature and thermo-optic 
coefficient measurements using optical 
fibre long period gratings operating 
at phase matching turning point. In: 
Proceedings of SPIE, 5th EWOFS; 
Krakow; 2013

[61] Del Villar I, Achaerandio M, Matias 
IR, Arregui FJ. Deposition of overlays 
by electrostatic self-assembly in long-
period fiber gratings. Optics Letters. 
2005;30(7):720-722. DOI: 10.1364/
OL.30.000720

[62] Cusano A, Iadicicco A, Pilla P, 
Contessa L, Campopiano S, Cutolo 
A. Mode transition in high refractive 
index coated long period gratings. 
Optics Express. 2006;14(1):20-34. DOI: 
10.1364/OPEX.14.000019

[63] Cusano A, Iadicicco A, Pilla P, 
Contessa L, Campopiano S, Cutolo 
A. Cladding mode reorganization 
in high-refractive index-coated 
long-period gratings: Effects on the 
refractive-index sensitivity. Optics 
Letters. 2005;30(19):2536-2538. DOI: 
10.1364/OL.30.002536

[64] Brabant D, Koba M, Smietana M, 
Bock WJ. Analysis of mode transitions 
in a long-period fiber gratings with 
nano-overlay of diamond-like carbon. 
In: Proceedings of SPIE, Photonics 
North; Montreal; 2014

[65] Shu X, Huang D. Highly sensitive 
chemical sensor based on the 
measurement of the separation of dual 
resonant peaks in a 100-um-period 
fiber grating. Optics Communication. 
1999;171(1-3):65-69. DOI: 10.1016/
S0030-4018(99)00522-2

[66] Korposh S, Chianella I, Guerreiro 
A, Caygill S, Piletsky S, James SW, 
et al. Selective vancomycin detection 
using optical fibre long period gratings 
functionalised with molecularly 
imprinted polymer nanoparticles. The 
Analyst. 2014;139(9):2229-2236. DOI: 
10.1039/c3an02126b

[67] Wong R, Korposh S, Lee SW, James 
SW, Tatam RP. Photodecomposition of 
a target compound detected using an 
optical fibre long period grating coated 
with a molecularly imprinted titania 
thin film. In: Proceedings of SPIE, 24th 
OFS; Curitiba; 2015

[68] Rees ND, James SW, Tatam RP, 
Ashwell GJ. Optical fiber long-period 
gratings with Langmuir-Blodgett 
thin-film overlays. Optics Letters. 
2002;27(9):686-688. DOI: 10.1364/
OL.27.000686

[69] Bandyopadhyay S, Biswas P, 
Chiavaioli F, DT K, Basumallick 
N, Trono C, et al. Long-period 
fiber grating: A specific design for 
biosensing applications. Applied Optics. 
2017;56(35):9846-9853. DOI: 10.1364/
AO.56.009846

[70] Partridge M, Wong R, James SW, 
Davis F, Higson SPJ, Tatam RP. Long 
period grating based toluene sensor 
for use with water contamination. 
Sensors and Actuators B: Chemical. 
2014;203:621-625. DOI: 10.1016/j.
snb.2014.06.121

[71] Wang T, Korposh S, Wong R, James 
S, Tatam R, Lee SW. A novel ammonia 
gas sensor using nanoassembled 
polyelectrolyte thin film on fiber-optic 
long-period gratings. Chemistry Letters. 
2012;41(10):1297-1299. DOI: 10.1246/
cl.2012.1297

[72] Smietana M, Koba M, Brzozowska 
E, Krogulski K, Nakonieczny J, 
Wachnicki L, et al. Label-free 
sensitivity of long-period gratings 
enhanced by atomic layer deposited 



19

Optical Fibre Long-Period Grating Sensors Operating at and around the Phase Matching…
DOI: http://dx.doi.org/10.5772/intechopen.81179

TiO2 nano-overlays. Optics Express. 
2015;23(7):8841-8453. DOI: 10.1364/
OE.23.008441

[73] Chiavaioli F, Biswas P, Trono C, 
Jana S, Bandyopadhyay S, Basumallick 
N, et al. Sol-gel-based titania-silica 
thin film overlay for long period fiber 
grating-based biosensors. Analytical 
Chemistry. 2015;87(24):12024-12031. 
DOI: 10.1021/acs.analchem.5b01841

[74] Topliss SM, James SW, Davis F, 
Higson SPJ, Tatam RP. Optical fibre long 
period grating based selective vapour 
sensing of volatile organic compounds. 
Sensors and Actuators B: Chemical. 
2010;143(2):629-634. DOI: 10.1016/j.
snb.2009.10.008

[75] Korposh S, David F, James SW, 
Wang T, Lee SW, Higson S, et al. 
Detection of volatile organic compounds 
(VOCs) using an optical fibre long 
period grating with a calixarene 
anchored mesoporous thin film. In: 
Proceedings of SPIE, 5th EWOFS; 
Krakow; 2013

[76] Viricelle JP, Pauly A, Mazat L, 
Brunet J, Bouvet M, Varenne C, et al. 
Selectivity improvement of semi-
conducting gas sensors by selective filter 
for atmospheric pollutants detection. 
Materials Science and Engineering: C. 
2006;26(2-3):186-195. DOI: 10.1016/j.
msec.2005.10.062

[77] Kim YH, Kim MJ, Rho BS, Park 
MS, Jang JH, Lee BH. Ultra sensitive 
fiber-optic hydrogen sensor based on 
high order cladding mode. IEEE Sensors 
Journal. 2011;11(6):1423-1426. DOI: 
10.1109/JSEN.2010.2092423

[78] Pilla P, Manzillo PF, Malachovska 
V, Buosciolo A, Campopiano S, 
Cutolo A, et al. Long period grating 
working in transition mode as 
promising technological platform for 
label-free biosensing. Optics Express. 
2009;17(22):20039-20050. DOI: 
10.1364/OE.17.020039

[79] Chiavaioli F, Biswas P, Trono 
C, Bandyopadhyay S, Giannetti A, 
Tombelli S, et al. Towards sensitive 
label-free immunosensing be means 
of turn-around point long period fiber 
gratings. Biosensors and Bioelectronics. 
2014;60:305-310. DOI: 10.1016/j.
bios.2014.04.042

[80] Smietana M, Bock WJ, Mikulic P,  
Ng A, Chinnappan R, Zourob 
M. Detection of bacteria using 
bacteriophages as recognition 
elements immobilized on long-
period fiber gratings. Optics Express. 
2011;19(9):7971-7978. DOI: 10.1364/
OE.19.007971

[81] Koba M, Smietana M, Brzozowska 
E, Gorska S, Mikulic P, Bock 
WJ. Reusable bacteriophage adhesin-
coated long-period grating sensor 
for bacterial lipopolysaccharide 
recognition. Journal of Lightwave 
Technology. 2015;33(12):2518-2523. 
DOI: 10.1109/JLT.2014.2364118

[82] Chen X, Zhang L, Zhou K, Davies 
E, Sugden K, Bennion I, et al. Real-
time detection of DNA interactions 
with long-period fiber-grating-
based biosensor. Optics Letters. 
2007;32(17):2541-2543. DOI: 10.1364/
OL.32.002541

[83] Chen X, Liu C, Hughes MD,  
Nagel DA, Hine AV, Zhang L. 
EDC-mediated oligonucleotide 
immobilization on a long period 
grating optical biosensor. Biosensors 
and Bioelectronics. 2015;6(2):1-6. DOI: 
10.4172/2155-6210.1000173

[84] Hromadka J, Tokay B, James S, 
Tatam RP, Korposh S. Optical fibre long 
period grating gas sensor modified with 
metal organic framework thin films. 
Sensors and Actuators B: Chemical. 
2015;221:891-899. DOI: 10.1016/j.
snb.2015.07.027

[85] Smietana M, Bock WJ, Chen J, 
Mikulic P. Highly sensitive pressure 



Applications of Optical Fibers for Sensing

20

sensor based on long-period gratings 
written in boron co-doped optical 
fiber. Measurement Science and 
Technology. 2010;21(9):1-5. DOI: 
10.1088/0957-0233/21/9/094026

[86] James SW, Korposh S, Lee SW, 
Tatam RP. A long period grating-based 
chemical sensor insensitive to the 
influence of interfering parameters. 
Optics Express. 2014;22(7):8012-8023. 
DOI: 10.1364/OE.22.008012

[87] Garg R, Tripathi SM, Thyagarajan 
K, Bock WJ. Long period fiber grating 
based temperature-compensated high 
performance sensor for bio-chemical 
sensing applications. Sensors and 
Actuators B: Chemical. 2013;176: 
1121-1127. DOI: 10.1016/j.
snb.2012.08.059


