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Hybrid AG-FFPI/RLPFG for Simultaneously Sensing
Refractive Index and Temperature

Cheng-Ling Lee, Member, IEEE, Wen-Fung Liu, Zi-Yu Weng, and Fu-Chih Hu

Abstract—This work presents a novel, simple, and sensitive de-
vice for simultaneously sensing refractive index (RI) and temper-
ature (1°) of its surrounding environment. The sensing elements
are based on a hybrid air-gap fiber Fabry—Pérot interferometer
(AG-FFPI) with a reflective long-period fiber grating (RLPFG).
An air gap of around 10 ;2m is formed in an Sn-overlaying process
on the fiber endface to make a fiber Fabry—Pérot interferometer
whose interferometric cavity is formed between the fiber endface
and the surface of the Sn metal. The proposed devices are char-
acterized by the simple fabrication and high sensitivity to both T°
and RI, which can be simultaneously measured. Additionally, the
proposed device can readily recognized the response from ambient
variations in 7" or the RI.

Index Terms—Air-gap fiber Fabry-Pérot interferometer
(AG-FFPI), fiber-optics component, fiber sensors, long-period
fiber grating (LPFG).

I. INTRODUCTION

HE simultaneous measuring, monitoring, or sensing of

many parameters of a system is of scientific and tech-
nological importance. Various all-fiber interferometers that in-
corporate fiber gratings (FGs) have been developed with nu-
merous smart and hybrid structures for a wide range of potential
applications in bio-sensing, chemical sensing, and the sensing
of various other physical parameters. Various works have fo-
cused on enhancing measurement sensitivity and the simulta-
neous sensing of several parameters [1]-[9]. Because the LPFGs
are well known to be sensitive to the ambient variations, there-
fore most of the smart sensing schemes are based on the LPFGs;
for example, an LPFG may incorporates a fiber Bragg grating
(FBG) to support hybrid measurements schemes [1], [2]; and
a concatenated structure of the multiple LPFGs can support a
sensing method that is based on the cladding and core mode in-
terference mechanism [3]-[5]. Another configuration involves a
mirror that is coated on the endface of an LPFG and an intrinsic
AG-FFPI [6], while another involves an FBG that is incorpo-
rated into a low-finesse Fabry—Pérot interferometric cavity that
is formed by coating a monolayer material on the fiber endface
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Fig. 1. Configuration of the hybrid AG-FFPI/RLPFG sensor.

[7]. In [6], Kim ef al. firstly introduced a RLPFG that incorpo-
rated an AG-FFPI to measure simultaneously RI and 7'. The air
gap inside the fiber was formed by hydrofluoric acid etching,
which was difficult to control and complicated to be imple-
mented. Similarly, a Fabry—Pérot cavity that is formed by using
the electrostatic self-assembled monolayer process for molec-
ular deposition to form a humidity-sensitive coating on the end
of a fiber would difficult to be fabricated [7].

In this Letter, we have presented a novel, simple, cost-effec-
tive and sensitive device for simultaneously sensing external RI
and 7'. The sensing configuration is based on a hybrid AG-FFPI
with an integrated RLPFG. By skillfully overlay the metal Sn
over one endface of LPFG, an air gap can be formed between
the surface of the metal Sn and the end of the fiber. This gap
can be formed the Fabry—Pérot cavity. The proposed devices
have the advantages, such highly sensitivity for simultaneously
sensing both 7" and RI. More importantly, it can readily capture
ambient variation in the surrounding 7" or the RI.

II. SENSOR CONFIGURATION AND PRINCIPLE OF OPERATION

This study presents for the first time a very simple, cost-effec-
tive fiber sensor whose structure is based on a RLPFG integrated
with an AG-FFPI made by the Sn-overlaying on one endface of
the RLPFG with a fiber arm of . = 7 cm, forming a hybrid
air-gap fiber interferometer/reflective long-period fiber grating
(AG-FFPI/RLPFG) device is shown in Fig. 1. The interference
mechanism in the AG-FFPI is based on the two-beam interfer-
ence of the low-fineness air-gap Fabry—Pérot cavity [6]. Metal
Sn (Tin) can be easily processed because of its low melting
point (231.9 °C) and it is also a good electrical/thermal con-
ductor. It is therefore extensively adopted in the electrical and
electronics industries. Therefore, in this work, when the fiber
endface was inserted into an extremely small drop of melting
Sn, an air gap was naturally formed between the fiber and the
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Fig.2. Experimental reflection spectra of (a) LPFG in air before Sn-overlaying,
(b) SMF endface with Sn-overlaying to form a simple AG-FFPI, and (c) the
proposed hybrid AG-FFPI/RLPFG that is formed by combining devices in (a)
and (b).

metal Sn owing to the cohesion of the bulk Sn. Based on our ex-
periences, by carefully controlling the inserting time of the fiber,
the air—gap length would be dominated substantially. In general,
faster inserting time would obtain a smaller air-gap before the
melting Sn becomes into solid. We can successfully fabricate
the air-gap within the range of around 8 ~ 31 pm by using the
above method with the repeatability greater than 90% so far, but
cannot precisely quantize the inserting time with the function of
the air-gap distance. The reflection spectra of an RLPFG with
a grating period of A = 300 um, grating length of 1 cm and
the interference fringes that are generated by the AG-FFPI of a
single mode fiber (SMF) are measured using an optical spec-
trum analyzer (OSA), and displayed in Fig. 2(a) and (b), re-
spectively. From Fig. 2(a), the dip of RLPFG is broader than
that of TLPFG, and the loss is high, approximately 15 dB, since
the endface of the interface surfaces with Fresnel reflection is
merely I ~ 0.034. As shown in Fig. 2(b), a sinusoidal spec-
trum of the interference fringes caused by the air gap was ob-
tained. In the Fig. 2(b), the loss from an SMF fiber endface that
is overlaying with Sn is smaller, averaging about 8.5 dB, owing
to the reflection (/2 ~ 0.5) from the Sn metal is increased. The
reflection spectrum with a maximum extinction ratio of around
9 dB is obtained from the proposed AG-FFPI configuration.
The two above structures can be combined to realize hybrid
AG-FFPI/RLPFG sensor and obtain the optical spectrum that is
shown in Fig. 2(c). Fig. 2(c) displays a superposition of spectral
responses from both of the RLPFG and the AG-FFPI structures
and spectrum also indicates the locations of the AG-FFPI inter-
ference fringes and the resonant peaks of RLPFG, respectively.
For a conventional transmission LPFG (TLPFG) with a
grating period of 300 m and a grating length of 1 cm, written
on an SMF, the transmission spectra measured from the varia-
tion in the surrounding 7" and the external RI (n..,;) are shown
in Fig. 3(a) and (b), respectively. Fig. 3(a) demonstrates that the
TLPFG is insensitive to 7', such that a very little wavelength
shift (A)X) toward longer wavelengths occurs as 7' is increased
because the changes with the 1" of the differential effective
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Fig. 3. Experimental transmission spectra of general TLPFG for the measure-
ments with different (a) surrounding 7" and (b) external RI.
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Fig. 4. (a) Experimental spectra of the proposed hybrid AG-FFPI/RLPFG with
various T'; (b) AX of the dips of AG-FFPIL, RLPFG, and TLPFG as a function
of surrounding 7" in the air.

index of the core and cladding modes and in the grating peri-
odicity are very small [8]. On the other hand, the shift of the
wavelength dips is obtained toward the shorter wavelength side
as the n.,+ is increased (Fig. 3(b)).

III. RESULTS AND DISCUSSION

Although the parametric sensitivity of the LPFG exceeds
those of FBG sensors, it can be further increased by the use of
smart configurations or hybrid structures. To demonstrate the ef-
fective sensing performance of the proposed AG-FFPI/RLPFG
sensor with the hybrid configuration, this sensor is utilized
in surrounding 7T’ and external RI sensing applications. The
sensor was placed on a TE cooler inside a closed space with
the 7" (°C) increased from 25 °C to 50 °C. Fig. 4(a) shows the
measured reflection spectra of the AG-FFPI/RLPFG, which
shifts toward the longer wavelength side as 7' is increased.
The shift for the AG-FFPI interference fringes is much larger
than those of the RLPFG and the TLPFG (Fig. 3(a)). Fig. 4(b)
plots the tuning efficiency and the AX of the fringes of the
AG-FFPI, the RLPFG and the TLPFG as functions of sur-
rounding temperature in air. From the experimental results, the
sensitivity of the proposed RLPFG (0.28 nm/°C) to the T is
about seven times that of the TLPFG (0.04 nm/°C) and that
of the presented AG-FFPI (1.18 nm/°C) is almost 30 times
that of the TLPFG. Since the thermal expansion coefficient of
metal Sn ~ 2.2 x 10-3°C ™! is about 40 times greater than that
of the silica fiber (~ 5.5 x 1077°C™'), thus the T sensitivity
of the sensor is dominated by the Sn. Fig. 5(a) presents the
reflection spectra of the proposed AG-FFPI/RLPFG that are
obtained to measure the external RI (n2..¢). The main A\ are
observed in the dips of the RLPFG, which is highly sensitive
to nere. However, AG-FFPI interference fringes are almost
independent of the surrounding n.,;. Fig. 5(b) plots the shift
A\ at 1450 nm resonant dip of the TLPFG (Fig. 3(b)) and the
proposed RLPFG as a function of the RI of the surroundings.
The AX of the RLPFG slightly exceeds that of the TLPFG at
a given surrounding .., and the AX of the AG-FFPI fringes
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Fig. 5. (a) Experimental spectra of the proposed hybrid AG-FFPI/RLPFG at
different surrounding s1..., at 25 °C, (b) AX at 1450-nm resonant dips of the
TLPFG and the RLPFG as a function of the RI. The shifts are measured with
corresponding to the dip at 2, = 1.0 (air). 7. means the 7., is measured at
the sodium D line (589.3 nm).

is almost zero. The RLPFG is more sensitive because the
optical light propagates twice through the LPFG with longer
optical path difference, resulting in a small larger AA. Most
importantly, the proposed measured configuration can easily
determine the AA from the spectra that is caused by variations
of the T' or the 144+.

The A\ value both from the RLPFG and the AG-FFPI caused
by a change in T’ or 7.+ can be respectively estimated by using
the following equations.
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where An.y is the difference between the effective indices of
the core mode and the cladding mode. The coefficients A, I3,
and C can be determined by measuring the dip responses of the
sensors with the variations in 7" and n.,:. The corresponding
sensitivity from the matrix coefficients are about 0.275 nm/°C,
—260 nm/RIU within a linear range n.,; = 1.4 — 1.44 and
1.175 nm/°C, respectively. Therefore, the following equation,
(3), obtained by combining (1) and (2) enables the proposed
AG-FFPI/RLPFG to be used to measure the n.,; and 7’ simul-

taneously.
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The T sensitivity of 0.275 nm/°C of our RLPFG is 2~3$ times
greater than a correct estimation of the sensitivity for a TLPFG
~ 0.098 nm/°C reported in [8]. It is because that the proposed
RLPFG is operated in the reflective mode with a very long prop-
agating . = 7 cm which would increase the shifts [6]. It is
also verified by the cascaded (dual) LPFGs having greater sen-
sitivity [5]. The sensitivity of the n.,; of LPFG depends on the
cladding mode order and also varies with fiber types. An exact
estimate based on the coupled-mode theory [10] determined
the sensitivity n.,: of LPFG is about —262.5 nm/RIU within

Neqt = 1.4 — 1.44 and very similar to that of the RLPFG. Even
so, the total AX of RLPFG slightly greater than that of TLPFG
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within the entire measurement with several nm. It is worth to
mention that the novel Sn-overlaying AG-FFPI incorporated in
the structure can greatly enhance the 7" sensitivity and not be af-
fected by 7., of the surrounding. By using an approach in [9],
the maximum errors for the measurements of the 7" and n.,; are
respectively 1.56°C and 2.43 x 102 RIU and the rms errors are
respectively 1.33°C and 1.51 x 102 RIU for our sensor within
the ranges n.,; = 1.4 — 1.44 and T' = 25 — 50°C. The main
drawback of the sensor is an overlap of the wavelength dips can
occur, thus limits the measured range. From the experimental re-
sults, the 7" range of the measurement of merely about 25-85°C
with high sensitivity of 1.175 nm/°C and the RT measurement
range withnp = 1 — 1.45 are achieved by the proposed sensor
under an identifiable shifts of the wavelength dips.

IV. CONCLUSION

This work demonstrated a new, cost-effective, simple and
sensitive hybrid structure, which was fabricated by incor-
porating an RLPFG with an AG-FFPI. Experimental results
demonstrated that the proposed sensor can simultaneously
measure the RI and the 7" of the surroundings, corresponding
to the A\ in the spectral response of the sensor to the change
in T or RI can be easily identified. The 7' sensitivity of the
hybrid AG-FFPI/ RLPFG is approximately 30 times greater
than that of the conventional silica-based TLPFG. This device
can provide the advantages of simplicity, easy fabrication, high
sensitivity, and has the capability to simultaneously measure
various physical parameters for applying in a wide range of
sensing systems.
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