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We propose and demonstrate a novel and simple dual-parameter measurement scheme based on a cascaded optical
fiber device of long-period grating (LPG) and photonic crystal fiber (PCF) modal interferometer. The temperature
and refractive index (RI) can be measured simultaneously by monitoring the spectral characteristics of the device.
The implemented sensor shows distinctive spectral sensitivities of −30.82 nm∕RIU (refractive index unit) and
47.4 pm∕°C by the LPG, and 171.96 nm∕RIU and 10.4 pm∕°C by the PCF modal interferometer. The simultaneous
measurement of the temperature and external RI is experimentally demonstrated by the sensor. The temperature
shift and RI shift calculated by the sensor matrix agree well with the actual temperature and RI change in the
experiment. © 2012 Optical Society of America
OCIS codes: 060.2310, 060.2370.

The growing demand in the in situ monitoring of physi-
cal, chemical, and biological parameters drives continu-
ous research efforts and the development of sensor
technologies. Owing to such desirable and unique fea-
tures as immunity to electromagnetic interference, com-
pact size, low cost, reliability, etc., optical fiber sensors
have made significant progress in and contributions to
various sensing applications. Refractive index (RI) and
temperature are important physical parameters in many
applications, such as water quality monitoring [1,2],
biosensing [3–6], etc. Surface plasmon resonance has
been demonstrated to be accurate and promising for bio-
sensing applications through evanescent waves in prism
configurations [7–8], but the apparatuses are bulky com-
pared to fiber sensors. In addition, temperature-induced
crosstalk is a detrimental factor for the detection. It is
therefore highly desirable to realize simultaneous moni-
toring of RI and temperature to minimize or avoid the
crosstalk problem.
Photonic crystal fibers (PCFs)made of a singlematerial

were used to make temperature-insensitive devices for RI
measurement [9]. However, experiments showed that
devices made of single-material silica PCF still suffered
from considerable temperature cross-sensitivity [10]. On
the other hand, grating-based sensors, i.e., fiber Bragg
gratings (FBGs) and long-period gratings (LPGs), are
typically used for temperature or RI measurement. The
cross-sensitivity of the temperature and RI exhibited in
the grating-based sensors requires necessary compensa-
tion schemes for practical applications. Various schemes
have been proposed to achieve dual-parameter measure-
ment of temperature and RI, such as modified FBGs
[11–13], fiber tapers [14], fiber in-line Fabry—Perot cavity
[15], LPGs in various configurations [16–18] and LPG de-
posited on side-polished PCF [19], etc. Although the side-
polished PCF was able to enhance the evanescent field

coupling to LPG, the structure was fragile and difficult
to handle. Recently, a compact PCFmodal interferometer
was reported on for external biosensing due to its high ex-
ternal RI sensitivity [6]. Nevertheless, the temperature de-
pendence of the interferometer was neglected in the
measurement. The temperature-induced crosstalk could
still be a limiting factor to achieve accuratemeasurement,
especially in detecting weak signals of biological events.
On the other hand, by cascading the LPG to thePCFmodal
interferometer, it offers a promising solution for dual-
parameter measurement of temperature and RI, which
is more efficient than single-parameter measurement.
Moreover, it permits both interacting parameters to be in-
dividually determined so that the crosstalk problem is
addressed. Compared to other schemes, such as two
LPG configurations, the proposed scheme has a few ad-
vantages. Firstly, the PCF device is much more compact,
i.e., only 3 mm in length, making the measurement easier
to handle compared to much longer fiber devices. Sec-
ondly, the thermal response of PCF is dissimilar to
LPG, i.e., the thermal sensitivity difference is significant.
Thirdly, the highly sensitive RI response of the PCF has
the opposite sign to that of the LPG, making the measure-
ment more effective. To the best of authors’ knowledge,
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Fig. 1. Schematic of the cascaded fiber device. The LPG was
30 mm and the PCF was 3 mm. The SEM image of the PCF is
shown top right.
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no prior report has demonstrated or investigated this
scheme.
The schematic of the cascaded device and the scanning

electronic microscopic (SEM) image of the PCF used in
the experiment are shown in Fig. 1. The PCF modal inter-
ferometer was 3mm in length and it was fabricated by the
microhole collapsing technique, forming a completely
collapsed zone and a microbubble in the splice region be-
tween single-mode fiber (SMF) and PCF [6]. The PCF had
an outer diameter of 123.7 μm. The fully collapsed region
was 119 μm in diameter; the length at both sides was 143
and 110 μm. The microbubbles were 24.1 × 41.0 and
29.5 × 45.6 μm. The formation of microbubbles was con-
trollable and repeatable with appropriate splicer settings.
The device was based onMach—Zehnder interferometry.
The first collapsed region acted as mode splitter to con-
vert part of the core mode to the cladding modes. The mi-
crobubble attenuated the core mode and excited more
claddingmodes, which effectively interactedwith the sur-
rounding medium and recombined with the core mode at
the second splice region, forming the interference spec-
trum due to different phase delay [6]. In addition, as con-
firmed by the high RI sensitivity, the Fabry—Perot cavity
effect of the microbubble, which was insensitive to sur-
rounding RI, was not significant compared to the modal
interference. A tunable laser source (Agilent 81680A)
was used to obtain the spectral information of the sensor.
The LPG (30 mm in length) was fabricated by 248 nm ex-
cimer laser onhydrogen-loaded SMFwith a point-by-point
grating writing technique. The grating period was 455 μm.
A loss dip of −15 dB at the wavelength of 1546.3 nm was
obtained. Figure 2 shows the transmission spectrumof the

LPG and the PCF device (alone) as well as the cascaded
device in deionized (DI) water under room temperature.
The resonance wavelengths of LPG and PCF at 1513 nm
were well separated to minimize optical crosstalk.

The external RI response was examined by placing the
device in glycerin—DI water mix with refractive indices
ranging from 1.33 to 1.375 while maintaining the room
temperature at 24 °C as shown in Fig. 3. After each test,
the sensor was thoroughly rinsed and cleaned by ethanol
to remove residual glycerin—DIwatermix and dried in air
until the spectrum returned to its original spectrum in air.
The transmission dip resulted from the LPGandPCFmod-
al interferometer exhibiting distinctive RI responses. As
external RI increased, the resonance wavelength of the
LPG moved toward shorter wavelengths, whereas the re-
sonance wavelength of the PCF modal interferometer
showed red shifts. The sensitivity coefficients were esti-
mated by the linear fitting lines, giving 171.96 nm∕RIU (re-
fractive index unit) and −30.82 nm∕RIU for PCF and LPG,
respectively.

The temperature response of the device was investi-
gated by placing the sensor in an oven with temperature
control range from 25 to 100 °C and resolution of 0.1 °C.
Figure 4 shows that both the PCF interferometer and
LPG resonance wavelengths moved toward longer wave-
lengths linearly as temperature increased, giving tempera-
ture sensitivity of 10.4 and 47.4 pm∕°C, respectively. The
sensormatrix resulting from the aforementioned separate
measurements with external RI and temperature can be
obtained. By measuring the change in the resonance
wavelengths of PCF and LPG, change in external RI and
temperature can be measured simultaneously if the
sensor works within a linear range as shown below:
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Fig. 2. (Color online) Spectrum of the cascaded device in DI
water under room temperature.
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Fig. 3. Spectral response of the sensor with external RI.
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Fig. 4. Spectral response of the sensor with temperature.
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Fig. 5. Measured versus actual temperature shift ΔT .
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Next, the capability of the device for dual-parameter
measurement was experimentally demonstrated and
evaluated. The device was immersed in DI water which
was heated in the oven from room temperature. A ther-
mometer was used to monitor the temperature of the DI
water continuously. Readings were taken at 31.2, 32.4,
36.9, 39.8, 44.6, 48.0, and 53.7 °C. The spectrum at
31.2 °C was used as the reference for comparison. The
temperature shift and RI shift were determined from
the sensor matrix and compared with the actual shifts
as shown in Figs. 5 and 6. In Fig. 5, the solid line repre-
sents the perfect case when the measured temperature
shift ΔT is the same as the applied temperature change
ΔT . The solid circles represent the measured ΔT which
agreed well with the actual ΔT . In Fig. 6, the solid line
was obtained from the tabulated RI of water as a function
of temperature (Table 7 in [20], measured at 0.1 MPa for
wavelength 0.6382 μm). The RI at 30 °C was used as the
reference value for comparison. The measured Δn
showed acceptable agreement with [20], with less than
3 × 10−4 deviation.
In conclusion, a novel fiber sensor device based on LPG

cascaded to PCF modal interferometer for simultaneous
measurement of RI and temperature was developed and
investigated. The cross-sensitivity was addressed effec-
tively by producing a sensor matrix which was obtained
by carrying out separate measurements with temperature

and external RI. The implemented sensor demonstrated
its capability in dual-parameter measurement. The simul-
taneous measurement of the temperature and external
RI was experimentally demonstrated by the sensor and
showed good agreement with actual values.
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