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1. Introduction
Recently, there has been great interest in the development
of photonic crystal fibers (PCFs) and related devices and
sensors. PCFs are typically made of single silica material and
comprised of a solid or hollow core surrounded by a periodic
array of air holes running along their length [1]. PCFs
may be regarded as falling into two broad categories: the
index-guiding PCFs (IG-PCFs) and the photonic bandgap
fibers (PBFs). In IG-PCFs, the eﬀective refractive index of
the microstructured cladding is reduced by the introduction
of the air columns to below the index of the central core,
and this makes it possible to guide light in the core by a
modified form of total internal reflection. Figures 1(a) and
1(b) show two examples of such IG-PCFs. They are endlessly
single-mode PCFs (Figure 1(a)) [2] that support only the
fundamental mode over the entire wavelength range, and
highly birefringent (Hi-Bi) PCFs (Figure 1(b)) [3] that have
a high birefringence and a low temperature dependence of
the birefringence. In PBFs, light is confined to a lower index
core by reflection from the photonic crystal cladding, which
possesses out of plane photonic bandgaps and does not
allow light signals with certain wavelengths and propagation
constants to escape from the central core. Figures 1(c) and
1(d) show, respectively, an air-silica PBF with an air core
[4] and an all solid PBF with a silica core and a cladding

comprising of an array of higher index rods (Ge-doped silica)
in a silica matrix [5].
The emergence of PCFs opens the door for new possibilities in ultra-broadband transmission, high-power optical
fiber amplifiers and lasers, optical fiber sensors, and so forth.
PCF sensors in various forms have been demonstrated for the
measurement of strain [7], temperature [8], refractive index
[9], bending [10], and gas concentration [11]. In this paper,
we describe mainly two classes of PCF-based sensors, that
is, in-fiber long-period grating (LPG) sensors and in-fiber
modal interferometric sensors; we discuss their applications
for strain and temperature measurement.

2. Long-Period Grating Sensors
An LPG is formed by periodical perturbing the refractive
index or waveguide geometry longitudinally along the length
of an optical fiber, with a typical period from several
hundreds micrometers to 1 mm. An LPG couples light
resonantly from the fundamental core mode to forward
propagating cladding modes. The resonant wavelength λres of
an LPG with period Λ is determined by the phase matching
condition [12]:




λres = nco − ncl,m .Λ,

(1)

where nco and ncl,m are the eﬀective indices of the fundamental core mode and the mth cladding mode, respectively. The
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Figure 1: Scanning electron micrographs of diﬀerent PCF cross-sections. (a) a large-mode-area air-silica endlessly single-mode PCF, (b) an
air-silica highly birefringent PCF, (c) an air-silica air-core PBF. These PCFs are from Crystal Fiber A/S [6] (d) an all-solid PBF [5].

2.1. LPGs in IG-PCFs. Figure 2(b) shows the side view of
an LPG created on a large-mode-area endlessly single-mode
PCF (LMA-10) with its cross-section shown in Figure 2(a).
The LPG was fabricated by use of a pulsed CO2 laser with a
setup described in [7]. Observable notches or grooves were
created along the surface of the PCF, indicating considerable
collapsing of the air-holes in the cladding region. The LPG
has 40 periodic notches along the fiber, and the period is
410 μm. The transmission spectrum of the LPG, as shown in
Figure 3, has double resonant peaks from 1200 to 1700 nm,
corresponding to coupling of two diﬀerent cladding modes.
The resonant wavelengths of LPGs in such PCFs were found
to decrease with the grating period, which is contrary to that
in a conventional SMF.
LPGs with a similar transmission spectrum as shown in
Figure 3 can be made with no visible physical deformation
(notches) on the surface of the PCFs. The creation of such
LPGs requires lower CO2 laser energy density, and in such a
LPG, the perturbation of the fiber geometry is negligible and
the index perturbation of the glass material is believed to play
a significant role in the formation of the LPGs.
The responses of the resonant wavelength to tensile strain
are very diﬀerent for LPGs with and without visible notches
[7]. Figure 4 shows the strain and temperature responses
of the LPG (LPG1 ) shown in Figure 2 and a similar LPG
(LPG2 ) with the same grating length and pitch but no

410 μm
20 μm
(a)

(b)

Figure 2: (a) Scanning electron micrograph of the cross-section of
LMA-10 PCF, (b) photograph of the LPG with periodic notches [7].
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Figure 3: Transmission spectrum of a 40-notch LPG.

observable notches on the fiber surface. LPG2 was fabricated
by use of the same CO2 laser setup as for LPG1 but a lower
dosage of CO2 irradiation. The strain sensitivity of the LPG
with notches (−7.6 pm/με) is about 25 times higher than
the LPG without physical deformation (−0.31 pm/με). The
temperature sensitivities of the two LPGs are approximately
the same. The asymmetrical structure caused by the periodic
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Figure 4: Variation of resonant wavelength of a LPG with notches (LPG1 ) and a similar LPG without notches (LPG2 ) with (a) tensile strain,
and (b) temperature : Dip11 of LPG1 , : Dip12 of LPG1 , : Dip21 of LPG2 , ×: Dip22 of LPG2 [7].

notches introduces microbend when the LPG is axially
stretched, which eﬀectively enhanced the refractive index
change of the LPGs with notches. The CO2 -laser-notched
LPGs on PCFs also demonstrated very strong polarization
dependent loss (PDL) and can be used as in-fiber polarizers
with good temperature stability [15]. The large PDL may be
attributed to the side exposure of CO2 laser, which introduces
asymmetrical index profile in the fiber cross-section.
Table 1 lists the strain and temperature sensitivities of
some PCF-based LPGs fabricated by CO2 laser and electric
arc discharge techniques. The sensitivities of SMF-based
LPGs are also listed in the table for comparison. The
exceptional low temperature dependence of the LPG is
regarded as the results of single material used for PCF. As
both the cladding and core modes are mostly distributed in
the silica, they show similar responses to the temperature
change. The very small temperature sensitivity makes them
useful for strain measurement with negligible temperature
cross-sensitivity.
2.2. LPGs in PBFs. LPGs were also fabricated in hollowcore (HC) PBFs [19]. Figure 5(c) shows the side view of an
LPG made on an HC PBF (HC-1550-02) in which periodic
notches are created along the fiber. The cross-section, as
shown in Figure 5(b), of the PBF at the notched region is
asymmetric due to the collapse of air holes and the ablation
of glass on one side of the fiber. The outer rings of air holes in
the cladding, facing to the CO2 laser irradiation, were largely
deformed; however, little or no deformation was observed in
the innermost ring of air-holes and in the hollow core.
Figure 5(d) shows the measured transmitted spectrum of
a 40-period LPG. The 3 dB bandwidth is ∼5.6 nm, which is
much narrower than that of the LPGs with the same number
of grating periods in conventional SMFs and in IG-PCFs
[7, 16]. The insertion loss of the LPG is very low (<0.3 dB),
because most light is guided in the hollow-core where no
deformation was observed.
Both refractive index perturbation of the glass material
and the changes in air-hole sizes, shapes, and locations may

contribute to the formation of the LPG. However, as most
light power of the fundamental mode (>95%) is in the air
region, the eﬀect of refractive index variation of the glass
material on the mode index is expected to be smaller than
that for conventional fibers and solid core IG-PCFs. On the
other hand, as shown in Figure 5(b), the deformation of
air-holes in the cladding is obvious, which changes the airfilling fraction and the waveguide structure and perturbs
the mode fields and eﬀective indexes of the core, surface,
and cladding modes. There could also be weak deformation
of the hollow-core, although it is not observable in our
experiments. We believe that the periodic perturbation of
the waveguide geometry is the dominant factor that causes
resonant mode coupling, although the induced refractive
index variation may also contribute a little.
A number of LPGs with diﬀerent pitches and the same
number of grating periods were written in the PBG fiber and
the measured resonant wavelength as functions of the grating
pitch is shown in Figure 5(e), the resonant wavelength
decreases with the increase in grating pitch, which is opposite
to the LPGs in the conventional SMFs [16, 17]. For each
of the LPGs, two attenuation pits, as shown in Figure 5(e),
were observed within 1500 to 1680 nm, indicating that the
fundamental mode is coupled to two diﬀerent higher-order
(surface-like) modes.
The responses of the LPG in the air-core PBF to
strain, temperature, bend, and external refractive index
are measured, and the results are shown in Figure 6. The
wavelength sensitivity to strain (−0.830 pm/με) is similar to
that of LPGs in IG-PCFs or conventional SMFs (Table 1),
and the temperature sensitivity (∼2.9 pm/ ◦ C) is one to two
orders of magnitude less than those of the LPGs in the
conventional SMFs. In addition, the wavelength sensitivity
to bend is three to four orders of magnitude less than those
of the LPGs in the conventional SMFs, and it is insensitive
to the external refractive index changes. The LPG in HC-PBF
may be used as a strain sensor without cross-sensitivity to
temperature, curvature, and external refractive index.
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Table 1: Strain and temperature sensitivities of LPGs in IG-PCFs by diﬀerent methods.

Inscriptionmethod
CO2 laser (with grooves)
CO2 laser (without grooves)
Arc discharge
Arc discharge
CO2 laser∗
UV exposure∗
Arc discharge∗

Period (μm)
410
410
400
1000

Length (mm)
16.4
16.4
37.6
19.0

Wavelength (nm)
1546.87
1548.38
1668
1403
1526.5
1573.1
1580

320
540

dλ/dT (pm/ ◦ C)
3.91
3.84
3.4
2.2
58
46
66–73

dλ/dε (pm/με)
−7.6
−0.31
−2.5
−2.08
−0.45
7.31
∼1.5

Reference
[5]
[5]
[6]
[6]
[16]
[17]
[18]

∗Conventional single-mode fiber-based LPG.
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Figure 5: Scanning electron micrographs of PBF cross-sections (a) before and (b) after CO2 laser irradiation. (c) Periodic notches created
on the surface of the PBF. (d) The transmitted spectrum of LPG with 40 periods and a grating pitch of 430 μm. (e) Variation of LPG resonant
wavelengths with grating pitch (upper panel) and the corresponding transmission spectrums (lower panel) [19].

LPGs were also inscribed in all-solid PBG PCF
(Figure 1(c)) by the UV exposure method [5]. The allsolid PBG PCF has a solid central silica core region and
a microstructured cladding region where higher index Gedoped silica rods are embedded into silica background. The
resonant wavelength of the LPG experiences a red shift when
the temperature is increased, and the temperature sensitivity
is measured to be 19.1 pm/ ◦ C. This value is higher than those
of the PCFs made from a single material.

3. Modal Interferometric Sensors
Interferometric sensors have been explored in sensing largely
because of their high sensitivities to a broad range of parameters. The modal interferometers in which the interferometric
phase diﬀerence is accumulated by considering the diﬀerence
in the eﬀective refractive indices of diﬀerent fiber modes
have been widely investigated. They are attractive for several
reasons, including small size, flexibility, as well as the reduced
thermal sensitivity in view of the small diﬀerence of the
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Figure 6: (a) PDL of PBF with and without an LPG. Measured resonant wavelength and peak transmitted attenuation of the LPG as functions
of temperature (b), curvature (c), and tensile strain (d) [19].

Figure 7: A typical MZI configuration.

thermo-optic coeﬃcients of diﬀerent modes as they travel
the same length of optical fibers. In this section, modal
interferometers based on diﬀerent types of modes in IGPCFs will be described and their application to the strain and
temperature measurement will be discussed.
3.1. Core/Cladding Modal Interferometer. A core/cladding
modal interferometer utilizes the interference between a core
mode and a copropagating cladding mode, which is also
referred as in-fiber Mach-Zehnder interferometer (MZI). It
has been widely used for wavelength filtering and optical
sensing [20, 21]. In the typical MZI configuration as shown
in Figure 7, two cascaded LPGs are commonly used with
the first LPG couples part of the core mode power into a
forward-propagating cladding mode and the second LPG
combines the two modes, resulting in sharp interference
fringes. The two LPGs serve as beam-splitter/combiner
and the core and the cladding modes travel through two
independent paths along the same fiber.
A variety of PCF-based MZIs have been demonstrated
with modifications on the basic MZI configuration. The

first PCF-based MZI has two nearly identical LPGs which
are formed by applying periodic mechanical stress to the
PCF [22]. Alternatively, all-PCF MZIs can also be formed by
oﬀset-splicing combined with partial collapsing of air-holes
[23], or by using a single LPG in combination with a short
section of PCF where air-holes are fully collapsed [24]. With
the advancement of LPG writing technique by using pulsed
CO2 laser, the resonant wavelength and attenuation of the
LPG can be precisely controlled, which allows compact infiber MZI with low insertion loss to be developed on PCF
[25].
Figure 8 shows the wavelength domain interference
fringes of an in-fiber MZI formed by a pair of LPGs
fabricated directly on PCF by use of a pulsed CO2 laser.
The measured strain and temperature responses of the
interference peak wavelength at 1646 nm are shown in
Figure 9. The strain sensitivity is −2.6 pm/με, which agrees
with the results reported in elsewhere (−2.28 pm/με at
1560 nm in [23], and −2.80 pm/με at 1550 nm in [24]) and
is about 5 times higher than that for an MZI fabricated on
a standard SMF (+0.445 pm/με, Figure 9(b)) with the same
CO2 laser technique and two times higher than that of a
typical fiber Bragg grating (FBG) sensor. The temperature
sensitivity of the MZI is measured to be 42.4 pm/ ◦ C·m,
which is almost 30 times lower than that of the MZI
in the SMF (1215.56 pm/ ◦ C·m, Figure 9(a)) [25].The very
small temperature sensitivity may be attributed to the single
material property of the PCF, which results in similar
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Figure 8: The transmission spectrum of a PCF-MZI with a cavity
length of 190 mm [25].

response of the core and cladding modes to temperature.
The MZI on PCF may be potentially used as a temperatureinsensitive strain sensor and as stable multichannel filter with
low temperature dependence.
3.2. Two-Mode PCF Interferometer. It is possible to make infiber devices based in the interference between the two core
modes. This however requires the use of a two-mode fiber,
that is, a fiber that supports only two core modes, to avoid
interference with other core modes. Conventional step-index
two-mode optical fibers have been investigated for various
device applications such as wavelength filters, frequency
shifters, switches, interferometric strain, and temperature
measurement. However, the wavelength range of the twomode operation for conventional fibers is typically less than
150 nm [26], which limit the potential applications of the
two-mode devices.
It has been shown that an air-silica IG-PCF with a crosssection similar to Figure 1(b) can be designed to operate
as a two-mode fiber over the entire low-loss transmission
window of the silica glass [27]. This would allow the creation
of extremely broadband two-mode fiber devices and sensors.
We investigated theoretically and experimentally the
modal properties of the commercial high birefringent (HiBi) PCF as shown in Figure 1(b) (PM-1550, Crystal Fiber A/S
[6]) and found it operating as a two-mode fiber over wavelength range from below 543 to 1400 nm, although it guides
only the fundamental mode at 1550 nm. Figure 10 shows the
transverse mode field patterns of the four nondegenerate
approximately linearly polarized (LP) modes at 1330 nm,
which were calculated by using a full-vector finite element
method (FEM). By analogy to the elliptical core fiber, these
four modes are labeled as LP01 x , LP01 y , LP11 x (even), and
LP11 y (even) modes. The superscripts x and y correspond
to the x- and y-polarizations, respectively. It is interesting
to notice that this Hi-Bi PCF is capable to suppress the
LP11 (odd) modes. The wide two-mode wavelength range
and the stable lobe orientation make it possible to built

stable two-mode devices and interferometric sensors with
long length of fibers.
A two-mode fiber sensor uses a diﬀerential interferometric scheme where the interference between the LP01 and
the LP11 (even) modes of the fiber leads to a varying twolobe pattern in the output. When the LP01 and LP11 (even)
modes with the same polarization state are excited equally
in the Hi-Bi PCF, the output radiation pattern will be a
superposition of the contribution from the two modes and
will be a function of the relative phase diﬀerence ϕ between
them. For a change in ϕ of 2π there will be one complete
oscillation of the intensity pattern.
An external disturbance, for example, strain or temperature, applied on the PCF two-mode interferometer leads to a
diﬀerential phase shift between these two modes, resulting in
an oscillation of the two-lobe pattern. A spatial demodulator
monitoring one of the two-lobe patterns converts this
oscillation into an intensity variation. When only the x- or
y-polarization of LP01 and LP11 modes was excited at the
entrance, a quasisinusoidal intensity waveform is obtained
after the spatial demodulator.

3.2.1. Two-Mode PCF Strain Sensor. Figure 11 is a schematic
of the experimental setup used to study the strain response
of the two-mode PCF interferometer. Light from a laser was
coupled into a piece of Hi-Bi PCF (PM-1550, Crystal Fiber
A/S) with an alignment system consisting of a pair of lenses,
a polarizer, a fiber holder, and a 5-dimensional translation
stage. The PCF has a total length of ∼1 meter and is epoxybounded to a fixed stage and a translation stage. The 50 cm
PCF in between the two stages can be axially strained through
a computer controlled translation stage. An infrared TV
camera with lens removed is placed near the output of the
fiber to monitor one of two lobes of the far-field intensity
patterns, as indicated in the rectangular region in the right
panel of Figure 11. Alternatively, it is possible to use a leadout fiber which is oﬀset from the two-mode PCF to pick up
the maximum contrast ratio in the intensity of the two-lobe
output.
Experiments were conducted with diﬀerent semiconductor lasers with wavelengths of 650, 780, 850, 980, and
1310 nm. Figure 12 shows the measured intensity variation
at one of the lobes at 1310 nm when the PCF was elongated
from 0 to 2 mm. The curves from top to bottom correspond,
respectively, to polarizer set to 0◦ , 90◦ , and 45◦ , in respect to
the x-axis as shown in the right panel of Figure 11. At 0◦ and
90◦ , the intensity variation is due to the interference of LP01
and LP11 (even) modes for the x- and y-polarizations, respectively. At a launch angle of 45◦ respective to the principle axis
of PCF, the two sets of interference patterns, corresponding
to two orthogonal polarizations, are superimposed, resulting
in an amplitude-modulated wave as shown in the lower
graph of Figure 12.
The strain sensitivities for orthogonal polarizations,
which are defined as the rate of change of the phase diﬀerence
between the two modes with respect to strain, are shown
in Figure 13. The strain sensitivities have linear relationship
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Figure 9: (a) Temperature responses of the PCF-MZI with transmission spectrum in Figure 8 (circular points) and an SMF-MZI with output
spectrum shown in the inset (rectangular points). Solid lines: linear fits. (b) Strain responses of the interference peaks as functions of strain
(PCF-MZI: left axis, filled circles, SMF-MZI: right axis, open squares). The solid and dash lines are the corresponding linear fits for the
PCF-MZI and SMF-MZI [25].

with the optical wavelength, and higher sensitivity is achieved
at longer wavelength.
3.2.2. Two-Mode PCF Temperature Sensor. The experimental
setup used for studying the temperature response is similar
to that shown in Figure 11, except that a section of PCF
(∼1.8 meters) was heated by putting it inside an oven.
Measurements were performed for both the x- and ypolarizations. Figure 14 shows an example of the output
intensity of the two-mode interferometer at 1310 nm as a
function of oven temperature when the input polarization
is aligned to the x-axis. One complete cycle in the intensity
variation corresponds to a 2π change in the phase diﬀerence
between the LP01 and LP11 (even) modes. We noticed that
the period of the intensity oscillation is not constant
during the temperature range from 20◦ C to 120◦ C, and the
period is obviously larger at lower temperatures, indicating
that the interferometer shows a nonlinear response to the
temperature changes. The temperature sensitivity η, defined
as the rate of change of phase diﬀerence Δφ between the
two modes with respect to temperature T per unit length of
sensing fiber, is given by
1 Δφ
·
,
(2)
L ΔT
where L is the fiber length placed inside the oven. The
measured average temperature sensitivities as functions of
wavelength within the temperature range from 20◦ C to
120◦ C are shown in Figure 15. The temperature sensitivities
of two-mode PCF sensor are slightly diﬀerent for the xand y-polarizations. And the values are in general smaller
than those of the conventional elliptical core two-mode fibers
[29].
The extremely broad two-mode wavelength range and
the unusual wavelength-dependent temperature sensitivity
of the two-mode PCF sensor provide a useful means
η=

for strain and temperature discrimination. As shown in
Figure 13, the strain sensitivities increase linearly with
wavelength and are significantly diﬀerent (∼15%) for the
two orthogonal polarizations. The temperature sensitivities
have nonmonotonic dependence on wavelength (Figure 15)
and are similar for both polarizations. A temperatureindependent strain measurement can then be realized by
operating the interferometer at two wavelengths where
the temperature sensitivities are the same, and taking a
diﬀerential measurement. On the other hand, it is possible to
use the two-mode sensor for simultaneous measurement of
strain and temperature by operating at two properly chosen
optical wavelengths.

4. Conclusions
In conclusion, PCF provides a new platform for the development of optical fiber sensors. It allows for LPGs with
exceptional low temperature coeﬃcient to be created, while
the strain sensitivity can be significantly enhanced by carving
visible grooves on the surface of the fiber. The LPG fabricated
in the HC-PBF has many advantages compared with those
in conventional SMFs and index-guiding PCFs such as
insensitivity to temperature, bending, and external refractive
index. It is also possible to construct an interferometric strain
or temperature sensor by utilizing the interference between
the fundamental core mode and cladding mode or a higherorder core mode. The core/cladding mode interferometric
sensor based on PCF has higher strain sensitivity and
lower temperature sensitivity than its SMF counterpart. The
interference between two core modes of PCF can be operated
over a broader wavelength range than conventional twomode fibers. The strain sensitivity of two-mode PCF sensor
is comparable to that of the conventional two-mode sensors
and shows a linear relationship with optical wavelength. The

8

Journal of Sensors

×10−6

×10−6

8

8

6

6

4

4

2

2

0

0

−2

−2

−4

−4

−6

−6

−8

−8
−6

−4

−2

0

2

4

−6

6

×10−6

−4

−2

(a)
×10−6

8

8

6

6

4

4

2

2

0

0

−2

−2

−4

−4

−6

−6

−8

−8
−4

−2

0

2

4

2

4

6

×10−6

(b)

×10−6

−6

0

2

4

6

×10−6

−6

−4

−2

(c)

0

6

×10−6

(d)

Figure 10: Transverse electric field distribution of (a) LP01 x , (b) LP11 y , (c) LP01 x (even), and (d) LP11 y (even) modes for an Hi-Bi PCF
operating at 1.3 μm.
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Figure 11: Experimental setup for strain measurement and far-field intensity pattern.
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Figure 12: Experimental results for diﬀerent launch angles of 0◦ ,
90◦ , and 45◦ (from top to bottom) [28].
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