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A fiber-optic strain sensor is demonstrated by using a short length of polarization-maintaining
photonic crystal fiber �PM-PCF� as the sensing element inserted in a Sagnac loop interferometer.
Spectrum shift in response of strain with a sensitivity of 0.23 pm/�� is achieved, and the
measurement range, by stretching the PM-PCF only, is up to 32 m�. Due to the ultralow thermal
sensitivity of the PM-PCF, the proposed strain sensor is inherently insensitive to temperature,
eliminating the requirement for temperature compensation. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2722058�

Optical fiber Sagnac interferometers �OFSIs� have been
widely studied and applied in gyroscopes and other sensor
applications for many years.1,2 Some of them used
polarization-maintaining �or highly birefringent� fibers
�PMFs� to introduce optical path difference and cause inter-
ference between the two counterpropagating waves in the
Sagnac loop and used them as sensing elements.3–6 Because
the boron-doped stress-applying parts in such fibers �e.g.,
Panda and bow-tie PMFs� have much higher thermal expan-
sion coefficient than the cladding �normally pure silica�, their
birefringence is quite sensitive to temperature. Temperature
sensors based on OFSIs showed a high sensitivity of
0.99 nm/ °C, which is about one and two orders magnitude
higher than that of a long-period fiber grating �LPG� and
fiber Bragg grating sensors.3,4 Strain sensors based on the
strain-induced variation in birefringence of the PMFs used in
OFSIs were also proposed and characterized.5,6 These sen-
sors possess lots of advantages including simple design, easy
to manufacture, high sensitivity, and low cost. However, pre-
viously reported OFSI sensors are all based on conventional
PMFs whose birefringence is dependent on temperature.
When they are used for sensing other measurands such as
strain, the high thermal response of conventional PMFs may
cause serious cross-sensitivity effects and reduce the mea-
surement accuracy. Simultaneous measurement of strain and
temperature was realized by incorporating an OFSI with an
LPG,7 but the reported strain measurement range was small,
about 700 ��, possibly caused by the fusion splicing be-
tween different fibers, which may greatly weaken the fiber
strength. Furthermore, LPGs are generally very sensitive to
fiber bending which may limit the sensor applications.

In recent years, PMF based on photonic crystal fiber
�PCF� technology, i.e., PM-PCF, has been commercially
available and attracted lots of research interest. Due to the
pure-silica �and air holes� design of the fiber itself, the ther-
mal dependence of PM-PCF is very low. OFSIs based on
PM-PCFs are therefore very stable with respect to tempera-
ture. Previous reports showed 55–l64 times less thermal sen-
sitivities of PM-PCF based OFSIs than conventional PMF

based OFSIs.8,9 The absolute peak wavelength shift in re-
sponse to temperature can be as small as 0.3 pm/ °C, which
can be totally neglected for sensors in common environments
without very large temperature variations. Therefore, OFSI
strain sensors with a very low or negligible thermal sensitiv-
ity are expected by using pure-silica based PM-PCFs. Fur-
thermore, attributed to the flexible fabrication design of PM-
PCFs, birefringence can be much higher than that of
conventional PMFs.10 This will greatly reduce the required
PMF length and benefit the sensors from a size-reduced sens-
ing element �i.e., the PM-PCF�. In this letter, a Sagnac inter-
ferometer strain sensor has been demonstrated by using a
short length of PM-PCF incorporating with a 3 dB single-
mode fiber coupler and a 1550 nm broadband light source.
Spectrum shift in response of strain is theoretically analyzed
and a simplified description is given out. Strain measurement
with a sensitivity of 0.23 pm/�� is achieved, and the mea-
surement range, by stretching the PM-PCF only, is up to
32 m�. The strain measurement is inherently temperature in-
sensitive due to the great thermal stability of PM-PCF based
Sagnac interferometers. That improves the accuracy of strain
measurement and eliminates the requirement for temperature
compensation.

The proposed Sagnac interferometer strain sensor, as
shown in Fig. 1, consists of a 3 dB fiber coupler with con-
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FIG. 1. �Color online� Schematic diagram of the proposed OFSI strain sen-
sor. Inset: SEM of the cross section of the PM-PCF.
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ventional single-mode fiber and a short length of PM-PCF.
The 3 dB coupler splits the input optical light equally into
two counterpropagating waves. Interference will happen
when they recombine at the coupler because of the relative
phase difference introduced to the two orthogonal guided
modes by the PM-PCF. Ignoring the insertion losses of the
Sagnac loop, transmission ratio of optical intensity injected
into the OFSI in terms of phase difference can be described
as

T = �1 − cos����/2, �1�

where �=2�LB /� is the phase difference, � is the wave-
length, L is the length of the PM-PCF, B=ns−nf is the bire-
fringence of the PM-PCF, and ns and nf are effective refrac-
tive indices of the PM-PCF at the slow and fast axis,
respectively. T is approximately a periodic function of wave-
length with a spacing between adjacent transmission peaks
of S=�2 / �BL�. The phase change �� induced by an elonga-
tion �L �i.e., a strain �=�L /L� to the PM-PCF can be given
approximately by

�� =
2�

�
��LB + L�B� , �2�

where �B=�ns−�nf, is the variation of birefringence of the
PM-PCF caused by photoelastic effect. Based on the analysis
of photoelastic effect in single-mode fibers,11 the change of
effective refractive index in the fiber core is related to the
applied strain with a coefficient named effective photoelastic
constant. It is therefore assumed that �ns and �nf have simi-
lar descriptions but different effective photoelastic constants,
expressed as follows:

�ns = pe
sns� �3a�

�nf = pe
fnf� , �3b�

where pe
s and pe

f are the effective photoelastic constant for the
slow and fast axes, respectively. By substituting Eqs. �3a�
and �3b� into Eq. �2� and considering the relationship be-
tween spectrum �or peak wavelength� shift and phase
change, i.e., ��=S�� / �2��, the following relationship can
be obtained:

�� = ��1 + pe��� , �4�

where pe�= �nfpe
f −nspe

s� /B, is a constant that describes the
strain-induced variation of the birefringence of the PM-PCF.
From Eq. �4�, it can be seen that �� is directly proportional
to �; therefore, linear spectrum �or peak wavelength� shift is
expected with change of the applied strain.

In our experiment we used an 86 mm long PM-PCF
�manufactured by Blaze-Photonics�. The PM-PCF has a non-
circular core surrounded by air holes with different diameters
along the two orthogonal axes. The scanning electron micro-
graph �SEM� of the cross section of the PM-PCF is shown as
the inset of Fig. 1. Mode field diameters at two orthogonal
polarizations are 3.6 and 3.1 �m, respectively, and the group
birefringence at 1550 nm is �8.7�10−4. The two ends of
the PM-PCF were connected to the two ports of the 3 dB
coupler by using a normal arc fusion splicer. The total loss of
the two splicing points is �6 dB, which is relatively large
due to mismatching of mode field and numerical apertures
between single-mode fiber and PM-PCF. It is noted that the
insertion loss due to splicing can be reduced by further op-

timization of the splicing conditions �such as the arc power
and duration, distance between fiber ends, etc.�. However, a
relatively high insertion loss doesn’t affect the accuracy of
our measurement since what we measured for the sensor out-
put is spectrum �or wavelength� shift, though the peak opti-
cal power of the sensor output is reduced. A broadband am-
plified spontaneous emission source with pumped erbium-
doped fiber centered at 1550 nm was used as the light
source. The transmission spectrum of the OFSI sensor was
measured by using an optical spectrum analyzer �OSA� with
wavelength resolution of 10 pm.

Figure 2 shows the transmission spectrum of the PM-
PCF based Sagnac interferometer within a wide wavelength
range of 70 nm. The wavelength spacing between the two
transmission minima is �32.5 nm, and a good extinction
ratio of 32 dB was achieved at the first transmission mini-
mum located at 1547 nm. Since the light source we used is
not polarized and there is no polarization-dependent element
used in the sensor system, the stability of the sensor output
against environmental variations, such as small vibrations, is
good.

We fixed one end of the PM-PCF and stretched the other
end by using a precision translation stage. Figure 3 shows
several measured transmission spectra around the transmis-
sion minimum at 1547 nm under different applied strains.
The spectrum shifted �7.5 nm to the longer wavelength di-
rection when the strain was increased from 0 to 32 m�. The
measured data are shown in Fig. 4. A linear fitting to the

FIG. 2. �Color online� Transmission spectrum of the PM-PCF Sagnac
interferometer.

FIG. 3. �Color online� Measured transmission spectra under different
strains.
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experimental data gives a wavelength-strain sensitivity of
0.23 pm/�� and a high R2 value of 0.9996, which shows
that the linearity of the wavelength to strain response is ex-
cellent. Therefore, the experimental data agree well with the
theoretical prediction, and the constant pe� in Eq. �4�, calcu-
lated from the wavelength-strain sensitivity value, is −0.82.

The resolution of the strain measurement, limited by the
10 pm wavelength resolution of the used OSA, is �43 ��,
which is actually quite high when taking into account the
large measurement range. The maximum value of the applied
strain is mostly determined by the maximum strain that the
PM-PCF can endure, not the strength of the fusion splicing
points because the two splicing points between the PM-PCF
and single-mode fibers were prevented from being stretched
as they were glued to the strain-applying blocks. As a result,
the measurement range is several times larger than that of
fiber Bragg grating and long-period grating sensors, where
the fiber strength is significantly weaken during the grating
inscription by high power ultraviolet laser beams.12 This may
be regarded as one of the several advantages of the proposed
PM-PCF based OFSI strain sensor over the two kinds of
fiber grating sensors.

Temperature stability of the Sagnac interferometer strain
sensor was also tested by setting the sensor head into a
temperature-controlled container. The transmission minimum
at 1547 nm was moved to shorter wavelength by only 22 pm
when the temperature was increased up to 80 °C. Measure-
ment results are shown in Fig. 5. The temperature sensitivity
is only 0.29 pm/ °C, which, compared with the reported
value of 0.99 nm/ °C of the OFSI temperature sensor based
on conventional PMF,3 is about 3 000 times lower. The tem-
perature sensitivity is also in good agreement with the pre-
viously reported value in Ref. 8 where the same PM-PCF
was used. If a temperature variation of 30 °C is assumed, the
corresponding wavelength shift of the strain sensor is only
8.7 pm, which is even smaller than the wavelength resolution

of the OSA. Therefore, such a low temperature sensitivity
can be totally neglected when the sensor is operated in nor-
mal environmental condition without very large temperature
variations.

In conclusion, we have proposed and demonstrated a
fiber Sagnac interferometer strain sensor by using a short
length of PM-PCF as the sensing element. A simplified de-
scription of the spectrum shift in response of strain has been
derived and a sensor setup with a sensitivity of 0.23 pm/��
has been demonstrated. Compared with the conventional
PMF based OFSI sensors and fiber Bragg grating or long-
period grating sensors, the proposed strain sensor is inher-
ently insensitive to temperature, eliminating the requirement
for temperature compensation. It is also simple, easy to
manufacture, potentially low cost, and possesses a much
larger measurement range.
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FIG. 4. �Color online� Wavelength shift of the transmission minimum at
1547 nm against the applied strain. FIG. 5. �Color online� Wavelength variation of the transmission minimum at

1547 nm against temperature.
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