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1. Introduction 

Fiber loop mirror (FLM), also called Sagnac 

interferometer, is interesting and very useful 

component used in optical devices and systems 

[1–6]. In FLM, two interfering waves 

counter-propagate through the same fiber and are 

exposed to the same environment. This makes it less 

sensitive to noise from the environment. An FLM 

can be made by inserting a highly birefringent (HiBi) 

fiber, a pressure-induced birefringent single-mode 

fiber, or a lowly birefringent fiber. Various kinds of 

FLM-based sensors have been demonstrated [7–23]. 

In this paper, a brief overview of the recent progress 

of FLM-based sensors in China Jiliang University is 

presented. 

2. Sensing principle 

The principle of operation of the FLM has been 

described previously [1, 2], therefore we will 

summarize the essentials here. As shown in Fig. 1, a 

3-dB coupler splits the input signal equally into two 

counter-propagating waves which subsequently 

recombine (at the coupler) after propagating around 

the loop. The interference of the counter-propagating 

waves will be constructive or destructive, depending 

on the birefringence of the cavity, and thus, the loop 

transmission response is wavelength dependent. The 

phase difference between the fast and slow beams 

that propagate in the inserted fiber is given by 

2 /BL                 (1) 
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Fig. 1 Experimental setup of the FLM made of a PCF. 

where B, L, and λ are, respectively, the birefringence 

of the inserted fiber, the length of the inserted fiber, 

and the wavelength. When the variation of B 

following the wavelength is small, there is 

B=∣nx-ny∣, where nx and ny are the effective 

refractive indices for each polarization mode. 

Ignoring insertion loss of the 3-dB coupler and the 

fiber attenuation in the loop, the transmission 

spectrum of the fiber loop is approximately a 

periodic function of the wavelength, namely  

(1 cos ) / 2T   .             (2) 

The transmission dip wavelength is the resonant 
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wavelength satisfying 2πBL/λdip=2kπ, where k is any 

integer. Thus, the resonant dip wavelength can be 

described as 

dip /BL k  .               (3) 

And the wavelength spacing between 

transmission dips can be expressed as 
2 /S BL .                (4) 

When some variations (strain or temperature) are 

applied on the sensing fiber, they will cause the 

birefringence change ΔB and length change ΔL. So 

the λdip has a change which can be expressed as [7, 8]  

dip ( ) /L B B L k     .            (5) 

So the change of varies can be obtained by 

measuring the wavelength shift of the dip in the 

output spectrum. 

3. Sensors based on FLMs made of 
highly-birefringent fibers  

When an FLM is inserted with a HiBi fiber, such 

as a polarization-maintaining fiber (PMF) (bow-tie, 

elliptical core, or Panda), a HiBi-FLM is made. In 

general, HiBi-FLM has several advantages, 

including input polarization independence and high 

extinction ratio, in addition to the good 

environmental stability and low cost.  

Various kinds of sensors based on HiBi-FLMs 

have been proposed and realized since HiBi-FLMs 

are sensitive to many parameters and have high 

sensitivity, such as temperature sensors, level liquid 

sensors, refractive index sensors, strain sensors, and 

biochemical sensors [7–15]. In our recent work, a 

HiBi-FLM also showed a good sensitivity to 

curvature [10]. The sensitivity of the curvature 

measurement of 0.0344 m–1
·pm–1 was experimentally 

achieved in the range of 9.3 m–1–21.7 m–1.  

3.1 Simultaneous measurement of temperature 
and other parameters in a HiBi-FLM sensor 

One serious problem of sensors based on a 

HiBi-FLM used in measurements of curvature, 

strain or other parameters is their cross-sensitivity to 

temperature, which may degrade sensors’ 

performance since the optical path length of the 

HiBi-FLM shows temperature dependence caused 

by thermal refractive-index change and thermal 

expansion effect. Different methods have been 

demonstrated to discriminate or eliminate the 

temperature effect [11–13].  

One of our suggestions is based on a HiBi-FLM 

with a long-period grating (LPG) inscribed in the 

HiBi-fiber [13], as shown in Fig. 2. Figure 3 shows 
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Fig. 2 Schematic of the proposed HiBi-FLM sensor with a 

inscribed HiBi-LPG. 

 

Dip-A

Dip-B 

Dip-C

Dip-A2 

1540 1560 1580 
Wavelength (nm) 

6
8
10
12
14
16
18
20
22
24
26
28
30

T
ra

ns
m

is
si

on
 s

pe
ct

ru
m

 (
dB

) 

PM-LPG
Sagnac 

 
Fig. 3 Transmission spectra of the PM-LPG (dash line) and 

the HiBi-FLM (solid line).  

the transmission spectrum of the HiBi-FLM, which 

is modulated by the dash line from the transmission 

spectrum of PM-LPG. The LPG inscribed in 

HiBi-fiber was fabricated by a CO2 laser, and two 

resonance wavelengths were observed due to the 

birefringence of the HiBi-fiber. When one of the 

resonance dips in transmission spectrum was 

monitored, its intensity changed with applied strain 

and its wavelength varied with temperature change. 
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By using a matrix equation, simultaneous strain and 

temperature measurements were realized. 

3.2 Temperature independent sensors based on a 
HiBi-FLM made of a highly birefringent 
photonic crystal fiber   

Photonic crystal fiber (PCF) incorporates a 

number of air holes that run along the length of the 

fiber [16–18]. By arranging the geometry or 

distribution of the core and the air-hole cladding, 

PCFs can be ultra-high birefringent, therefore 

HiBi-PCFs have been the best choice to make FLMs 

[6, 7, 14, 15]. At the same time, unlike conventional 

PMFs, which contain at least two different glasses, 

each with a different thermal expansion coefficient, 

thereby causing the polarization of the propagation 

wave to vary with changing temperature, the PCF 

birefringence is highly insensitive to temperature 

because it is made of only one material (and air 

holes). Thus, the measurement is inherently 

temperature insensitive due to the great thermal 

stability of HiBi-PCF based FLMs. In our proposed 

strain sensors based on HiBi-PCF FLMs [7, 19], the 

length of HiBi-PCFs is shortened to several 

centimeters, and the temperature sensitivity is only 

about 0.3 pm/℃, which is about 3000 times lower 

than the reported value of 0.94 nm/ ℃  of the 

HiBi-FLM temperature sensor [8]. 

3.3 Highly sensitive temperature sensor based on 
an FLM made of an alcohol-filled HiBi-PCF 

HiBi-PCFs have a low thermo-optic and 

thermo-expansion coefficient, so HiBi-PCF FLMs 

can not be used to measure temperature directly. 

Recently, we proposed a novel FLM temperature 

sensor [20]. By inserting a short alcohol-filled 

HiBi-PCF into an FLM, a temperature sensor with 

an extremely high sensitivity can be realized by 

measuring the wavelength shift of the resonant dips 

of the alcohol-filled HiBi-PCF FLM. 

For the FLM made of the alcohol-filled PCF, the 

resonant dips of the output spectrum are quite 

sensitive to the change of the refractive index (RI) of 

the filled alcohol. Figure 4 shows the temperature 

dependence of the refractive index of alcohol and 

the theoretical temperature dependence of the 

birefringence of the alcohol-filled PCF. With the 

temperature rising, the refractive index of alcohol 

decreases linearly, while the birefringence of the 

alcohol-filled PCF increases linearly.  
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Fig. 4 Temperature dependence of the refractive index of 

alcohol and the birefringence of the alcohol-filled PCF in 

theory. 
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Fig. 5 Transmission spectra of the alcohol-filled HiBi-PCF FLM 

at different temperatures: (a) 20  ℃ to 34 ℃ and (b) 8 ℃ and 20 ℃. 

Figures 5(a) and 5(b) show the transmission 

spectra of the alcohol-filled HiBi-PCF FLM at 

temperature ranges of 20 ℃ to 34 ℃ and 8 ℃ to 

20 ℃, respectively. Dip A red-shifts about 88 nm 

with temperature increasing gradually from 20 ℃ to 

34 ℃, while dip B blue-shifts about 80 nm with the 

temperature decreasing gradually from 20 ℃ to 8 ℃. 



                                                                                             Photonic Sensors 

 

  32  

The relationships between temperature and the 

resonant wavelength of dip A and dip B are linearity 

with the fitting degrees as high as 0.9997 and 0.9995, 

respectively. The experimental temperature 

sensitivities of dip A and dip B are about 6.2 nm/℃ 

and about 6.6 nm/℃, respectively. The temperature 

sensitivity of the alcohol-filled PCF FLM is very 

high, and reach up to about 660 and 7 times higher 

than that of an FBG (~ 0.01 nm/℃) and that of the 

FLM made of a conventional high birefringent fiber 

with a 72-cm length [8]. 

4. Sensors based on an FLM made of a 
pressure-induced birefringent single-mode 
fiber 

FLM sensors mentioned above were all based on 

a HiBi fiber (PMF, HiBi-PCF, or filled-HiBi-PCF). 

When two ends of the HiBi fiber were connected to 

two ports of a 3-dB coupler by using a normal 

fusion splicer, there was more than 6-dB insertion 

loss due to the mismatching of mode field and 

numerical aperture between the single-mode fiber 

(SMF) and the HiBi fiber [6, 7].  

In recent years, the pressure-induced 

birefringence in an SMF has been theoretically 

analyzed, and pressure-induced birefringence for 

pressure vector sensing based on SMF has been 

reported. Our group firstly demonstrated a 

temperature sensor based on an FLM made of a 

pressure-induced birefringent SMF [21].  

The proposed FLM temperature sensor is shown 

in Fig. 6. The pressure-induced birefringent SMF 

was formed by pressing the SMF with the core and 

cladding which was placed between two 

5-cm-length flat plates. The physical sensing 

mechanism is an increase of the fiber birefringence 

in the FLM with an increase of temperature, and the 

resonant wavelength of the loop shifts to larger 

values as temperature increases. Figure 7(a) shows 

several measured transmission spectra around the 

transmission minimum at 1558.6 nm under different 

temperatures. The measured data are shown in   

Fig. 7 (b). A linear fitting to the experimental data 

gives a wavelength-temperature sensitivity of   

0.65 nm/℃, which shows that the linearity of the 

wavelength to temperature response is excellent. 
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Fig. 6 Schematic diagram of the proposed FLM temperature 

sensor (FT: fiber twister). 
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(b) 

Fig. 7 Properties of the proposed FLM with temperature:   

(a) measured transmission spectra at different temperatures and 

(b) wavelength variation of the transmission dip at 1558.6 nm 

against temperature. 

In another application, a temperature-insensitive 

transverse mechanical load sensor was realized by 

using a pressure-induced biregringent PCF-based 

FLM [22]. Figure 8 shows the configuration of the 

proposed sensor. A metal plate was used to introduce 

initial birefringence by applying a lateral force on a 

section of a solid core PCF. The birefringence 

induced by the initial transverse force can be 

adjusted so that the output period and the 
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transmission minima of the fringes can be tuned 

without need to cut the fiber length with great 

accuracy. As shown in Fig. 9, the dip wavelength 

shifts toward the red side when the load increases 

from 0 g to 889.45 g. The linearity of the relationship 

between the dip wavelength and the applied load is 

very good, and the sensitivity of the sensor is about 

0.519 nm·N–1.  
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Fig. 8 Schematic diagram of the experimental setup. 
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Fig. 9 Measured transmission spectra under different 

mechanical loads. 

5. Sensors based on an FLM made of a 
lowly birefringent fiber with large 
measurement range 

A lowly birefringent fiber also can be used to 

form an FLM. The advantage of FLM sensors based 

on lowly birefringent fiber is larger measurement 

range compared with that based on a HiBi fiber or a 

pressure-induced birefringent SMF, which is 

important in some applications. 

In [23], we demonstrated an optical fiber strain 

sensor based on a lowly birefringent PCF FLM. The 

FLM was formed by a PCF with the birefringence 

value of 5.8×10−5. Due to the low birefringence, just 

one dip in the wavelength range of 1500 nm–   

1600 nm appeared, while the HiBi-fiber based 

Sagnac sensor had a small fringe separation, which 

could lead to the overlap of the fringes when the 

wavelength shift was larger than the fringe 

separation [6, 7]. Thus the measurement range 

increased largely. The sensitivity of the strain 

measurement of 0.457 pm/με was achieved. The 

same experimental setup also could be used as an 

optical fiber curvature sensor [24]. The sensitivity of 

the curvature measurement of 0.337 nm/m–1 was 

achieved in the range of 0–9.92 m–1.  

6. Demodulation of FLM sensors  

In general, FLM sensors are based on 

monitoring the resonant wavelength variation of the 

FLM. In these configurations, a broadband light 

source and an optical spectrum analyzer (OSA) are 

needed, which cause the sensors expensive. A stable 

demodulation system for an FLM based sensor is 

important for practical applications.   

6.1 Intensity measurement for a HiBi-PCF FLM 
strain sensor by using a single-wavelength light  

Based on the fact that the transmission intensity 

of an FLM at a fixed wavelength is strongly affected 

by the strain applied on a piece of HiBi-PCF in the 

FLM since the transmission spectrum of the FLM 

shifts with the applied strain, but the resonant dip 

(both wavelength and intensity) is insensitive to 

temperature, we [19] proposed a low-cost 

temperature-insensitive strain sensor based on a 

HiBi-PCF FLM, in which a distributed-feedback 

(DFB) laser was used as the light source. Since the 

output intensity of the FLM is directly proportional 

to the applied strain, only an optical power meter is 

sufficient to detect strain variation without the need 

for an expensive OSA. When the applied strain is 

3000 με, the strain sensitivity is about 2.7 dB/1000με 

at the fixed wavelength 1530 nm. A strain resolution 

of 0.37 με is achieved when an optical power meter 

with an intensity resolution of 0.001 dB is used, 

which is 24.6 times better than that of the strain 

sensor based on the resonant wavelength 

measurement [7].  
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6.2 Demodulation based on a long-period grating 
in PCF and a band-pass filter for a temperature 
FLM sensor 

For the principle of the proposed demodulation 

in [25], a long-period grating in PCF (PCF-LPG) 

serves as a temperature insensitive filter to provide 

wavelength dependent optical power transmission 

and a band-pass filter with a broadband light source 

is to provide a narrow band light source. By utilizing 

the stable filtering function of the PCF-LPG, the 

resonant wavelength variation of the FLM with 

temperature is transferred effectively to the intensity 

variation of the output light. When the optical 

intensity of the output is monitored, temperature 

applied on the FLM will be deduced. 

 Figure 10 shows the transmission spectra of the 

FLM, the PCF-LPG, and the band-pass filter. When 

temperature increases, the transmission spectrum of 

the FLM blue-shifts due to thermally induced 

refractive index change and thermal expansion of 

the panda fiber, but the transmission spectra of the 

LPG in PCF are stable. Due to the filtering function 

of the LPG in PCF, the intensity of the resonant peak 

in gray region increases while the resonant peaks 

shift to shorter wavelength with an increase of 

temperature. Therefore, when a band-pass filter is 

used, as shown in Fig. 10, the part of the output light 

outside the band of the filter is attenuated owing to 

the function of the band-pass filter. And the intensity 

of the remainder will change with the transmission 

peak of the HiBi-FLM shifting. Therefore, 

converting the wavelength variation of the 

HiBi-FLM into intensity variation in the output of  

the LPG directly is realized. 
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Fig. 10 Transmission spectra of the FLM, the LPG in PCF 

and the output signal. 

Figure 11 shows the relationships of the output 

intensity and temperature when different filters (with 

the same center wavelength at 1545 nm, but different 

bandwidths) are used. Table 1 shows the properties 

of the proposed FLM temperature sensor when 

different filters are used. When the filter is chosen a 

bandwidth of 3 nm with a center wavelength at  

1545 nm, the average sensitivity of the proposed 

FLM temperature sensor is about 1.742 dB/℃. When 

a power meter with the resolution of 0.01dB · m is 

used, the temperature resolution is obtained to be 

0.006 ℃. 
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Fig. 11 Relationships of the output power and temperature 

when different filters are used.  

Table 1 Properties of the proposed FLM temperature sensor when different filters are used． 

PWHM 12.66 nm 8.3 nm 6.66 nm 3 nm 

Properties monotone interval 45.5 ℃ ～53.5 ℃ 43.5 ℃～51.5 ℃ 43 ℃～51 ℃ 42.5 ℃～50.5 ℃ 

Output intensity range 13.4664 dB～9.3291 dB 16.4375 dB～9.8497 dB 19.2807 dB～10.9793 dB 28.3572 dB～14.0612 dB

Fitting function 
y=0.0227x3+3.3477x2 

163.52x+2636.6 

y=0.0249x3+3.5056x2 

163.51x+2509.1 

y=0.0188x3+2.5377x2 

112.84x+1632.7 

y=0.0068x31.2038x2+ 

69.702x1337.4 

R2 0.9978 0.9988 0.9987 0.9979 

Average sensitivity 0.783 dB/℃ 1.082 dB/℃ 1.222 dB/℃ 1.742 dB/℃ 
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6.3 Demodulation based on a PCF-LPG with 
differential processing for an FLM temperature 
sensor  

In [26], the proposed demodulation system is 
constructed with a PCF-LPG, a 3-dB coupler, and 
two band-pass filters with the full width at half 
maximum (FWHM) 6.66 nm whose center 
wavelengths are 1542 nm and 1561.77 nm. By 
utilizing the stable filtering function of the PCF-LPG, 
the variations of the FLM’s resonant wavelengths 
with temperature, which are located within the 
positive and negative linear regions of the LPG’s 
transmission spectrum respectively, are transferred 
effectively to the intensity variations simultaneously. 
The intensity signals provided by the PCF-LPG are 
separated effectively by the two band-pass filters. 
Both signals W1 and W2 are related with the 
measurand, while they also may include the all of 
fluctuation of the sensor system. When monitoring 
W1 or W2, we can obtain the information of 
temperature applied on the FLM sensor, but the 
accuracy will be low due to the effect of noises. W1 
and W2 are gotten at the same condition since the 
light from the broadband source passes through the 
same path and input to the monitor. By use of the 
differential processing ΔW= (W1– W2) / (W1+ W2), 
the measurement is free from the effect of power 
fluctuations of the light source and any other noises. 

The relationship of the differential ΔW with 
temperature remains stable when the power of the 
light source changes ±10%, and the differential 
algorithm based on a PCF-LPG eliminates the noises 
effectively, as shown in Fig. 12. Compared with the  
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Fig. 12 Relationship of ΔW and temperature when the power 

of light source changes.  

result without the differential ΔW, the accuracy of 

the HiBi-FLM sensor rises from 90.5% to 99.7%. 

7. Conclusions 

In conclusion, we have reviewed our recent 

progress on FLM-based sensors. Different kinds of 

FLM are realized. With the unique characteristics of 

FLM made by various inserted fibers, it is expected 

that they would play an important role in the field of 

fiber optic sensors. 
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