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In this paper, a highly sensitive temperature compensated fiber optic magnetic field sensor by Sagnac and Mach-Zehnder 
combination interference (SMZI) is proposed and verified. The sensing structure relies on microstructured exposed core 
fiber (ECF) filled with ethanol and magnetic fluid (MF). The refractive index (RI) of MF and ethanol is affected by magnetic 
field and temperature (MFT). SMZI is based on multimode and birefringence characteristics of ECF. The measurement 
principle is that the spectra of Sagnac interference (SI) and Mach-Zehnder interference (MZI) have respective sensitivities 
to MFT. The magnetic sensitivity can reach 1.17 nm/mT, and the temperature sensitivity is up to -1.93 nm/C. At the same 
time, the sensor has good repeatability and low detection limits (LODs) of 0.41 mT and 0.25 C. It not only solves the cross-
influence of temperature but makes the spectral analysis more intuitive. The sensor has a broad development prospect 
in the application of MFT detection. © 2020 Optica Publishing Group 

 

 
Fiber optic interferometers have attracted considerable 

attention in the sensing field because of their advantages of small 
size, simple fabrication and high measurement accuracy [1-4]. They 
can be implemented based on Mach-Zehnder [5], Michelson [6], 
Fabry–Perot (FP) [7] and Sagnac interference (SI) [8] effects. Each 
interferometer has specific advantages and responses to specified 
physical quantities. Therefore, magnetic fluid (MF) has been widely 
combined with fiber optic interferometer to form various excellent 
magnetic field sensors due to its good fluidity and refractive index 
(RI) controllability. For example, in 2013, Wang et al. applied MF to 
Mach-Zehnder interference (MZI) and obtained a sensitivity of 
−0.17 nm/mT [9]. Shi et al. used the magnetostrictive effect of MF 
combined with FP interferometer to measure magnetic field [10]. 
Deng et al. designed fiber optic magnetic field sensors by integrating 
Michelson interferometer and MF [11]. These sensors have 
compact structures and high integration, but they do not take into 
account the influence of temperature on the spectral shift in 
measurement, resulting in inaccurate experimental results. To 
reduce the measurement errors, many scholars consider that fiber 
optic magnetic sensors based on MF need temperature   
compensation. In 2018, we demonstrated that inject the MF into the 
photonic crystal fiber to obtain magnetic field and temperature 

(MFT) sensitivity of 0.72 nm/mT and -0.08 nm/C, correspondingly 
[12]. Qin et al. recently designed a sensor with the sensitivities of 
0.97 nm/mT and 0.92 nm/C with the help of optical couplers and 
MF [13]. However, these dual-parameter sensors have low 
sensitivities and only use one interference principle to analyze two 
variables, resulting in a more complex demodulation spectrum and 
a small dynamic range. Therefore, for working out the above issues 
existing in the previous sensors, a combination interferometer is 
proposed in this paper to achieve MFT measurement. 

In this paper we demonstrate a Sagnac and Mach-Zehnder 
combination interference (SMZI) based on exposed core fiber (ECF) 
for the measurement of MFT. We propose the sensor structure in 
combination with the characteristics of simple fabrication, easy 
generation of MZI, and high sensitivity of SI to RI changes. The ECF 
has birefringence characteristics due to its asymmetric structure, 
and its electron microscopic view of a cross section is shown in the 
illustration of Fig. 1. Thus, ECF can be used as a birefringent fiber. At 
the same time, ECF is also a multimode fiber due to its high 
numerical aperture, so the higher order modes excited at the fusion 
point of ECF and single-mode fiber (SMF) will lead to the multimode 
MZI in the core of ECF. Therefore, the system can generate SI and 
MZI simultaneously. 
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We filled the ECF’s two closed air holes with ethanol and 
injected MF into the exposed side to magnify the birefringence 
value. The schematic diagram of the proposed sensor is shown in 
Fig. 1. SI is formed by connecting the fabricated structure to the 
coupler. It also enables the sensing structure to achieve a higher 
temperature and magnetic field sensitivity. Because SI and MZI 
have distinctive sensitivities to MFT, the simultaneous detection of 
the two parameters can be achieved via a sensitivity matrix. 

 
Fig. 1.  Schematic diagram of Sagnac loop insertion filling ECF 

scheme with magnetic field (inset: electron microscopic view of 
ECF cross section; all air holes and exposed side of the ECF are 

filled with ethanol and MF). 

To analyze the sensor principle, assuming that only one higher-
order mode is excited at SMF/ECF, the transmitted light intensity of 
SI and MZI can be expressed as 
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Where 

xI  and 
yI  represent the intensity of x and y polarization 

fundamental modes in ECF respectively. 
1I  and 

2I  are the intensity 

of the two beams of multimode interference. L is the length of the 
birefringent fiber, and B is the birefringence value. effn  is the 

phase difference between 
1I  and 

2I .   is the operating wavelength. 

The relations of SI and MZI spectrum’s free spectral range (FSR) are 
as follows. 
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Because the birefringence value of the two polarization modes 

is much less than 
effn , 

SIFSR  is much larger than 
MZIFSR . The 

phase difference of SI and MZI changes with B and effn , which in 

turn changes with the ambient RI. The RI of the liquid (MF and 
ethanol) selected to fill the ECF varies with the MFT, respectively. 
Therefore, the transmission spectrum of this structure is the 
function of SMZI. 

The experimental system is shown in Fig. 2. The system is 
composed of supercontinuum light source (1200-1700 nm, Wuhan 
Anyang), optical spectrum analyzer (OSA, YokogawaAQ6370D) 
with the 0.02 nm sampling resolution, 3 dB coupler, and the 

proposed sensing structure. In particular, a DC power supply, a 
magnetic coil, and a Gauss meter (the resolution is 0.01 mT) were 
applied to monitor the magnetic field. The sensing structure was 
fabricated with ECF, MF (EMG507 concentration 2% Vol.), and 
anhydrous ethanol. First, the MF and ultra-pure water were diluted 
at a ratio of 1:1 to reduce the RI of MF, high concentration of the 
original MF would lead to excessive noise and no obvious 
interference phenomenon. Then one end of the ECF (20 cm) was 
immersed in ethanol, and the air holes of the entire ECF were filled 
with ethanol through capillary action. The ECF was fused with SMF 
at both ends by an optical fiber splicer (S184NM-SLDF). The 
exposed side was then filled with MF. Finally, the fabricated probe 
was placed in a capillary tube and encapsulated using UV glue. 

Fig. 2.  Diagram of experimental device. 

In Fig. 3, we first compared the spectra of the same sensor at 
three stages in the fabrication process, which are the unfilled ECF, 
the both air holes only filled with ethanol, and the ECF filled with MF 
and ethanol. It is found that the shapes of FSR, loss, and interference 
spectrum are different among the three. Firstly, due to the 
birefringence of ECF, they all have obvious Sagnac dips. However, 
due to the small birefringence value of ECF, the FSR of SI is large and 
there is only one dip in the wavelength range of 1525 nm to 1610 
nm. In the three spectra, the small interference fringes are produced 
by MZI.  Because the RI difference of the MZI is much larger than SI, 
the FSR of MZI is much less than SI.  In addition, because ECF is a 
multi-mode fiber, MZI is not uniform. ECF without any filling has 
regular MZI, while the MZI spectra of the other two become chaotic 
due to the multiple modes excited by the filling fluid. Meanwhile, as 
the ECF is progressively filled with ethanol and MF, the optical loss 
of the ECF increases. 

Fig. 3. Combination transmission spectra of the unfilled ECF, 
ethanol -filled ECF, and the ethanol and MF -filled ECF. 

Fig. 4(a) shows the interference spectrum with the range of 
1200 to 1680 nm without magnetic field at 23 C (temperature near 
the sensor in the experiment obtained with a 1 C resolution 



thermometer). It can be observed that there are two Sagnac dips at 
1250 nm and 1500 nm. In the illustration of Fig. 4(a), we amplified 
the spectrum in the red-shaded rectangle in Fig. 4(a) to obtain a 
clear MZI spectrum. It can be shown that MZI and SI occurred 
simultaneously in the experiment. To facilitate the analysis of the 
experimental results, a spectrum near 1500 nm is selected for the 
following bivariate detection, as shown in Fig. 4(b). For analyzing 
the components of the superimposed spectrum clearly, we use the 
Fast Fourier Transform (FFT) to demodulate the transmission 
spectrum in the range of 1525 to 1610 nm. The results are shown 
in Fig. 4(c). As expected, it can be found that the spectrum has two 
peaks at 0.02 nm-1 and 0.07 nm-1 as shown in the illustration. 
Therefore, SI and MZI spectra were obtained by filtering analysis at 
0.02 nm-1 and 0.07 nm-1 respectively as shown in Fig. 4(d).  

Fig. 4.  (a) Combination interference spectrum (inset: MZ 
interference spectrum in the red shaded) (b) Intercepted spectra 
near the 1550 nm-Sagnac dip (c) FFT analysis in Fig.4 (b) (d) SI and 
MZI spectra after FFT demodulation. 

Firstly, the magnetic field test was carried out. As the magnetic 
field strength increases, the transmission spectrum shifts. Fig. 5(a) 
and Fig. 5(c) correspond to the spectra of SI and MZI under different 
magnetic fields respectively, and it can be found that both are red-
shifted with the increase of magnetic fields. The magnetic field 
sensitivities of SI and MZI are 1.17 nm/mT and 0.26 nm/mT. As 
expected, the two interferences show different sensitivities to 
change in the magnetic field and SI is slightly more sensitive. This is 
also the basis of realizing dual parameter measurement. 

Next, the temperature sensing experiment without magnetic 
field interference was performed. The sensor structure was fixed in 
the middle of the thermostat (the resolution is 0.01 C), and a 
thermometer probe was placed near the structure to read the 

temperature accurately. We measured 7 sets of data from 29 C to 35 
C with a step size of 1 C. Similar to the magnetic field experiment, 
when the temperature changes, the transmission spectrum 
changes. As shown in Fig. 6 (a), the SI spectrum moves significantly 
to the shorter wavelengths when the temperature increases. In Fig. 
6(b), the dip shift corresponding to each temperature is fitted with 
the corresponding temperature, and it is found that they have a 
good linear relationship. The corresponding slope is that the 
temperature sensitivity of SI is -1.93 nm/C. Similarly, the 
transmission spectra and corresponding sensitivity of MZI are given 

in Fig. 6 (c) and (d). When the temperature rises, the MZI spectrum 
takes on linear-like movement and the sensitivity is 0.53 nm/C. 

 
Fig. 5.  (a) Filtered SI spectrum (b) SI sensitivity (c) Filtered MZI 

spectrum (d) MZI sensitivity under different magnetic field 
strength. 

Fig. 6.  (a) Filtered SI spectrum (b) SI sensitivity (c) Filtered MZI 
spectrum (d) MZI sensitivity under different temperatures. 

The above experimental results prove that SI and MZI have 
different sensitivities for a single variable to be measured. The 
relationship between the wavelength changes and the two 
variables are expressed as Eq. 5 

1

, ,

, ,

B SI T SI SI

B MZI T MZI MZI

S SB

S ST





−

    
=     

    
 (5) 

Where B and T represent changes in MFT, 
,B SIS and 

,B MZIS

represent the magnetic field sensitivities of SI and MZI, ,T SIS and 

,T MZIS are the SI and MZI’s temperature sensitivities of the sensor. 

SI and 
MZI  are the wavelength shift corresponding to SI and 

MZI. By substituting the corresponding values of each sensitivity, 
the calculation method of B and T can be obtained. 
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Therefore, by observing the spectral wavelength drift of SI and 
MZI, the simultaneous measurement of MFT can be achieved by 
substituting it into Eq. 6. By calculating, the condition number of the 
above matrix can be obtained as 4.64. The non-singular matrix with 
a large condition number is called ill-conditioned matrix, whose 
coefficient matrix is sensitive to small perturbations, resulting in 
great difficulty in the numerical solution. The condition number of 
this matrix is not very large, so it is a non-ill-conditioned matrix and 
easier to compute. 

Fig. 7.  (a) Spectral stability at room temperature and the same 
magnetic field strength (b) SI standard deviation (c) Stability 

experiment. 

To verify the stability of the sensor, an experiment was 
performed at 23 C and 5.58 mT. The spectrum was recorded every 
5 mins a total of ten times. As shown in Fig. 7(a), spectra obtained at 
different times almost overlap. To further analyze the stability 
performance, we introduce the definition of low detection limit 
(LOD). LOD is one of the important indicators of the sensor, which 
can be expressed as 

3 /LOD S=   (7) 

σ is the standard deviation, S represents the sensitivity of the 
sensor. Bring in the maximum sensitivity of 1.17 nm/mT and -1.93 
nm/C to get the lowest LOD. Fig. 7(b) shows a standard deviation 
of 0.16 nm for spectra from different times. By calculation, the 
minimum LOD of the sensor is 0.41 mT and 0.25 C. Then we carried 
out a repeatability test and repeated the experiment for three times 
on the sensor, as shown in Fig. 7(c). All experimental data were 
within the 95% confidence interval of the red band in the Fig.7(c). 

Table 1 compares the sensing structure, interference principle, 
and sensitivity of several typical MFT dual-parameter sensors. We 
found that our sensor is simple to make and significantly improved 
sensitivity. 

Based on the different sensitivities of SI and MZI to the two 
variables, a SMZI MFT fiber optic sensor is proposed, which fully 
combines the advantages of the combined interference principle, 
MF and ECF. Simple welding and filling techniques were chosen in 

the manufacturing process of the sensor. The obvious difference 
between MZ and SI spectra was used to make the processing 
process more intuitive. The proposed sensor has ultra-high 
sensitivity of 1.17 nm/mT and -1.93 nm/C, good stability and 
repeatability. It is a low-cost, large dynamic range detection, 
considering the influence of temperature fiber magnetic field 
sensor. 

Table 1. Comparison of optical fiber sensors based on different 
interference principles. 

Sensor structure 
Principl
e 

Sensitivity 
(nm/mT) 

Sensitivity 
(nm/C) 

Ref. 

D-shaped fiber and 
coreless fiber 

MZI 0.99 0.08 [14] 

FBG in the FP cavity    FPI 0.53 -0.09 [15] 
FBG in PCF MZI 0.92 0.16 [16] 
Two special optical 
fibers in Sagnac loop 

SI and 
MZI 

0.71 0.30 [17] 

ECF in Sagnac loop 
SI and 
MZI 

1.17 -1.93 
Our 
work 
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