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Abstract: A novel fiber-optic magnetic field sensor with high interrogation speed and resolution by 
using an etched fiber Bragg grating (FBG) in conjunction with a dual-loop optoelectronic oscillator 
(OEO) is proposed and experimentally demonstrated. A commercial FBG is firstly dipped into mixed 
hydrofluoric acid solution to remove the cladding layer and then is embedded with the magnetic fluid 
(MF) as a sensing element. The central wavelength reflected from the FBG is related to the overall 
time delay of the dual-loop OEO, which determines the oscillating frequency of the OEO. Therefore, 
the magnetic field can be estimated by measuring the oscillating frequency shift of OEO. The 
experimental results show that the oscillating frequency linearly increases with the increment of the 
magnetic field, achieving the sensitivity of 16.3 Hz/Oe with a R-square of 0.991 in the range of     
5 mT10 mT. In addition, the maximum error is within 0.05 mT in the range of 7 mT8 mT, which 
offers potentials in many fields where the high-precision magnetic field measurement is required. 
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1. Introduction 

Magnetic field sensors have been widely used in 

many scientific and industrial applications, 

including the biomedical detection, aviation industry, 

space and geophysical research, and controlled 

nuclear fusion [1–3]. Optical fiber magnetic field 

sensors have received special attention in the last 

years due to their outstanding advantages of 

immunity to electromagnetic interference, small size, 

remote sensing capabilities, and resistance in 

hazardous environments [4, 5]. In these sensors, 

magneto-optical materials are crucial components 

which can interact directly or indirectly with the 

characteristic parameters of light. Especially, 

magnetic fluid (MF) is an exciting medium that 

possesses both magnetism like solid and fluidity like 

liquid material, as well as presents the magnetic 

field-dependent refractive index (RI) tunability [6]. 

As a result, various MF-based fiber structures have 

been developed for magnetic field measurement, 

mainly including the sensors based on the fiber 

Bragg grating (FBG) [7], fiber modal interferometer 

[8, 9], and fiber Fabry-Perot (FP) cavity [10]. 
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Comparatively, the fiber magnetic field sensors 

based on MF and FBG are attractive in many 

applications due to excellent merits of intrinsic 

sensing elements, inherent self-reference, and 

unique multiplexing capability [11]. For example, 

Dai et al. [12] implemented a magnetic field sensor 

with the MF-coated etched FBG, obtaining the 

wavelength shift of 86 pm in the range of 025 mT. 

Zheng et al. [13] reported a magnetic field sensor 

utilizing the MF-covered tilted FBG (TFBG), 

achieving magnetic field measurement within a 

range up to 19.6 mT by monitoring extinction ratio 

of the cladding mode. The most common 

approaches to interrogate the FBG-based magnetic 

field sensors are employing an optical spectrum 

analyzer (OSA) to monitor the change in the optical 

power or the resonance wavelength shift. Due to the 

poor resolution and slow scanning rate of OSA, the 

measurement precision and demodulation speed of 

the magnetic field sensors based FBG are 

accordingly low.  

Optoelectronic oscillator (OEO) is a high-Q 

resonator whose operation involves both optical 

energy and microwave signals with pure spectra and 

low phase noise. The generated microwave signals 

shift in the OEO-based sensors can be monitored 

through a kind of digital signal processing (DSP) 

technique or an electric spectrum analyzer (ESA), 

which can effectively improve the interrogation 

speed and resolution. By applying the OEO 

technique to optical sensing fields, various 

OEO-based sensors have been demonstrated to 

achieve high-performance applications for different 

physical quantities, such as temperature [14], 

refractive index [15], strain [16], and trace copper 

[17]. For the magnetic field sensing, Wu et al. [18] 

proposed an OEO-based magnetic field sensor by 

using an FBG-FP filter. However, the structure of 

FBG-FP needs to be specially designed, and the 

sensing system requires two lasers, which increase 

the complexity and cost. Our group previously 

reported a temperature-compensated magnetic field 

sensor based on dual-loop OEOs incorporating the 

cascaded magnetostrictive alloy-fiber Bragg grating 

(MA-FBG) and FBG filters [19]. In this case, the 

integration process of the magnetostrictive material 

with the optical fiber structure is not easy.  

In this paper, a novel optical fiber magnetic field 

sensor based on a dual-loop OEO incorporating the 

MF-covered etched FBG is proposed. Since a 

dispersive element is included in the OEO loop, the 

oscillating frequency of the OEO is determined by 

the time delay of the optical and electrical links, 

which is as a function of the optical wavelength 

reflected from the FBG. So, the magnetic field can 

be measured by tracking the change in the 

oscillating frequency associated with the resonance 

wavelength variation of the MF-covered FBG 

induced by the external magnetic field. The 

experimental results show that the oscillating 

frequency linearly increases with the magnetic field 

enlarging from 5 mT to 10 mT, which presents the 

sensitivity of 16.3 Hz/Oe with the R-square of 0.991 

and the maximum measurement error of within 

0.05 mT in the range of 7 mT8 mT. As a result, the 

proposed scheme has merits of simplicity and 

compact configuration, which can realize 

high-precision measurement with high interrogation 

speed.  

2. Operation principles and sensor 
preparation 

A dual-loop OEO can effectively suppress the 

side modes in each single loop, which can improve 

the system stability and sensing accuracy [20]. 

Hence, a dual-loop OEO scheme composed of a 

beam splitter and a beam combiner without adding 

any active electrical device in the sensing system is 

used as shown in Fig. 1. Firstly, the light from a 

broadband optical source (BOS) is fed into the 

sensing head consisting of an MF-coated etched 

FBG via an optical circulator (Cir). The optical 

source reflected by the above FBG is amplified by 

an erbium-doped fiber amplifier (EDFA), and then 

the amplified signal passes through a polarization 
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controller (PC) and is introduced into a 

Mach-Zehnder modulator (MZM). Next, the 

modulated signal is divided into two paths through 

an optical coupler (OC1), where one path passes 

through 1 km single mode fiber (SMF), and the other 

goes through a dispersion compensation fiber (DCF). 

The dispersion parameters of the SMF and DCF are 

17 ps/nm and 83 ps/nm, respectively. Subsequently, 

the above two signals are combined after OC2 and 

sent to a photodetector (PD). In each loop, the signal 

process is equivalent to a single-loop OEO and a 

corresponding set of modes can be set up. Due to the 

gain competition between two sets of modes, only 

the modes that exist in each loop can oscillate. 

Therefore, the side modes are suppressed effectively. 

Finally, the output signal of the PD is amplified, 

filtered, and divided by an electrical amplifier (EA), 

an electrical bandpass filter (EBPF), and a power 

divider (DIV), respectively. One portion from DIV 

is detected by an electrical spectrum analyzer (ESA) 

to observe the oscillation frequency shift, and the 

other is sent back to the MZM to form the closed 

OEO loop.  

FBG Magnet 

BOS EDFA PC MZM OC1 OC2 PD

Fiber 

DCF 

DIV 
EA

Cir 

Optical path 
Electrical path ESA EBPF 

 
Fig. 1 Experimental system based on a dual-loop 

optoelectronic oscillator used for magnetic field sensing. 

For the magnetic field sensor, the RI of the MF 

is dependent on the external magnetic field, thus, the 

effective RI of the FBG is significantly affected by 

the external RI change when the fiber cladding 

diameter is reduced to the grating region. As a result, 

the resonance wavelength of the MF clad etched 

FBG can shift with the change in the magnetic field, 

which can be expressed as  

eff2B n                  (1) 

where B is the reflected wavelength of FBG. neff and 

 are the effective RI and grating pitch, respectively. 

Based on the principle of OEO system, the 

oscillating frequency is determined by the time 

delay of the whole optical and electrical links. Seen 

from Fig. 1, the time delay T consists of optical link 

and electrical link, which can be described as  
 e oT T T                  (2) 

where Te denotes the delay time for the microwave 

signal to pass through the electrical link, and To is 

the delay time for the optical link, which includes 

DCF and SMF.  

The free spectra range (FSR) of the generated 

electrical harmonic and the frequency of the N-th 

harmonic are described by (3) and (4) [21], 

respectively. 
 FSR 1 T                 (3) 

FSRNf N N T   .           (4) 

When the resonance wavelength of the FBG shifts, 

the time delay in the optical link changes. Since the 

oscillation frequency is the mutual modes of two 

OEO loops, for simplicity, we only need to analyze 

the DCF loop. Provided that the additional time 

delay induced by the resonance wavelength shift 

ΔB in the DCF is T△, it can be written as 

D BT Dl                  (5) 

where D is the dispersion of the DCF. The 

oscillating frequency shift Δf can be depicted as (6). 

It can be found that the resonance wavelength 

change of the FBG induced by the external magnetic 

field can be converted to the drift of the OEO 

oscillating frequency. As a consequence, the 

magnetic field can be monitored by demodulating 

the microwave frequency variation. 
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In order to enhance the interaction between the 

external magnetic field and the propagate core mode, 

a commercial FBG with the reflectivity of 95% and 

bandwidth of 0.2 nm is dipped into mixed 

hydrofluoric acid solution to remove the cladding 
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layer at room temperature. Here, the 40% 

hydrofluoric acid solution is diluted by ethanol and 

deionized water with 1:1:1 in volume. The diameter 

of the FBG is reduced by empirically controlling the 

etching time, and the etched FBG with the diameter 

of ~15 m is prepared when taking robustness into 

account, as shown in Fig. 2(a). Then, the MF is 

slowly injected into a capillary containing the etched 

FBG to complete the magnetic sensing head 

preparation, as shown in Fig. 2(b). Figure 2(c) 

presents the reflectance spectra before etching 

(FBG), after etching (EFBG), and filling with the 

MF (EMFFBG), respectively. It can be noticed that 

the resonance wavelength shifts to the longer 

wavelength, which is mainly due to the change in 

the effective RI of the fiber core. In addition, the full 

width at a half maximum (FWHM) becomes 

narrower after being full of MF, which is easier to 

achieve highly precise magnetic field measurement. 
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Fig. 2 Preparation and test of FBG-based magnetic field 

sensor: (a) micrograph of the etched FBG, (b) sensor 
encapsulation diagram, and (c) spectra before etching, after 
etching, and filling with MF. 

3. Experimental results and discussion 

An experiment is carried out to verify the 

concept and investigate the performance of the 

proposed scheme by using the setup as shown in  

Fig. 1. The MZM has a 10 GHz bandwidth and 

half-wave voltage of 6 V (TDKH1.5-10PD-ADC). 

The bandwidth of the PD is 15 GHz (CETC 

GD45220R). The central frequency and bandwidth 

of the EF are 942.5 MHz and 40 MHz (Spectrum 

C942.5-40-6SS), respectively. A current source 

(CH-Hall, Model F2031) is used to drive a pair of 

Helmholtz coils to produce tunable magnetic field 

intensity, whose direction is perpendicular to the 

light wave vector and value is displayed on the 

magnetic field recorder by a Gauss meter (CH-Hall, 

Model 1 500 Gauss/Tesla meter).  

According to the sensing principle in Section 2, 

the MF clad etched FBG can be used to detect the 

magnetic field by measuring the resonance 

wavelength shift. When the magnetic field increases 

from 12 mT to 40 mT with a step of 4 mT, the 

spectral response is plotted in Fig. 3(a). It can be 

seen that the resonance wavelength generates 

blueshift with the increment of magnetic field 

because the RI of the MF decreases with the 

magnetic field expanding. The relationship of the 

measured wavelength shifts as a function of the 

magnetic field is depicted in Fig. 3(b). It can be 

found that 24 mT is a turning point of linear fitting 

sensitivity. The reason is that the RI of the MF has 

strong dependence on the magnetic particles, the 

base fluid, the concentration, the particles Brownian 

motion closely related to temperature, and the 

optical capture [22], and it can be described by the 

Langevin function [23], which shows the nonlinear 

function relationship between the RI of the MF and 

magnetic field intensity. The variation of RI of the 

MF can be roughly divided into hysteresis region, 

linear region with high sensitivity, and saturation 

region with low sensitivity. Given to the magnetic 

field value of 24 mT as the turning point of highly 

and lowly sensitive linear regions, the sensor 

sensitivities are characterized by the piecewise 

fitting method, which shows the measurement 

sensitivities of 2.6 pm/mT with the R-square of 

0.992 in the range of 12 mT24 mT, and 0.7 pm/mT 

with the R-square of 0.982 in the range of 24 mT–

40 mT, respectively.  

Because the spectrometer used in our experiment 

(OSA, YOKOGAWA AQ6370D) has a minimum 

resolution of 20 pm, it is difficult to distinguish the 
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magnetic field variations when the change of the 

FBG wavelength caused by the external magnetic 

field is less than 20 pm. In order to achieve the 

magnetic field measurement with high resolution, 

the sensing parameter is interrogated by the OEO. 

Firstly, the OEO loop is closed, and then the OEO 

will begin to oscillate by adjusting the magnification 

factors of EDFA and EA to make the loop gain 

larger than 0 dB. Figure 4(a) shows the frequency 

spectrum of the generated 956.95 MHz signal with a 

side-mode suppression ration (SSR) of 29.6 dB, 

which is enough for accurate sensing application. In 

addition, the stability of the oscillation frequency is 

a critical parameter for high precision measurement. 

Hence, we let the OEO system operating at the room 

temperature for a period of 30 minutes, whose 

oscillation frequency is recorded at the same time 

with a step of 2 mins, as shown in Fig. 4(b). The 

maximum frequency drift is 200 Hz, which may be 

attributed to the environmental perturbations      

(e.g., temperature and strain). The frequency shift 

measured above can present good robustness and 

meet experimental requirements. 
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Fig. 3 Spectral response and sensitivity of the designed magnetic field sensor: (a) the measured spectra under different magnetic 

fields and (b) wavelength shift as a function of the magnetic field. 
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Fig. 4 Side-mode suppression ration and stability test of the designed dual-loop OEO: (a) electrical spectrum of the generated 

956.95 MHz signal and (b) stability of the OEO at temporal duration of 30 mins. 

 

The measured frequency responses of the OEO 

at different magnetic fields are drawn in Fig. 5(a). 

When the magnetic field increases from 0 to 10 mT 

with a step of ~1 mT, the oscillation frequency shifts 

towards higher frequency, which is mainly because 

that the RI of the MF damps with the magnetic field 
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enlarging. Figure 5(b) describes the linear fitting 

relationship between the measured oscillation 

frequency and magnetic field, which reveals the 

sensitivity of 16.3 Hz/Oe with the R-square of 0.991 

in the range of 5 mT10 mT. It can be explained by 

the fact that the RI of the MF is not linearly changed 

under different magnetic fields. When the magnetic 

field intensity is less than 5 mT, the formation rate of 

the magnetic chain is relatively small, resulting in 

the slight variation in the RI of the MF. Figure 5(c) 

represents the magnetic field measurement error of 

the designed sensing device, and a maximum 

measurement error of about 0.05 mT is obtained, 

which indicates that the proposed sensing 

configuration has a huge prospect in the fields of 

precise magnetic field measurement. 
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Fig. 5 Sensor performance characterization based on the etched FBG and the OEO: (a) the measured frequency responses under 

different magnetic fields, (b) relationship between the oscillating frequency shift and the magnetic field, and (c) the measured errors. 

 

4. Conclusions 

In this work, a highly sensitive fiber magnetic 

field sensor in combination with the etched FBG and 

the OEO is designed and demonstrated 

experimentally. Firstly, the magnetic field sensitivity 

of the designed sensor is characterized using the 

optical spectrum, and a maximum sensitivity of  

2.6 pm/mT is achieved. In view of slow scanning 

speed and resolution of the spectrometer, the 

magnetic field sensitivity is estimated by measuring 

the oscillating frequency shift of the OEO. The 

experimental results show that the oscillating 

frequency linearly increases with the increment of 

magnetic field, realizing the sensitivity of      

16.3 Hz/Oe with a R-square of 0.991 in the range of 

5 mT10 mT. In addition, the maximum error is 

within 0.05 mT in the range of 7 mT8 mT, which 

offers potentials in many fields where the 

high-precision magnetic field measurement is 

required. 
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