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In this paper, a new type of photonic crystal fiber (PCF) sensor is proposed for detecting the voltage and magnetic field simultaneously. In the PCF, an air hole of the cladding is coated with gold film and filled with the liquid crystal, thus the surface plasmon resonance (SPR) channel is formed to detect the voltage. While another air hole of the cladding is filled with magnetic fluids, the directional coupling channel is formed to detect the magnetic field. The SPR sensing channel and directional coupling channel are relatively independent. A finite element method (FEM) has been used for the optimization of the structure parameters, transmission characteristics of different modes, and analysis of the sensing characteristics. Numerical results reveal that the voltage sensitivity is 2.11 nm/V in the range of 5–35 V and the magnetic field sensitivity is 0.86 nm/Oe in the range of 90–210 Oe.
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INTRODUCTION
Electromagnetic fields are almost everywhere. Most of the equipments and systems are affected by their electromagnetic environment, especially in electrical industries, air, and rail transport [1]. The common electromagnetic sensors not only have poor detection accuracy but also are susceptible to electromagnetic interference [2]. Hence, there is an urgent need to develop highly sensitive, anti-electromagnetic interference systems to detect electromagnetic parameters.
Optical fiber sensors have many advantages, such as anti-electromagnetic interference, high-temperature resistance, corrosion resistance [3], etc. Photonic crystal fibers (PCFs) have their unique structures and performance, which make them significant in optical fiber sensing technology research [4–6].
Recently, PCFs have been used by many researchers in the development of electric and magnetic sensors. For sensing of the electric field or voltage, liquid crystal materials were filled in the different PCF structures, such as an all-fiber structure [7], a side-hole structure [8], and an all-polarization state structure [9]. For the sensing of magnetic field, magnetic fluid (MF) materials were filled in the PCFs, the different sensing mechanisms were used, such as surface plasmon resonance (SPR) [10, 11], directional coupling [12, 13], two-core coupling [14], Fabry-Perot (FP) interferometer [15, 16], Mach-Zehnder interferometer (MZI) [17, 18] and Sagnac interferometer [19].
However, these sensors typically operate as single-parameter sensors, the detection of electromagnetic parameters usually requires dual-parameter sensing. At present, the dual-parameter optical fiber sensors of the electric or magnetic fields are in the initial stage of theoretical and experimental research, in which one parameter is mostly temperature. Huang et al. [8] proposed a liquid-crystal-filled side-hole PCF to measure voltage and temperature. The sensitivity of voltage reached 3.88 nm/V, and the temperature sensitivity reached −1.5 nm/°C. Li et al. [18] proposed an in-line modal MZI based on a MF-filled PCF to measure the magnetic field and temperature. The sensitivity of the magnetic field reached 0.072 nm/Oe, and the temperature sensitivity reached 0.080/°C. However, these sensors also can’t realize the simultaneous sensing of electric field and magnetic field, and the sensitivity and quality factor are to be further improved.
In this paper, a new type of voltage and magnetic field PCF sensor based on the mixed effects of SPR and directional coupling is proposed. The SPR channel is designed to detect the voltage and the directional coupling channel to detect the magnetic field. The numerical simulation demonstrates that the sensitivitives of voltage and magnetic field reaches 2.11 nm/V and 0.86 nm/Oe with good linearity respectively.
DESIGN OF VOLTAGE AND MAGNETIC FIELD SENSING STRUCTURE
A cross-section diagram of the PCF electromagnetic sensing structure is shown in Figure 1. The fiber structure contains three layers of triangular-lattices arranged air holes with diameter d and lattice constant Λ. The thin gold film with thickness t is coated inside the air hole A, and an E7 nematic liquid crystal (NLC) is filled in the air hole A. The air hole A is used as an SPR channel to detect the voltage. Fe4O3 MF is filled in air hole B which is used as a directional coupling channel to detect the magnetic field.
[image: Figure 1]FIGURE 1 | Cross section of PCF sensing structure.
When the applied voltage exceeds the threshold, molecules of the liquid crystal deflect an angle θ under the action of the electric field. The equation of the angle with the voltage V is [20]:
[image: image]
where Vc is the threshold voltage and its value is [image: image], k11 = 34pF, [image: image] = 10, R = Λ/2, Λ is the lattice constant of proposed sensing structure. At the same time, the refractive index of liquid crystal changes due to electro-optic effect, which can be expressed as [20]:
[image: image]
Where no1 is the ordinary refractive index of liquid crystal and nc is the refractive index of air. Due to the anisotropy of NLC, n´ and n˝ are the refractive index at the different orientation. Thus, the refractive index of liquid crystal changes with the applied voltage.
The refractive index of MF is affected by the external magnetic fields and temperature. The relationship can be described by Langevin Equation [21]:
[image: image]
Where H is the intensity of the magnetic field, Hcn is the threshold value of the magnetic field, T is the temperature and α is the fitting parameter. no2 is the refractive index of the MF with no external magnetic field (or the magnetic field strength is less than the threshold value). Besides, ns is the saturated refractive index when the magnetic field increases to a certain degree, no2 and ns are constants only related to magnetic fluid materials.
The base material of the sensor is silicon dioxide (SiO2). The refractive index of SiO2 can be obtained by the Sellmeier formula [22]:
[image: image]
Where, λ is the wavelength of incident light, B1 = 0.696163, B2 = 0.4079426, B3 = 0.8974794, C1 = 4.67914826 × 10–3, C2 = 1.35120631 × 10–2, and C3 = 97.9340025.
The dielectric constant of gold is derived from the Drude model [23]:
[image: image]
Where, εAu refers to the permittivity of gold, ε∞ represents the permittivity at high frequency with a value of 5.9673. ωD is the plasma frequency and ωD/2π = 2113.6 THz γD is the damping frequency, γD/2π = 15.92 THz. The angular frequency can be expressed as ω = 2πc/λ, c is the velocity of light in vacuum. ∆ε = 1.09, ΓL/2π = 104.86 THz, and ΩL/2π = 650.07 THz.
Figure 2 is the simulation experimental system of the proposed sensing structure. A voltage is applied along the PCF section direction and a magnetic field is applied radially along the PCF. The proposed PCF is connected with two single-mode fibers (SMFs), which can be considered as a bridge between broadband light and optical spectrum analyzer (OSA). The incident light passes through the PCF sensing structure and finally obtains the loss characteristics in OSA. The applied voltage and magnetic field can be detected by numerical analysis.
[image: Figure 2]FIGURE 2 | Simulation experimental system of the proposed sensing structure.
RESULTS AND DISCUSSION
Numerical simulation of the proposed PCF sensing structure is gotten by the finite element method (FEM) with perfectly matched layer boundary conditions.
The surface plasmon polariton (SPP) mode and defect mode of the PCF resonate with the core mode, respectively, to generate two separate loss peaks in the optical fiber spectrum, as shown in Figure 3. NLC and MF are selectively filled in the PCF. The change of the refractive index in the PCF, which is caused by the applied voltage and magnetic field, leads to the displacements of the loss peaks. The displacements of the loss peaks can be analyzed to realize the electromagnetic double-parameter sensing.
[image: Figure 3]FIGURE 3 | The loss curves of SPR and directional coupling channels.
The loss characteristics of PCF are analyzed by the imaginary part Im (neff) of the effective refractive index neff in core mode, as shown in Figure 3, where the temperature is 25°C, the magnetic field intensity is 210 Oe, and the voltage is 35 V. From Figure 3, it can be seen that there are two separate resonance loss peak S and D in the near-infrared spectroscopy (NIR). Loss peak S is at 0.805 μm and is controlled by the SPR channel for voltage sensing. Loss peak D is at 1.037 μm and is controlled by the directional coupling channel for magnetic field sensing.
Through numerical simulation, it is found that the relative position of the resonance peak of the directional coupling magnetic field sensing does not vary with the influence of the SPR sensing channel. In addition, the SPR voltage sensing is not affected by the directional coupling sensing channel. Hence, the SPR sensing channel and the directional coupling sensing channel are relatively independent.
The structural parameters of the proposed sensing structure have a great influence on confinement loss and sensing properties. The main parameters of PCF affecting the double-parameter sensing properties are the number of air hole layers (N), the lattice constant (Λ), the air hole diameter (d), and the gold film thickness (t). Among these, the lattice constant Λ and the number of air hole layers N have been calculated to have almost no effect on sensing performance. Therefore, N is determined to be 3 and Λ to be 8 μm. On this basis, the influence of d, and t on voltage and magnetic field double-parameter sensing are analyzed in the following sections.
Analysis of voltage sensing characteristics
Dispersion characteristics and loss characteristics of core mode, as well as the dispersion characteristics of SPP mode, are shown in Figure 4, where the temperature is 25°C, the magnetic field intensity is 210 Oe, and the voltage is 35 V. When the resonance matching condition is satisfied between core mode and SPP mode at the point A, the energy is transferred from core mode to SPP mode, the SPR effect occurs. The loss of core mode increases and finally reaches the maximum. Hence, a narrow loss peak at resonance wavelength of 0.805 μm occurs. The corresponding field distribution of core mode is shown in Figure 4(1). When neffc < neffs, the resonance matching condition is not satisfied at the point B, the energy will be concentrated in the fiber core. The corresponding distribution of the core mode is shown in Figure 4(3). Here, neffs is the real part of the effective refractive index of SPP mode, neffcis the real part of the effective refractive index of core mode. When neffc > neffs, the energy is limited in the SPP mode at the point C, and the corresponding distribution of the SPP mode is shown in Figure 4(2).
[image: Figure 4]FIGURE 4 | Dispersion characteristics (black solid line) and loss characteristics (red solid line) of core mode, as well as the dispersion characteristics (dotted black line) of SPP mode. (Illustrations (1) and (3) are the field distributions of core mode at points (A,C). Illustration (2) is the field distribution of SPP mode at point (B).).
Figure 5A shows the loss curves of core mode under SPR effect for air hole diameters d of 0.40Λ, 0.42Λ, and 0.44Λ, respectively. As can be seen, the resonance matching point is shifted towards a longer wavelength with the increase of cladding air holes. At the same time, the loss peak and the full width at half-maximum (FWHM) both reduced significantly. Figure 5B shows the variation of resonance wavelength with voltage for different d. The voltage sensing sensitivity is 2.06 nm/V, 2.11 nm/V, and 2.07 nm/V when d is 0.40Λ, 0.42Λ, and 0.44Λ, respectively. On balance, it is determined that the SPR effect-based voltage sensing is best achieved with an air hole diameter of d = 0.42Λ.
[image: Figure 5]FIGURE 5 | Influence of different air hole diameter d on sensing characteristics under SPR effect by setting N = 3, Λ = 8 μm, t = 40 nm. (A) The loss curves of core mode for different d. (B) The resonance wavelength with voltage for different d.
The influence of the gold film thickness t on the voltage sensing characteristics under SPR effect is then discussed. The loss curves of core mode for gold film thicknesses t of 30 nm, 40 nm, and 50 nm are shown in Figure 6A, respectively. As t increases, the loss peak decreases significantly. This is due to the thickened gold film absorbing the energy propagating from the fiber core to the cladding. As a result, the liquid crystal gains very weak energy in air hole A, which weakens the SPR resonance strength and reduces the loss peak. Figure 6B shows the variation of resonance wavelength with voltage for different t. The voltage sensing sensitivity is almost equal for different t. After comprehensive consideration, the final gold film thickness is determined as t = 40 nm.
[image: Figure 6]FIGURE 6 | Influence of Au thickness t on sensing characteristics under SPR effect by setting N = 3, Λ = 8 μm, d = 0.42Λ. (A) The loss curves of core mode for different t (B) The resonance wavelength with voltage for different t.
The refractive index of E7 NLC is changed with applied voltage, the matching position between the core mode and defect mode is changed, which makes shifting of the loss peak of the core mode in the PCF. Therefore, the voltage can be measured indirectly from the position of the core mode’s loss peak. The voltage sensitivity can be obtained by calculating the shift of the resonance wavelength, which is expressed as:
[image: image]
where [image: image] represents the variation of resonance wavelength and [image: image] represents the variation of external voltage.
At the situation of 25°C and 210 Oe, the relationship between resonant wavelength and voltage is shown in Figure 7, by setting N = 3, Λ = 8 μm, d = 0.42Λ, t = 40 nm. The loss peak has a redshift with increasing voltage. In the voltage range of 5–35 V, the voltage sensitivity of the proposed PCF sensor is 2.11 nm/V and the linearity is 0.98976.
[image: Figure 7]FIGURE 7 | Resonance wavelength versus voltage.
Analysis of magnetic field sensing characteristics
Dispersion characteristics and loss characteristics of core mode, as well as the dispersion characteristics of defect mode in directional coupling channel, are shown in Figure 8, where the temperature is 25°C, the magnetic field intensity is 210 Oe, and voltage is 35 V. When the wave vector matching condition is satisfied between core mode and defect mode at the point A, the energy is mostly transferred from core mode to defect mode, the directional coupling effect occurs. The loss of core mode increases and finally reaches the maximum. Hence, a narrow loss peak at resonance wavelength of 1.037 μm occurs. The corresponding field distributions of the core mode and defect mode at the directional coupled state are shown in Figure 8(1). When neffc < neffd, the wave vector matching condition is not satisfied at the point B, the energy is concentrated in the core. The corresponding distribution of the defect mode is shown in Figure 8(2). Here, neffd is the real part of the effective refractive index of defect mode. When neffc > neffd, the energy is limited in the defect mode at the point C, the corresponding distribution of the core mode is shown in Figure 8(3).
[image: Figure 8]FIGURE 8 | Dispersion characteristics (black solid line) and loss characteristics (red solid line) of core mode, as well as the dispersion characteristics (dotted black line) of defect mode in directional coupling channel. [Illustrations (1) is the field distributions of core mode and defect mode at point (A). Illustration (2) is the field distribution of directional coupled-mode at point (B). Illustrations (3) is the field distributions of core mode at point (C)].
Figure 9A shows the loss curves of core mode for air hole diameters d of 0.40Λ, 0.42Λ, and 0.44Λ under directional coupling effect, respectively. With the increase of diameter d, the resonance wavelength shifts toward longer wavelength while the FWHM remains. Figure 9B shows the variation of resonance wavelength with magnetic field for different d. The magnetic field sensing sensitivity is 0.79 nm/Oe, 0.86 nm/Oe, and 0.68 nm/Oe when the air hole diameters d is 0.40Λ, 0.42Λ, and 0.44Λ, respectively. After comprehensive consideration, the final gold film thickness is determined as d is 0.42Λ.
[image: Figure 9]FIGURE 9 | Influence of different air hole diameter d on sensing characteristics under directional coupling effect by setting N = 3, Λ = 8 μm, t = 40 nm. (A) The loss curves of core mode for different d. (B) The resonance wavelength with magnetic field intensity for different d.
Thus magnetic field can be measured indirectly from the position of the core mode’s loss peak. The magnetic field sensitivity can be obtained by calculating the shift of the resonance wavelength, which is expressed as:
[image: image]
where [image: image] represents the variation of resonance wavelength and [image: image] represents the variation of external magnetic field.
At the situation of 25°C and 35 V, the relationship between resonant wavelength and magnetic field intensity is shown in Figure 10 by setting N = 3, Λ = 8 μm, d = 0.42Λ, t = 40 nm. The loss peak has a redshift with increasing magnetic field intensity. In the magnetic field range of 90–210 Oe, the magnetic field sensitivity of the proposed PCF sensor is 0.86 nm/Oe and the linearity is 0.98605.
[image: Figure 10]FIGURE 10 | Resonance wavelength versus magnetic field intensity.
Table 1 shows a comparative study between the proposed design and other sensors reported in recent years in terms of sensing performance. It can be seen that PCF electromagnetic sensing structure in this paper has a higher sensitivity and is able to detect voltage and magnetic field double-parameter.
TABLE 1 | Performance comparison of the proposed sensor with other recent reported PCF sensors.
[image: Table 1]CONCLUSION
A novel electromagnetic double-parameter PCF sensing structure combined with the SPR effect and directional coupling effect has been proposed in this paper. NLC is filled in a gold-coated air hole to form the SPR channel for voltage sensing detection. MF is filled in another air hole to form the directional coupling channel for magnetic field sensing detection. The SPP mode and defect mode of the PCF resonate with the core mode respectively, to generate two independent loss peaks in the optical fiber spectrum. It can be seen that in the range of 5–35 V and 90–210 Oe, the sensitivities of voltage and magnetic field reach 2.11 nm/V and 0.86 nm/Oe respectively with good linearity. The electromagnetic dual-parametric sensing structure designed in this paper has the advantages of simple structure and the ability to achieve simultaneous independent sensing of both voltage and magnetic field. The proposed dual-parametric sensing structure has potential application prospects in electromagnetic environment monitoring.
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