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To improve the detection performance of fiber optic magnetic field sensors a new photonic crystal fiber (PCF) based
on surface plasmon resonance (SPR) was designed and investigated. The designed sensor uses an elliptical detection
channel, and the modal transmission characteristics and magnetic field sensing characteristics of this fiber optic
sensor are analyzed using the full vector finite element method (FVFEM). In addition, the effect of the detection
channel on the detection accuracy at different curvatures was investigated. Compared with previous optical fiber
magnetic field (MF) sensors, the designed sensor meets the requirements of both refractive index (RI) and MF mea-
surements, and the MF sensitivity, RI sensitivity, and amplitude sensitivity (AS) of the sensor reach 0.739 nm/Oe,
12043.8 nm/RIU, and 754.88 RIU−1, respectively. The designed sensor expands the application range of optical
fiber sensors and reduces the cost. It has great potential for application in complex environments. © 2024 Optica

PublishingGroup

https://doi.org/10.1364/JOSAB.506522

1. INTRODUCTION

Magnetic field (MF) is an important basic parameter. MF mea-
surement plays an increasingly important role in many fields
such as power system monitoring, navigation, earthquake warn-
ing, radio communication, medical treatment, military, and
so on [1]. Electromagnetic field sensors have been extensively
studied and applied in practice earlier [2]. In 2019, Nakamura
et al . developed a MF sensor that can measure magnetic flux
density and the localization of measurement points in space
in a very short time [3]. In 2020, Cavaliere et al . proposed a
repeatable sensor for the optimization and implementation of
air-core and ferrite-core inductive sensors suitable for AC-based
electromagnetic tracking, which has a static tracking error of
less than 2 mm [4]. However, the above electromagnetic field
sensors have the disadvantages of large size, high cost, poor
environmental adaptability, and limited test dynamic range [5].
Therefore, improving the measurement accuracy is an urgent
problem to be solved [6].

Photonic crystal fiber (PCF) has received widespread atten-
tion for its outstanding advantages such as high integration,
high birefringence, high sensitivity, and outstanding resistance
to electromagnetic interference, and has been regarded as an
effective way to solve these problems [7]. Surface plasmon
resonance (SPR) is a physical phenomenon in which light
propagating through an optical fiber achieves a total reflec-
tion effect, at which point the light generates an exponentially
dissipating wave on the surface of the metal film, known as a
swift wave. The free electrons on the surface of the metal form
a surface plasma wave (SPW) that resonates when some of the
two wave bands meet [8,9]. The surface plasmon polariton
(SPP) mode has a strong electromagnetic field, which is sensi-
tive to small changes in the RI of the analyte. Therefore, SPR
technology is used to achieve physical parameter sensing widely
[10]. PCF with the combination of SPR in measuring the RI,
MF, temperature, and stress has great potential. In 2021, Xie
et al. studied in detail the method to improve the sensitivity and
linearity based on a conventional PCF-SPR with a hexagonal air
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Fig. 1. (a) Cross section of the PCF-SPR sensor; (b) electric field distribution of the Y-Pol fundamental mode at 650 nm; (c) electric field distribu-
tion of the X-Pol fundamental mode at 650 nm.

hole arrangement, with a RI detection range of 1.15–1.45. The
wavelength sensitivity of it is up to 5893.9 nm/RIU [11].

The MF sensing principle of the PCF-SPR sensor is to use
the guided wave in the fiber core to couple to the MF through
the outgoing field and use the magnetic response characteristics
of the magnetic field to realize the optical field modulation and
MF sensing. The main characteristics of magnetic fluids used in
sensors are their unique superparamagnetic and good fluidity,
that is, the response speed and volume change speed in the
magnetic field are fast [12]. Magnetic field sensing is designed
by combining magnetic refractive modulation of magnetic
fluids with optics of different structures [13,14]. In 2019, Liu
et al. designed a dual-core PCF optic sensor that simultaneously
measures MF and temperature based on SPR. The sensor’s MF
sensitivity can reach 0.44 nm/mT [15]. In 2019, Wang et al.
designed a high-sensitivity MF sensor based on dual-core PCF.
The sensor sensitivity is up to 442.7 pm/Oe [16].

The elliptical channel PCF-SPR sensor using the magnetic
refraction effect proposed in this paper is proposed. The fully
vectorial finite element method (FVFEM) analyzed its sens-
ing mode characteristics and MF characteristics. The sensor
structure consists of an outer hexagonal arrangement of circular
pores and an inner elliptical channel. Two elliptical channels
symmetrical to the core are filled with material. This selective
filling structure reduces the absorption loss in the material and
improves the coupling efficiency between the surface plasma
and the core mode [17], further reducing costs. There is enor-
mous potential for environmental magnetic anomalies and
medical diagnostics.

2. MODEL AND THEORY

Figure 1(a) shows a two-dimensional cross section of the
designed sensor. The sensor consists of two small air holes and
elliptical channels surrounding the core. The elliptical channels
on the left and right sides of the core are filled with magnetic

Table 1. Initial Setting Parameters Setting

Reference Parameter Value

3 The pitch of air hole 4µm
d The diameter of the air holes 2µm
t_Au The thickness of the gold film 35 nm
a The horizontal axis of the oval channel 2µm
b The vertical axis of the oval channel 3µm

fluid and a layer of metallic gold is plated on the outermost
periphery to excite SPR. A perfectly matched layer (PML) is
added to the outermost layer of the PCF along with scattering
boundary conditions for absorbing radiant energy from sur-
faces. In terms of structural parameters, the diameter of the
small air holes is d , the spacing is 3, the distance between the
elliptical air holes and t_Au is the thickness of the gold layer, a
represents the horizontal axis of the oval channel, and b rep-
resents the vertical axis of the oval channel. The electric field
diagram of the designed PCF structure is shown in Figs. 1(b)
and 1(c). From the figure, the energy is mainly concentrated
in the central region, and the polarization can be classified into
X-Pol and Y-Pol according to the direction of the electric field.
Figures 1(b) and 1(c) show the electric field distribution for
both polarizations at a wavelength of 650 nm. The red arrows
indicate the direction of polarization of the electric field. In the
simulation, the initial setup parameters are shown in Table 1.

The cladding material used for the designed structure is SiO2,
and its dispersion formula can be expressed by the Sellmeier
equation [18]:

n2(λ)= 1+ A1λ
2

λ2−C1
+

A2λ
2

λ2−C2
+

A3λ
2

λ2−C3
. (1)

According to the above formula, n denotes the RI of SiO2, λ
denotes the wavelength of the incident light, and the remain-
der are all constant values, and the rest of the constants are
A1 = 0.696166300, A2 = 0.407942600, A3 = 0.897479400,
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C1 = 0.0046791482 µm, C2 = 0.0135120631 µm, and
C3 = 97.9340025 µm.

The RI of the magnetic fluid with the external MF can be
described by the Langevin function [19]:

nMF = (ns − n0)

[
coth

(
α

H − Hc ,n

T

)
−

T

α
(
H − Hc ,n

)]+ n0,

H > Hc ,n,

(2)

where nMF denotes the RI of the magnetic fluid, ns denotes the
saturation RI of the magnetic fluid, and n0 is the initial RI of the
magnetic fluid, which is determined by the concentration of the
magnetic fluid. ns is set to 1.42318, and n0 is set to 1.4352. H
and Hc ,n denote the external MF and the MF threshold, respec-
tively, where Hc ,n is set to 20 Oe. T = 20.0◦C is the ambient
temperature andα = 5 is the fitting coefficient.

The dielectric constant of gold can be expressed using the
Drude–Lorentz model [20]:

εAu = ε∞ −
ω2

D

ω(ω+ jγD)
−

1ε ·�2
L(

ω2 −�2
L

)
+ j0Lω

, (3)

where εAu denotes the gold dielectric constant and ε∞ denotes
the high-frequency dielectric constant. The value of the weight-
ing factor is 1ε, ω denotes the angular frequency, and ωD

and γD are the plasma frequency and damping frequency,
respectively. ωL is the oscillator strength and 0L is the spectral
width.

The relationship between the confinement loss and the RI of
the core mode is given by the following equation [21]:

L = 8.686×
2π

λ
Im[neff]× 104

(
d B
c m

)
, (4)

where Im[neff] is the imaginary part of the effective RI.

3. ANALYSIS OF MODE CHARACTERISTICS

Figure 2(a) shows a three-dimensional model of the structure.
The structure of the sensor is manufactured by stacking, stamp-
ing, and drilling during the manufacturing process [22]. The
filling of magnetic fluids can be achieved by the method of pres-
sure injection [23]. The specific experimental optical pathway
is shown in Fig. 2(b). The incident light is emitted from the
broadband light source and enters the sensing unit through
the polarizer controller (PC), which energizes the Helmholtz
coil with DC current to generate a MF from 20 to 100 Oe.
Changes in the external MF cause changes in the sensing unit,
resulting in a change in the spectrum, and finally the optical
spectrum analyzer (OSA) displays the results of the changes, and
the measurement of the MF is achieved based on the spectral
changes.

Figure 3 shows the dispersion relationship between the X-Pol
mode and the SPP mode when coupling occurs, and the loss
curve between the X-Pol mode and the Y-Pol mode. The solid
blue line denotes the constraint loss curve of the X-Pol core
mode, the blue dashed line denotes the constraint loss curve
of the Y-Pol mode, the solid red line denotes the effective RI
real part of the X-Pol mode, and the solid black line denotes
the effective RI real part of the SPP mode. We can see that the
solid black line intersects the solid red line at 655 nm. At this
moment, the effective RI real part of the core mode is equal to
the effective RI real part of the SPP mode, and the phase match-
ing condition is reached, so the SPR phenomenon is generated.

Fig. 2. (a) Schematic of the three-dimensional (3D) model of the sensor; (b) experimental device of the sensor.
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Fig. 3. Dispersion relationship between the X-Pol fiber and Y-Pol
fiber core mode, SPP mode, and the loss spectrum of the PCF-SPR
sensor.

At the same time, a loss peak is generated in the spectrum, and
the magnetic field is measured by changing the position of the
loss peak.

In addition, as we can see the coupling intensity in the X-Pol
is much greater than the coupling intensity in the Y-Pol, which
means that the core mode in the X-Pol can better excite SPR and
has better sensing ability, so only the polarization in the X-Pol is
studied in subsequent research discussions.

4. OPTIMIZATION OF STRUCTURAL
PARAMETERS

The proposed sensor structural parameters, the long axes of the
elliptical channel a , the short axes of the elliptical channel b, the
air hole spacing3, the air hole diameter d , and the thickness of
the metal layer t_Au were optimized, and the effect of the varia-
tion of the sensor structural parameters on the X-Pol constraints
was investigated.

A. Influence of Sensing Channel Shape on Sensor
Performance

We have discussed the horizontal and vertical axes of the ellip-
tical channel, and we have set a to be the horizontal axis of the
ellipse and b to be the vertical axis of the ellipse. Figures 4(a)–
4(c) show the core mode electric field diagrams of X-Pol for
a > b, a = b, and a < b, respectively. Figure 4(d) shows the
loss curves of the X-Pol for the three channel modes. We can
see that the peak of the loss curve is greatest when a > b. In
this form, however, the change in resonance wavelength (RW)
with RI is very insignificant and the wavelength drift is almost
negligible. The sensing performance of the sensor in elliptical
channels with different long and short axes is shown in Table 2.
It can be easily seen that the sensing performance of the sensor is
optimal when a < b. So, the proposed elliptical channel sensor
has a better sensing effect compared to the circular channel.

Fig. 4. Horizontal and vertical axes of elliptical channels. (a) a > b; (b) a = b; (c) a < b; (d) loss spectrum under different long and short axes;
(e) wavelength shift when a < b; (f ) wavelength shift when a > b.
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Table 2. Sensing Performance of Sensors in Elliptical
Channels with Different Long and Short Axes

1λpeak (nm)
Wave. Sens. Sλ

(nm/RIU)
Amp. Sen. SA

(RIU−1)

a > b 50.37 5037 189.22
a = b 56.22 5622 605.55
a < b 120.44 12044 754.88

B. Pitch of Outer Air Holes

The effect of modifying the stomatal spacing on the sensor con-
straint loss for both refractive indices is illustrated in Fig. 5(a).
From Figs. 5(b)–5(d), as 3 increases, the loss increases and
then decreases, the resonant wavelength shifts slightly red, and
the FWHM first decreases and then increases. This is mainly
because the increase in 3 changes the effective RI of the core
and SPP modes. In addition, the effective RI of the core mode
changes more than that of the SPP mode as3 increases, result-
ing in a red shift of the SPR phase matching point. In addition,
when3 is set to 3.9µm, the SPP mode and the X-Pol core mode
reach the optimal coupling point when the FWHM is the small-
est, indicating that the detection effect is most obvious currently.

Therefore, to improve the detection accuracy, a3 of 3.9 µm is
chosen in this paper.

C. Diameter of Air Holes

Figure 6 depicts the effect on the performance of the proposed
sensor at different small air hole diameters. As the diameter
of the air hole changes from 1.8 to 2.2 µm, the figure shows
that a small change in the diameter of the outer hole has a very
limited and almost negligible effect on the X-Pol limiting
loss. Therefore, we keep the stomatal diameter at 2 µm in the
following discussion.

D. Gold Film Thickness

Figure 7 explores the effect of t_Au on sensor performance. In
the process of changing the t_Au from 32 to 36 nm, the peak
value of the loss peak gradually increases, and the resonance
wavelength is blue-shifted, among which the coupling strength
is the largest when the thickness of the gold layer is 33 nm. As
the t_Au increases, it is shown that the loss peak first increases
and begins to decrease. Under the wavelength interrogation
condition, the highest constraint loss is achieved when the gold

Fig. 5. (a) Influence of 3 on the loss spectrum; (b) peak total loss variation of the sensor when the 3 range is 3.6–4.2 µm; (c) variation of the
resonance wavelength of the sensor when3 ranges from 3.6 to 4.2µm; (d) when the range of3 is 3.6–4.2µm, the FWHM of the sensor varies.
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Fig. 6. (a) Influence of d on the loss spectrum; (b) peak total loss variation of the sensor when the d range is 1.8–2.2 µm; (c) variation of the
resonance wavelength of the sensor when d ranges from 1.8 to 2.2µm; (d) FWHM variation of the sensor when d ranges from 1.8 to 2.2µm.

layer thickness is 33 nm, while the FWHM value is the smallest,
which enables this sensor to improve the detection accuracy in
the sensing process. Therefore, setting the gold layer thickness to
33 nm is the best solution.

5. EFFECT OF SENSING

A. Refractive Index Sensing

In this paper, the sensing performance of the optimized sensor
is tested in the RI of the object to be measured in the range of
1.34–1.43.

In an SPR sensor, a change in the RI of the analyte causes a
change in the SPP mode, causing a change in the wavelength
at which resonance occurs. The sensitivity of the sensor is
described by the ratio of the RW to the refractive index of the
analyte, which can be shown by the following equation [24]:

Sλ =
1λpeak

1na
, (5)

where 1λpeak denotes the change between two adjacent RWs.
1na denotes the change in the RI of the analyte.

The sensor performance was further analyzed using the
amplitude interrogation method, which eliminates the
complexity of wavelength interpolation in the wavelength
interrogation method. It can therefore be expressed as

SA(λ)=−
1

α(λ, na )

∂α(λ, na )

∂na
, (6)

where α(λ, na ) is the overall loss, ∂α(λ, na ) is the difference
between two consecutive loss spectra, and ∂na is the required
change in analyte RI.

The sensor resolution (SR) of a sensor can be analyzed in
terms of the sensor’s ability to reveal subtle changes in RI. Subtle
changes in RI can be analyzed. The calculation formula is as
follows [25]:

SR= ∂n ×
∂λmin

∂λpeak
, (7)

where ∂λmin denotes the minimum spectral resolution, ∂λpeak

denotes the maximum displacement of the resonance peak,
and ∂n denotes the change in two successive refractive indices.
Here it is ∂λmin = 0.1 nm and ∂n = 0.01. The obtained SR
for individual RI is shown in Table 3. The X-Pol has a peak SR
of 8.7× 10−6 RIU, which corresponds to an RI value of 1.42.
Thus, the proposed sensor is qualified to detect changes in the
RI of the analyte in the range of 10−6.

The figure of merit (FOM) is checking the sensor detection
ability of the key parameters. The calculation for the ratio of
wavelength sensitivity and FWHM. The FWHM is referred
to as the full-wave half-maximum. It is assumed that a higher
FOM value indicates that the sensor has a better detection limit.
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Fig. 7. (a) Influence of t_Au on the loss spectrum; (b) peak total loss variation of the sensor when the t_Au range is 32–36 nm; (c) variation of the
resonance wavelength of the sensor when t_Au ranges from 32 to 36 nm; (d) FWHM variation of the sensor when t_Au ranges from 32 to 36 nm.

Table 3. Sensing Performance Analysis of Sensors by Varying the Analyte RI

Analyte
(na)

Peak Loss
(dB/cm) λpeak (nm) 1λpeak (nm) Sλ (nm/RIU) R (RIU) SA (RIU−1) FWHM (nm) FOM RIU−1

1.34 228.777 576 10 1000 1× 10−4 40.24 37.9477 26.35
1.35 257.427 586 14 1400 7.1× 10−5 71.08 36.1125 38.77
1.36 387.733 600 19 1900 5.3× 10−5 129.94 37.9482 50.07
1.37 715.831 619 22 2200 4.5× 10−5 349.80 16.1150 136.52
1.38 504.668 641 38 3800 2.6× 10−5 373.29 28.9328 133.11
1.39 494.482 679 40 4000 2.5× 10−5 419.98 28.5478 140.12
1.40 386.884 719 52 5200 1.9× 10−5 465.25 33.8521 153.61
1.41 277.801 771 72 7200 1.4× 10−5 465.53 55.5244 129.67
1.42 262.097 843 120 12044 8.7× 10−6 754.88 76.8371 149.67
1.43 268.463 963 — — — — 175.1884 —

The highest FOM is derived from the maximum wavelength
sensitivity and the minimum FWHM. The maximum FOM of
the sensor is 153.61 RIU−1.

In Table 3, the sensing characteristics of the sensor are shown
for refractive indices ranging from 1.34 to 1.43. In addition,
from Fig. 8(a), it can be observed that the peak of the SPR is
red-shifted with increasing RI, and the RW is red-shifted from
579.89 to 958.00 nm when the RI is in the range of 1.34–1.43.
The RI sensitivity reaches a maximum of 12043.8 nm/RIU.
We can also find that the variation of RW is nonlinear between
the same amount of refractive index changes. The main reason

for this is the nonlinear dispersion change of the SPP modes
leading to the nonlinear change of the resonance wavelength.
R2
= 0.99104 can be derived from Figs. 8(b) and 8(c). In addi-

tion, the amplitude sensitivity at different RI ranges is calculated
in this paper, and it can be easily concluded that the optimum
amplitude sensitivity is 754.88 RIU−1.

B. Magnetic Field Sensing

The magnetic field sensing of the designed sensor is an impor-
tant application of this paper, so the magnetic fluid is selectively
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Fig. 8. (a) Influence of different RI on the loss spectrum of the optimized optical fiber sensor at the RI of 1.34–1.43; (b) fitting results of SPR
resonance wavelength variation with RI of the X-Pol core mode; (c) effect of different RI on amplitude sensitivity at RI of 1.34–1.43.

filled in the elliptical channel of the two sensors to detect the
magnetic field sensing effect.

To explore the characteristics of the magnetic field, the first
thing to be the magnetic field sensitivity can be expressed as

S(H)=
1λpeak

1H
, (8)

where 1H denotes the change in the external magnetic field.
A Helmholtz coil energized by a DC power supply generates
a magnetic field from 20 to 100 Oe. Changes in the RI of the
magnetic fluid filling the fiber result in a shift in the SPR res-
onance wavelength, which is then detected by an OSA and a
computer to achieve a good detection of the magnetic field. As
shown in Figs. 9(a) and 9(b). Under wavelength interrogation
conditions, the magneto-fluid RI is changed due to the increase
of the external magnetic field, and the RW is red-shifted with the
increase of MF, which leads to a similar increase in the effective
refractive index of the X-Pol core mode. The maximum MF sen-
sitivity of the sensor is 0.739 nm/Oe in the range of 20–100 Oe.
This allows the proposed sensor to cope with multi-parametric
measurements of magnetic field and refractive index. This
significantly broadens the application area and reduces the cost.

Some recent magnetic field and refractive index sensing
performances of optical fiber magnetic field sensors based on
the magnetic folding effect are shown in Table 4, and it is easy to
see that the magnetic field sensitivity of our optical fiber sensor
is higher than most of the previous related works. The sensor
has good magnetic field sensing performance in addition to
maintaining good refractive index sensing performance.

6. CONCLUSION

Finally, we designed an elliptical-channel PCF-SPR sensor
based on the magneto-refractive effect and investigated its
magnetic field sensing by using the FVFEM. We focus on the
field characteristics of the X-Pol core mode to demonstrate its
magnetic field and refractive index sensing properties. Then, we
also discuss the effects of gold thickness, size of air holes, and air
hole spacing on the sensing performance. The max wavelength
sensitivity of the designed sensor can reach 12043.8 nm/RIU,
amplitude sensitivity can be achieved at 754.88 RIU−1, and
the magnetic field sensitivity is as high as 0.739 nm/Oe. The
designed sensor maintains high refractive index sensitivity while
ensuring excellent magnetic field sensing of the sensor. Due to
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Fig. 9. (a) Effect of optimized elliptical channel fiber optic sensors on loss spectra in different magnetic fields from 20 to 100 Oe; (b) results of
fitting the SPR resonance wavelength of the X-Pol core mode to the magnetic field variations in the two structures.

Table 4. Comparison of Properties of Optical Fiber Magnetic Field Sensor Reported in the Other References

Reference Structure Sλ (nm/RIU) S(MF) (nm/Oe) Year

[26] PM-PCF — 0.0242 nm/Oe 2011
[27] Cascade: SMS — 0.0659 nm/Oe 2015
[28] PS-FBG — 0.00242 nm/Oe 2018
[29] PCF and MMF 3223 nm/RIU 0.44 nm/Oe 2021
[30] PCF-SPR 3000 nm/RIU 0.67 nm/Oe 2022
[31] MFS-PCF 10000 nm/RIU 0.16 nm/Oe 2022
This work Elliptical PCF-SPR 12044 nm/RIU 0.739 nm/Oe

its excellent sensing characteristics and simple structure, the
sensor has promising applications in complex electromagnetic
environments.
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