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Abstract: A methodology combining the asymmetrical metal-cladding waveguide
(aSMCW) excited ultrahigh-order modes and coarse wavelength induced Vernier effect is
theoretically proposed to enhance the sensitivity of the magnetic field sensor. In our aSMCW
structure, a transparent glass SF11 with a sub-millimeter scale thickness is selected as
the guiding layer, whose magnetically modulated refractive index leads to a variation of
resonant wavelength. By controlling the sampling interval of tunable laser, the Vernier effect
assisted resonant wavelength shift is more distinguishable and the sensitivity is enhanced
about 20 times. Our sensitivity enhancement method is low cost since the optical spectrum
analyzer (OSA) with a fine resolution is needless.

Index Terms: Sensor systems, optical waveguides, physical optics.

1. Introduction
Magnetic field sensors are significant devices in many monitoring applications, ranging from
navigation [1], positioning [2] to geophysical explorations [3]. Naturally, variety of technologies
are proposed to realize magnetic field detection. The utilize of the magnetically sensitive material
to induce transformation of the variation of the magnetic field to other easy-measured physical
quantities is a well-researched method. For example, the combination of the magnetic fluid (MF)
with all-optical fiber systems [4], [5] is to substitute the measurement of magnetic field to refractive
index of the MF, the Faraday-effect based sensor can transform the variation of magnetic field
to a change in the characteristic of light propagating [6], magnetoresistance based sensor [7], and
magnetostriction based sensor [8]. Actually, these methodologies are highly related to the materials
that used in the systems. Recently, the requirements for high precision in magnetic field sensors
attract many attentions and numerous researches are proposed to enhance the sensitivity of the
sensors, such as the lowering linear birefringence [9] and using the microfiber coupling structures
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Fig.1. Schematic diagram of the magnetic field sensor.

[10]. These approaches can improve the sensitivity of the sensors by modifying the structures. To
simplify the devices, Vernier effect can be harnessed in the sensor systems.

Vernier effect is a common technology that has been widely used in calipers and barometers.
For these tools, the Vernier effect amplifies the small length difference to the sub ruler scale, which
assists the realization of the length measurement with high resolution. With this advantage, Vernier
effect is exploited in optical systems. As for the application, the cascade of two resonance cavities
or interferometers with similar free spectral ranges (FSRs) produces a superimposed spectrum.
A new FSR, which is broader than the old one will be obtained with a periodic envelope in this
new spectrum. Therefore, by detecting the new FSR, the sensitivity can be severalfold amplified.
With this method, numerous optical sensing schemes are proposed [11], [12]. However, in the
general case, another resonant cavity should be induced in systems for reference interferometry to
generate the Vernier effect, which greatly complicates the structure. Here, an asymmetrical metal-
cladding waveguide (aSMCW) based magnetic field sensor, which can transfer the magnetic field
intensity measurement to resonant wavelength shift detection, is proposed. Moreover, sampling
Vernier effect is exploited in the system. Different sampling intervals for wavelength scanning by
controlling the tunable laser can induce the Vernier effect and optimize the reflectivity spectrum. By
means of this, the sensor structure can be greatly simplified and the sensitivity can be controlled
and improved. It is believed that this method can be applied to other Vernier-effect based sensors,
such as strain sensor [13], temperature sensor[14], [15], etc.

2. Device Structure and Sensing Principle
The schematic diagram of the magnetic field sensor is depicted in Fig. 1. A tunable laser provides
a monochromatic light beam, whose wavelength is supposed to be λ. The light beam continuously
passes through an aperture A1, whose diameter is 0.1 mm to collimate the beam, a polarization
modulation system, another aperture with the same diameter A2, and then incident upon the
top side of a classical aSMCW structure. The aSMCW is firmly mounted on a controllable θ/2θ

goniometer. An optical spectrum analyzer (OSA) is utilized to detect the reflected beam spectrum.
The polarization modulation system consists of a polarizer and a photoelastic modulator (PEM),
which assists the switch between left and the right circular polarizations of the incident beam. The
aSMCW structure composes of a transparent glass SF11 layer sandwiched between a thin silver
film on top and a thick silver slab underneath, and they serve as the guiding layer, the coupling layer,
and the substrate, respectively. From top to bottom, their thicknesses are assumed as h1 = 20 nm,

h2 = 0.8mm, and h3 = 300 nm, respectively. The dielectric constant of the air is ε0 = 1 and that
of the silver can be described as ε1 = ε3 = −125.35 + 12.555i [16]–[18]. For material SF11, the
average refractive index is assumed as n2 = 1.77862 with Verdet constant V = 20 radT−1m−1 [19].
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With the application of the free-space coupling technique [20], the incident beam can be directly
coupled into the guiding layer. Moreover, the thickness of the guiding layer is of millimeter scale,
which provides the condition for the excitation of ultrahigh-order modes (UHMs) and their dispersion
equation can be simply approximated as [21]

κ2h2 = mπ, (1)

where κ2 = k0(ε2 − N2)1/2 and m = 0, 1, 2, . . .is the mode order. Among them k0 = 2π/λ is the
wavenumber with the wavelength λ in vacuum and N = √

ε0 sin θi is the effective refractive index at
incident angle θi. According to transfer matrix method, the reflectivity coefficient of this employed
aSMCW can be written as [22]

r0123 = r01 + r01r12r23 exp(−2α2h2) + [r12 + r23 exp(−2α2h2)] exp(−2α1h1)
1 + r12r23 exp(−2α2h2) + r01[r12 + r23 exp(−2α2h2)] exp(−2α1h1)

, (2)

where αi =
√

β2 − k2
0εi is the attenuation coefficient and

ri j =
{ ki−k j

ki+k j
for TE polarization,

ki/εi−k j /ε j

ki/εi+k j /ε j
for TM polarization,

(3)

is the Fresnel reflection coefficient at each interface. Among them β is the propagation constant,
and the subscripts i, j = 0 − 3 refer to the air, thin silver layer, SF11 layer, and thick silver layer,
respectively. Therefore, the reflectivity of the aSMCW can be acquired as R = |r0123|2.

For the employment of the SF11 glass as the guiding layer, the exertion of the current-induced
magnetic field intensity B, which is parallel to the incident beam, leads to a medium circularly
birefringent. The strength of the magnetic field B can be tuned by the current intensity. According
to the previous research [19], the refractive indices of the left and right circularly polarized states of
light can be given by ⎧⎪⎨

⎪⎩
n2 = nL+nR

2

nL = n2 + V Bλ
2π

nR = n2 − V Bλ
2π

, (4)

respectively. Based on (1), (2), and (4), one can know that the aSMCW is polarization-independent
[23] and the reflectivity spectrum of aSMCW for TE polarization (blue dot line) and TM polarization
(red solid line) is depicted in Fig. 2(a). To clearly illustrate the result, two selected modes marked
with a black dash box are enlarged and depicted in Fig. 2(b). For the simulation, the angle of
incidence is fixed at θi = 6.172◦, the amplitude of magnetic field is set as B = 0Gs, and the incident
wavelength λ is tuned from 1535 nm to 1565 nm by a step of 0.006 nm. It can be seen from
Fig. 2(a) and (b) that these two polarizations are overlapped with each other. Therefore, in the
following simulation, TE polarization is selected for the simulation, while the TM polarization has
the similar results.

Performing the differential operation over (1), the FSR can be calculated as [24]

F SR = λ2

2h2

√
n2

2 − N2
. (5)

Actually, with the operation of polarization modulation system, the monochromatic light beam
from the tunable laser can be switched between the left and right circular polarization, and then
couples into the aSMCW. Therefore, the UHMs, which have been demonstrated highly sensitive to
the parameters of the structure and material [25], [26], will be excited. According to (4), when the
amplitude of magnetic field B gradually increases, the resonant wavelength correspondingly shifts,
due to the magnetic field intensity B leads to the variation of the nL or nR. Two modes that marked
with a black dash box in Fig. 2(a) are selected and enlarged shown in Fig. 2(c) and (d) for detailed
analysis. The Fig. 2(c) shows the situation where the incident beam is right circularly polarized
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Fig, 2. (a) Reflectivity spectrum for TE polarization (blue dot line) and TM polarization (red solid line),
(b) partial enlargement of picture (a); Reflectivity spectrum for (c) right circular polarization, and (d) left
circular polarization at magnetic field intensity B = 0 Gs (blue solid line), B = 15 Gs (red dot line), and
B = 30 Gs (green dash line), respectively.

state. It can be seen that when the amplitude of magnetic field B increases from 0 Gs to 30 Gs
with a step size of 15 Gs, the resonant dips shift left, and the FSR is about 0.84 nm, which agree
with the calculated result (F SR = 0.845 nm). The displacement of the resonant dip at wavelength
∼1546.4 nm is 	λ = 0.066 nm. The figure also shows that as the amplitude of magnetic field B
equally increases, the displacement of the resonant wavelength correspondingly evenly grows.
Thus, with this shift, the measurement of the magnetic field intensity can be transferred to the
detection of the resonant wavelength shifts. For left circularly polarized state incident beam, the
reflectivity spectrum portraited in Fig. 2(d). It can be found that with the enhancement of the
magnetic field intensity, the resonant dips have a right shift, and the difference is 	λ = 0.066 nm
at wavelength around ∼1546.4 nm. For both the left and right circularly polarization, the change of
the magnetic field can cause the shift of the resonant dip, and the displacements of the resonant
dip are nearly the same. Therefore, the following simulation is based on right circularly polarization,
for the left circularly polarization will have the similar results.

3. Vernier Effect and Sensitivity Analysis
To induce the vernier effect, the incident wavelength λ is tuned from 1535 nm to 1565 nm by
a step of 0.88 nm. This sampling interval is marginally greater than FSR of the low finesse
sensor that discussed in section 2. Accordingly, a phase difference will exist between the incident
beam wavelength and the low finesse sensor spectrum. As the wavelength increases, the phase
difference will accumulate and when the phase difference varies 2π , the reflectivity will be the
same. The sensitivity amplification factor is defined as [13]

M =
∣∣∣∣ F SR
F SR − SI

∣∣∣∣ , (6)

where SI is sampling interval.
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Fig. 3. Reflectivity spectrum for (a) SI = 0.006 nm (blue solid line) and SI = 0.88 nm (red line with circle
symbol) and (b) SI = 0.88 nm at magnetic field intensity B = 0 Gs (blue square scatters), B = 15 Gs
(red rectangle scatters), and B = 30 Gs (green circle scatters), and their fitting curve as blue solid line,
red dot line, and green dash line, respectively.

According to (5) and (6), the theoretical sensitivity amplification factor for sampling interval
SI = 0.88 nm is 24.71 times. Fig. 3(a) depicts the reflectivity spectrum with different wavelength
sampling interval. The blue solid line represents the situation where the sampling interval is
0.006 nm while the red line with circle symbol represents the sampling interval is 0.88 nm. It can
be seen that for sampling interval SI = 0.88 nm, the reflectivity spectrum only has two resonant
dips when the wavelength ranges from 1535 nm to 1565 nm. The sampling interval SI = 0.88 nm
at different magnetic field intensity is illustrated in Fig. 3(b). The blue square scatters, red rectangle
scatters, and green circle scatters represent the condition where the amplitude of magnetic field is
B = 0 Gs, B = 15 Gs, and B = 30 Gs, respectively. In order to improve the measurement accuracy,
the smoothing spline fitting is employed to fit these scatters. The fitting results are also shown
in Fig. 3(b) with the blue solid line, red dot line, and green dash line when the magnetic field
intensity is B = 0 Gs, B = 15 Gs, and B = 30 Gs, respectively. It can be seen that resonant dips
shift left and the displacement is 	λ = 1.61 nm. Compared to the low finesse sensor, this shift is
more distinguishable and convenient to be detected. The simulated sensitivity amplification factor
is 24.39 times, which has a good agreement with the theoretical calculation.

The spectrum shifts of different sampling intervals SI = 0.006 nm, SI = 0.88 nm, and SI =
0.92 nm as a function of the magnetic field intensity in the range of 0 Gs to 90 Gs are shown
in Fig. 4. It is found that the wavelength shift and magnetic field intensity has a great linearity, which
enables the sensing process. The sensitivity of different sampling intervals equal to their slopes,
which are 0.0043 nm/Gs, 0.09 nm/Gs, and 0.06 nm/Gs, respectively. The sensitivity amplification
factor for sampling intervals SI = 0.88 nm and SI = 0.92 nm are 22.12 times and 13.95 times, re-
spectively. It exists a slight difference between the theoretical and simulated sensitivity amplification
factor, which can be explained as following. During the process of the coarse wavelength sampling,
the increment of the wavelength causes the variation of F SR, which is proved by (5), thus, F SR
fluctuates with the mode order. Moreover, it can be found that the sensitivity for sampling intervals
SI = 0.88 nm is larger than that of SI = 0.92 nm, and it can be explained by (6). It also worth noting
that the selected sampling interval should merely be slightly larger than F SR, due to the fact that
the large one will reduce the sensitivity, while the small one will not generate the Vernier effect.
With the sensor utilizing the coarse wavelength sampling induced the Vernier effect, the resonant
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Fig. 4. Spectrum shifts of the different sampling intervals SI = 0.006 nm (green star scatters), SI =
0.88 nm (blue square scatters), and SI = 0.92 nm (red circle scatters) as a function of the magnetic
field intensity in the range of 0 Gs to 90 Gs and their linear fitting results (orange solid line).

wavelength shifts are more discernable than that of the low fineness sensor. Therefore, while
effectively improving the sensing accuracy, the sensor cost can also be generally cut in light of
the fact that a fine OSA is no longer a necessary condition.

4. Conclusion
In summary, an aSMCW structure with inserting the SF11 glass as the guiding layer is presented
to achieve the magnetic field intensity sensing by substituting the magnetic field intensity mea-
surement to the detection of the resonant wavelength shift. The optimized Vernier-effect based
sensitivity amplification method is proposed and utilized on sensor to improve the sensitivity. The
results show that the sampling intervals that marginally greater than FSR effectively enhance the
sensitivity up to 22.12 times and the simulating results are greatly agree with the theoretical results.
In the practical application, it worth noting that to realize a higher sensitivity amplification factor,
the selected sampling intervals should be properly adjusted to match the value of FSR. With this
technique, the sensitivity of the magnetic field sensor can be controlled and improved, moreover,
the cost of the sensor can be largely cut. It is believed that with these advantages, this method can
be applied to other structures and the sensor can be widely utilized in sensor field.
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