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Abstract: The research on MEMS wireless sensing technology adapted to strong power frequency
electromagnetic field environments is of great significance to our energy security, economic society,
and even national security. Here, we propose a subwavelength cross-meandering resonator (0.49A¢
x 0.49) to simultaneously achieve power frequency electromagnetic field shielding and wireless
communication signal transmission. The element size of the resonator is only Ay/11, which is much
smaller than that of previous works. In the resonator, a resonance mode with the significant near-field
enhancement effect (about 180 times that at f = 1 GHz) is supported. Based on the self-made shielding
box experimental setup, the measured shielding effectiveness of the resonator sample can reach
more than 33 dB. Moreover, by integrating the cross-meandering resonator with the MEMS sensor, a
wireless communication signal can be successfully transmitted. A dual-function cross-meandering
resonator integrated with sensors may find potential applications in many military and civilian
industries associated with strong power frequency electromagnetic fields.

Keywords: cross-meandering resonator; subwavelength; electromagnetic shielding; wireless
sensing communication

1. Introduction

As the backbone of the energy Internet, the ultra-high voltage (UHV) power grid is
developing toward intelligence, informatization, and digitization. With the rapid advance-
ment of micro-electro-mechanical system (MEMS) wireless sensing technology for smart
power grids, the demand for miniaturized electronic devices with various functions is
increasing [1,2]. It is worth noting that UHV power grids are accompanied by strong power
frequency (~50 Hz) electromagnetic fields, which bring out not only severe electromagnetic
interference but also physical damage to electronic devices [3]. In addition to UHV power
grids, many military and civilian industries, such as generator sets, large ship electromag-
netic power systems, and aircraft carrier electromagnetic catapult devices, also suffer from
wireless sensing technology problems in strong electromagnetic fields. Therefore, it is an
urgent need to address strong electromagnetic field interference while maintaining reliable
wireless communication with other devices or systems.

For power frequency electromagnetic shielding, Faraday cages [4], erecting shielding
wire, shielding nets, and silver-clad copper-based electromagnetic shielding composite
coatings [5] have been investigated. However, a large Faraday cage is difficult to use as the
power frequency electromagnetic shielding of small electronic components [4]. As far as
erecting shielding wire and shielding nets are concerned, the effect of power frequency elec-
tromagnetic shielding is not significant. The shielding effectiveness of composite shielding
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materials is also not as good as that of metal alloy materials [5]. Moreover, these methods
cannot guarantee the wireless communication signal transmission of electronic sensing
components. In recent years, the frequency selective surface (FSS) or microwave antenna
structure has been utilized to achieve wireless communication [6-20]. For example, by com-
bining parallel LC resonators [11] or cascaded hybrid resonant elements [13], a frequency
selective surface (FSS) was designed to achieve wideband wireless communication [10,12].
However, the difficulty of miniaturization and fabrication limits the application of FSSs in
wireless communication. By using one circular bottom patch and two circular top patches in
an air suspended inverted microstrip configuration, a new microstrip antenna was designed
to operate at a range of frequencies of 1.8-2.6 GHz [13]. Though the overall dimension of
the antenna is much smaller than that of the FSS, the ratio of its dimension to resonant
wavelength is 0.94, which is not sufficient for low-frequency band applications. More
importantly, these works did not experimentally explore the shielding effectiveness of the
structure on power frequency electromagnetic fields. Therefore, it is still a great challenge
to simultaneously achieve power frequency electromagnetic shielding and low-frequency
wireless communication using a miniaturized resonant structure.

In this work, a subwavelength cross-meandering resonator (0.491g x 0.4914) was de-
signed to experimentally demonstrate power frequency (50 Hz) electromagnetic shielding
and wireless communication signal transmission. The resonant element (~Ag/11, A is
the free-space wavelength) is created by sequentially rotating the meander gap structure
by 90°, 180°, and 270°. The simulation results show that a resonant mode with a band-
width of about 10 MHz is supported by the cross-meandering resonator. At resonance
frequency (f = 900 MHz), the resonator demonstrates a significant near-field enhancement
effect (about 180 times that at f = 1 GHz). Based on a self-built shielding box test setup,
the power frequency electromagnetic shielding and wireless communication signal trans-
mission measurements are performed. The measured shielding effectiveness of the whole
structure is greater than 33 dB. At the same time, the wireless communication signal can
be successfully transmitted through the resonator, and the chance of being received can
reach up to 100%. As a result, the proposed cross-meandering resonator combined with a
cavity can effectively solve the problem of strong power frequency electromagnetic field
interference and ensure the normal transmission of wireless communication signals.

2. Structural Design and Analysis

To decrease the structural dimensions and ensure the polarization-insensitive char-
acteristic, a subwavelength cross-meandering resonator with a quadruple rotational sym-
metry was designed, as shown in Figure 1a. The resonator comprises a metallic layer and
a dielectric substrate. The material of the metallic layer is copper because of copper’s
high conductivity (¢ = 5.8 x 107 S/m) [21,22]. The dielectric substrate is set to F4B265,
with a relative permittivity of 2.65 [23]. The thicknesses of the metallic layer and dielectric
substrate are both 1 mm. Figure 1b displays a top view of the cross-meandering resonator,
which is formed by rotating the meander gap structure by 90°, 180°, and 270°, successively
(Figure S1 of the Supplementary Materials). The resonator offers a long induction current
path within a limited size because its design is a good combination of folded and slotted
structures [24,25], which can greatly reduce the resonator’s dimensions. Here, the number
of corners, which refers to the number of bends in the resonator branches (green line marks
in Figure 1b), is N = 6. The size (w = 29 mm) of the resonant element is only 1/11 of the free-
space wavelength, which is much smaller than that of previous designs [9,11,13,19,26-28].
To investigate the electromagnetic properties of the cross-meandering resonator, full-wave
numerical simulations were carried out based on the finite element method. The struc-
ture was excited by a y-polarized electric point dipole 30 mm above the resonator. A
schematic diagram of the simulation calculation is displayed in Figure S2a of the Supple-
mentary Materials. The scattering boundary conditions and perfectly matched layers are
applied on the sides of the structure. When the geometric parameters of the resonator
area=b=1mm, N =6, and [ = 15 mm, the electric field distributions (| E|) at the elec-



Sensors 2024, 24, 5615

3of11

tromagnetic frequency of f = 900 MHz and f = 1000 MHz are as shown in Figure 1c. It
can be seen that the field energy is mainly localized in the meander gap of the resonator
at f =900 MHz. The power ratio of the cross-meandering resonator is calculated by the
formula G = 10 x logyg (P1,Pp), where P; and Py represent the radiant energy flow with
and without the resonator, respectively. The calculated power ratios at different frequencies
are displayed in Figure 1d. A resonance mode at around f = 900 MHz is observed, and the
3 dB bandwidth is about 10 MHz. Because of the significant near-field interaction (about
180 times that at f = 1 GHz) [29,30], the power ratio at the resonance frequency reaches
12 dB. When the vertical distance between the electric dipole and the resonator changes, the
calculated power ratios at different frequencies are as shown in Figure S2b of the Supple-
mentary Materials. It can be seen that the power ratio at the resonance frequency reduces
with the increase of the vertical distance. The equivalent circuit model (ECM) is used to
analyze the resonant properties of the cross-meandering resonator in theory. The transmis-
sion spectrum of the resonator array is shown in Figure S3 of the Supplementary Materials.
There is a resonant peak at f = 900 MHz in the transmission spectrum, which also verifies
that the resonator can effectively transmit a 900 MHz wireless communication signal.

(@ (©

Cu
mmmm Sybstrate

(b) N=6 (d

3
1
1
1
1
1

w

Power Ratio (dB)

1

i [

1

1 _50 1 L 1 !

. LA 06 08 10 12 1.4

b [ ot el e Frequency (GHz)

Figure 1. (a) Structural diagram of the miniaturized cross-meandering resonator. (b) Top view and
geometric parameters of the resonator. The length and width of meandering gaps, the width of the
meandering strips, and the number of corners and the size of the resonant element are denoted by /,
a, b, N and w, respectively. Here, the number of corners, which refers to the number of bends in the
resonator branches (green line marks), is N = 6. (c) Field distributions (| E ) of the resonator at the
frequency of 900 MHz and 1000 MHz. (d) Power ratios of the cross-meandering resonator based on a
full-wave simulation.

Next, the properties of the cross-meandering resonator with changes to its geometric
parameters are investigated in detail. The calculated power ratios as functions of the length
(I) and width (a) of meandering gaps, the width of the meandering strips (b), and the
number of corners (N) are displayed in Figure 2a—d. According to the transmission-line
theory [31-34], the resonance frequency is inversely correlated with the equivalent induc-
tance and capacitance of the cross-meandering resonator [35,36]. As shown in Figure 2a,
with the increase of the length of the meandering gaps, the resonance frequency shifts from
1.02 GHz to 0.81 GHz due to the increment of the equivalent inductance of the resonator. As
the width of the meandering gaps increases from a = 0.8 mm to 2 = 1.2 mm, the resonance
frequency rises by 0.04 GHz (Figure 2b), because the equivalent capacitance of the resonator
reduces slightly. Correspondingly, with the growth of the meandering strips” width, the res-
onance frequency declines a little owing to the additive equivalent capacitance (Figure 2c).
When the number of corners changes from N =4 to N = 8, the resonance frequency of
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the structure decreases dramatically because of the incremental equivalent inductance, as
depicted in Figure 2d. In comparison, the length of the meandering gaps and the number of
corners have more influence on the resonance frequency of the cross-meandering resonator.
Overall, the resonance frequency of the structure can be flexibly adjusted by varying the
geometry parameters, so that the designed resonator can be readily adapted to different
frequency ranges to meet diverse application demands.

(8) 20— (b)

__ 1ot ‘ 1 = 10t

g g o

2-10} 2-10t

&-20 S g0l

= St

o O _

2 » =13 7= 14 mm\ Z v 0.8 09

— == mm-=—/= mm N\ — [ ==—a=0Vsmm =g =0Y mm
=40 —/=15mm /=16 mm &40 —a=1.0mm a=1.1mm

=50 /=17 mm oA —50F —a=12mm

0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4
Frequency (GHz) Frequency (GHz)

© OF

10 1o}

@ 0 % ok

o-10 o-10r

S0} & 20

§—30 §—30

S _ 410l —bH=0.8mm—>5=0.9 mm A0l —N=4 —N=5

40 —b=1.0mm=—>b=1.1 mm £ —40 —N=6 N=7

—50F —b=12mm —50F —N=8

0.6 0.8 1.0 1.2 14 0.6 0.8 1.0 1.2 1.4
Frequency (GHz) Frequency (GHz)

Figure 2. Power ratios of the resonator at different (a) lengths of meandering gaps, (b) widths of
meandering gaps, (c) widths of meandering strips, and (d) number of corners.

In order to verify the power frequency electromagnetic field shielding effect of the
cross-meandering resonator, the power frequency electric and magnetic field changes after
passing through the resonator are simulated. Herein, five sides of a permalloy layer and
one side of a copper layer form a hollow cube box (160 mm x 160 mm x 160 mm). The
thicknesses of permalloy layer and copper layer are both 1 mm. The conductivity and
relative permeability of the permalloy material are ¢ = 8.475 x 10° S/m and y, = 10°,
respectively. The center of the copper layer is the cross-meandering resonator, and the
parameters are w = 29 mm, / = 15 mm, a = 1 mm, b = 1 mm. A wire with a diameter of
30 mm is placed 50 mm from the resonator. The voltage applied on the wire is 110 kV.
At f = 50 Hz, because the element size (29 mm) is much smaller than the corresponding
wavelength (6 x 10° m), the cross-meandering resonator is in a non-resonant state. By
utilizing the high conductivity and relative permeability of the material, the structure can
realize the power frequency electromagnetic field shielding.

The simulated electric field and magnetic field distributions are displayed in Figure 3a,b.
It is observed that the electric field intensity inside the cubic box decreases sharply, while
the magnetic field intensity is relatively gradually decreased. Taking the distributions of
electric field and magnetic field without the cubic box as a reference, the calculated ratios of
|E1% and | H |2 are as shown in Figure 3c. The shielding effect of the resonator composed
of copper material on the electric field (black line) is better than that on the magnetic field
(red line). Atz < —5 mm, the shielding’s effectiveness on the electric field is greater than
60 dB. To improve the ‘s effect on the magnetic field, the material of the resonator layer can
be changed to permalloy. The simulated results are displayed in Figure 3d—f. It can be seen
that the shielding effect of the resonator on the power frequency magnetic field has been
significantly improved. The shielding effectiveness on both the electric field and magnetic
fields exceeds 50 dB at z < —13 mm.
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Figure 3. (a) Electric field (| E|) and (b) magnetic field (| H|) distributions when the material of
the resonator layer is copper (white fonts). The “wire” and “cubic box” refer to the positions where
the wire and cubic box are located in the simulation calculation. (c) Calculated ratios of | E |12 and
| H12 at the resonator layer composed of copper. (d) Electric field (| E|) and (e) magnetic field (I H 1)
distributions when the material of the resonator layer is permalloy (white fonts). (f) Calculated ratios
of I1E12 and | H 2 at the resonator layer composed of permalloy.

3. Experiments and Results

To experimentally verify the functionality of the proposed cross-meandering resonator,
the structure is etched in a 1 mm thick copper film using wire electrical discharge machining
(WEDM). Figure 4a shows a photograph of the fabricated sample. The overall size of the
sample is about 164 mm x 164 mm (~0.49A¢ x 0.49A(). A detailed size comparison can
be seen in Table S1 of the Supplementary Materials. A zoomed-in view of the resonator
is displayed in Figure 4b. The measured geometrical parameters of the resonator are as
follows: w = 28.95 mm, [ = 14.95 mm, a = 0.95 mm, b = 1.05 mm. To test the shielding
efficiency and wireless signal transmission of the sample, we customized an open side
shielding box and a rolled-up lid, as depicted in Figure 4c,d. Here, the box and lid are made
of permalloy, due to its high permeability at the power frequency, and the thicknesses are
both 1 mm. The dimensions of the shielding box and lid are m = h = n = 160 mm, ¢ = 10 mm.

~

Figure 4. (a) Photograph of the cross-meandering resonator sample. (b) Zoomed-in view of the
resonator. (c) Shielding box made of permalloy. The length, width and height of the shielding box are
represented by m, n and h respectively. (d) Shielding box and lid made of permalloy. The width of the
curled edge of the lid is represented by e.
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To measure the power frequency electric field intensity,a MEMS AC/DC electric field
sensor (JDC-W01) was brought from Beijing Zhongke Feilong Sensing Technology Company
Limited (Beijing, China). In the experiment, the electric field sensor was supported in the
open-sided shielding box by a stack of sticky notes, as shown in Figure 5a. An electric
wire was used as the emission source of power frequency (50 Hz) electromagnetic field.
When the whole device was in an open environment (Figure 5b), we measured electric
field intensities, which changed with the change of the distance between the electric wire
and sensor, as are displayed by the black dots in Figure 5c. The red line in Figure 5c is a
fitting curve based on the equation I = I + Ae~P/!, where I and D represent the intensity
and distance, respectively. The fitting coefficients are Iy = —0.005, A = 0.491, and f = 14.948.
This indicates that the electric field intensity decreases exponentially with the distance.

(b)
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Figure 5. (a) Power frequency electric field shielding performance measurement setup. (b) Measured
photograph when the electric wire is close to the sensor. (c) Measured electric field intensities at
different distances (black dots). The red line indicates the fitting curve. Measured photographs when
the electric wire is close to the (d) permalloy lid and (e) cross-meandering resonator sample.

Then, the permalloy lid and cross-meandering resonator sample were tightly con-
nected with the cubic box. To achieve good electrical contact, we first pasted the box
and resonator surface together with an electromagnetic shielding sealing strip, and then
covered the joint with a conductive cloth tape. In the follow-up experiments, we put the
electric wire close to the permalloy lid and cross-meandering resonator sample, as shown
in Figure 5d,e. Table 1 shows the results of multiple measurements in three conditions. It
is obviously observed that the cross-meandering resonator sample and the permalloy lid
both effectively block the transmission of a power frequency electromagnetic field, because
the electric field intensity in the shielding box is less than the minimum that the sensor
can measure (10 V/m). According to the equation SE = 20 x logio(Ey/Es) [22], in which
Ey and E; represent the electric field intensities in open environment and covered with
the resonator sample, respectively, the measured shielding effectiveness can exceed 33 dB,
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which is comparable to that observed in previous works [26,28] (Table S1 of the Supple-
mentary Materials). Hence, the proposed cross-meandering resonator could find potential
applications in power frequency electromagnetic field shielding of UHV power grids.

Table 1. Measured electric field intensities at three conditions (kV/m).

1 2 3 4 5
Open 0.446 0.442 0.452 0.450 0.448
Permalloy lid <0.01 <0.01 <0.01 <0.01 <0.01
Resonator sample <0.01 <0.01 <0.01 <0.01 <0.01

In addition to testing the shielding performance of the power frequency electromag-
netic field, we also studied the transmission of wireless communication signals by the
cross-meandering resonator sample. Herein, an air pressure sensor (Figure 6a) composed
of a MEMS piezoresistive pressure sensor, temperature sensor, and integrated narrow-
band Internet of Things (NB-IoT) communication module was independently developed.
The sensor can send barometric data to the software platform via a 900 MHz wireless
communication signal. By utilizing the low power technology and temperature compen-
sation algorithm, the air pressure sensor monitoring system has the advantages of low
power consumption, low cost, high accuracy, and online monitoring. As in the previous
experiment, the air pressure sensor is suspended in the open-sided shielding box, as de-
picted in Figure 6b. Three controlled experiments—the whole device in an open condition
(Figure 6b), with the permalloy lid on (Figure 6c) and covered with the cross-meandering
resonator sample (Figure 6d) were also performed. It should be noted that the sample in
Figure 6d is the same as that in Figure 5e, and the difference in color is caused by different
ambient light. If a barometric value is displayed in the online post-processing platform,
the wireless communication signal transmitted by the air pressure sensor passed smoothly
through the cross-meandering resonator sample and was successfully received by the NB-
IoT base station. In this case, we used the symbol of “1/” to record the result. Conversely,
if no data was updated, the signal was not received and the symbol of “x” was recorded.
The measured results at three conditions are shown in Table 2.

(@) m (b) \

- i

Figure 6. (a) Photograph of the air pressure sensor. Measured photographs when the whole device
(b) in an open condition, (c¢) with the permalloy lid on, and (d) covered with the cross-meandering
resonator sample.
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When the shielding box was open, the wireless communication signal was effectively
received by the NB-IoT base station. The probability is not 100% because the communication
signal transmitted between the self-developed sensor and the base station was unstable.
As a contrast, the wireless communication signal was completely blocked by the permalloy
lid. When the shielding box was covered by the cross-meandering resonator sample, the
chance of the signal being received by the NB-IoT base station was about 53%. The low
probability was attributed to the instability of the communication signal and resonant
frequency deviations. To remove the instability of the communication signal between the
sensor and NB-IoT base station, a 2.4 GHz wireless communication module (left part in
Figure 7a) and the signal receiving module (right part in Figure 7a) were brought from
Shenzhen Ruidilai Technology Company Limited (Shenzhen, China). By adjusting the
structural parameters of the cross-meandering resonator, the resonance frequency shifted
to near 2.4 GHz. The fabricated resonator sample composed of the permalloy material
is displayed in Figure 7b. Then the communication module was placed in the shielding
box, and the receiving module was inserted into a computer. The distance between the
communication module and receiving module was about 2 m. Consistent with the testing
method of Figure 6, the controlled experiments were carried out, and the results are shown
in Table 3. It can be seen that the 2.4 GHz wireless communication signal passed perfectly
through the resonator and was received by the receiving module, with a probability of 100%.
Therefore, the above experimental results fully verify that the proposed cross-meandering
resonator can not only shield the power frequency electromagnetic field but also allow
wireless communication signal transmission, which has not been explored before (Table S1
of the Supplementary Materials).

Table 2. Experimental data of 900 MHz wireless communication at multiple measurements. The
numbers in the table represent the times of measurement.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Probability
vovyovovvvV VY 8
Oper VoV X vV Y X VY o
Permalloy lid X X X X X X X X X 0%
Resonator sample  /  x X X o X oXx 53%
(b)
Figure 7. (a) Photograph of the 2.4 GHz wireless communication module (left part) and the signal
receiving module (right part). (b) Photograph of the resonator sample with a resonance frequency of
2.4 GHz.
Table 3. Experimental data of 2.4 GHz wireless communication at multiple measurements.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Probability
Open V VY VYNV NNV ANV AV L00%
A N N N N )
Resonatorsample +/ v v vV VvV VvV vV VvV v Vv v v VvV Vv OV 100%

4. Conclusions

In summary, by utilizing a subwavelength cross-meandering resonator (0.491y X
0.491), power frequency electromagnetic field shielding and wireless communication
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signal transmission were successfully demonstrated. The resonator had a quadruple
rotational symmetry, and its element size (~Ay/11) is much smaller than that of previ-
ous works [9,11,13,19,26-28]. Due to the significant near-field enhancements of |E| 2 at
f =900 MHz, which is about 180 times that at f = 1 GHz, a resonant mode with a power
ratio of 12 dB was supported by the cross-meandering resonator. Based on the self-made
shielding box experimental setup, the power frequency electromagnetic field shielding
and wireless sensing communication performance of the resonator sample were tested.
The measured shielding effectiveness could exceed 33 dB, and the probability of a wireless
communication signal being received could reach up to 100%. Therefore, the proposed
cross-meandering resonator simultaneously realized the goals of power frequency elec-
tromagnetic shielding and transmission of wireless sensing communication signals. By
integrating the dual-functional resonator and MEMS devices, we expect to solve many of
the physical problems faced by wireless sensors in strong electromagnetic environments
and greatly promote the development of MEMS wireless sensing technology adapted to
strong electromagnetic field environments.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/s24175615/s1, Figure S1: Composition method of the
cross-meandering resonator; Figure S2: Schematic diagram of the simulation calculation and power
ratios at different vertical distances; Figure S3: Calculated transmission spectrum of the resonator
array by using the equivalent circuit model; Table S1: Comparison of the proposed resonator with
other works.
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