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Low-Frequency Magnetic Shielding of Double-Layer Conducting
Plates with Periodic Apertures: Experimental Observation

of Great Improvement of Shielding Effectiveness
by Slightly Separating the Two Plates
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Abstract—This article focuses on the low-frequency magnetic shielding of double-layer conducting
plates with periodic circular apertures. The shielding effectiveness (SE) is measured as the insertion
loss of the plates when they are placed between a pair of coaxial loops, one for magnetic field emission
and the other for receiving. Our experimental results show that the SE sharply increases with the
layer-to-layer spacing increasing from zero to the aperture diameter. For aluminum plates with 1mm
thickness, 20mm unit cell, and 10mm aperture diameter, the enhancement is approximately 10 dB and
20 dB for 3mm and 9mm spacing, respectively. In addition, the effect of the lateral deviation on the
SE is evident only if the spacing is smaller than the aperture diameter.

1. INTRODUCTION

Low-frequency magnetic shielding is frequently commonly used to prevent electromagnetic interference
in various practical applications, including electric vehicles [1], wireless power transfer [2, 3], power
converters [4], ultrasensitive atomic sensors [5], resistance spot welding [6], magnetic resonance
imaging [7], and power transformers [8]. Depending on specific requirements and working environments,
different shielding configurations are selected, such as enclosures [1, 9], solid plates [10–14], perforated
plates [15–17], and wire meshes [18–21]. Among these, perforated plates offer moderate shielding
effectiveness (SE), ventilation capacity, and weight, making them especially suitable for situations where
a tradeoff among SE, ventilation, and weight is required.

A recent study [15] examined the SE of a single-layer conducting plate with periodic apertures
(CPPA) against a circular-loop electromagnetic field source, both theoretically and experimentally.
The study found that magnetic diffusion and aperture leakage were the dominant effects in the low-
and high-frequency ranges, respectively. As frequency increased, the SE was initially improved but
eventually stabilized when the aperture leakage effect became dominant. The investigated single-layer
CPPA exhibited an SE of approximately 40 dB in the frequency range from tens of 1 kHz to 1MHz.

In [22], the SE of a multilayer metal mesh against a plane-wave source was studied, and it was
found that the SE of metal meshes can be significantly improved by increasing the spacing between the
mesh layers. However, the spacing considered was greater than at least two times of the size of the unit
cell, which rendered the layer-to-layer coupling negligible. Consequently, each layer could be modelled
independently using the surface impedance.
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This article builds upon earlier research on a single-layer conducting plate with periodic apertures
(CPPA) [15] by studying the SE of a double-layer CPPA. This article builds upon earlier research on a
single-layer conducting plate with periodic apertures (CPPA) [15] by studying the SE of a double-layer
CPPA. It should be noted that for such a small spacing, the analytical theory based on the traditional
surface impedance formula is no longer applicable [15, 19, 21]. This is because the surface impedance
will be affected by the close layer-to-layer coupling. Furthermore, achieving steady and reliable full-
wave numerical simulations for such a configuration is also challenging. As a result, this article only
presents experimental results, which may inspire future analytical and numerical simulation research on
this article.

The rest of the article is organized as follows. Section 2 describe the electromagnetic problem
and test bench setup. In Section 3, experimental results are presented, and the effects of layer-to-
layer spacing and lateral deviation are analyzed. Furthermore, the edge effect of a finite-size plate is
evaluated, and experiments are conducted with different aperture diameters. Finally, Section 4 provides
a summary of the article.

2. PROBLEM DESCRIPTION AND TEST BENCH SETUP

As depicted in Fig. 1, the emitting loop lies on the z = 0 plane and has a radius of rc. It carries a
time-harmonic current i with frequency f . The first and second layers of the double-layer CPPA shield
occupy the regions z1 < z < z1 + t and z2 < z < z2 + t, respectively, where t is the thickness of each
layer. Both layers are composed of same conductive material with conductivity σ, permeability µ, and
permittivity ε. The dimensions of a unit cell of the CPPA shield are w along both the x axis and y
axis. The radius of the circular apertures drilled periodically in the plate is r.

Figure 1. Sketch of the low-frequency magnetic shielding problem.

Figure 2 depicts a schematic of the test-bench setup [12], which utilized a low-frequency power
signal generator (ZN1042A) to provide power to an emitting loop (ZN30303, with a diameter of 12 cm)
at a frequency that could be adjusted between 1 and 500 kHz using a sine wave. The emitting loop
was composed of 20 turns of enameled wire with a finite radius rc and was fixed on a metal shell.
The shell had a height of 6 cm, and the wire was fixed at a height of 5 cm above the bottom of the
shell. A receiving loop (AARONIAAG, PBS-H4, with a diameter of 5 cm) was connected to a spectrum
analyzer. The wire shell of the loop had a radius of 5mm. The magnetic shielding effectiveness (SE)
was determined by calculating the ratio of the voltage measured by the receiving loop with the plates
removed to that with the plates loaded. Since the radius of the receiving loop was very small, the SE
definition based on the induced voltage on the receiving loop was approximately equal to that based
on the magnetic field at the center of the loop. Additionally, the SE could be affected by the radius
of the emitting loop if the loop-to-loop distance was smaller than the loop radius [13]. The conducting
plates used in the experiment had dimensions 1m×1m×1mm and were constructed of aluminum with
electrical conductivity σ = 3.77× 107 S/m and relative permeability µr = 1. Each aluminum plate had
2500 circular apertures of a diameter of 10mm, and the center-to-center distance of adjacent apertures
was 20mm. z1 is always 50mm.
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Figure 2. Test bench setup for measuring the magnetic shielding effectiveness.

3. EXPERIMENTAL RESULTS

3.1. Edge Effect

When dealing with finite-sized plates, a third coupling path, known as the edge effect, must be taken into
consideration in addition to the diffusion effect and aperture leakage effect observed in infinite plates. In
a study conducted by [23], the SE of a rectangular copper plate measuring 630mm× 490mm× 0.3mm
was measured and found to be comparable to that of an infinite plate for frequencies lower than 600 kHz
at a loop-to-loop distance of 75mm, indicating that the edge effect was negligible at these conditions.
However, the extent to which the edge effect can be ignored depends on various factors such as the size
of the plate, the frequency, the size of the loop, and the position of the field point. Generally, at higher
frequencies, smaller plate sizes, larger loop sizes, and greater loop-to-loop distances, the edge effect will
become more significant relative to the diffusion and aperture leakage effects [23].

To experimentally evaluate the edge effect, the two-layer CPPA was laterally moved while keeping
the emitting and receiving loops fixed, as illustrated in Fig. 3. Fig. 4 presents the measured SE versus
the lateral deviation distance. The parameters used were f = 500 kHz; z1 is always fixed at 50mm;
the loop-to-loop distance is 92mm, and z2 = 51mm, 57mm, or 81mm. It can be observed that the SE
curve is stable in the middle and drops on both sides. The stable stage has a length of approximately
0.6m, which is smaller than the plate length of 1m. Thus, when the loops are placed within the middle
region, the edge effect can be considered negligible. Conversely, if the loops are beyond the stable stage,
the edge effect becomes non-negligible. Furthermore, the shielding of the edge effect becomes stronger
as the layer-to-layer distance increases.

Figure 3. Sketch of the experiment on the edge effect.
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Figure 4. Dependence of the SE on the lateral deviation of the two-layer CPPA with both the emitting
and received loops fixed. The loop-to-loop distance is 92mm, the frequency f = 500 kHz, z1 = 50mm,
and z2 = z1 + d+ t.

3.2. Effect of Layer-to-Layer Spacing

Here, the effect of layer-to-layer spacing on the SE is investigated, assuming that the two plates are
aligned with each other. Fig. 5(a) shows the measured results for spacings of d = 0mm, 3mm, 6mm,
9mm, and 30mm, with a fixed loop-to-loop distance of 92mm. The experimental results for a single-
layer plate are also shown. As observed in the case of a single-layer plate [15], the SE initially increases
with frequency and then becomes stable above some critical frequency. It is the effects of diffusion
and of aperture leakage that are responsible for the magnetic field coupling mechanism respectively
below and above the critical frequency. Here, we mainly focus on the aperture leakage effect, where
the plates can be approximated as perfectly electric conductors. We observe a rapid increase in the SE
when the two plates are slightly separated. Compared to the case of close contact (d = 0mm), the SE
increments are approximately 10 dB, 18 dB, 20 dB, and 25 dB for d = 3mm, 6mm, 9mm, and 30mm,
respectively. The SE of the double-layer shield with d = 0mm is only about 5 dB larger than that of
the single-layer shield. The double-layer shield in close contact has an aperture depth of two times of
that of the single-layer shield, which then causes stronger aperture attenuation based on the waveguide
cutoff effect. This may be responsible for the 5 dB increment. In addition, the curve corresponding to
d = 30mm exhibits a sharp peak caused by a low-frequency resonance phenomenon. This phenomenon
usually occurs when the field from the aperture leakage effect is approximately equal in magnitude to
that from the diffusion effect, but is out of phase with it [24].

Figure 5(b) shows the effect of plate-to-loop spacing for a loop-to-loop distance of 77mm. As seen

(a) (b)

Figure 5. Measured shielding effectiveness versus frequency for different plate-to-plate spacings when
the loop-to-loop distance is (a) 92mm and (b) 77mm. The plate thickness is 1mm.
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in the graph, the SE increases by approximately 7 dB, 15 dB, 19 dB, and 23 dB for plate-to-loop spacings
of d = 3mm, 6mm, 9mm, and 12mm, respectively, compared to the case of close contact (d = 0mm). It
is worth noting that the increase in SE is relatively small with increasing distance between the emitting
loop and receiving loop, as observed by comparing Figures 5(a) and 5(b).

In Figure 6, the measured SE of two plates, each of thickness 0.5mm when they are naturally
stacked together, is compared with that of a single plate of thickness 1mm (i.e., the two stacked plates
have a total thickness equal to that of the single plate). It can be seen that the two configurations have
nearly identical SE, with a difference of less than 1 dB, indicating that the influence of surface contact
(pressure) between the two plates on the SE is negligible. The underlying reason for this is that in the
coaxial configuration, the eddy currents within the plates have a negligible z component, and hence the
eddy current loops are not cut off by the tiny gap between the plates.

Figure 6. Comparison of the SE of a stack of two plates each of thickness 0.5mm and that of a single
plate of thickness 1mm.

3.3. Effect of Lateral Deviation

During the aforementioned tests, the two plates were always aligned. That is, one plate would completely
coincide with the other after translation along the z axis. Here, we investigate the scenario where the
two plates are not aligned. In particular, we let the second plate translate a distance of w/2 along both
x and y axes simultaneously, as illustrated in Figure 7. The white circles in the figure represent the
periodic apertures of the first layer, while the gray circles denote those of the second layer. In this case,
the apertures of the two plates complement each other perfectly, resulting in higher SE effect than other
cases of lateral deviation.

Figure 7. Top view of layer-to-layer lateral offset.

The upper limit of the loop-to-loop distance is constrained by the dynamic range of the test-bench
and edge effects. And the lower limit of the distance is determined by the thickness of the emitting
loop, layer-to-layer spacing, and plate thickness. Consequently, the loop-to-loop distance falls between
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(a) (b)

(c) (d)

Figure 8. Comparison of SE with and without lateral deviation for a loop-to-loop distance of 77mm
with different layer-to-layer spacings: (a) d = 0mm, (b) d = 6mm, (c) d = 9mm, and (d) d = 12mm.

65mm and 110mm. We selected loop-to-loop distances of 69mm, 77mm, 92mm, and 107mm for
our experiments. The effects of lateral deviation on the SE are shown in Figures 8–12. Specifically,
Figures 8(a)–8(d) display the results for layer-to-layer distances of 0mm, 6mm, 9mm, and 12mm,
respectively, with a loop-to-loop spacing of 77mm. The results for the case with no lateral deviation
are also presented for comparison.

It is apparent that lateral deviation significantly enhances the SE at smaller layer-to-layer distances.
In the high-frequency region, where the aperture leakage effect is dominant, the increase in SE is
approximately 21 dB, 9 dB, 4 dB, and 2 dB for d = 0mm, 6mm, 9mm, and 12mm, respectively.

(a) (b)
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(c) (d)

Figure 9. Comparison of SE with and without lateral deviation for a loop-to-loop distance of 69mm
with different layer-to-layer spacings: (a) d = 0mm, (b) d = 6mm, (c) d = 9mm, and (d) d = 12mm.

(a) (b)

Figure 10. Comparison of SE with and without lateral deviation for a loop-to-loop distance of 92mm
with different layer-to-layer spacings: (a) d = 3mm, (b) d = 9mm.

At a smaller loop-to-loop distance of 69mm, the influence of lateral deviation on SE is shown in
Figure 9. When the loop-to-loop distance is 69mm, and the layer distance is 0mm, 6mm, 9mm, and
12mm, the SE increment is approximately 22 dB, 8 dB, 6 dB, and 2 dB, respectively.

The effects of lateral deviation on the SE for loop-to-loop distances of 92mm and 107mm are
illustrated in Figure 10 and Figure 11, respectively. It is evident that the lateral deviation has no
significant effect on the SE when the layer-to-layer spacing d is increased to 9mm and 6mm for the
loop-to-loop distances of 92mm and 107mm, respectively.

According to the results in Figures 8–11, as a conservative estimate, when the layer-to-layer spacing
is greater than the aperture diameter, the lateral deviation does not affect the value of the SE.

In the cases discussed above, the aperture diameter is 10mm. However, the phenomenon still
persists even when the aperture diameter is changed. Figure 13 demonstrates the effect of layer-to-layer
spacing on SE, taking an aperture diameter of 15mm as an example. It is evident that there is a
rapid increase in SE as the layer-to-layer spacing is increased. In comparison to the close contact case
(d = 0mm), the SE increments are approximately 5 dB, 9 dB, and 15 dB for d = 3mm, 6mm, and 9mm,
respectively.

We also built a finite-size periodic aperture array model in the software CST that was consistent
with the experiment [25]. Figure 13 shows the experimental and simulation comparison of the shielding
effectiveness versus frequency curve when the spacing is different. Discrete points represent simulation
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(a) (b)

Figure 11. Comparison of SE with and without lateral deviation for a loop-to-loop distance of 107mm
with different layer-to-layer spacings: (a) d = 3mm, (b) d = 6mm.

Figure 12. Measured shielding effectiveness versus frequency for different layer-to-layer spacings when
the diameter of the aperture is 15mm.

results, and continuous curves represent experimental test results. As shown below, when d = 0mm,
3mm, and 6mm, the results of simulation and experiment are close to each other (3–5 dB), but when
d = 30mm, the difference between simulation and experiment is about 8–15 dB. From the results, the
consistency between simulation and experiment is not very good. However, there is also a phenomenon
that SE increases rapidly with the slight increase of the distance between the two plates.

(a) (b)
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(c) (d)

Figure 13. Comparison of simulation and experiment results.

To explain this disagreement, we first state the difference between the practical loop used
experimentally and the ideal loop used in the simulated model. The practical loop has a finite wire
radius, while the ideal loop has a wire radius of zero. Moreover, the practical loop (especially the
emitting loop) has an attached frame structure. This makes it difficult to determine the equivalent
radius of the practical loop when it is treated as an equivalent ideal loop. Since both the emitting
loop and receiving loop have finite radius and are fixed in a shell with a finite thickness, it perturb
the parameters z1, z, and rc relative to the original sizes adopted in simulation. The specific original
preparation will be determined by future research.

4. CONCLUSION

The experiments conducted aimed to analyze the low-frequency magnetic shielding of double-layer
conducting plates with periodic apertures. The following key findings were observed:

1) The SE increases significantly as the layer-to-layer spacing increases from zero to the aperture
diameter. For instance, a spacing of 3mm and 9mm resulted in SE improvements of 10 dB and
20 dB, respectively.

2) When the layer-to-layer spacing is smaller than the aperture diameter, the lateral deviation between
the two layers has a noticeable impact on the SE.

3) When the two plates are stacked together, the surface contact pressure hardly affects the SE.
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