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It is demonstrated that the objects enclosed by a virtual pillar with a magnetic wall can be completely shielded
from EM waves through numerical simulations. The simulated total scattering cross section of a dielectric rod
enclosed by a virtual pillar is identical to that of an empty virtual pillar. In addition, the simulated spatial
distributions of the total fields including the incident electric field and scattered electric field from the former are

similar to those from the latter. The penetration depth of electromagnetic waves into the pillar is derived as a
function of the height of the pillar. A virtual pillar with an open boundary can provide an unusual electro-

magnetic environment.

Introduction

Electromagnetic (EM) shielding, which is done to block EM waves,
is essential for isolating objects electromagnetically. In practice, EM
shielding is required to protect electrical devices from their surround-
ings. Metal sheets and foams are usually employed to block EM waves.
Recently, flexible graphene foam composites and hybrid structures of
graphene and polymers have been proposed for high-performance EM
interference shielding. [1,2] The potential of two-dimensional transi-
tion metal cardide/polymer composite films with good flexibility and
high conductivity have been demonstrated for EM shielding.[3].

Artificial periodic structures including photonic crystals and meta-
materials have been proposed to shield or hide objects from EM waves.
For example, photonic crystals can block EM waves in the frequency
ranges of their photonic band gaps and can hide objects at the fre-
quency of the Dirac cone with a zero refractive index.[4,5] Metama-
terials can hide objects in a quite different way. By properly designing
the effective dielectric permeability and magnetic permittivity of a
metamaterial to enclose an object, it is possible for EM waves to pass
through the metamaterial without interacting with the object; this is
known as invisible cloaking.[6,7].

Recently, it was reported that a parallel configuration perfect elec-
tric conducting (PEC) and perfect magnetic conducting (PMC) plates
can give rise to a magnetic wall to block transverse EM (TEM) modes at
the interface between parallel PEC and PMC plates.[8] Usually, a par-
allel PEC plate waveguide can support TEM modes between the plates.
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However, a combination of parallel PEC and PMC plate waveguides
cannot support TEM modes because TEM modes propagating in a par-
allel PEC plate waveguide are completely reflected at the interface
between parallel PEC and PMC plate waveguides. The magnetic wall is
formed at the interface between parallel PEC and PMC plate wave-
guides.

A virtual pillar with a magnetic wall can be created inside a parallel
PEC plate waveguide by introducing a circular PMC patch in the upper
PEC plate of the waveguide.[8] The simulated scattering properties of a
virtual pillar with a circular magnetic wall for the TEM modes of the
waveguide demonstrated that a virtual pillar mimics a PMC pillar with
a radius less than that of the circular PMC patch because EM waves can
slightly penetrate the wall. It is expected that an object enclosed by a
virtual pillar can be easily shielded from EM waves when the size of the
object is smaller than the diameter of the pillar. Furthermore, since a
virtual pillar has an open boundary, the pillar can provide unusual EM
environments.

In this paper, it is numerically demonstrated that the objects en-
closed by a virtual pillar with a magnetic wall can be completely
shielded from EM waves. The simulated scattering cross section of a
virtual pillar with a dielectric rod is identical to that of an empty virtual
pillar, and the simulated spatial distributions of the electric fields
scattered from the former and latter are similar, as well. Since the pe-
netration depth of EM waves into the pillar increases as the height of
the pillar increases, proper EM shielding depends on conditions such as
the height of the pillar and the diameter of the pillar.
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Fig. 1. (a) Schematic of the electromagnetic shielding of a vase enclosed by a
virtual pillar with a magnetic wall in a parallel perfect electric conductor plate
waveguide. R is the radius of the circular perfect magnetic conductor patch and
h is the distance between the two perfect electric conductor plates (the height of
the pillar). (b) Schematic of the field distributions of a transverse electro-
magnetic mode on the cross section along line A-B in (a).

Results

Fig. 1(a) shows the schematic of the EM shielding of a vase enclosed
by a virtual pillar with a magnetic wall in a parallel PEC plate wave-
guide. R is the radius of the circular PMC patch and h is the distance
between the two PEC plates (the height of the pillar). Here, h is adjusted
to a value less than half the wavelength to allow only TEM modes in the
waveguide. The electric fields and magnetic fields of TEM modes in a
parallel plate waveguide are perpendicular and parallel to the plates,
respectively, as illustrated in the schematic of field distributions of a
TEM mode on the cross section along line A-B (Fig. 1(b)). Under the
PMC patch, where the vase is located, there are no fields, except for
fringe effects around the magnetic wall.

Prior to studying the EM shielding of the virtual pillar, the total
scattering cross sections and spatial distributions of the total fields,
including the incident electric fields and scattered electric fields from
three different scatterers such as the square, circular, and triangular
dielectric rods placed in the parallel plate waveguide, were simulated.
COMSOL Multiphysics, based on a finite-element method, was em-
ployed to calculate the total scattering cross sections and field spatial
distributions.

Fig. 2 (a) shows the simulated total scattering cross sections of the
three different dielectric rods as a function of the frequency of the in-
cident TEM wave when h = 0.1 cm. The radius of the circular dielectric
rod r = 0.5 cm, and the square and triangular rods are inscribed in the
circle. The total scattering cross sections were normalized to 2rh.
Figs. 2(b)—-(d) show the spatial distributions of the total fields of the
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Fig. 2. (a) Simulated scattering cross sections of the square, circular, and tri-
angular dielectric rods as a function of the frequency of the incident transverse
electromagnetic wave when i = 0.1 cm. The radius of the circular dielectric rod
r = 0.5cm, and the square and triangular rods are inscribed in the circle. The
total scattering cross sections were normalized to 2rh. Spatial distributions of
the total fields including the incident electric field and the scattered electric
field from (b) the square, (c) circular, and (d) triangular dielectric rods at a

frequency of 25 GHz. The solid square, circular, and triangular lines denote the
square, circular, and triangular dielectric rods, respectively.

square, circular, and triangular dielectric rods at a frequency of 25 GHz,
respectively. The spatial distributions of the total fields depend on the
shapes of the dielectric rods.

In order to demonstrate the EM shielding via a virtual pillar, the
three different rods are placed in virtual pillars with a radius slightly
larger than that of the circular rod; R = 1.25r. Fig. 3(a) shows the si-
mulated total scattering cross sections of the three dielectric rods cen-
tered in virtual pillars and an empty virtual pillar as a function of the
frequency of the incident TEM wave when h = 0.1 cm. The total scat-
tering cross sections were normalized to 2Rh. The simulated total
scattering cross sections of the three different dielectric rods are exactly
identical to that of an empty virtual pillar.
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Fig. 3. (a) Simulated scattering cross sections of the virtual pillars with the
square, triangular, and circular dielectric rods and an empty virtual pillar with
a radius of R = 1.25r as a function of the frequency of the incident transverse
electromagnetic wave when h = 0.1cm. The total scattering cross sections
were normalized to 2Rh. Spatial distributions of the total fields including the
incident electric field and the scattered electric fields from the virtual pillars
of (b) the square, (c¢) triangular, and (d) circular dielectric rods and (e) an
empty virtual pillar at a frequency of 25 GHz. The solid square, triangular, and
circular lines denote the square, triangular, and circular dielectric rods, re-

spectively. The dashed circular line denotes the virtual wall boundary of the
virtual pillar.

Figs. 3(b)-(e) show the spatial distributions of the total fields of the
square, triangular, and circular dielectric rods centered in virtual pillars
and an empty virtual pillar at a frequency of 25 GHz, respectively. It is
clear that the spatial distributions of the total fields of the three dif-
ferent dielectric rods centered in virtual pillars are identical to that of
the empty virtual pillar. Therefore, a virtual pillar with a virtual wall
can completely shield objects from EM waves.

Fig. 4 shows the simulated total scattering cross sections of the
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Fig. 4. Simulated scattering cross sections of the virtual pillars with the di-
electric, PEC, and PMC circular rods and an empty virtual pillar with a radius of
R =1.25r as a function of the frequency of the incident transverse electro-
magnetic wave when i = 0.1 cm, r = 0.5 cm, and R = 1.25r. The total scattering
cross sections were normalized to 2Rh.

dielectric, PEC, and PMC circular rods centered in virtual pillars and an
empty virtual pillar as a function of the frequency of the incident TEM
wave when h = 0.1 cm, r = 0.5 cm, and R = 1.25r. The total scattering
cross sections were normalized to 2Rh. The simulated total scattering
cross sections of the three different material rods are exactly identical to
that of an empty virtual pillar. The result confirms that the EM wave
shielding via a virtual pillar is independent of properties of shielded
materials.

Fig. 5 (a) shows the simulated magnitude of an electric field in the z-
direction along the dashed line in the inset, which represents the spatial
distributions of the total fields of an empty virtual pillar at a frequency
of 25 GHz when h changes from 0.05 to 0.3 cm at an interval of 0.05 cm.
The TEM mode penetrates the virtual pillar more deeply as h increases.
Figs. 5(b)-(d) show the spatial distributions of the total fields of a
virtual pillar with a square dielectric rod at a frequency of 25 GHz when
h = 0.1, 0.2, and 0.3 cm, respectively. The spatial distributions of the
total fields clearly show that the interaction between the penetrated
field and the square dielectric rod becomes stronger as h increases, and
the pillar does not shield the dielectric rod when h = 0.3 cm.

The dependence of the penetration depth z, on h can be derived by
the dispersion relation of a transverse magnetic (TM) mode of a PMC
parallel plate waveguide with a width of 2h (see Appendix). For the
lowest TM mode, z, = %/ 1- (%)2, where A is a wavelength of the
TM mode. Fig. 6 shows the penetration depth estimated from Fig. 5(a)
by the relation E(z) = Eqe %% (square dots) and the theoretical d,
derived from the dispersion relation (solid line). They are in excellent
agreement. In a long wavelength range (1 > h), the penetration depth
is linearly proportional to h (z, = 2h/7x).

Fig. 7 shows the simulated total scattering cross sections of a di-
electric rhombic rod centered in a virtual rhombic pillar and an empty
virtual rhombic pillar as a function of the frequency of the incident TEM
wave when h=0.cm, d=0.53cm, and 2D = R(R = 0.625) cm,
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Fig. 5. (a) Simulated magnitude of an electric field in the z-direction along the
dashed line shown in the inset to represent the spatial distributions of the total
fields of an empty virtual pillar at a frequency of 25 GHz when h changes from
0.05 to 3.0 cm at an interval of 0.05 cm. The penetration depth of the electric
field increases as h increases. The spatial simulated distributions of the total
fields of a virtual pillar with a square dielectric rod at a frequency of 25 GHz
when (b) h = 0.1, (¢) 0.2, and (d) 0.3 cm.
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Fig. 6. Dependence of the estimated (square dots) and theoretical z, (solid line)
on h.

Results in Physics 14 (2019) 102462

20 T T

SCS/2Rh
5

—— Without object
< Dielectric

0.5

0 10 20 30
Frequency (GHz)

0.0

Fig. 7. Simulated total scattering cross sections of a dielectric rhombic rod
centered in a virtual rhombic pillar and an empty virtual rhombic pillar as a
function of the frequency of the incident TEM wave when h = 0.1cm,
d =0.53cm, and v2D = R(R = 0.625) cm, where d and D are the lengthes of
sides of a dielectric rhombic rod and virtual rhombic pillar, respectively. The
total scattering cross sections were normalized to 2Rh. The inset shows the
spatial distributions of the total fields of a virtual rhombic pillars with a
rhombic dielectric rod and an empty virtual rhombic pillar at a frequency of
25 GHz.

where d and D are the lengthes of sides of the dielectric rhombic rod
and virtual rhombic pillar, respectively. The total scattering cross sec-
tions were normalized to 2Rh. The simulated total scattering cross
section of a dielectric rhombic rod is exactly identical to that of an
empty virtual rhombic pillar. The result confirms that the EM wave
shielding via a virtual pillar is independent of the shape of the pillar.
The inset shows the spatial distributions of the total fields of a virtual
pillars with a rhombic dielectric rod and an empty virtual rhombic
pillar at a frequency of 25 GHz.

It should be emphasized that a virtual pillar has an open boundary
in the lateral plane (yz plane). Particles and other waves excluding EM
waves can pass through a virtual pillar freely. So, a virtual pillar may
provide unusual EM environments. For example, an atom to emit ra-
diation with a long wavelength freely enter inside a virtual pillar but
radiation emitted from atoms can be trapped in the pillar. The trapped
radiation can easily release from the pillar by increasing the height of
the pillar. So, possible applications of a virtual pillar might be inter-
esting.

Conclusion

In conclusion, it was numerically demonstrated that a virtual pillar
with a magnetic wall could shield an object from EM waves by showing
that the simulated total scattering cross section and the simulated
spatial distribution of the total fields of a virtual pillar with a dielectric
rod are identical to those of an empty virtual pillar. Since the pene-
tration depth of EM waves into a pillar increases as the height of the
pillar increases, it is possible to achieve the EM shielding via a virtual
pillar under the proper conditions. A virtual pillar with a open
boundary can provide unusual EM environments.
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Appendix: Transverse magnetic modes of a parallel PMC waveguide

For the z component of an electric field of a transverse magnetic (TM) mode (H; = 0, H, # 0, H; =0, E, # 0, E, =0, and E; # 0) of a parallel
PMC plate waveguide, E;(x, z, t) = e;(x)exp[i(fz — wt)],
aZ
(— + kf)ez(x) =0,

ox?

@

where k. = \/u € w? — 2. The general solution of Eq. (1) is e;(x) = Asin(k.x) + Bcos(k.x). When the distance between the two PMC plates is 2k, the
boundary conditions of de, (x)/dx = 0 at x = 0 and 2h give that A = 0 and k., = nw/2h(n = 1, 2, 3--). So, the non zero components of the TM mode are
below,

[, = %anin(%x)exp[i(ﬁz — wt)], @
E,= ﬂB sin(n—ﬂx)ex [i(Bz — wt)]

X = kc n 2h p ’ (3)
E, = Bncos(%x)exp[i(ﬁz — wt)]. @
when u € w? < k2 (that is, ), there is no TM mode propagating in the waveguide. The non zero components of the decay mode are below,

H, = ! ;Ca)anin(%x)exp(—az)exp(—iwt), )
E, = ]%anin(%x)exp(—az)exp(—iwt), ©)
E, = Bncos(Z—Zx)exp(—az)exp(—iwt), e

where a = \k? — u € w?. The penetration depth z,defined as 1/« is

2 2 [ 2
-5 -CT -2
2h s 7\ A (8)
The theoretical z, shows that the penetration depth is linearly proportional to h (z, ~ 2h/n7) when the wavelengths of TM modes are much larger
than the distance between the two PMC plates (4 > 2h) and decreases as the order of the mode increases.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, athttps://doi.org/10.1016/j.rinp.2019.102462.
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