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Abstract—This paper presents the design of a Huygens’
metasurface (HMS) coating aiming to achieve strongly enhanced
invisibility. An analytical formulation for obtaining the required
electric surface admittance and magnetic surface impedance is
presented. The proposed unit cell consists of a pair of split-
rin resonators in the top layer and a metal capacitor in the
bottom layer of the same substrate. The geometries are properly
designed to provide the required electric surface admittance and
magnetic surface impedance for maximum scattering reduction
at the operational frequency of 4 GHz. The designed HMS is
optimized to realize the required electric surface admittance
and magnetic surface impedance for remarkable cloaking pur-
poses. Scattering-cross section (SCS) of uncloaked and cloaked
conducting cylinders is obtained with CST Microwave Studio
simulation which matches the analytical results. The results
show robust scattering reduction with considerable bandwidth
for the covered cylinder by the HMS. Furthermore, the obtained
results with HMS are compared with the results presented
in the literature for cloaking with ordinary metasurface. This
comparison emphasizes a much better cloaking performance of
the HMS. Considerable cloaking obtained in this paper can be
applied for invisibility purposes, sensing applications, antenna
isolation, radiation blockage reduction in antennas, eta.

Index Terms—Huygens’ Metasurface, Invisibility, Mantle
Cloaking, Radar Cross Section, Scattering.

I. INTRODUCTION

IN recent years, the electromagnetic cloak has been one of
the essential and exciting topics for researchers, leading to

a variety of intriguing phenomena and applications such as
invisibility [1], nonintrusive sensing [2], and communications
[3]. To accomplish these features, one can manipulate the
reflected and transmitted waves due to an incident wave onto
an object using electromagnetic (EM) theory and utilizing
new artificial materials to make the object appear invisible.
One of the innovative ways to achieve EM cloak is to use
metamaterials so that they can reduce or control the scattering
waves spanning from radio-frequency (RF) to optical regimes
[4]-[10]. Some of the EM cloak approaches are transfor-
mation optics [11], carpet cloak based on quasi-conformal
mapping [12]-[13], and transmission line cloaking [14]. The
transformation optics technique is based on inhomogeneous
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and anisotropic metamaterials which can bend EM waves
around the object without any reflection, leading to effective
invisibility in the near-infrared and visible range of frequencies
[11]. In addition to the cloaking methods mentioned above,
plasmonic cloaking [15] and mantle cloaking [16]-[18] tech-
niques can be considered in which metasurfaces are used
instead of bulk metamaterial, which overcomes predictable
difficulties such as the fabrication difficulties, high dispersion
and loss of metamaterials due to their resonance feature.
Creative use of metasurfaces due to their unique properties
and potential ability in manipulating EM waves can be a very
good alternative. In plasmonic cloaking utilizing metamaterials
lead to the anti-phase scattered field property, the majority
of the scattered fields can be canceled which results in the
invisibility of a given object. The mantle cloak approach
is based on the cancellation of extreme scattered waves by
adjusting the parameters of the metasurface wrapping around
a given object without using bulk metamaterials, which can
be realized with stable technology utilizing metasurfaces for
practical realization and robust performance. Some extensions
of the research in the mantle cloak based on scattering sup-
pression include anisotropic metasurface cloak [19], tunable
metasurface cloak [20], metasurface cloak for dual-polarized
plane waves [21], wide-band metasurface cloak [22], dual-
band mantle cloak [23], and multilayer mantle cloak [24].
In these researches, a simple method has been applied to
design the metasurface which provides only electric polar-
ized current to generate prescribed wavefronts. Alternatively,
Huygens’ metasurface (HMS) based on Huygens’ principle
can manipulate the transmission and reflection of the waves,
independently. HMS has offered a robust approach to the ulti-
mate control of EM fields by generating orthogonal equivalent
electric and magnetic currents to control the scattered waves
for specific EM interaction exquisitely [25]-[26]. Using this
approach, a better ability to manipulate the phase, amplitude,
and polarization of EM waves can be obtained, compared to
only adjusting electric surface impedance. Due to the strong
wave-manipulating ability of HMS, unique contributions have
been reported in high-efficiency generation of airy beams [27],
polarization controlling devices [28], and perfect absorbers
[29]. It is shown in [30], that utilizing Huygen’s principle to
superimpose magnetic and electric surface current densities
that can be discretized into electric and magnetic dipoles at
the boundary of an object, leads to an improved cloak for EM
waves.
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II. THEORY

Figure 1 shows the geometry of the solvable problem in
which an infinite perfect electric conductor (PEC) with radius
b is covered by a thin HMS layer with radius a. The space
between the conductor and the HMS layer is filled by a
dielectric spacer with a relative permittivity εr. The structure
illustrated in Fig. 1 is illuminated by a normally incident
TM-polarized plane wave of amplitude E0. The EM field
expressions in each region can be written as [24]:

E(1) = ẑE0

∑
n

j−nejnφ
(
AnJn(kdρ) +BnYn(kdρ)

)
(1)

H(1) = φ̂
E0

jηd

∑
n

j−nejnφ
(
AnJ

′
n(kdρ) +BnY

′
n(kdρ)

)
(2)

for b < ρ < a, and

E(2) = ẑE0

∑
n

j−nejnφ
(
Jn(k0ρ) +RnH

(2)
n (k0ρ)

)
(3)

H(2) = φ̂
E0

jη0

∑
n

j−nejnφ
(
J ′n(k0ρ) +RnH

(2)′
n (k0ρ)

)
(4)

for ρ > a, where Jn(·) and Yn(·) are Bessel functions of the
first and second kind of order n. The Hankel function is repre-
sented as H(2)

n (·) = Jn(·)−jYn(·). η0 and k0, are the intrinsic
impedance and wavenumber of the free space, respectively,
and ηd = η0/

√
εeff. The prime on Bessel, Neuman and Hankel

functions refers to the first order partial derivative with respect
to their arguments. The boundary conditions governing the
HMS and PEC interfaces in terms of EM fields and fictitious
electric and magnetic surface currents can be used to calculate
the unknown coefficients An, Bn and Rn at ρ = a, b. Based
on the surface equivalence principle, the boundary condition
can be expressed as

Y es · ET,ave = ρ̂× (H(2) −H(1)) (5)

Zms ·HT,ave = −ρ̂× (E(2) − E(1)) (6)

where subscript of (1) and (2) refer to the spacer and the
free space regions, respectively as well as Y es, and Zms are

dyadic electric sheet admittance and dyadic magnetic sheet
impedance defined as

Y es = jωα
eff
ee (7)

Zms = jωα
eff
mm (8)

where α
eff
ee and α

eff
mm are effective electric and magnetic

polarizabilities of constituent particles formed the HMS. The
expressions ET,ave and HT,ave represent the average tangen-
tial electric and magnetic fields at ρ = a. The other required
boundary condition at PEC interface reads as

E(1) × ρ̂ = 0 (9)

Substituting the EM fields expressed in Eqs. (1)-(4) in (5),
(6), and (9), thus solving the obtained equations by using
Cramer’s rule, the scattering coefficient of the nth mode
is given by Eq. (10). For EM wave scattering suppression
corresponding to cloaking, the reflection coefficient should be
equal to zero for each mode. Since the absorptivity of the HMS
is negligible, so Yes and Zms are pure imaginary values. To
calculate the unknown coefficients and according to the initial
assumption that the radius of the cylinder is considered to be
very small relative to the wavelength, we consider a convenient
assumption as |Rn|2 + |An|2 + |Bn|2 = 1.
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Fig. 1: Schematic geometry of a PEC cylinder and dielectric
spacer covered by a conformal HMS, illuminated by a nor-
mally incident TM-polarized plane wave.
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Using this relation and the boundary conditions given in
Eqs. (5), (6), and (9), the desired electric sheet admittance and
magnetic sheet impedance expressions to achieve invisibility
can be found as equations (11) and (12), where

M =
1∣∣ Jn(kdb)

Yn(kdb)

∣∣2 + 1
(13)

Based on the approximate expressions of the small argument
of the first-order Bessel functions when the radius of the
cylinder is very small relative to the wavelength, then the
M ∼= 1, which is consistent with the claim of An ∼= 1
and Bn ∼= 0. To quantify the cloaking performance, the
scattering width (SW) is determined in terms of each multi-
polar scattering coefficient as [16]

SW =
4

k0

Nmax∑
n=0

(2− δn0)|Rn|2 (14)

where δno is the Kronecker delta and Nmax is the maximum
relevant scattering order. Since the calculated electric sheet
admittance and magnetic sheet impedance depend on the
different harmonic n of scattering modes, so the scattering
cancellation method can not obtain perfect cloaking. For
higher scattering reduction, one should minimize the SW by
minimizing the scattering coefficient of the dominant scat-
tering mode at the operation frequency for a given object.
As described in [16], when the radius of the target cylinder
is electrically small (in this case, the radius of the target
cylinder must be less than 0.1λ0 at the frequency of interest),
only the scattering modes n = 0 is the dominant mode
in the SW calculation. Therefore, it can be concluded that
by utilizing an engineered single exclusive HMS, the SW
can be significantly reduced. To obtain the optimal values
of electric sheet admittance and magnetic sheet impedance to
achieve invisibility, we use the diagram shown in Fig. 2, which
illustrates the SW values relative to the normalized electric
sheet admittance and magnetic sheet impedance variations.
According to this diagram, a region with a reasonable and
intelligently choice of electric sheet admittance and magnetic
sheet impedance providing the smallest SW, can be considered.

As an example, let consider a PEC cylinder as a target
with a radius of b = 0.06λ0 and a dielectric spacer with
relative permittivity of εr = 10.2 and thickness of 1.27324
mm covered by a proper conformal HMS at 4 GHz. Figure
3 shows the SW variation versus frequency. As shown in the
figure, the advantage of using HMS allows that by adjusting
electric sheet admittance and magnetic sheet impedance, both
the SW reduction and its corresponding bandwidth can be
simultaneously adjusted. With these interpretations and with
the observations of Fig. 3, it can be concluded that the use
of HMS compared to the ordinary metasurfaces can have
better performance in terms of SW. Figure 2 makes it possible
to obtain the optimal electric sheet admittance and magnetic
sheet impedance values for the design of unit cells of covering
metasurface.
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Fig. 2: SW (dB) with respect to varying y = (jη0Yes)/2 and
z = Zms/(2jη0) corresponding to the HMS at 4 GHz.
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Fig. 3: SW of a PEC cylinder with a radius of b = 0.06λ0
and a dielectric spacer with relative permittivity of εr = 10.2
and thickness of 1.27324 mm covered by a proper conformal
HMS.

III. HUYGENS’ METASURFACE DESIGN

To follow the design procedures presented in Sec. II, we
consider the same geometry as above. The structure of the
proposed HMS to fulfill the required Yes and Zms is shown in
Fig. 4. It consists of a dielectric substrate with relative permit-
tivity of εr = 10.2 and the height of h, two mirror-symmetry T-
shaped patches on the bottom layer to produce electric dipoles,
and two mirror-symmetry split-ring resonators. A similar cell
is used in [31] for spacial energy distribution manipulation
application. The proposed cell can act as an HMS cell due to
the simultaneous generation of induced electrical and magnetic
moments. The configuration is designed for the incident plane
wave shown in Fig. 1, which corresponds to the TM polarized
plane wave that illuminates the considered cylinder to be
cloaked. According to the equivalence principle and boundary
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Fig. 4: Geometry of the proposed planar HMS unit cell (a)
3-D view, (b) top layer, and (c) bottom layer.
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Fig. 5: Simulated (a) electric sheet admittance and (b)
magnetic sheet impedance.

conditions, the corresponding electric sheet admittance and
magnetic sheet impedance can be extracted in the term of
arbitrary reflection (R) and transmission (T ) coefficients as
[25]:

Yes =
2

η0

1− (R+ T )

1 + (R+ T )
(15)

Zms = 2η0
1 + (R− T )
1− (R− T )

(16)

To calculate the electric sheet admittance and magnetic
sheet impedance of the unit cell, it is truncated by periodic
boundary conditions in the surrounding directions and is
illuminated by a normally incident plane wave. By varying
the geometric parameters of the proposed cell and optimizing
its dimensions, electric sheet admittance and magnetic sheet
impedance values obtained in the theory section can be tuned

TABLE I: Geometrical parameters of the proposed unit cell

Parameters Values (mm)
P1 10.78
P2 10
h 0.5
L 9.6
L1 4.4
L2 4
W 4.4
g1 0.6
g2 0.4
m 0.4
K 0.135

using Eqs. (15) and (16) to achieve maximum invisibility.
The simulated electric sheet admittance and magnetic sheet
impedance corresponding to the cell are shown in Fig. 5. At
the frequency of interest of 4 GHz, the simulated electric
sheet admittance, and magnetic sheet impedance values are
Yes = −j8.71/η0 and Zms = j0.084η0, respectively. The
optimal values of electric sheet admittance and magnetic sheet
impedance extracted by full-wave simulation tools are slightly
different from those obtained from the theory, but in any case,
the initial cell can be designed using the values of electric sheet
admittance, and magnetic sheet impedance obtained from the
theory, then the dimensions of the structure can be adjusted
to meet minimum SW using the proper optimization tools in
CST Microwave Studio. It is worth noting that the proposed
unit cell is bianisotropic, but one can demonstrate that the
bianisotropy is negligible at the operating frequency range
because the reflection coefficients from the two sides of the
meta-atom are almost identical for a TM normal incident wave.
Due to lack of space, the results of this claim and the weak
bianisotropy have not been shown. The optimized geometrical
parameters of the proposed HMS particle are given in Tab. I.

The reason that the proposed cell has a different resonant
frequency from the designed frequency is that when used as a
conformal cell for cloaking applications, a resonant frequency
shift occurs and the cylinder at the frequency of 4 GHz has
the maximum scattering reduction as will be shown in the
next section. In fact, the goal of the planar cell simulation
is to optimize its dimensions to achieve the required electric
sheet admittance and magnetic sheet impedance based on the
theory presented in sec. II.

IV. RESULTS AND DISCUSSION

Figure 6 shows a conducting cylinder with radius b =
5.09296 mm covered by a dielectric layer with relative per-
mittivity of εr = 10.2 and an outer radius of a = 6.3662 mm
and ultra-thin HMS with substrate relative permittivity of εr
= 10.2 and thickness of h = 0.5 mm. It is illuminated by a
TMz polarized plane wave. The structure in Fig. 6 has been
simulated to calculate the scattering cross section (SCS) to in-
vestigate the performance of the designed cloak. The obtained
SCS reduction is close to 20 dB (suppression of 99% of the
scattered wave amplitude all around the object) for normal
incidence. In fact, in the analytical results, optimal values
of electric sheet admittance and magnetic sheet impedance
obtained from Fig. 2 are used, which are independent of the
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frequency, whereas these values must be implemented with
resonant meta-atoms, which are highly dispersive. It is worth
noting that the analytical approach has been investigated for an
infinite cylinder because of simplicity, but as in reality there is
no infinite cylinder, we also obtain the scattering for the finite
cylinder. In Fig. 7, the numerical result for SCS obtained with
CST Microwave Studio compares to the analytical result which
illustrates good agreement. The analytical SCS is extracted
from the SW result using Eq. (17) [32].

SCS ∼= SW
2l2

λ
(17)

where l is the length of the cylinder and λ is the wavelength
at the operation frequency.

Fig. 6: The conducting cylinder covered by a Huygens’
metasurface.
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Fig. 7: Comparison of SCS of the uncloaked and cloaked
conducting cylinders.

Figure 8 depicts the corresponding total electric field dis-
tribution around uncloaked and cloaked cylinders at 4 GHz.

(a) (b)

Fig. 8: Total electric field distribution around (a) cloaked and
(b) uncloaked cylinders at 4 GHz.

Figure 8(a) confirms that the HMS mantle cloak significantly
suppresses the scattering from the conducting cylinder restor-
ing quasi planar field amplitudes in the near- and far-field
regions, whereas as shown in Fig. 8(b) the field distribution
is highly perturbed around the uncloaked cylinder. Compar-
ing this result to the electric field distributions of cloaked
cylinders in the literature such as [18], [23], [33] indicates
that the designed HMS can suppress much higher scattered
field than the ordinary metasurfaces. For more emphasis on
better cloaking performance of HMS rather than the ordinary
metasurfaces, In Fig. 9 a comparison of SCS of cloaked
cylinders with an ordinary metasurface based on horizontal
strips and the proposed HMS for observing θ equal to 90◦

versus φ is shown. It verifies that a higher scattering reduction
is obtained by HMS. The ordinary metasurface consists of
horizontal strips with optimized dimensions of the width of
7.2 mm, and periodicity of 8.3 mm, respectively. Also, the
dielectric spacer has a radius equal to the outer layer of our
designed HMS with a dielectric constant of εr = 11.5.
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Fig. 9: Comparison of SCS of covered cylinders with strip
metasurface and HMS versus φ.

Finally, Fig. 10(a) and (b) show the polar plot of SCS of
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(a) (b)

Fig. 10: SCS (dBmm2) polar plot of cloaked and uncloaked
cylinders for (a) φ = 90◦, and (b) θ = 90◦.

uncloaked and cloaked cylinders for φ = 90◦ and θ = 90◦,
respectively, at the operation frequency. Remarkable scattering
reduction is achieved for the cloaked cylinder in the considered
two planes for all observation angles.

V. CONCLUSION

Analytical formulation to obtain required electric surface
admittance and magnetic surface impedance of an HMS for
cloaking purposes has been presented. The HMS has been de-
signed to provide electric and magnetic dipoles at the operation
frequency and it has been optimized to realize the required
electric surface admittance and magnetic surface impedance.
Simulation results illustrate remarkable scattering cancellation
with HMS. Moreover, better cloaking performance of HMS
rather than ordinary metasurfaces can be concluded by com-
paring the obtained results in this paper and presented in the
literature.
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[16] A. Alù, ”Mantle cloak: Invisibility induced by a surface,” physical review
B, vol. 80, no. 24, p. 245115, 2009.

[17] Y. Yang et al., ”Full-polarization 3D metasurface cloak with preserved
amplitude and phase,” Advanced Materials, vol. 28, no. 32, pp. 6866-
6871, 2016.

[18] Y. R. Padooru, A. B. Yakovlev, P.-Y. Chen, and A. Alù, ”Analytical
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