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ABSTRACT In this paper, we investigate the electromagnetic response of a Huygens’ metasurface (HMS)
embedded between the transmitter and receiver coils of a near field wireless power transfer (WPT) system
and their interactions for the feasibility of increasing efficiency. To analyze the proposed configuration,
we use the point-dipole approximation to describe the electromagnetic fields and boundary conditions
governing HMS to calculate the mutual inductance between the coils and to obtain closed-form analytical
expressions. The proposed theory shows that by optimally designing the HMS inclusions, the amplitude of
the mutual inductance between the transmitter and receiver coils in the near-field WPT can be increased,
resulting in improved efficiency. Finally, by drawing on the proposed theory, we design a thin layer and
finite-size HMS consisting of 64 elements. The bianisotropic Omega-type particle is used to design the
HMS to improve the efficiency of the sample WPT system at the frequency of 100 MHz. The results of the
full-wave simulation show that the power transfer efficiency in the free space increases from 25% to 42% in
the presence of the proposed HMS.

INDEX TERMS Wireless power transfer, Huygens metasurfaces, power transfer efficiency.

I. INTRODUCTION

By expanding electrical appliances and increasing their fun-
damental role in everyday human life, the energy supply of
these devices is one of the most critical challenges. In the
industry, a large number of electronic detectors and compact
sensors are often installed in places where access to them
is difficult. Also, recent advances in medical sciences have
led to the emergence of a wide range of implanted devices
(i.e., pacemaker). One of the most innovative and attractive
ideas to prevent the ongoing change of electronic batteries
and the continuous supply of energy is the concept of wire-
less power transfer (WPT). WPT is not a new concept and
has a potential historical background. Nikola Tesla made
the first test of wireless power transmission in the early
20th century [1]. WPT is done in two ways. The first is
the power transfer using radiation waves, which is referred
to as the far-field WPT while the other is based on the
transmission of power through the near-field, whichmake use
of the coupling of the evanescent waves [2]. The near-field-
based WPT is divided into two groups of near-magnetic field
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coupling and near-electric field coupling that are called
inductive power transfer (IPT) [3], and capacitive power
transfer (CPT) [4], respectively. One of the preferred meth-
ods for IPT is magnetic resonance power transfer (MRPT),
in which energy can be transmitted between two magnetic
resonance devices with the same resonant frequency.

In 2007, an MIT research group proposed the first MRPT
system scheme, which transferred 60 watts at a distance
of 2 meters with 45% efficiency [5]. There are two essential
factors that define the function of MRPT systems: resonator
quality factor and coupling factor (or mutual inductance)
between the resonators. The modern MRPT systems support
power transmissions at moderate distances (2 to 5 times of the
resonator’s dimensions) [2]. Resonators play a vital role in
WPT systems. WPT resonators should be designed and con-
structed with high Q-factor to prevent unnecessary losses and
achieve effective power transmission. Today, a variety of res-
onators are proposed to improve WPT performance [6]–[13].
For MRPT systems, the power between the resonators is
transmitted through the coupling of the evanescent fields.
Therefore, the possibility of amplifying the evanescent waves
by the metamaterial can be used in this case. In fact, the effi-
ciency of the WPT system can be increased by amplifying
the evanescent waves, which can be achieved by placing a
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metamaterial with a negative index between the transmitter
and the receiver.

Metamaterial has many applications in the field of elec-
tromagnetic wave manipulation such as its capabilities in
the evanescent waves amplification [14]. Wang performed a
WPT experiment using µ-negative (MNG) materials for the
first time [15]. Since most WPT systems are based on the
near magnetic field coupling, it is sufficient to use an MNG
type metamaterial. Recently, a variety of meta media and
metamaterial super-lenses have been investigated theoreti-
cally [16]–[19] and experimentally [20]–[32] to improve
WPT efficiency in the near-field range. Metasurface can
be defined as a two-dimensional counterpart of metamate-
rial state that exhibits attractive electromagnetic responses
that are not found in natural materials. It has various
applications in various fields, such as perfect electromag-
netic absorption [33], conformal transformation optics [34],
metasurface antennas [35], nonlinear diatomic metasur-
face [36], reflection-less zero refractive index [37], creating
electromagnetic illusions [38], and mantle cloaking [39].
Recently, much research has been done on increasing the
WPT efficiency utilizing metasurface. Smith et al. have
proposed an ideal holographic metasurface manipulating
microwave beam to increase total WPT efficiency [40].
In [41], a metasurface-based smart table was introduced
that portable devices wirelessly charged by transforming
the evanescent fields into propagating waves which sig-
nificantly improves the near field coupling. In our recent
paper [42], we have investigated the possibility of improv-
ing efficiency in non-radiative WPT using a metasurface
embedded between two varying current coils based on a
point-dipole approximation to achieve a closed-form expres-
sion for mutual impedance.

The present paper is divided into two main sections. In the
first part, the effect of the presence of the HMS on the
near-field WPT performance is theoretically investigated.
To analyze the possibility of increasing the efficiency of
WPT utilizing the HMS, a magnetic dipole approximation is
used such that the transmitter and receiver resonators in the
near-field WPT and HMS can be modeled as two magnetic
dipoles carrying constant current and fictitious electric and
magnetic surface currents, respectively. Then, using electro-
magnetic wave theory and HMS analytical models, the pro-
posed modeled WPT can be analyzed and the closed-form
expressions for mutual inductance between magnetic dipoles
and power transfer efficiency can be obtained. In the second
part, we investigate a practical WPT system. To improve
the efficiency of this system, a suitable HMS is proposed
that contains cells that make up a bianisotropic Omega-type
particle. This cell can act as an HMS because its structure
is such that it can simultaneously generate electrical and
magnetic dipole moments.

II. HUYGENS’ METASURFACE FOR NEAR-FIELD WPT
In near-field WPT, the power transmission efficiency is
dependent on the mutual inductance between the transmitter

and receiver coils. Therefore, knowledge of the value of
the mutual inductance will be very useful for efficiency
calculation. In this section, to analyze the effect of HMS on
the performance of the WPT system using the point-dipole
approximation, the electromagnetic fields in the presence
of HMS can be calculated to obtain an analytical and
closed-form expression for mutual induction between coils.
Figure 1 illustrates the structure of the WPT in which
the transmitter and receiver coils are modeled as magnetic
dipoles, with a HMS embedded between them. Let assume
that the size of the coils is very small compared to the wave-
length so that they can be modeled as magnetic dipoles with
current i and area A1,2 = πr21,2 as m1,2 = iA1,2n̂ where n̂ is a
unit vector normal to the plane of the dipoles.

FIGURE 1. (a) The schematic of the proposed implementation
sub-wavelength WPT including two single-tern coils (modeled as
magnetic dipole moments oriented in the z-direction) and a HMS
embedded between them at z = 0. The distance from the center of the
transmitter coil and receiver coil is d1 and d2, respectively. (b) Equivalent
circuit diagram of the system.

To calculate the mutual inductance between the dipoles
shown in Fig. 1, the mutual inductance is obtained by induced
the magnetic field of the transmitter coil at the center of the
receiver coil. To do this, we follow the approach given in [43].
The electromagnetic fields of the magnetic dipole can be
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calculated as

Hz,1 = −
jm1

8π

∫
+∞

−∞

dkρ
k3ρ
kz
H (1)
0 (kρρ)(ejkzz + Re−jkzz)ejkzd1

(1)

for −d1 < z < 0 and

Hz,2 = −
jm1

8π

∫
+∞

−∞

dkρ
k3ρ
kz
H (1)
0 (kρρ)(Tejkzz)ejkzd1 (2)

in the region with z > 0, where kz =
√
(k2 − k2ρ) as well as

k = 2π/λ, H (1)
0 (·), R and T are wave number, Hankel func-

tion of the first kind, zeroth order, reflection and transmission
coefficients, respectively. Since the unit vector normal to the
plane of the magnetic dipole is in the direction of ẑ, then
this configuration only generates TE fields as described in (1)
and (2). To investigate the effect of HMS on the performance
of the WPT system and find the mutual inductance between
the dipoles, we use the boundary conditions governing the
metasurface. In the surface equivalence principle, the elec-
tromagnetic fields can be described in reflection and trans-
mission regions. Since the fields are generally discontinuous
at z = 0, the boundary condition at this plane can be written
as [44]

jωα
eff
ee · Et,ave = ẑ× (H2 − H1) (3a)

jωα
eff
mm · Ht,ave = −ẑ× (E2 − E1) (3b)

where α
eff
ee and α

eff
mm are dyadic effective electric and mag-

netic polarizabilities, respectively. Each constituent polariz-
able particle of the HMS and the coupling between them can
be characterized by its electric and magnetic effective polar-
izabilities. The effective polarizabilities can be introduced by
electric sheet admittance (jωα

eff
ee = Y es) and magnetic sheet

impedance (jωα
eff
mm = Zms). We use the spectral compo-

nents of the electromagnetic field as below to facilitate the
calculation and obtain the desired relationships.

H =
∫
+∞

−∞

dkρH̃ (kρ, z, ϕ) (4a)

E =
∫
+∞

−∞

dkρ Ẽ(kρ, z, ϕ) (4b)

By specifying the spectral component of z, the other com-
ponents of the electromagnetic field can be determined as

Ẽy =
jωµ
k2ρ

∂H̃z
∂x

(5a)

H̃x =
1
k2ρ

∂2H̃z
∂x∂z

(5b)

In the following, by determining the spectral components
of the electromagnetic fields in the reflection and transmis-
sion regions and substituting them in the boundary con-
ditions, the reflection and transmission coefficients can be

obtained in the whole space as

R =
1
2

(1− ωµYes
2kz

1+ ωµYes
2kz

−

1− kzZms
2ωµ

1+ kzZms
2ωµ

)
(6a)

T =
1
2

(1− ωµYes
2kz

1+ ωµYes
2kz

+

1− kzZms
2ωµ

1+ kzZms
2ωµ

)
(6b)

On the other hand, the electric sheet admittance and mag-
netic sheet impedance can be written in terms of reflection
and transmission coefficients as follows

ωµYes
2kz

=
1− T − R
1+ T + R

(7a)

kzZms
2ωµ

=
1− T + R
1+ T − R

(7b)

To obtain the mutual inductance between the magnetic
dipoles, we should calculate the magnetic field intensity in
the position of the receiver coil. Let assume that the distance
between dipoles is deeply sub-wavelength so in the near field
region only Fourier components with |kρ | � k are consid-
ered, then the calculations can be significantly simplified.
Under this condition, the approximation −jkz ∼= |kρ | can
be made [35]. By substituting (6b) in (2), the magnetic field
can be found in the position of the receiver magnetic dipole
as eq. (8), as shown at the bottom of the next page. After
calculation of the integral in (8), the flux through the receiver
dipole can be obtained as (9), where E1(x) is the exponential
integral and is described as

E1(x) =
∫
∞

x

e−t

t
dt (10)

By dividing eq. (9), as shown at the bottom of the next page,
by the current i, the mutual inductance L21 can be written
as (11), as shown at the bottom of the next page, where
d = d1 + d2 is the distance between the magnetic dipoles.
In the next step, we will investigate the interaction of HMS
on the self-inductance of the magnetic dipole as mentioned
in [16]. The effective magnetic polarizability of the magnetic
dipole in the presence of HMS can be written as

αeffm,dipole = (α−1m,dipole − G
ref
zz )
−1 (12)

where αm,dipole is the intrinsic magnetic polarizability of
the magnetic dipole and Gref

zz is the reflected portion of the
Green’s function as follows

Gref
zz =

1
4π

∫
∞

0

1
2

(1− ωµYes
2kz

1+ ωµYes
2kz

−

1− kzZms
2ωµ

1+ kzZms
2ωµ

)
e−2kρd1k2ρdkρ

(13)

Under this condition and using ϕ1 = L11i as well as L11 =
µA21/αm,dipole, the self-inductance of the dipole can be found
as

L11 = L(0)11 − µA
2
1G

ref
zz = L(0)11 + L

(1)
11 (14)

where L(1)11 is defined as the HMS contribution to
self-inductance of the transmitter coil and L(0)11 is the
self-inductance of the dipole without HMS.
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A. CALCULATION OF EFFICIENCY
In this section, we calculate theWPT efficiency of the config-
uration illustrated in Fig. 1. Fig. 1(b) shows the circuit model
of the structure, in which we assume that the transmitter and
receiver coils are connected to an external circuit with resistor
R and capacitor C and the transmitter coil is excited by a
voltage source. The expression presented in [16] is defined
as the ratio of the delivered power to the resistive load R2 to
the total consumed power, as the power transfer efficiency.

η =
R2
Reff2

χ

1+ χ
(15)

where

χ =
Reff2 ω

2
|L21|2

Reff1 |R2 + jωL22 + 1/jωC2|2
(16)

where

Reff1 = R1 − ωIm(L11)+ ω2Im
( L12L21
R2 + jωL22 + 1/jωC2

)
(17)

Reff2 = R2 − ωIm(L22)+ ω2Im
( L12L21
R1 + jωL11 + 1/jωC1

)
(18)

The efficiency expression confirms that by maximizing the
parameter χ , we can achieve efficiency close to 100%. Also,
to maximize efficiency, the ratio Reff2 /R2 should be as small as
possible. Asmentioned earlier, themaximumWPT efficiency
of MRPT occurs at the resonant frequency corresponding to
the coils. The resonant frequency of the coils can be adjusted
by varying the capacitance value. In (17) and (18), one can
help maximize efficiency by removing the imaginary part of
the self-inductance. Normally the self-inductance of the coils
is a real value, but the electromagnetic interaction between
magnetic dipoles and HMS can affect the self-inductance of
the coils and add an imaginary part. The last term in (17) and
(18) can be neglected concerning the L21 and ω. To maximize
efficiency, the mutual inductance L21 must be as large as

possible. To analyze the efficiency relationship, we define the
following parameter as the ratio of mutual inductance in the
presence of the HMS to the mutual inductance in free space.

ρ =
L21
Lvac21

(19)

where

Lvac21 = −
µA1A2
2πd3

(20)

As mentioned in [16]–[32], the idea of using metamate-
rial in WPT comes from its ability to amplify evanescent
fields and wavefront manipulation of electromagnetic waves.
In fact, the metamaterial acts as a super-lens and refocuses
the magnetic field generated by the transmitter coil to the
center of the receiver coil as far as possible. Therefore, our
goal in this section is to obtain optimal constituent particles of
HMS so that the evanescent fields can be amplified as much
as possible and the parameter ρ can be maximized, and the
mutual inductance and thus the maximum efficiency can be
achieved. It can be shown that equation (11) is maximized
when (ωµYes)/2j = −2ωµ/jZms or YesZms = −4. This
result is consistent with the proven expression in [45]. Like
that shown in [45] at a surface mode resonance R → ∞

so, under this condition, the reflection coefficient can be
minimized whereas the transmission coefficient can be as
close to the unit as possible. SinceE1(x) has an imaginary part
for negative values of x, so assuming YesZms = −4 in addi-
tion to maximizing mutual inductance, the self-inductance
of the coils has no imaginary part, which leads to increase
the efficiency. According to the discussions as mentioned
above, the mutual inductance in the presence of the HMS is
as follows

L21 =
µA1A2
4π

(
qk
d2
+

(
qk
2

)3(
eqkd/2E1(qkd/2)

+ e−qkd/2E1(−qkd/2)
))

(21)

Hz,2 = −
m1

8π

∫
+∞

0
dkρk2ρH

(1)
0 (kρρ)

(kρ − ωµYes
2j

kρ +
ωµYes
2j

−

kρ −
2ωµ
jZms

kρ +
2ωµ
jZms

)
e−kρ (d1+z) (8)

ϕ2(ρ = 0, z = d2) =
∫
Bz,2.ds =

µA1A2i
4π

(( (ωµYes2j )2

−d
+

(ωµYes2j )

(−d)2
+

1
(−d)3

+ (
ωµYes
2j

)3e
ωµYesd

2j E1
(ωµYesd

2j

))
−

( ( 2ωµ
j54Zms

)2

−d
+

( 2ωµjZms
)

(−d)2
+

1
(−d)3

+ (
2ωµ
jZms

)3e
2ωµd
jZms E1

(2ωµd
jZms

)))
(9)

L21 =
µA1A2
4π

(( (ωµYes2j )2

−d
+

(ωµYes2j )

(−d)2
+

1
(−d)3

+ (
ωµYes
2j

)3e
ωµYesd

2j E1
(ωµYesd

2j

))
−

( ( 2ωµjZms
)2

−d
+

( 2ωµjZms
)

(−d)2
+

1
(−d)3

+ (
2ωµ
jZms

)3e
2ωµd
jZms E1

(2ωµd
jZms

)))
(11)

216412 VOLUME 8, 2020



H. Younesiraad et al.: Optimal HMS for WPT Efficiency Improvement

Also, HMS contribution to self-inductance L11 can be cal-
culated as

L(1)11 = −
µA21
4π

(qk
d1
+

1

d31

)
(22)

The expression for L(2)22 is obtained by replacing d1 and
A1 with d2 and A2, respectively. In the above equations,
the electric sheet admittance is considered as Yes = −q/jη0
wherein η0 is the intrinsic impedance in free space. The
parameter q is an arbitrary variable to normalize the electric
sheet admittance and varying from 0 to 150 to obtain Fig. 2.
We investigate the point-dipole approximation based WPT at
a maximum distance of 0.1λ0 between the magnetic dipoles
to guarantee the sub-wavelengthWPT conditions where λ0 is
the wavelength corresponding to the resonant frequency.
For and example, consider a near-field WPT system at the
interesting frequency of 100 MHz. The variation of the
parameter ρ as a function of the distance between the
coils and different values of q is shown in Fig. 2 obtained
using (19), (20), and (21). It can be seen from the figure,
the value of this parameter is maximum for q = 10
at 0.1λ0 (the maximum possible distance that can guaran-
tee the sub-wavelength WPT condition). This figure shows
that the use of HMS, especially at longer distances of
sub-wavelength WPT, can greatly improve mutual induc-
tance. Since mutual inductance in the absence of HMS is
reduced with a ratio of ∼ 1/d3, therefore, according to
L21 expression, utilizing HMS can be a suitable solution for
improvement of efficiency of near-field WPT.

FIGURE 2. The 3D diagram of a variation of the parameter ρ as a function
of the distance between the coils and different values of q at 100 MHz.

Using Eqs. (15), (16), (17), (18), and (21), efficiency can be
obtained in terms of frequency. Figure 3 shows the efficiency
of WPT without metasurface and WPT in the presence of
HMS embedded between the coils for different frequencies at
a distance of 0.1λ0. To obtain the efficiency when a metasur-
face is embedded between the coils, the expression for mutual

FIGURE 3. (a) The 3D diagram of a variation of efficiency as a function of
frequency and different values of q (b) Comparison of efficiency as a
function of frequency between proposed HMS-assisted WPT and
metasurface-assisted WPT as well as conventional WPT.

inductance in [42] is used, which is as follows.

LMS
21 =

−jµ0A1A2
32πZ3

s

((2jZsω2µ2
0

d
+

4Z2
s ωµ0

d2
−

16jZ3
s

d3

)
− (ωµ0)3e

dωµ0
2jZs E1

(dωµ0

2jZs

))
(23)

where Zs is the equivalent surface impedance of the meta-
surface. As shown in Fig. 3(a) the maximum efficiency
occurs at the resonant frequency corresponding to the coils,
as expected. At the same frequency, it can be seen that
use of HMS can greatly increase efficiency within a dis-
tance of 0.1λ0 between coils so that efficiency reaches
from 10% to 95% for the conventional WPT compared to
HMS-assisted WPT. As shown in Fig. 3, at the resonance
frequency, choosing q = 10 yields the highest possible
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efficiency. In this case, in addition to achieving maximum
efficiency, the widest possible bandwidth is also observed.
In fact, HMS with Yes = −10/jη0 can determine the optimal
effective polarizabilities, αeffee and αeffmm, that form the desired
HMS. By wise choice of the optimal effective polarizability,
we can expect the evanescent fields to be significantly ampli-
fied, and this will increase the efficiency as well as it will
give rise to bandwidth enhancement of WPT. Comparison
of efficiency as a function of frequency between proposed
Huygens’ metasurface-assisted WPT and presented imple-
mentation in [42] as well as conventional WPT is shown
in Fig. 3(b). It can be seen from the figure, that the proposed
implementation report better performance compared to the
previous work presented in [42] and the conventional system,
proving that utilizing HMS with optimal electric and mag-
netic effective polarizability can not only increase efficiency
by amplifying evanescent fields and increasing coupling
between coils, but also can yield bandwidth enhancement.

Figure 4(a) shows the efficiency variation as a function of
the distance between the coils and different values of q at
the resonant frequency. It can be seen from the figure that
at a distance of 0.1λ0 the maximum efficiency is obtained
for q = 10. As the figure shows, for WPT in the absence of
HMS, the efficiency drops with a ratio of ∼ 1/d6 whereas
utilizing HMS between the coils causes a little change in
efficiency as the distance between the coils increases, and the
proposed implementation can be expected to have a much
lower efficiency drop compared to the conventional WPT.
In fact, with increasing distance, the perception of the impact
of HMS on the efficiency of the power transmission and the
coupling between the coils as well as the amplification of the
evanescent fields are more noticeable. In other words, in this
case, the HMS assembled between the coils can recapture the
near-field magnetic field and amplifies it by increasing effi-
ciency and refocusing it on the receiver coil. Carefully consid-
ering the calculated mutual impedance expression including
the effect of the HMS in this section and omitting the term
of 1/d3 in the expression, one can expect the efficiency to
drop much lower compared to the conventional WPT by
choosing the optimal effective electric and magnetic polariz-
ability with increasing distance between the coils. Figure 4(b)
illustrates the comparison of efficiency as a function of the
distance between the coils between proposed HMS-assisted
WPT and presented implementation in [42] as well as
conventional WPT.

III. A REALIZABLE HMS DESIGN FOR WPT EFFICIENCY
IMPROVEMENT
In this section, we apply the theory presented in Section II
to design a metasurface-assisted WPT at 100 MHz.
Figure 5 shows the configuration of the studied WPT in
which the two resonators, as transmitter and receiver loops,
are 40 cm apart and position a thin finite-size HMS layer
in the middle of them. Figure 5(b) shows the geometry of
the resonator of the WPT system. To realize the impedance
matching and adjust the resonance frequency of the

FIGURE 4. (a) The 3D diagram of a variation of efficiency as a function of
the distance between the coils and different values of q. (b) Comparison
of efficiency as a function of the distance between the coils between
proposed HMS-assisted WPT and metasurface-assisted WPT as well as
conventional WPT.

WPT system, the two capacitors are considered as the
impedance matching circuit to match with 50�. For the res-
onator, using the full-wave simulation by HFSS software the
optimum radius r = 16 cm with a wire thickness of w =
1.5 cm, as well as Cp = 0.95 pF and Cs = 0.8 pF is obtained.
The proposed cell shown in Fig. 5(c) is used to design and
implement the thin, finite-size and realizable desired HMS
for increasing WPT efficiency. In this particle, the induced
moment and the field vector are orthogonal. In this case,
HMS can be implemented by combining a loop and a straight
electric dipole antenna to have a simultaneous electrical and
magnetic response, as illustrated in Fig. 5(c). This planar
geometry often referred to as the omegameta-atom [46]–[48],
enables magnetoelectric polarization orthogonal to the excit-
ing field. One of these special inclusions is a split-ring
resonator as the omega inclusion depicted in Fig. 5(c).
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FIGURE 5. (a) Configuration of the proposed HMS-assisted WPT system
including two resonators and an HMS positioned between them,
(b) sketch of the transmitter(receiver) resonator, and (c) sketch of the
Omega-type particle forming the desired HMS.

The overall HMS consists of an 8 × 8 array of this pro-
posed cell. The dimensions of the proposed sub-wavelength
inclusion can be determined using calculated optimal effec-
tive quasistatic electric and magnetic polarizabilities and the
approaches presented in [49] and [50] to determine the full
polarizability tensor of sub-wavelength particles with arbi-
trary shape and composition. The optimized parameters are

Rm = 40.92 mm, Wm = 5.47 mm, Lm = 53.78 mm,
Pm = 126.5 mm and C = 21 pF.
As this cell is used for many different applications in

microwave frequencies and can be implemented with both
plasmonic [51], [52] and dielectric [53], [54] materials,
we place a capacitor between the two horizontal arms
(straight electric dipole antenna) to allow for the design and
implementation of the desired HMS with limited dimen-
sions. The value of this capacitor and the inductor due to
the conductor parts of the inclusion can adjust the reso-
nance frequency of theWPT system. The geometrical dimen-
sion of the proposed cell and the corresponding capacitance
value is optimized by HFSS software. It should be noted
that in the extraction of the effective quasistatic electric
and magnetic polarizabilities values of constituent particles
formed the HMS obtained in section II, the magnetoelectric
polarizability dyadics of the proposed cells is neglected. An
Omega inclusion can have non-zero magnetoelectric polariz-
ability and act as a bi-anisotropic inclusion when the induced
moment (e.g., m) and the field vector (E loc) are orthogonal.
Therefore it provides magnetoelectric polarization orthogo-
nal to the exciting field. The index ‘‘loc′′ indicates that if the
meta-atom is positioned in an array, these fields are the local
fields which excite this particular meta-atom. In contrast the
mentioned configuration, in our proposed HMS, the direc-
tion of the electric field vector is parallel to the induced
moment. Besides, the Omega has a mirror symmetry in both
directions of the wave propagation along the ±z. In other
words, the electromagnetic response is the same for both
propagation directions in both amplitude and phase, so with
this configuration, the magnetoelectric coefficient can be
neglected [55]. To validate the theory presented in this work
with full-wave simulations, the proposed cell has been simu-
lated to obtain the corresponding equivalent surface electric
admittance and surface magnetic impedance. Figure 6 shows
the parameter of YesZms as a function of frequency. As shown
in the figure, the proposed cell has a resonant frequency at the

FIGURE 6. Simulated parameter of YesZms as a function of frequency for
the proposed cell.
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frequency of 100 MHz. According to the theory presented
in the previous section, when YesZms = −4, HMS can
amplify the evanescent near-field and the amplitude ofmutual
inductance between the resonators, and consequently, it will
increase power transmission efficiency. As shown in Fig. 6
the condition YesZms = −4 is established around the design
frequency. The simulated parameter of q = 6.5 is obtained
for the optimized proposed cell.

Figure 7 depicts the WPT efficiency as a function of fre-
quency for the WPT without HMS and WPT in the presence
of the designed HMS. As shown in the figure, the power
transfer efficiency is increased from 25% in the conventional
mode to 42% in the HMS-assisted WPT. The simulation
results in this figure show that the engineered HMS located
between the resonators by amplifying the evanescent fields
at the resonant frequency can increase the efficiency in the
range 0.1λ0 to about 68%. In the full-wave simulation, WPT
efficiency can be estimated by calculating the expression
of |S21|2. In section II, the ultra-thin HMS is considered
as an infinite ideal homogeneous and low-dispersive layer,
whose electromagnetic response to external fields can be
described through equivalent electric sheet admittance and
magnetic sheet impedance based on Huygens’ principle.
Proven expressions for mutual inductance and efficiency for
this type of HMS are in the ideal case, leading to maximum
efficiency. While in the simulation setup, a two-dimensional
array of 8 × 8 real cells is used to implement the required
HMS, which affects efficiency. It is clear that by present-
ing novel and more efficient cells, a more robust magnetic
response can be achieved using the theory of section II to
amplify evanescent waves. In other words, it is possible
to increase efficiency by using different cells. The main
challenge in real HMS implementation is to design suitable
cells at MHz frequencies. The presented expressions in [16]
provide the same explanation and observations for the

FIGURE 7. Simulated power transfer efficiency for the proposed WPT with
and without the HMS at a distance of 40 cm.

metamaterials. In fact, an ideal meta lens leads to 100%
efficiency, while the implementation of a perfect lens with
the same performance obtained from the theory as mentioned
in the literature is impossible and therefore the simulation
results with the analytical results of using infinite ideal meta
lens with 100% focus is different. One should also mention
that the considered HMS is dispersive, that in turn will affect
the performances of the real-life geometry with respect to the
ideal case.

Figure 8 shows the magnitude of the magnetic field distri-
bution on a symmetric plane for the proposed WPT. It can be
deduced from the figure, by placing the HMS in the middle
of two resonators the evanescent field is amplified around
it, this increases the coupling between the resonators and
thereby increases theWPT efficiency. By comparing Fig. 8(a)
and 8(b), it can be concluded that the magnetic flux in the
receiver resonator increases in the presence of the HMS,
which improves the efficiency.

FIGURE 8. Simulated magnetic field distribution between the resonators
for (a) WPT without the HMS, and (b) with the HMS at 100 MHz.

IV. CONCLUSION
We have presented a rigorous analysis to describe the elec-
tromagnetic fields of the constitutive coils of a HMS-based
WPT. First we have calculated the mutual inductance
between the coils considering the interaction of them and
metasurface using the boundary condition governing the
HMS. Then, we have found optimum electric and magnetic
polarizabilities as αeffee = 10/ωη0, and αeffmm = 2η0/5ω
that can reach the efficiency from 10% to 95% at the
maximum possible distance of a sub-wavelength WPT. The
results obtained from the theory show that with the opti-
mal design of HMS, the efficiency and bandwidth can be
enhanced simultaneously at the resonant frequency, and the
efficiency drops with a very low gradient by increasing the
distance between the coils of the sub-wavelengthWPT. Then,
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using the proposed theory and proven analytical expressions,
we designed a WPT system in which we employed an HMS
to improve power transfer efficiency. The proposed HMS
consists of 64 Omega-type particles that by amplifying the
evanescent fields can increase the efficiency of the mentioned
WPT system by 68%. The analytical and full-wave simula-
tion results show that by designing novel HMS and utilizing
optimization algorithms, the power transfer efficiency can be
significantly increased in future works.
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