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ABSTRACT In this article, we introduce a general analytical procedure to unambiguously characterize a
metasurface through its lumped circuital equivalent in resonant inductive Wireless Power Transfer (WPT)
applications. The proposed model incorporates the finite extent of the slab, as well as the WPT near field
operative regime and the presence of the particular driving/receiving coils arrangement, providing quantita-
tive and easy-to-handle parameters which can be manipulated to achieve WPT performance enhancement.
We first develop the theoretical background aimed at the lumped parameters extraction, which reveals,
for WPT applications, more accurate and robust with respect to the conventional sub-wavelength homog-
enization theories based on infinite slab extent and impinging plane wave hypotheses. We provide some
general guidelines for the design of metasurfaces for WPT performance enhancement based on the derived
circuit model; afterwards, we numerically design a test-case consisting of two resonant coils (driver and
receiver, respectively) with an interposed passive metasurface to verify the developed theory. Finally, we
show some measurements performed on a fabricated prototype, that present an overall excellent agreement
with both the lumped model and the numerical simulations.

INDEX TERMS Metamaterial, metasurface, wireless power transfer, equivalent circuit, resonant coils.

I. INTRODUCTION

ETAMATERIALS and their 2D counterparts (i.e.,

metasurfaces) represent nowadays a well-established
and important research field in the electromagnetism com-
munity [1], [2]. Their capability to show dielectric and
magnetic properties not found in nature have been proved to
be extremely useful in a number of different applications. In
particular, they can provide negative values of dielectric per-
mittivity and magnetic permeability, with isotropic or even
anisotropic characteristics when properly designed [3]-[8].
The basic structure usually consists in a 2D or 3D array
of resonant unit-cells; indeed, the resonant properties of
the unit-cells are responsible of the exotic dielectric per-
mittivity and magnetic permeability [9]-[11]. In addition,
to properly work, one fundamental requirement relies in
the unit-cell dimension, which must be in the extremely

subwavelength regime. In this way, the electromagnetic field
impinging in the meta-structure cannot distinguish its ele-
mentary organization and it is interpreted as a homogeneous
material [12]-[15].

Among the numerous applications, resonant inductive
Wireless Power Transfer is one of the most stimulat-
ing field in which metamaterials and metasurfaces can be
employed [16]-[18]. The rapidly increasing interest in trans-
ferring energy wirelessly to remove any type of transmission
line from electronic devices makes research on WPT an
extremely hot topic. In such applications, the control on the
magnetic permeability is crucial for enhancing the magnetic
field produced by the driving coil, which is responsible of
the induced useful current at the receiver. In the literature,
an impressive effort has been directed to exploit metamateri-
als and metasurfaces in WPT, continuously improving their
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FIGURE 1. Pictorial representation of a typical WPT arrangement in the presence of
a metasurface.

performance and reducing their size. Several works have
shown that a negative permeability can enhance magnetic
evanescent waves [19]-[22], thus increasing WPT efficiency.
Moreover, planar resonators and wires in different arrange-
ments are very popular: it has been demonstrated that spiral
resonators, split rings, in a single or double layer config-
uration are able to improve the efficiency of the inductive
link [23]-[33]. Other studies have explored the possibility to
reduce the electric field amplitude through resonators’ arrays
for safety purposes [34].

As a matter of fact, metamaterials and metasurfaces design
is usually performed following the classical electromagnetic
theory [22], where the slab is considered infinite in extent and
a plane wave is impinging upon it. Starting from the single
unit-cell conception, periodic boundary conditions are suc-
cessively applied to retrieve the electromagnetic properties
of the infinite slab [35]; often, several iterations optimizing
the unit-cell CAD model are required in order to tune the
infinite slab properties within the desired frequency range.
Nevertheless, in practical applications, the slab suffers from
truncation effects and, especially for resonant inductive WPT,
it is planned to be employed in the magnetic very near
field region. Finally, the slab is also closely placed to a
driver and a receiver coil, leading to strong interactions that
must be considered. These practical aspects affect the meta-
structure response which will be inevitably different from
what theoretically designed.

To overcome these limits, we propose for the first time
a general analytical procedure to extract an accurate and
unambiguous lumped parameters equivalent of a metasur-
face in resonant inductive WPT applications. The validity
of the method is demonstrated through a test-case. We first
design a classical WPT arrangement consisting in a fed loop
(i.e., driving coil) and a passive receiver, both resonant at
the same working frequency. In addition, we interpose a
metasurface in between, exploiting the results coming from
a single full-wave simulation to extract its equivalent RLC
circuit and the mutual coupling coefficients with the driv-
ing and receiving coils. We demonstrate that the derived
model is able to predict the behavior of the entire WPT set-
up for arbitrary vertical positions of the metasurface (i.e.,
the z-axis in Fig. 1), by comparing the 2-ports impedance
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FIGURE 2. Lumped elements representation of the WPT arrangement constituted by
a resonant driver and receiver and the meta-structure RLC equivalent.

matrix analytically calculated against full-wave simulations.
The equivalent circuit model is able to fully describe not
only the metasurface with its proper characteristics (such as
the finiteness), but also the respective near-field interactions
with a particular driver/receiver system. Moreover, it retains
quantitative parameters to accomplish the design and the
performance optimization of the specific WPT arrangement
and the avoidance of a great number of computationally
extensive full-wave simulations. Therefore, the metasurface
design procedure can be easier and faster allowing a deeper
advancement in the physical and practical understanding of
the system.

This article is organized as follows. Section II presents
the general analytical procedure for characterizing the meta-
surface starting from an initial full wave simulation, while
in Section III practical design considerations are discussed.
Section IV is devoted to verifying the proposed method
applied to the test-case, comparing the model predictive
performance against full-wave simulations and experimental
measurements on a fabricated prototype. Finally, Conclusion
follows.

Il. METHODS
As introduced, metamaterials and metasurfaces are typically
interposed between a driver and a receiver coil in WPT
arrangements (Fig. 1). Their presence is fundamental to
enhance the performance of the inductive link, increasing the
efficiency and the useful working distance. Since they con-
sist of arrays of resonant unit-cells, we consistently expect
that their response to an impinging magnetic field shows a
resonant behavior, as widely demonstrated in the open liter-
ature [16]-[18]. The specific aim of the present work is to
explore the possibility of reducing an entire metasurface to
a single equivalent RLC circuit interacting with the driver
and receiver according to the schematic reported in Fig. 2.
Since the metasurface is a passive structure, we can
acquire the 2-port impedance parameters (driver and receiver)
to completely characterize the WPT system outlined in
Fig. 1, according to the circuit model shown in Fig. 3. In
particular, the 2-port model represented in Fig. 3 is valid
in both cases, i.e., with and without the interposed passive
metasurface. It is always possible to represent a 3-element
circuit through its equivalent 2-port, by properly modify-
ing the impedance terms Z;., as depicted in the inset of
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FIGURE 3. Schematic representation of the equivalent 2-port circuit describing the
adopted WPT test case. In the presence of the metasurface, the impedance terms of
port 1 and port 2 are modified according to the new values Z;'I‘

Fig. 3 and shown later in Section II (for notation simplic-
ity, we have indicated with the indexes 1, 2 and 3, the
driver, the receiver and the passive metasurface, respec-
tively). It may be worth noticing that the slab presence
drastically changes the behavior of the mutual coupling
between driver and receiver. Indeed, the Z;; parameter for
a conventional configuration without the metasurface would
be a classical inductive term: its insertion modifies this term,
making it resonant with the appearance of an additional real
component [36].

The possibility to have at disposal a single equivalent
RLC circuit of a complex structure as a metasurface is
important to predict the 2-port Z-parameters for different
metasurface positions without resorting to full-wave sim-
ulations. Moreover, a lumped model is practically helpful
since it allows quantifying and manipulating all the design-
ing key parameters to obtain the desired properties for a
given application. Such aspect overcomes the current limi-
tation in WPT, i.e., the lack of practical design guidelines
for the metasurface engineerization.

A. METASURFACE RLC EQUIVALENT CIRCUIT MODEL
Let us consider a WPT system consisting of a fed coil (i.e.,
the driver with its respective voltage source V;) and a pas-
sive receiver, both resonant at the same working angular
frequency wp. We also suppose to interpose in between
a metasurface made up of an array of resonant unit-cells
(Fig. 1).

If we refer to the driver with index 1, to the receiver
with 2 and to the N elements of the array with 3,4, ... N+ 2,
the overall system impedance matrix can be written

as below.
Zn Z1y Z13 Z1(N+2)
7y Zy 23 Zr(N+2)
73 Z3 Z33

Z3(N+2)

ZiN+2)1 ZN+2)2 Z(N+2)3 - Z(N+2)(N+2)
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in which we express the currents flowing in each element
of the metasurface in the following form:

Li=cily,  with i=3,4,....,N+2 )

where c; is the generic i-th complex current coefficient and
I, is the equivalent current. I, has the precise physical mean-
ing of representing the current flowing in the metasurface
equivalent RLC which retains the same behavior of the whole
array made of the N single resonators.

By summing up equations from row 3 to row N + 2
and re-arranging terms, it is possible to write the follow-
ing 3-coil system, where the N elements of the slab have
been substituted by their equivalent resonator (marked with
index x).

211 Z12 Zix I Vi
InZnZy || L= 0], 3)
le Zx2 Zxx Ix 0

where:
N42 xN+2
Zow = D05 D ity GiZij
Zy = ZJAQS cjZyj 4)
Zo = Y05 i)
We can notice that Z,, can be interpreted as the self-
impedance of the slab equivalent resonator (RLC series):
Zyx = (Ry + joLy + 1/jwCy) &)

The resonant frequency of the slab equivalent resonator
is expressed by the following relation:

1
fo= 27 /L. C,

At this point, we can apply the method also described
in [9], and easily derive the resistance and the inductance
of the equivalent resonator:

Ry = Re{Z}, )

(6)

whereas the inductance can be calculated from the follow-
ing equation together with the knowledge of the resonant
frequency of the overall slab wp and the condition (6):

d
= —{Im{R; + joL, 4+ 1/jwC}}
2 dw
19
= 5 —{Im{Zw}}
2 dw w=wp
Naturally, C, follows from (6). Instead, the mutual cou-
pling coefficients between the metasurface and the driver

and between the slab and the receiver are, respectively:

L, =

w=w

®)

Mxl = %
) ©)
Mx2 = J%Z
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FIGURE 4. Schematic representation of the simple 2-loops test system used to
estimate the mutual coupling dependence from distance.

In this way, we are able to characterize the equivalent RLC
parameters of the array and the respective mutual coupling
coefficients with the driver and the receiver.

Finally, it is worth highlighting that the equivalent meta-
surface Q-factor can be also derived:

woly 1 Ly

0= —2=_ =

10
Ry R\ C; (19)

The Q-factor provides important information about the
losses and the behavior of the slab as a whole, as it will be
discussed later; thus, it can represent a synthetic parameter
to evaluate the overall metasurface performance level.

B. METASURFACE RLC EQUIVALENT CIRCUIT
EXTRACTION
In order to practically accomplish the metasurface equivalent
circuit extraction, we need to perform a single full-wave
simulation of a preliminary version of the investigated WPT
system. The simulation provides the complete (N + 2) x
(N 4+ 2) impedance matrix (as reported in (1)) that is useful
to derive the 3-coil system equivalent model, as described
in the previous section. In addition, the 2-port impedance
matrix, i.e., the system matrix of the circuit depicted in
Fig. 3 (where only the ports at the driver and receiver are
considered) can be also extracted from the simulation.

In particular, the system (3) can be rewritten to obtain the
respective 2-port impedance matrix. Indeed, we can isolate
the current /,:

L=_ xtli — Zwoh an
Z.X'.X'

Substituting the expression of I, in the other two equations
of (3), we obtain the following equivalent 2-port system,
which coincides with the 2-port impedance matrix directly
evaluated through the numerical simulation.

Z11—ZIZX—XZX“212—_ZIZY§ZY <11>_(V1> (12)
Zoy — 22 7, Zzzxez I 0

XX XX

It is worth highlighting, as evident from (12), that each
parameter of the 2-port full wave impedance matrix (i.e.,
the 2x2 matrix in (12)) exhibits a peak at the metasurface
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resonant frequency. The Z,, parameter, being at the denom-
inator, assumes the minimum value at the resonance (see
(5)). Hence, it is easy to identify the resonant frequency fy
from the Z-parameters obtained by the full-wave simulation
and, consequently, retrieve the equivalent L, andCy from
(6)—(8).

At this stage, the equivalent current I, value is still
arbitrary; through a least-square algorithm implemented
in MATLAB (version R2019b), we identify I, that mini-
mizes the distance between the 2-port impedance parameters
numerically simulated and those evaluated from (12), i.e.,
the ones calculated through the proposed equivalent model.
In this way, the optimal RLC and mutual coefficients
combination can be extracted.

In summary, the circuital equivalent retrieval steps are:
a) perform a single full-wave simulation with the presence
of the metasurface, extracting both the (N+2) x (N+2) and
the 2x2 impedance matrix; b) reconstruct from (2), com-
bined with (3) and (12), the 2-port parameters derived with
the equivalent resonator; ¢) optimize the extracted lumped
parameters by finding I, that minimizes the distance between
the 2x2 impedance parameters evaluated by the full-wave
simulation and by the equivalent model (12).

C. MUTUAL COUPLING ESTIMATION

The usefulness of a model relies not only in its describing
potential but also in its predictive value, i.e., the capability
to predict the system performance without the need to carry
out full-wave simulations.

In our specific case, for realizing a predictive equivalent
model, we need the mutual coefficients M;, and M,, behav-
ior when the slab position is changed. The equivalent model
extraction procedure described in the previous sections is
carried out for a fixed metasurface position but, whereas the
RLC equivalent can be assumed to be an intrinsic property
of the slab independent from its position, the mutual cou-
pling is strictly dependent on it. Thus, our aim is finding
the approximate dynamic of the mutual coupling when the
metasurface is progressively moved from the driver towards
the receiver.

It is well-known that the mutual inductance between two
loops is dominated by their geometrical size and distance.
One possibility to estimate the mutual coefficient dynamic
with the distance is to calculate the coupling between two
loops having a diameter within the same order of magnitude
of the elements (driver, receiver and metasurface) of the
considered WPT system (Fig. 4). Since the geometrical size
are similar, the physical insight from this simpler situation
can provide useful information also for the mutual coupling
dynamic between driver/slab and receiver/slab.

Generally, inductive WPT is carried out at low frequency
(~few MHz); thus, we can apply the Biot-Savart formulation
(magneto-static hypothesis) to estimate the mutual coupling
between two generic loops [9]. Therefore, the magnetic field
produced by a given current path in a specific point can be
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expressed as:

'E(?):

13)

@flﬁx;_f

4 =3
p

where o (H/m) is the magnetic permeability of the vacuum,
I (A) is the current amplitude flowing in the path, Zi (m)
is an infinitesimal element of the current path and ' (m)
is the vector distance between the infinitesimal element 37
and a generic point of the space (identified by 7). Then,
the mutual coupling coefficient between the coils i and j is
represented by the magnetic flux per unit current through
the surface of coil j induced by the current flowing in coil i:
]

M; = I

In this way, given the geometrical design of the two loops,
we can numerically set a unit current flowing in one of them
and evaluate the mutual inductive coupling with the other.
This procedure — easy to calculate analytically — can be
iterated for increasing distances between the two test loops,
finding the general dynamic for the coupling as a function
of the distance.

Since the mutual coupling between two coils is strictly
dependent from their distance and from the available area
for magnetic field concatenation, it is plausible to assume
that the dynamic found for the two test-loops can be extended
also for the couples driver/slab and receiver/slab. They share
the same order of magnitude for the size and this guar-
antees that the available area for field concatenation is
similar to the test-loops case. Hence, we can extrapolate
the curves of the mutual coefficients My, and M, (slab-
driver and slab-receiver) versus distance; we impose to the
coupling coefficients M1y and M, (obtained from the pro-
cedure reported in the previous sections for a precise fixed
distance), the distance dynamic as estimated through the
Biot-Savart law applied over the two test loops. At this
stage, considering the procedure described in Section II-B
and the mutual coupling estimation just described, we are
able to completely define an equivalent circuit that allows
fast and accurate simulation for a proper design of a WPT
system with metasurface integration.

(14)

lll. PRACTICAL DESIGN CONSIDERATIONS

As anticipated in the previous sections, the availability of an
equivalent circuit model of a complex structure, like a meta-
material or metasurface, can be extremely useful to facilitate
an effective design.

As it is well-known, the efficiency and the working dis-
tance are two of the most important parameters in a WPT
application. They can be both improved through the driver-
receiver inductive link strength maximization [18]. This
can be practically translated into the Z}, enhancement, as
described in Fig. 3; the metasurface effect on the Z}, and Z3,
can be always compensated by appropriate technical solu-
tions (matching networks or distance compensation). Hence,
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recalling (12), the following parameter has to be maximized:

2312y

Z5 =2y — (15)

‘XX

In particular, the crucial term in (15) is the ratio on the
right, which is related to the slab presence. At denominator,
we find Z,, given by equation (5); this term must present
as low as possible resistive losses to increase the mutual
coupling between driver and receiver. As shown in (4), the
metasurface total losses can be directly obtained from the
single unit-cells’ self-resistances:

N+2

R, = Z ciR;
i=3

Resistive losses control is of outmost importance to
enhance WPT performance; our model therefore suggests
thick PCB copper traces or Litz-wire for metasurface
fabrication [37].

Another important quantity to be considered for
performance improvement is the ratio L,/C,. Since induc-
tive resonant WPT is based on the magnetic field exchange
between driving and receiving coils, a high L,/Cy ratio
ensures the slab capability to produce a significant mag-
netic field for a certain flowing current. As for Ry, also the
total metasurface L, can be obtained from the series of the
unit-cells’ inductances weighted by their respective current
coefficient c;:

(16)

A7)

This observation advises to pay particular attention to
the unit-cell design, which must present a high inductance.
Although various designs have been presented in the lit-
erature, one of the most convenient structure to achieve
high inductance and compactness is the connected double-
spiral resonator [17]. Another approach to increase the
ratio L,/C, relies on the minimization of C,. This can be
achieved not only by L, maximization, but also through
the mutual coefficients Z; between unit-cells. For a typi-
cal planar configuration where unit-cells lay adjacent, the
mutual coefficients Z; are purely reactive and negative [36].
Following (4), these mutual impedances are added, through
their respective weights, in series with the single unit cells’
capacitances, contributing to Cy. Thus, the higher the vari-
ous mutual coefficients amplitude, the smaller the equivalent
capacitor C,. This suggests placing the unit-cells as close
as possible (i.e., minimal periodicity) each other to enhance
the magnetic response of the entire slab. It may be worth
noticing that minimizing R, and, simultaneously, maximiz-
ing the ratio L,/Cy is globally equivalent to maximizing the
Q-factor of the slab (10); the entire metasurface Q-factor
can be considered as the most significative and synthetic
parameter to evaluate the overall design effectiveness.

Finally, it is also important mentioning that we can also
improve Zj, by increasing the numerator of the fraction at
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the right of (15), i.e., by enhancing the mutual coefficients
M, and M,,. Inspired by (4), increasing the overall number
of unit cells (and, consequently, the entire slab dimensions)
may be considered a good choice to achieve this goal.
Nevertheless, we should recognize that the contribution to
the total mutual coupling My and My, is very limited when
the additional peripherical unit-cells are placed too far away
from the driver and the receiver; conversely, their presence is
detrimental because of the increase of resistive losses (16). It
is fundamental choosing a compromise in the unit-cells num-
ber: when the M, and My, enhancement added by additional
unit-cells is not able to compensate the supplementary losses
(see (15)), it is appropriate to abstain from the metasurface
enlargement.

All of these assessments can be highly facilitated by the
equivalent circuit availability, since we can manipulate the
key terms in a quantitative and straightforward manner. This
approach reverses the classical metasurface design process, in
which the infinite-extent slab properties are evaluated apply-
ing a plane-wave excitation and periodic boundary conditions
on the unit-cell model to retrieve the respective equivalent
permittivity and permeability. This classical method gen-
erally implies several iterations to optimize the unit-cell
design, until the infinite slab shows the desired proper-
ties within the operative frequency range. Conversely, our
method exploits an initial full-wave simulation of the entire
actual system, i.e., the finite-extent metasurface with the
particular driver and receiver coils arrangement. The derived
circuital model allows to select the correct parameters to
be modified to optimize the slab performance (unit-cells’
inductance/capacitance, their periodicity, slab-driver relative
position) in a direct manner. Moreover, the model fully con-
siders the near-field regime at which the system operates
as well as all the interactions between the metasurface and
the particular RF coils arrangements. In this way, only few
and targeted full-wave simulations have to be performed to
optimize the system, since the herein provided guidelines can
greatly help the designer to meet the required specifications.

IV. CASE STUDY

In order to validate the theoretical model described in
the previous sections, we proposed the following WPT
arrangement as a test-case (Fig. 5).

The design process and the numerical simulations were
carried out by using an electromagnetic solver based on the
Methods of Moments (Feko suite, Altair, Troy, MI, USA).

For simplicity, driver and receiver were realized as equal;
they consisted of a 5-turn solenoid with 18 cm diameter,
made up with 4 mm diameter lossy copper wire. They
were also made resonant at around 6 MHz by adding a
capacitive load of 81 pF. The working frequency has been
chosen within the typical range for WPT devices. Finally,
driver and receiver were coaxially placed at 18 cm distance.
Then, we inserted between them a metasurface, constituted
by a 5x5 array. As explained in the previous section, the
array dimension can be generally chosen considering that the
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FIGURE 5. 3D CAD model of the proposed WPT arrangement.
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FIGURE 6. The mutual coupling coefficients between driver-metasurface and
receiver-metasurface increase slower with an increasing number of unit-cells N. The
values of the coefficients are extracted for a driver-metamaterial distance of 2 cm.

contribution of additional unit-cells to the mutual coupling
coefficients My and M, is less and less pronounced (Fig. 6),
while the resistive term increases linearly with the unit-cells
number N. Each unit-cell was designed as a 8-turn planar
spiral with an inner diameter of 1 cm and external size of
4 cm, with two adjacent branches separated by 0.6 mm. The
unit-cells are placed 3 mm away from the closest neighbors.
In this case, a 1.4 mm diameter lossy copper wire was chosen
as material. The cells were loaded with 585 pF capacitors
that allowed the entire slab to resonate at 6 MHz.

Finally, in order to simulate a typical WPT arrangement,
we also added a series resistance of 50 €2 to the driver (to rep-
resent the output impedance of a power amplifier [17]) and
an useful 50 €2 series load at the receiver. The metasurface
was initially placed 1.5 cm away from the driver.

A. FULL-WAVE SIMULATIONS: RLC EXTRACTION

The first step consisted in the metasurface RLC extraction;
with this aim, we placed the slab 1.5 cm away from the
driver, but also other positions could have been adopted.
We run a single full-wave simulation at the chosen working
frequency (6.12 MHz), imposing a 1 V voltage source at
the driver and evaluating the system impedance matrix and
the current amplitude in every array element of the designed
metasurface.

Following the procedure described in the previous section,
we extracted the full impedance matrix (27 x27), reducing it
to its 3x3 equivalent (3). From this 3x3 system, we recov-
ered the 2x2 impedance matrix applying the transformation
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described in (12). We then compared these impedance param-
eters with the 2-port (driver and receiver) impedance matrix
directly obtained from the full-wave simulation. Finally, we
evaluated the slab RLC and its mutual coefficients with
the driver and receiver by finding the equivalent current
I, that led to the best matching between the model and the
simulation. This value resulted in 7.05 mA considering the
1 V voltage source at the driving coil. The obtained meta-
surface equivalent lumped parameters were: R, = 4.92,
L, =30.2uH, C, = 22.3 pF, M, = 2.74pH, M, = 0.32pH
(index 1 is referred to the driver, index 2 to the receiver).
The slab Q-factor resulted in 236.9.

In summary, we achieved an excellent agreement between
the full-wave simulated and the equivalent extracted 2-port
impedance parameters (Fig. 7). This demonstrates that the
developed analytical model guarantees a high degree of
fidelity and can be considered as the actual equivalent circuit
of a metasurface. As a matter of fact, we have to consider
a certain degree of approximation with the proposed model;
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FIGURE 8. Retrieved superficial magnetic susceptibility (Real and Imaginary
components), orthogonal to the slab plane: as evident, the resonance is predicted for
a different value w.r.t. the circuital model, because the slab finiteness and its
interactions with driving and receiving coils are not considered. Inset: CAD model
with periodic boundary conditions developed in Feko to perform the classical
metasurface characterization [38].

all the secondary phenomena happening in the system, as for
instance spurious resonances (evident from the Z}, parameter
ripples, Fig. 7 (a)), cannot be properly followed.

In order to show the improvement of the circuit model here
derived, we also performed the conventional metasurface
characterization for the infinite-extent case and with a plane
wave impinging on the structure in sub-wavelength regime.

We followed the theory developed by Holloway et al. [38],
that was demonstrated to be the most formally correct to
describe a thin meta-structure. The simulation model (with
the periodic boundary conditions) and the relative graph
about the superficial magnetic susceptibility (orthogonal to
the slab plane) are reported in Fig. 8. As it can be seen,
we can distinguish a negative susceptibility region after the
resonance, as expected. The negative values of the imagi-
nary part after the resonance point can be attributed to the
intrinsic ambiguity in this extraction method [39]. Moreover,
the overall resonance of the metasurface happens at 6.4
MHz, which is different from the actual slab resonance (at
6.12 MHZ, as evident from Fig. 7). The reason for this is
that the classical theoretical model does not consider the
finite dimension of the slab nor its interactions with the
actual driver and receiver. On the other hand, our equiva-
lent circuit model incorporates all of these aspects; hence,
it can be useful to predict the correct behavior of the meta-
surface itself and in combination with the particular coils’
arrangement. Differently from the conventional characteri-
zation procedure, we are able to precisely predict the input
impedance at the driver/receiver ports and to optimize the
metasurface design and size all at once; consequently, we
can obtain the best performance for a given set-up, as already
reported in Section III.

B. MUTUAL COUPLING EXTRACTION

As previously mentioned, the possibility to predict the
impedance parameters of the WPT system for different
positions of the metasurface without resorting to full-wave
simulations is an important step in order to simplify the
optimization of a given set-up and to grasp a physical
meaning of the interactions between the various system
components.
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FIGURE 9. (a) Mutual inductance between the two test-loops versus their separation
distance; the curve can be fitted with a 1/d9-85 behavior. (b) Extrapolated mutual
coefficients My, and M, ; starting from the coefficients values extracted through the
proposed procedure, we hypothesized for them the same dynamic with the slab-driver
separation distance observed between the test-loops.

Following the theoretical analysis developed in
Section II-C, the first step to estimate the dynamic versus dis-
tance of the mutual coefficients M1, and M>, (slab/driver and
slab/receiver) requires evaluating the mutual induction behav-
ior between two test-loops sharing the same order dimensions
of the elements of the adopted WPT system. We assumed, as
usual for metasurfaces in WPT, that driver, slab and receiver
are coaxially placed. Only vertical shift of the metasurface has
been considered. Therefore, we took into account two identi-
cal test-loops with a 10 cm radius, separated by a gap ranging
from 1.5 to 16.5 cm (Fig. 4). This gap range coincides with
the available space between the designed driver and receiver
in our WPT set-up. In Fig. 9(a) we reported the mutual cou-
pling dynamic between these two test-loops; the results show
that the Biot-Savart estimation can be matched by a 1/4%%
law. We adopted this law also for the mutual coefficients M,
and M,, extracted as described in the previous section for
a metasurface-driver distance of 1.5 cm. Fig. 9(b) shows the
respective extrapolated values.

C. MODEL PREDICTIONS FOR DIFFERENT
SLAB-DRIVER DISTANCES
Afterwards, we tested the predictive value of our equivalent
model for different axial positions of the interposed metasur-
face. We evaluated the WPT arrangement by progressively
placing the slab from 1.5 cm to 16.5 cm away from the driver
(and vice versa with respect to the receiver) with 1 cm steps.
First, we analytically calculated for each slab posi-
tion the 2-port impedance matrix as described in (12),
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FIGURE 10. Model-predicted and full-wave 2-port impedance parameters
comparison at the working frequency (6 MHz). Zi"1 (a), Zé’z (b) and 251 (c) are reported
in absolute values for different metasurface axial positions (distances are w.r.t. the
driver coil). An overall good agreement can be observed.

using the extracted RLC equivalent parameters (reported
in Section IV-A) and the mutual coefficient M, and M,
as depicted in Fig. 9(b). Then, we compared the 2-port
impedance parameters absolute values retrieved through the
analytical model with the respective full-wave simulations.
Fig. 10 shows the obtained results: we evaluated the Zj,,
Z3, and Z3, in their absolute values and at the work-
ing frequency of the system (6 MHz). As evident, our
model is able to predict with a good agreement the full-
wave impedance matrix, thus demonstrating itself effective to
reduce the computational burden and to facilitate the design
and the optimization of the WPT systems with the presence
of metamaterials and metasurfaces.

D. EXPERIMENTAL RESULTS

We also fabricated a prototype of the WPT system described
in Section IV to validate experimentally the extracted slab
lumped model. Specifically, we realized driver and receiver
as two identical solenoids with 5 turns, made with 4 mm

VOLUME 1, 2020



IEEE Open Journal of
Antennas and Propagation

(b)

FIGURE 11. (a) Fabricated WPT system (as numerically designed). (b) Zoomed view
of the metamaterial slab prototype (b).

diameter Litz wire. As reported in the numerical set-up, we
equipped the two coils with a 81 pF capacitor to obtain the
resonant frequency at about 6 MHz (Fig. 11 (a)). Then, the
metasurface was fabricated, as a 5x5 matrix of resonant pla-
nar spiral resonators, with the same geometrical constraints
reported in the design section.

The unit-cells were realized with a single strand 1.4 mm
diameter copper wire, exploiting the grooves directly
engraved onto a 5 mm thick PLA slab through 3D print-
ing (Fig. 11 (b)). Each unit-cell was made resonant at the
desired frequency by adding a 560 pF capacitor. We placed
the metasurface 1.5 cm away from the driver and 16.5 cm
far from the receiver, in a coaxial fashion (as reported in the
numerical model). The 2-port (driver-receiver) Z-parameters
were acquired with and without the metasurface through
VNA (Keysight ES071C-ENA). In particular, we compared
the 2-port impedance matrix when the system includes the
slab with the matrix reconstructed using the experimen-
tal measurements acquired without the slab in combination
with the lumped values extracted in the characterization step
(Ry =4.92Q2, L, = 30.2pH, C, = 22.3 pF, M1, = 2.74uH,
M>, = 0.32H). The 2-port Z-matrix reconstruction was
accomplished exploiting the relations described in (12).

Fig. 12 reports the obtained results; we can observe a very
good agreement between the two cases, i.e., the measured full
system (driver-slab-receiver) and the model-retrieved system
(i.e., using the driver-receiver measurements in combination
with the extracted lumped model). Such results demonstrate
the accuracy and reliability of the proposed procedure in
extracting the metasurface equivalent lumped circuit. The
slight resonant frequency shift between the model case and
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the measurements can be mainly addressed to imperfections
of fabrication and capacitance tolerances.

V. CONCLUSION

In this article, we introduced a general analytical procedure
to extract a lumped parameters circuital equivalent for meta-
materials and metasurfaces employed in resonant inductive
Wireless Power Transfer applications.

We proved through full-wave simulations that our analyt-
ical procedure is extremely accurate to achieve a reliable
RLC equivalent circuit and, in addition, it provides quantita-
tive and manageable parameters to predict and improve the
entire WPT system performance. Furthermore, the numerical
results have been validated through experimental measure-
ments performed over a fabricated prototype. The extraction
procedure exploits only a single full-wave simulation to
retrieve the lumped model of the slab, avoiding several
additional computationally expensive and time-consuming
numerical simulations to optimize the performance of the
WPT system. Naturally, having at disposal an effective
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lumped equivalent circuit of a complex structure — like meta-
materials and metasurfaces — can be extremely important to
grasp a fundamental physical meaning of its different inter-
actions with driving and receiving coils, and to consider
both the inevitable truncation effects and the WPT near-field
operative region. These practical aspects make our model
more accurate and effective for WPT metasurface design
with respect to the conventional sub-wavelength homoge-
nization theories. Therefore, general guidelines based on the
circuit model here presented have been provided, which can
greatly help the designer to perfectionate the metasurface
prototype according to the project specifications.

In conclusion, the obtained results can pave the way to
a simpler and more effective approach to metamaterials
and metasurfaces in resonant inductive WPT, significantly
improving the design process and facilitating the adop-
tion of these structures in practical applications. Future
developments will be directed to a more accurate cir-
cuital modelization, aiming to describe also higher order
resonances due to the elementary interactions between
unit-cells.
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