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Modeling and Simulating a Metamaterial to
enhance Electromagnetic Power Transfer Efficiency

R. Barroso

Abstract—Several microwave power transfer efficiency
applications involve interfaces where more than half of the
incident wave’s power density is frequently reflected. To
enhance this efficiency, various media for impedance matching
between volumetric materials used in biomedical, industrial, and
environmental remediation applications have been proposed.
However, they either exhibit high losses or require a specialized
manufacturing process. Given that the use of volumetric
metamaterials as matching media is an underexplored area
of research, the authors of this paper first propose, model,
and simulate a metallic cubic conductor metamaterial to
investigate its understudied parameters. Then, the metamaterial
is simulated in a quarter-wavelenght impedance transformer
configuration to improve the efficiency of electromagnetic wave
power transfer at an air-water interface. Numerical simulations
and analytical modeling of this configuration show that the
power density of the transmitted wave more than doubles respect
to the interface without the proposed matching system. This
improvement is achieved since the metamaterial has an intrinsic
impedance within the same range as that of the materials to
be matched, since the metamaterial is a low loss, a positively
polarizable and exhibits a mu-near zero behaviour. In contrast
to other impedance matching media, the suggested metamaterial
has a low attenuation constant, offers a wide range of intrinsic
impedance values, and can be constructed with readily available
materials.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9532

Index Terms—MNZ, matching, absorber, microwave, WPT.

I. INTRODUCTION

HE proper and efficient utilization of energy is a

critical and increasingly important topic for many
practical engineering applications. Among these, several
heating, biomedical, telecommunications, radar, and wireless
power transfer applications rely on microwave technology. By
example, microwave heating is widely employed in industries
such as chemicals [1] - [2], food [3] - [4], glass [5], mining
[6], oil [7]- [8] and wood, [9]. This technique is also used
for environmental thermoremediation of contaminated water
and soils [6], [10]. Additionally, microwave hyperthermia has
been applied in biomedical fields, such as cancer treatment
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[11]- [12]. In all these applications, enhancing the efficiency of
microwave power transfer to the target substance is desirable.

Similar challenges arise in wireless communication and
wireless power transmission (WPT), where improving energy
efficiency is crucial for overcoming obstacles such as walls,
reducing reflection losses [13]- [14].

A common solution to diminsh reflection losses involves the
use of the impedance matching technique, which minimizes
the reflection coefficient at the boundary between two different
media. Initially developed for transmission lines [15], this
technique has also been adapted for matching volumetric
media at microwave frequencies, particularly in biomedical
and industrial heating applications. However, the challenge
of sourcing materials with the required electromagnetic
properties has limited its widespread adoption.

In biomedical applications, such as microwave tomography
and hyperthermia, liquid solutions have been used to match
the impedance between biological tissues and air, or even
directly between such tissues and radiant microwave antennas.
Nevertheless, these liquid media have significant insertion
losses due to Joule’s efect [16], [17], [18]. In industrial heating,
recent efforts have explored high-permittivity microwave ce-
ramics as matching media between air and target materials
[19]- [21]. Althoung promising, ceramic composites like
Barium Titanate present challenges due to the specializated
manufacturing process to ensure material homogeneity and
precise control of its geometric and electromagnetic features,
which limits their practical application [22]. These limitations
highlight the need for more versatile, cost-effective solutions.

To address these challenges, a novel approach using two
metasurfaces of rectangular conductor patches at an air/water
interface was proposed for a water heating application in
[23]. While this method demonstrated a slight increase in
water temperature, it lacked a detailed explanation of the
underlying electromagnetic impedance matching mechanism
and the actual improvements in power transfer efficiency.

In response to these gaps, this paper presents a new
approach utilizing a cubic conductor cells metamaterial as
an impedance matching medium. Analytical and numerical
models are developed to characterize critical aspects of the
metamaterial s behaviour. Unlike previous metamaterial stud-
ies [24], [25], the model introduced here quantifies the few
studied intrinsic impedance, ohmic losses and frequency-
dependent behavior of the metamaterial, providing a more
comprehensive understanding of its advantages and limi-
tations for the designing volumetric media for impedance
matching systems. Compared to impedance matching liquids,
the metamaterial exhibits a much lower attenuation constant.
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Additionally, it can be fabricated from widely available and
low-cost materials, provinding the metamaterial’s property of
reconfigurability, offering a broad range of intrinsic impedance
values [26], unlike high-permittivity ceramics which are more
difficult to source and own non-modifiable properties.

To demostrate the practical usefulness of this study, a
quarter-wavelength impedance transformer slab based on the
cubic conductor cells metamaterial is also designed for normal
incidence at a plane interface. The analytical and simulation
results demonstrate significant improvements in power transfer
efficiency at an air-water interface when the impedance
transformer slab is employed.

II. MATERIALS AND METHODS

A. Background

1) Plane Waves in Transverse Electromagnetic Mode:
A plane, harmonic and transverse electromagnetic (TEM)
wave that propagates in an isotropic, linear and homogeneous
medium of complex electric permittivity e and complex mag-
netic permeability p has electric field and a magnetic field
associated to it, that are commonly defined as

E(r) = éEge T (D
H(r) = hHpe 7T = fi x (éEo/n)e 0T 2)
where n is the unitary vector in the direction of propagation

of the wave, Ey and Hy are vectorial fasor constants and, €
and h are unitary vectors. Also, it is commonly defined that

Y= jEi= a6 = at jufv )
A=2n1/3 4)
§=1/a 5)

n=/ple (6)

where v is the wave propagation constant, « is the wave
attenuation constant for a = R[y], 8 is the wave phase
constant for 5 = S[y] = 27/A, A is the wavelength in the
medium, § is the skin depth in the medium, 7 is intrinsic
impedance of the medium while and w is the wave angular
frequency given by w = 2mf. Nevertheless, the complex
electric permittivity is commonly defined as ¢ = ¢ — jé”,
where ¢ is proportional to the medium polarizability and
€¢” represent the medium electrical losses. In the same way,
uw = p' — ju” where p' is proportional to the medium
magnetizability and p’ represent the medium magnetic losses
[27], [28]- [31]. It is also known that the average active power
density vector P(r) associated to the wave is given by

P(r) = %%[E(r)xH(r)*] = Pye 20T (7)

being Py = R [[Eo|?/2n*].
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2) The Power Transference for the Normal Incidence Case:
For a problem of normal incidence [29], in which the inci-
dent wave propagates in the Medium 1 which is separated
from the Medium 2 by the boundary of the z = 0 plane,
there is presence of incident, reflected and transmitted waves
that are represented in the Fig. 1, where the incident and
reflected electric field amplitudes, as well as the incident
and transmitted power vector amplitudes are related by the
complex Fresnel coefficient I, as follows

r— Eo, _M2—m
Eoi  m+m
Py = (1 —|T|*) Py &)

®)

Notice that the power transference efficiency in the interface is
proportional to the value of (1— |T'|?). If the condition |T'| = 0
is achieved, (1 — |T'|?) is maximum and the interface between
the two mediums is a perfectly matched one.

Medium 1 )? Medium 2
€1 My ErI €2, Hp
P,.f, E,
E.I. P.f,
| SN ~
P, 1 z

Fig. 1. A normal incidence case.

On the other hand, for a problem of normal incidence of
a three layers media, as in Fig. 2, in which the incident
wave propagates in the Medium 1 which is separated from
the Medium M by a boundary on the z = —d plane, and
the Medium M is separated from the Medium 2 by another
boundary on the z = 0 plane, the expressions of the reflection
coefficients I'; and I',, are both functions of the coordinate
z [29].In order to compute them, the reflection coefficient in
z=07,letT',,(07) is first calculated

Pm,(o_) - 12— Thm
N2 + Mm

and then, the reflection coefficient along Medium M T, (2),
is defined as

(10)

I'(2) =T (07) exp(2ym2) (11)

Given the presence of the incident and reflected waves in the
medium M, it is also useful to define a generalized impedance
for the medium M, as a function of z

14T (2)

Zm = mT 1~ 7\

(2) = thn = T )

Then, it is also calculated the reflection coefficient in the

Medium 1 boundary on the z = —d plane, let I'y(—d ™)
Zm(=d) —m
Zm(_d) + T

Assuming that Medium 1 has negligible losses, a measure

of the efficiency of the transference of power from the Medium

(12)

[y(=d™) = 13)
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Fig. 2. Case of three media for normal incidence.

1 to the Medium 2 is given by €y, where Efy = Pyt /Pi ™
being P0+1 the density power amplitude of the Medium 1
incident wave and, ng is the density power amplitude of
the Medium 2 transmitted wave measured in z = 0%. Then,
assuming that the matching Medium M attenuation constant
iS ayy, that the net flow of density power in such medium
is P(2) = Pyt exp(—2a,m2) — P~ exp (2a,,2) and that
such net flow of density power is continuous on the boundaries
located on the planes z = 0 and z = —d, it can be deduced
that

(1 =T (07)2)(A = [Ty (=d7)|?)e2amd
1 — T (0-)e20md|2

Epp = (14)

Then, this result can be rewritten for the particular case
of the lossless lambda quarter impedance transformer [15],
[29] in which n,, = /m7n2 and d = X, /4. Under these
conditions, it is expected to obtain |I'1(—d~)|*> = 0 and if
oy = 0, then there is a maximum transfer of density power
of Medium 1 to Medium 2, it means ;¢ = 1. Therefore, the
Fig. 3 configuration can be utilized to match Medium 1 and
Medium 2. Nevertheless, it is necessary to design a material
with the desired 7,,, and «,,, values in order to implement this
kind of solution.

3) The Problem of the Inefficient Transfer of Power from Air
to some Materials Associated to the Described Applications:
Most non-metallic materials used in various microwave
applications are poor conductors, non-magnetic (¢’ — o),
and polarizable (¢ > ¢) for ¢/ — 0. Examples include
cement which can be an obstacle in telecommunication links
[30], while wood, oil, paper, rubber, glass, water, food and soil
are involved in microwave heating applications [31], [32], [33].
On the other hand, human tissues are involved in biomedical
microwave tomography and radiometry applications [11], [12],
[34]. Since these materials exhibit i/ — g and € > ¢q,
the real part of their intrinsic impedance, denoted as R(n)
, is lower than that of air (9 ~ 377 Q). In fact, R(n)
diminishes as the moisture content in the material increases,
according to the literature [33]. For example, distilled water
has one of the lowest intrinsic impedance values among these
materials (=~ 43(2), meaning that only about 36 percent of the
incident wave’s power density can be transmitted from air to
distilled water in the microwave band for normal incidence
(see Eqations (8) and (9)).
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B. Modeling a Metamaterial Suitable Volumetric

Impedance Matching Systems

for

Metamaterials are engineered artificial mediums made
up of arrays of cells composed of conductive and
dielectric materials. The value of the resultant metamaterials
macroscopic electromagnetic parameters, € and p, are of-
ten difficult to obtain with natural materials. Due to
their exotic properties and potential for reconfigurability,
metamaterials have found applications in optics and radiofre-
quency [26], [35]. However, despite their potential, the design
of metamaterial-based matching systems aimed at increasing
power transfer from a plane wave through a plane interface
remains a relatively underexplored topic. Some metasurfaces
designed for heating applications require specialized manu-
facturing processes for ceramic materials and lack reconfig-
urability [19], [20], [21]. Others may exhibit anisotropy and
their electromagnetic behavior has not been completely studied
[23].

In response to these gaps, in this paper a cubic conductors
metamaterial with low attenuation, simple geometry, isotropic
behavior, and dynamic reconfiguration capabilities is analyt-
ically modeled and utilized to match two different media. A
representation of this metamaterial is shown in the Fig. 3.

a Conductor
‘ material

A\
Dielectric
material

Fig. 3. Cubic conductors metamaterial bulk.

1) Analytical Model: Previous studies represented the
electric permittivity €,, and magnetic permeability u,, values
of the cubic conductor metamaterial as functions of the
metamaterial’s geometric dimensions in [24], [25]. These
representations seem to be good approximations when losses
are negligible, when edge field effects inside the metamaterial
are minimal, and when the length of the cubic cell is much
smaller than the wavelength A. This model demonstrates
the metamaterial’s capability to restrict magnetic field flow
within the medium while simultaneously polarizing it. It
establishes that €,, and u,, can be approximated as: €,, ~
¢ ~ eg/(1—-b/a) and pn, =~ ' = po (1 - (b/a)?) for a
non-magnetizable dielectric, where b is the edge length of
the conductor cube inside the cubic cell, a is the length
of the cubic cell (with a > b), while ¢4 and pg are the
parameters of the dielectric material between the conductor
cubes. From the analysis carried out using this model, it can
be concluded that €, > ¢y and pu,, < ug, since for common
dielectric insulators occurs that €5 > €y and pg ~ po. This
results in a metamaterial impedance intrinsic value which
complies with R(n,,) < Nair, Where 74 = \/po/€o- On
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the other hand, most target substances that must propagate
and/or absorb radiation, represented as Medium 2 in Fig.
2 (e.g., water, wood, glass, etc.), also show a real part of
their intrinsic impedance that is lower than that of vacuum,
since po &~ po and R(ez) > € [29], [31]. Therefore, the
metallic cubic conductor metamaterial proposed in this work
is suitable as an impedance matching medium between air
and these substances, given that both the target substances
and the metamaterial exhibit intrinsic impedances within the
same range of values.

In spite of the studies developed in [24], [25], the metallic
cubic conductor metamaterial has aspects that have not
been fully explored. Its intrinsic losses and its behavior’s
dependence on the operation frequency are among these
important parameters for designing an impedance matching
system. Consequently, to investigate these aspects, the
metamaterial behavior is represented by the quasi-static Drude-
Lorentz homogenization model described in [35], conceived
for cases where the metamaterial cell size is much smaller than
the operation wavelength. The metamaterial cell is modeled
as a circuit to derive both €,, and u,, as functions of the
operation frequency and of the circuit parameters associated
to the metamaterial cell (see Fig. 4). According to the model,

Cubic Cubic
cell ~, conductor
ET '
Upper cell —
surface )
Ie
Lower cell __|
surface T =
11 M,
Eud
H My
Lebon
l— Q4 —>

Fig. 4. Circuit elements related to the Drude-Lorentz model for the
proposed metamaterial.

the cell circuit parameters C, and R, represent the interaction
of the metamaterial cell with an incident low frequency
electric field E that generates a displacement current and
a conduction current in the cell in the same direction of
E. The average of these vertical induced currents in the
metamaterial cell is denoted as the net current I, which is
related to the average displacement current in the cell by the
relation 1. /a® = jwe,,Eq, being Eq the average electric field
in the cell and being ¢,, the effective metamaterial electric
permittivity. Then, the difference of potential Ega between
the upper and lower surfaces that limit the metamaterial
considered cell is Ega = (R, + (jwCe)')I. (see Fig. 4).
Then, after performing the necessary algebraic manipulations,
€y, can be defined as

1
€m

 jwa(Re + (jwCe)™")

5)

where C, is the capacitance that exists between the up-
per and lower surfaces of a? area that limit the conside-
red metamaterial cell (see Fig. 4), which in this case is
approximately C. ~ €4a?/(a — b). Then, R, is assumed to be
the equivalent resistance between the upper and lower sides
of the conductor cube, resulting from the parallel arrangement
of the four individual resistances corresponding to each of
vertical square conductor volumes through the laminar current
I, flows. In each one of these volumes, it is assumed that I,
flows through a thin slab whose transverse area is bd., on a
vertical path whose length is b. These assumptions lead to
the proposal that R. ~ 1/(4c.d.), being d. and o the skin
depth and the conductivity of the cubic conductor material
respectively, assuming that §. << b.

On the other hand, the circuit parameters L; and Rj in
the considered cell of Fig. 4 represent the interaction of the
metamaterial cell with a low-frequency magnetic field that
induces a conduction current [; in the cubic conductor of
the cell, when pg =~ po. The Faraday’s Law establishes a
relationship between I, and the induced magnetic flux inside
the conductor cube. The induced magnetic flux can be defined
as the flux of the induced density magnetization field M
through the cube’s transverse surface of area b2, bounded by
the four side conductor cube walls parallel to the incident
magnetic field H = Hoh which has the same magnitude and
opposite direction to M inside the conductor cube, stablishing
that M = Mom only inside such conductor. Using the integral
form of the Faraday’s Law, we propose that —jwb? oMy =
(Rp + jwLp)I, where the term (Rj, + jwLy,)I, represents
the electromotive force induced in the solenoid of the four
cube conductor faces considered in this calculation. On the
other hand, it is necessary to define the amplitude of the
average cell density of magnetization in the cell M which is by
definition the ratio between the cell magnetic dipolar moment
I,b? and the cell volume whose value is a®, what yields to
write that M = —1I;,(b?/a®)m [36]. Moreover, M is also
related to the average incident magnetic field by the relation
M = (L= —1)H [36], where H = Hoh for the considered cell.
This analysis enables us to derive the effective metamaterial
magnetic permeability p.,,, as follows, after performing several
algebraic manipulations

jwpob?
s Fo ( (Rn +]th)a3) (16)

where L; is the approximated value of the inductance
associated with the conduction current I, flowing through the
solenoid formed by the four conductor cube faces that are
parallel to H, while R}, is the resistance associated with this
coil. L;, represents the inductance of the cubic solenoid with
a transverse surface area of b? and a magnetic permeability
of o value, with the solenoid height fixed at a because a
magnetic significant coupling with the adjacent cells has been
assumed. Hence, we propose that L; ~ Lob? /a. Then, R,
is the sum of the four individual resistances corresponding to
each one of the four solenoid conductor square thin slabs in
which the current [;, flows. For each one of such volumes,
I, flows through a transverse area of bd. whose length is b,
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being 4b the total coil lenght path. Hence, it is also proposed
that R, = 4/(0.0).

Finally, note that Equations (15) and (16) take respectively
the forms of ¢,,, and p,, used in [25] when losses are negligible
and the operation frequency is sufficiently low, which occurs
when w — 0, R, — 0 and R;, — 0.

2) Metamaterial Symmetry and Periodicity Properties:
Metamaterials present useful features that can simplify their
FDTD simulation, such as axial symmetry and periodicity
[37], [38]. For the case of the cubic conductor metamaterial,
these properties are illustrated in Fig. 5.a, where a
representation of the infinite cubic conductor metamaterial
fields is shown, assuming a normal incidence problem in which
the incident wave’s electric and magnetic fields are parallel to
different metamaterial axes. In this figure, it can be observed
that the electric field is normal to the cell’s upper and lower
boundary surfaces and parallel to the cell’s side boundary
surfaces. Similarly, the magnetic field is normal to the cell’s
side boundary surfaces and parallel to the cell’s upper and
lower boundary surfaces.

By taking advantage of these symmetry and periodicity
properties, the infinite metamaterial propagation problem in
Fig. 5.a can be simplified to a finite one by redefining the
cell boundaries, as shown in Fig. 5.b. In this scheme, it
is ensured that the electric field is normal to the added
perfect electric conductor (PEC) surfaces of the upper and
lower cell boundaries and parallel to the added perfect mag-
netic conductor (PMC) surfaces of the cell’s side boundaries.
Likewise, the magnetic field is parallel to the added PEC upper
and lower boundary surfaces and normal to the added PMC
side boundary surfaces.

R IR a i N uy
1L e

o
o

ca J/ : : @)
Boundary : .
PEC
,,,,,,,, — —
N jx::?( v/
! N
ab PMC | = S=|PMC
Ao % 7E Ej (b)
I g S O .
,,,,,,,, o o e
PEC '

Fig. 5. Metamaterial traverse cut and fields: (a) Infinite medium. (b)
Simplified model.
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III. TEST SCENARIOS

In this section, both the behavior of the metamaterial
parameters and the performance of a metamaterial-based
impedance matching system are studied. These analyses were
conducted using both numerical simulations and analytical
methods in the described scenarios.

A. Metamaterial Constitutive Parameters and Intrinsic

impedance

In this section, the ratios €, /eo and p, /110 were computed
using the student version of Ansys-HFSS software, employing
a local homogenization approach. For this estimation, a perfect
conductor cube with an edge length b was chosen for the
metamaterial, with air as the insulating material between the
cubes. The estimation was carried out using the symmetry
properties illustrated in Fig. 5.

The ratio €], /ey was estimated using a cubic cell of size
a = 2.4 cm, as shown in Fig.6.a, where the upper and lower
faces are both perfect electric conductor (PEC) surfaces, and
the four side faces are perfect magnetic conductor (PMC)
surfaces. In this scenario, the capacitance between the two
PEC surfaces was estimated with Ansys-HFSS software twice.
First, in the absence of the conductor cube to obtain Cy and
then, in the presence of the conductor cube to obtain C,,. The
ratio €/, /g is equivalent to the ratio C,/Cy [38]. Using this
procedure, the ratio €/, /eg was computed for each one of the
selected 24 equally spaced values of b/a. The obtained results
are presented in Fig. 7.

The ratio u, /puo was estimated using a cubic cell of
size a = 2.4 cm, as shown in Fig. 6.b, where the upper
and lower faces are both perfect magnetic conductor (PMC)
surfaces, and the four side faces are perfect electric conductor
(PEC) surfaces. In this scenario, the inductance associated
with the magnetic flux that traverses the two PMC surfaces
was estimated with Ansys-HFSS software twice. First, in the
absence of the conductor cube to obtain Ly and then, in the
presence of the conductor cube to obtain L,,. The ratio x.,, /o
is equivalent to L.,/ Lg. Using this procedure, the ratio ., /o
was computed for each of the selected 24 equally spaced b/a
values. The obtained results are presented in Fig. 8.

PEC HL’K/\

PEC cube PMC
laminates laminates

PEC
cube

PMC side .
laminates 7|\

PEC side
laminates —

(2) (b)

Fig. 6. Cells utilized for the constitutive parameters estimation. (a)
For €, /€o ratio. (b) For ul, /o ratio.

Next, one of the most important metamaterial parameters for
the impedance matching system design, (7, ), was estimated
using the relation 7,, = R(nm) ~ /!, /€., which is valid
for low-loss media. This was done using the simulation data
from Figs. 7 and 8, and the results are presented in Fig. 9.
The parameter R(7,,) was also calculated analytically using
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Fig. 7. Metamaterial relative electric permitivity given by e;,, /€0 as
a function of b/a.

the proposed model, based on Equations (15) and (16), and
the results are also presented in Fig. 9.

B. Metamaterial Attenuation Constant

Another important metamaterial parameter for the
impedance matching system design is «.,, which is
estimated and calculated in the following test scenario.
Aluminum conductor cubes with the following properties
were chosen for the metamaterial: €4; = €9, Ha; = po,
and 04, = 3.8 x 107 S/m, while air was used as the
insulating material between the cubes. The chosen cell
length for these tasks was a = Ao/50 = 2.45 mm, where
Ao = ¢/ fo for fo = 2.45 GHz. For this fj, a known good
conductor approximation was assumed for da; [29], which
yields a1 = (mfopaioal)~/? = 1.657 um. Then, a,, was
analytically calculated using the proposed homogenization
model given by Equations (3), (15), and (16). «,, was
also estimated numerically using an FDTD algorithm in
the simulation scenario presented in Fig. 10.b, which is a
waveguide equivalent to the infinite dimensions scenario
in Fig. 10.a. The waveguide is limited by PEC upper and
lower side walls, with PMC lateral walls, and is filled with
air for z < 0 and metamaterial for z > 0. A transverse
electromagnetic (TEM) wave propagates in the Z direction
within the air medium. Two probes were placed at the central
metamaterial axis, as indicated in Fig. 10.c, at positions
z=d; = X\o/6 and z = da = 5)¢/18, to obtain the electric
field amplitudes |E(d; )| and |E(d2)|. These values are used to

determine o, through the relation o, = dzi o In (}ggj;gi )

The results for v, as a function of the ratio b/a are presented
in Fig. 11.

C. Metamaterial Impedance Matching Application

Moreover, the impedance matching application scenario of
the Fig. 12 was also simulated in order to show the practical
importance of this work, where the Medium 1 is air with
parameters €1 = €, (1 = fo, 01 = 0 and Medium 2
represents water with some salts dissolved, such as ea = ¢,
to = po, o2 = 0.7 S/m, being n; = 377Q2 and 7y =~ 429.

—— Proposed analytical model
o  Finite Elements (HFSS)

14

ao
On 0 .
=
3
~
&
< 05 =3 .
\\
0 | | | \E
0 0.2 0.4 0.6 0.8 1
b/a

Fig. 8. Metamaterial relative magnetic permeability given by w1, /o
as a function of b/a.

400
i
- 300 N
£
S
=~ 200 1
=
= = N
100 | T Proposed analytical model
] HFSS simulations
0 I I I |
0 0.2 0.4 0.6 0.8 1
b/a

Fig. 9. Real part of the intrinsic impedance of the cubic conductor
metamaterial as a function of b/a ratio, for f=2.45 GHz and a=2.44
mm.

A lambda quarter transformer slab constructed with the cubic
conductors metamaterial is added between volumes of air and
water. Aluminum conductor cubes of € 4; = €q, pta; = o, and
o4 = 3.8 x 107 S/m were chosen, while air was used as the
insulator between the metamaterial cubes. The chosen width of
the metamaterial lamdda quarter transformer slab is such that
d = Na = A\, /4, for the cells edge size fixed in a = 2.45mm,
being N = 10 and b/a = 0.75. Then, the efficiency of
the transferred density power from the Medium 1 to the
Medium 2, let &y, is calculated by means of the Equation
(14) utilizing the relations o, = R(vm) = R[jw\/Emfim)
and 7, = \/ftm/€m Where u,, and €, are the given by
the proposed model represented by Equations (16) and (15)
respectively. £y was also estimated numerically through an
analysis of the standing wave pattern obtained from an FDTD
simulation of the scheme in Fig. 12.b, which is a guidewave
equivalent to the infinite dimensions scenario in Fig. 12.a. The
guidewave is limited by PEC upper and lower side walls and
PMC lateral walls. It is filled with air for z < —d, with
metamaterial for —d < z < 0, and with water for z > 0.
The waveguide is excited with a transverse electromagnetic
(TEM) wave propagating in the 2 direction. A probe is located
at the center of the metamaterial axis, at z = d; = 31 mm,
to measure the average electric field amplitude |E(d;)|. This
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Fig. 10. Normal incidence problem with an air-metamaterial interface.
(a) Theoretical case of mediums with infinite dimensions. (b) Equiva-
lent simulation guidewave for the attenuation constant o, estimation.
(c) Traverse cut of the simulation guidewave and location of the
electric field probes.

value is used to determine £y, and the results are shown as
a function of the operating frequency f; in Fig. 13.

IV. RESULTS AND DISCUSSIONS

Good agreement is observed between analytically and
numerically obtained metamaterial parameters in Figs. 7, 8 and
9. It can be observed in Fig. 9 that the metamaterial intrinsic
impedance real part decreases with the b/a ratio. By contrast,
according to the results shown in Fig. 11, the metamaterial
attenuation increases with the b/a ratio. The maximum value
obtained for «,, is around 1 Np/m in the chosen test scenarios,
which is significantly lower than the corresponding values for
matching liquid solutions, which can exhibit attenuations of up
to 15 dB/cm [16]- [18]. The reflection coeficient in Medium 1
(IT'1|) and the power transfer efficiency £ from air to water
without a matching system are respectively |T';| = 0.80 and
36% (see Section II-A3), but these values improve respectively
to 87% and |I';| = 0.36 for fo=2.45 GHz when the designed
matching system is implemented at the interface (see Fig. 13).

According to [39], there is a minumun acceptable
impedance matching for radiant systems if the field standing
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dimensions. (b) Equivalent simulation guidewave for the power
system efficiency estimation.

wave ratio (SWR) complies with the condition SWR < 3,
which occurs when at least 75% of the incident wave power
is transfered to the target medium. Using this reference, the
obtained system bandwidth for the studied scenario of the Fig.
12 is between 1.99 GHz and 3.07 GHz (see Fig. 13), according
to the realized simulations.

The slight discrepancies between the analytical and
numerical results shown in Figs. 9, 11, and 13 may be
attributed to edge effects of the electric and magnetic fields
around the edges of the metallic cubes, which were not
accounted for in the circuit parameter estimations from the
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proposed model represented by Equations (15) and (16).
However, these effects are minimized as b/a ratio approaches
either O or 1, as evidenced in Fig. 9. Furthermore, the model
may lose accuracy if the edge length « is not sufficiently small
relative to \g, particularly at higher frequencies where non-
desired evanescent reactive propagation modes might arise in
the metamaterial, as observed in Fig. 13.

Despite the possible presence of these effects, the
model represented by Equations (15) and (16) provides
a good approximation for several under-explored aspects
of the metamaterial behavior, like its attenuation, intrinsic
impedance, and bandwidth.

V. CONCLUSIONS

In this work, a cubic conductor cell metamaterial
is proposed as a impedance matching medium, in-
troducing a novel technique for efficiently transferring
electromagnetic plane wave power between volumetric me-
dia, being the involved materials similar to those typi-
cally used in microwave heating, biomedical systems, and
telecommunications applications. An analytical model based
on the Drude-Lorentz homogenization method was developed
to predict metamaterial behavior, incorporating operation fre-
quency and ohmic losses, which are not adressed in previous
models [24], [25]. Numerical simulations demonstrated strong
agreement with the proposed analytical model, showing sig-
nificantly lower metamaterial losses compared to impedance-
matching liquid solutions [16], [17], [18]. The metamaterial
also offers a wide range of values for its intrinsic impedance
being its real part, between zero and 377¢), confirming its
versatility for different application scenarios. These improve-
ments were achieved using low-cost materials instead of high-
permittivity ceramics [19], [20], [21]. The studied application
case highlighted the design of a metamaterial-based quarter-
wavelength impedance transformer for matching air and water,
improving power transfer efficiency from 36% to 87% at the

air-water interface due to the implementation of the designed
matching system.
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