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ABSTRACT The use of electromagnetic fields applied to human tissues has proven to be beneficial in
several applications, such as monitoring physiological parameters and delivering medical treatments. Often
applications rely on targeted energy deposition into the tissue, or rely on wireless powering of implanted
devices. In such cases, the system energy efficiency, the stability of the field, and ultimately the process safety
could all benefit from minimizing the mismatch at the air-skin interface. In this article, the maximization
of the electric field transmitted into the muscle tissue is initially addressed by optimizing a dielectric-only
matching layer in terms of thickness and relative dielectric permittivity, and under realistic constraints on
low-cost available materials. The propagation of the electromagnetic field inside a multilayered medium
that represents the body is evaluated by using the wave-transmission chain matrix approach. Furthermore,
an innovative solution, based on the application of a metasurface matching layer (MML), is proposed to
significantly improve the performance of the matching, thus enhancing the electromagnetic fields reaching
the targeted muscle tissue. A thorough assessment of the performance is carried out considering both the
presence of an air gap, and the case of plane waves impinging at oblique incidence.

INDEX TERMS Biomedical applications, deep tissue coupling, metamaterials, plane wave excitation.

I. INTRODUCTION
Several studies have been devoted to the undesired inter-
actions of electromagnetic fields and human [1]–[3] and to
ways of preventing them [4]–[10]. On the contrary, in some
biomedical applications there is instead often a need to max-
imize the desired penetration of electromagnetic fields into
the body. This is beneficial in a broad range of applica-
tions, including more specifically: noninvasive diagnosis pur-
poses [11], [12], medical treatments [13], [14], health and
activity monitoring [15]–[17], biotelemetry [18], [19], and
implantable medical devices [18], [20], [21].

The most adopted model for evaluating the propagation
and absorption of electromagnetic fields in human tissue
structures consists of a multilayered planar medium where
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each layer is considered homogeneous and with the proper
electric and magnetic parameters that characterize a particu-
lar body region [22]–[24]. In this work, we consider a planar
three-layer body model including a skin and a fat layer of
thickness dskin and dfat , respectively (Fig. 1).
The muscle tissue layer is considered semi-infinite assum-

ing that reflections from a fourth layer are negligible due to
the overall attenuation experienced by the signal propagating
in this layer. The assumed values of thickness and dielectric
parameters (i.e. relative dielectric permittivity and loss tan-
gent) for each tissue are reported in Table 1 and were selected
based on large observational data collections [23]. Disper-
sion [25] is not considered, since the addressed applications
do not exploit wideband frequency ranges.

Most of the solutions proposed in literature to ease the
penetration of an electromagnetic field into the human body
rely on the application of a medium that is designed to reduce
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FIGURE 1. Considered starting scenario: a multilayered medium model of
body tissues interrogated by an incident plane wave of Einc .

TABLE 1. Thickness and Dielectric Parameters of each Tissues Layer.

the reflection at the air-skin interface. For instance, a single
dielectric slab has been used in [15] and [26], whereas mul-
tiple layers have been adopted in [27]. In [28] the source is
immersed in a lossless liquid whose properties are similar to
the investigated tissue. A transmit-array lens in the middle
of two water-bolus layers is proposed in [29]; water-bolus
is also employed for matching purposes in [30] whereas a
water-filled horn is exploited in [31].

The aim of this article is to investigate a matching
layer (ML) configuration that is 1) thinner than solutions
that require multilayer structures or liquid inclusions, but
2) does not sacrifice performance in terms of electromagnetic
field penetration inside the muscle tissue, or 3) even improve
penetration if a constraint on the thickness of such materials
is enforced.

Our proposed solution consists of a metasurface applied
to the air-skin interface that can provide effective match-
ing, while exhibiting a low-profile structure. Examples of
exploitations of metasurface properties are almost count-
less and cover a large area of applications [32]–[34]. Basi-
cally, such metasurfaces are formed by printing periodic
metallic regions onto one or more dielectric slabs, and have
recently been employed in applications such as distributed
matching circuits for wearables [35], [36], low profile anten-
nas [37], [38], and phased array antennas [39], [40].

In the first part of the study, we investigate the problem of a
plane wave orthogonally impinging on the interface between
air and skin, and we address the optimization of a dielectric
layer by searching for a better impedancematching in order to
improve the electric field penetration. We propose a solution
based on the exploitation of a novel Metasurface Matching
Layer (MML) and carry out a detailed study to demonstrate

the remarkable improvement of the matching in terms of field
penetrating into muscle tissue for a predefined maximum
thickness. More in detail, the angular behavior for off-normal
incident plane waves of different polarization is particularly
relevant for modelling the interaction with the body and
therefore it is studied to assess the suitability of the proposed
MML. Finally, we consider a non-ideal configuration of the
matching layer application to the skin (i.e. air gap) to verify
the robustness of the MML approach.

This article is organized as follows. In Section II,
we describe the theoretical approach and carry out the opti-
mization of a dielectric-only matching layer. Section III
focuses on estimating sensitivities to changes in body param-
eters. This can be beneficial when considering the application
of the MML to different body parts or on different persons.
Section IV considers the case of a non-ideal contact between
the matching layer and the skin, by including an air gap in
the model. Section V describes the design of the metasurface
matching layer and analyses the electromagnetic field dis-
tribution inside the tissues. Finally, Section VI assesses the
MML performance in the most challenging conditions (i.e.
oblique incidence and air gap).

II. DIELECTRIC MATCHING LAYER OPTIMIZATION FOR
IMPROVING ELECTRICAL FIELD PENETRATION
The scenario illustrated in Fig. 2 has been considered in order
to assess the potentialities of a matching layer comprising a
homogeneous layer of lossless dielectric. In order to search
for a plausible solution for the aforementioned applicative
scenarios, both in terms of thickness (dML) and relative
dielectric permittivity of the dielectric matching layer (εrML),
we constrained the set of considered values for dML to the
range 1 mm – 20 mm, whereas εrML can assume values in
the range 1 – 10. We consider a set of frequencies spanning
between 1.0 GHz to 6.0 GHz, with a discrete step of 100MHz
(totalling 51 frequency points). The aim of the optimization
is to maximize the electric field entering the muscle layer,
namely at z = zmiss. The reflection and transmission cal-
culations were performed by using the wave-transmission

FIGURE 2. Exploitation of a dielectric matching layer on-skin for
improving the incident electric field Einc penetration into the muscle
tissue.
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chain matrix approach that models the electromagnetic field
in each layer as the superposition of a forward and backward
travelling wave [41].

This method allows us to easily evaluate the electromag-
netic field in any point inside the tissue model. For instance,
let us consider a forward-propagating TEM wave of ampli-
tude c1 impinging on a multilayered medium comprising
n homogeneous layers of finite thickness li, each one with
characteristic impedance ζi (i = 1, . . . , n). A semi-infinite
medium is implemented at the first and last interface with
characteristic impedance ζ0 and ζn+1, respectively (Fig. 3).

FIGURE 3. Multilayered medium analyzed as a cascade of n
homogeneous dielectric layers.

By exploiting the boundary conditions at each interface,
it is possible to evaluate the wave propagation in any point
of the multilayered medium [41] and, in particular, between
the impinging wave (c1) and the wave transmitted in the last
medium (cn+1) by using the following relation:(

c1
b1

)
=

n∏
i=1

1
Ti

(
ejθi Rie−jθi

Riejθi e−jθi

)(
cn+1
bn+1

)
(1)

where θi = kili is the electrical length of each layer calculated
by using the physical length li and the propagation constant
ki inside that layer. The values of Ri and Ti, respectively the
reflection and transmission coefficient looking into the ith

section, can be calculated as:

Ri =
ζi+1 − ζi

ζi+1 + ζi
; Ti =

2ζi+1
ζi+1 + ζi

; (2)

where ζi is the characteristic impedance of the ith layer.
Finally, ci and bi are the forward and backward propagating
wave observed at the interface between the (i-1)th and ith

layer, respectively.
Let us first consider the case of a body comprising a

skin layer of 2 mm and different fat layer thicknesses (1.6,
1.8 and 2.0 cm) allowing for representative variations in
tissue characteristics across different parts of the body or on
different subjects. The respective reflection and transmission
coefficients are reported in Fig. 4. It is apparent that the
electromagnetic field penetration is greater at lower frequen-
cies and that a thicker fat layer generally causes a lower
transmission level with a sole exception around 3 GHz.

FIGURE 4. Reflection coefficient at z=0 and transmission coefficient at
z=zMUSCLE as a function of frequency for different fat thicknesses
(1.6 cm, 1.8 cm, 2.0 cm). The skin layer is 2mm-thick.

FIGURE 5. Highest transmission coefficient at z=zMUSCLE for different
values of the maximum allowed thickness of the dielectric-only ML
(5 mm, 1 cm and 2 cm) and maximum permittivity of 10. The skin layer
and fat one are 2 mm- thick and 2cm-thick, respectively.

In order to improve the electromagnetic field penetration,
we employ a lossless dielectric slab as a matching layer
at the air-skin interface for a fat layer of 2 cm. The opti-
mal values of matching layer permittivity and thickness are
retrieved with an exhaustive search algorithm for each single
frequency within the investigated range by considering a
minimum thickness increment of 0.1mm and aminimum step
of 0.1 for the permittivity. Three different maximum values
of the matching layer thickness are considered (5 mm, 1 cm
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FIGURE 6. Optimal permittivity (a) and thickness (b) profile of the
dielectric-only ML under the imposed constraints imposed to their
maximum values. The skin and fat layers are 2mm-thick and 2cm-thick,
respectively.

and 2 cm) whereas a maximum value of permittivity equal to
10 is allowed. If we consider such resolution in terms of thick-
nesses and dielectric permittivity, we obtain the results shown
in Fig. 5. These assumptions can be hard to achieve in practice
because bulk materials with the optimal permittivity values
may not be available and because limitations in the thickness
resolution can be reasonably hypothesized. However, it is
informative to find the relative bound in terms of electro-
magnetic field penetration. The optimal thickness values and
relative dielectric permittivity selected for minimizing the
reflection coefficient (and thus maximizing the transmission
into the muscle layer) are illustrated in Fig. 6. The thickness
of thematching layer is themost influential parameter. In fact,
for the case of thin dielectric layers (not thicker than 5 mm)
there is no matching layer that can improve the performance
for frequencies up to 2 GHz since the selected solution is just
air. Between 2 GHz and up to 5 GHz the maximum thickness
and maximum permittivity are the best options and some
improvements can be obtained, as already illustrated in Fig. 5.
Even better results are found at higher frequencies where the
maximum permittivity is chosen but a smaller thickness is
required. Thick matching layers can be beneficial to further
increase the electrical field penetration within the interval
2-5 GHz and especially at lower frequencies where a 2-cm
dielectric slab can considerably improve the transmission
also between 1.2 GHz and 2 GHz (Fig. 5). It is pertinent to

FIGURE 7. Variation of the transmission coefficient at z=zMUSCLE as a
function of frequency for different fat thicknesses when the matching
layer has been optimized for a fat thickness of 1.8 cm. The skin layer is
2 mm-thick whereas the maximum allowed thickness for the matching
layer is 5 mm.

highlight that a 2 cm-thick dielectric slab of high permittivity
would likely be a cumbersome and unpractical solution in
several practical scenarios and therefore a reduction in the
overall dimension of the matching layer must be pursued.

III. EFFECT OF BODY PARAMETERS
Another important consideration in the design of a matching
layer is related to the change in performance when different
tissue values are considered as a result of variation across
person and location on body (e.g. fat thickness). It is therefore
useful to estimate the impact of these potential changes in the
level of transmitted electric field, in order to assess the limits
of an optimal matching layer configuration when subjected
to variations. To have a robust matching layer solution it is
essential to verify that the performance is stable or at least
a gentle deterioration with respect to the optimal scenario
of reference. To investigate this stability, first a matching
layer has been optimized for a representative tissue model
comprising a fat layer of thickness 1.8 cm, and subsequently
tested against tissue models comprising of fat thicknesses
varying between 1.0 cm and 2.0 cm (at 0.2 cm intervals). Two
maximum thicknesses of the matching layer were considered,
namely 5 mm (Fig. 7) and 2 cm (Fig. 8).

In both cases, when the matching layer that was optimized
for a fat layer of 1.8 cm was applied to a body exhibiting
a variation in the order of ±10% (i.e. 1.6 cm and 2.0 cm),
there is a variation of the transmission coefficient at the
fat-muscle interface on the order of ±1dB with a slightly
higher difference in the case of the thinner matching layer.
Modelling of thickness variations outside of this 10% resulted
in erratic variations, changing considerably (> ±3dB) as a
function of the chosen working frequency. It is important to
emphasize that the optimization here of matching layer thick-
ness and permittivity parameters (dML, εrML) was conducted
for a singular desired frequency; therefore, optimization of
parameters cannot be assumed for even adjacent frequencies
(as illustrated in Fig. 6). The variations of almost 4 dB
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FIGURE 8. Variation of the transmission coefficient at z=zMUSCLE as a
function of frequency for different fat thicknesses when the matching
layer has been optimized for a fat thickness of 1.8 cm. The skin layer is
2 mm-thick whereas the maximum allowed thickness for the matching
layer is 2.0 cm.

FIGURE 9. Example of the effect of applying a matching layer optimized
for a fat layer of 1.8 cm (layer#1) to a body with a fat layer of different
thickness (layer#2). In the reported case laye#2 has thickness 1.0 cm.

that were observed for the case of thinner matching layers
(Fig. 7) suggest that a thicker layer (Fig. 8) provides more
stable performance. The positive variations of the transmis-
sion coefficient are simply due to a lower level of absorption
loss determined by considering fat layers thinner than 1.8 cm.
As a final note, the abrupt change that is particularly visi-
ble in Fig.8 can be explained referring to Fig.9, where the
reflection coefficient is reported for three different scenarios.
The black line represents the reflection coefficient related to
a body with a 1.8-cm layer of fat and without any matching
layer. The dotted red line is the reflection coefficient for the
same body when the optimal matching layer is applied. It is
apparent that the matching layer starts to be effective starting
from around 1.5 GHz, due to the restrictions imposed in terms
of thickness and permittivity of the allowed dielectrics for the
matching layer. Before this frequency, the best choice is to not
adopt any matching layer and therefore the reflection level
does not decrease. As a comparison, the reflection coefficient
of the optimized matching layer is tested on a different bidy,
where the thickness of the fat layer is 1.0 cm. Although the
overall performance are not optimal as expected, it is evident
that even in this case where the fat layer is changed the effect
of the matching layer is still beneficial.

FIGURE 10. Non-contact case: an air gap is present between the ML and
the body.

FIGURE 11. Variation of the transmission coefficient at z=zMUSCLE as a
function of frequency for different air gap thicknesses for a matching
layer optimized for a fat thickness of 1.8 cm and without the air gap. The
skin layer is 2mm-thick whereas the maximum allowed thickness for the
matching layer is 2 cm.

IV. EFFECT OF AN AIR GAP
Although some applications can reasonably assume that it is
possible to apply the matching layer directly in contact with
the skin, in other cases, such as a wearable device, this is not
always true. It is therefore necessary to include an air gap of
thickness dAIRGAP in the model (Fig. 10).
The effect of this additional layer was considered by look-

ing at the variation of the transmission coefficient at the fat
- muscle interface when an air gap of increasing thickness is
placed between the matching layer, which was optimized in
absence of the air gap, and the skin (Fig. 11). It is clear that
the presence of an air gap can be tolerated if the size of said air
gap is up to 1 mm, with a variation of < 2dB across almost
the full 1-6 GHz frequency range, and for a 2 mm air gap,
similar magnitude variations between 1-4 GHz. However, for
thicker air gaps, although air gap thickness is a fraction of the
considered wavelength, the performance rapidly deteriorates
even at low frequencies.

If the presence of the air gap is included in themodel during
the optimization stage, the achieved results seemmore robust.
In fact, if the matching layer is optimized by considering
an air gap of thickness dAIRGAP = 1 mm and then the air
gap is changed (Fig. 12), the variation of the transmission
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FIGURE 12. Variation of the transmission coefficient at z = zMUSCLE as a
function of frequency for different air gap thicknesses for a matching
layer optimized for a fat thickness of 1.8 cm and with dAIRGAP = 1 mm.
The skin layer is 2mm-thick whereas the maximum allowed thickness for
the matching layer is 2 cm.

coefficient is acceptable both when no air gap is present as
well as when the air gap is increased to 2 mm.

A further increase of the spacing between the matching
layer and the skin may be still considered tolerable up to
4 GHz but for higher frequencies or thicker air gaps the trans-
mission suffers a significant degradation (more than - 1 dB).
Moreover, the average transmission coefficient obtained by
optimizing the case of a 1mm-thick air gap was identical to
the one achieved by optimizing with no air gap (- 14.49 dB
instead of - 14.47 dB).

V. METASURFACE MATCHING LAYER FOR PLANE
WAVE INCIDENCE
We observed in our previous investigations that a matching
layer thickness greater than 5 mm is necessary to achieve a
good level of matching between the body and the impinging
electromagnetic field, with required optimal thicknesses of
more than 1 cm (Fig. 6). In view of reducing the thickness
of the matching layer to ease its application and wearabil-
ity, a novel approach based on the use of a metamaterial
was investigated. The aim was to design a suitable periodic
surface, a MML, to be applied on the skin for adapting the
body impedance to the free space one. The first step was
to determine the impedance of the body at the interface air-
skin. By using the multilayered medium model illustrated
in Fig. 1 the real and imaginary part of the impedance
offered by the body was evaluated for different values of fat
thicknesses (Fig. 13). It is apparent that the body exhibits a
capacitive impedance in the range between 1 GHz and 3 GHz
and after that has an inductive behavior. The real part exceeds
50 Ohm below 2 GHz and is generally lower elsewhere.

In order to prove the effectiveness of using a metasur-
face matching layer in achieving better electromagnetic field
penetration in the muscle tissue, a test case frequency f0 =
1.5 GHz was considered as the working frequency [42], [43].
This frequency lies within the range that requires the thickest
dielectric-only matching layers (Fig. 6) with an impedance

FIGURE 13. Impedance of multilayered medium model for the body: real
(a) and imaginary part (b).

having a strong capacitive behavior (Fig. 13) and therefore
can be considered a challenging task. The aim of the design
procedure exploiting the metasurface features was twofold
and consisted of reaching a comparable level of matching
than the one obtained with a dielectric-only matching layer
while obtaining this result with a thinner structure in tandem.
In particular, a dielectric slab of 3 mmwith permittivity equal
to 10 was considered as the hosting layer for the periodic
structures (Fig. 14).

The degrees of freedom offered by this design are geomet-
ric, covering the size and shape of the inclusions, and the
lattice in which they are placed [44]. Since the body has a
significant capacitive impedance behavior, the metasurface
matching layer must offer an inductive loading effect. There-
fore, a square wire mesh of width s is repeated along x and
y direction with a period T printed on the dielectric slab is
considered as a preliminary promising candidate [45] to be
properly tailored to achieve the desiredmatching at frequency
f0. The structure reported in Fig. 14 was analyzed by using a
full-wave numerical method based on the Periodic Method
of Moments (PMoM) [44]. To better highlight the change
in the frequency response of the body with the metasurface
matching layer applied, the reflection coefficient for some
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FIGURE 14. .Metasurface matching layer application for improving the
incident electric field Einc penetration into the muscle tissue.

FIGURE 15. Reflection coefficient for different values of the periodicity T
of the metasurface matching layer comprising a square wire mesh. The
thickness of the dielectric slab hosting the periodic surface is equal to
3 mm and its permittivity is 10.

values of the lattice periodicity T was plotted (Fig. 15). The
width s was varied too, since it is equal to T /16 due to the
discretization scheme imposed by the PMoM. The results are
illustrated as a function of frequency for values of T within
the range [15 mm-30 mm].

The reported results suggest that the best choice for min-
imizing the reflection coefficient (and thus maximizing the
electric field penetration in the body) takes place for a period-
icity T = 27.5 mm. In order to verify this result, a full-wave
simulation was carried out using ANSYS Electromagnetic
Suite v18 [46]. In particular, the transmission of the elec-
tromagnetic field using the metasurface matching layer with
respect to a dielectric slab of same thickness and the best
dielectric-only matching layer were compared. Moreover,
the electric field distribution in the muscle tissue was eval-
uated as well to assess the homogeneity of the electromag-
netic power distribution since this could be important for
dimensioning an efficient link with in-body devices that is
also robust with respect to their position. A cross section
(zx-plane) of the multilayered tissue model exposed to the
impinging radiation is reported Fig. 16 for an incident power
of 1 W. The strong interaction among the metasurface match-
ing layer and the skin where the electric field amplitude is

FIGURE 16. Electric field magnitude at frequency f0 inside the body. The
section is on zx-plane and the impinging electric field is polarized along
x . The logarithmic color map scale is reported in the inset.

FIGURE 17. Distribution of the electric field magnitude on different
transverse planes: in the middle of the skin layer(a), in the middle of fat
layer (b), in the muscle layer at 1 mm from the fat-muscle interface (c).
The logarithmic color map scale is the same reported in Fig.16.

not homogeneous is well visible. However, the electric field
distribution is regular in the fat layer and even more at the
interface between fat and muscle as clearly visible if we look
at the square transverse sections of side T that are reported in
Fig. 17. At a distance of 1 mm in the muscle tissue the electric
field distribution is almost constant throughout the entire the
layer.

The electrical field magnitude that reaches the fat-muscle
interface was evaluated and compared for three different con-
figurations of the matching layer (Fig. 18), namely the MML
case, the optimal dielectric-only one (2cm Diel-only ML) and
finally by considering a dielectric slab of the same thickness
of the metasurface one (3mm Diel-only ML). In all the three
cases, the relative dielectric permittivity of the employed
material was equal to 10. The electrical field magnitude along
the y-direction was plotted in the middle of the skin and fat
layers and at 1 mm from the fat-muscle interface.

First of all, it is possible to appreciate the regularity of
the electric field distribution in the fat and muscle layer right
after the interface. The non-perfect symmetry of the field is
due to non-exact symmetry of the mesh which determines
small numerical discrepancies. Moreover, it can be stated
that the performance of the metasurface matching layer is
equivalent to the one achieved by the optimal dielectric-only
matching layer. However, it is worthwhile to highlight that
the same level of electric field is obtained in the muscle
by using a metasurface matching layer exhibiting an 85%
thickness reductionwith respect to the dielectric-only optimal
matching layer. Finally, if the comparison is carried out with
a dielectric matching layer of the same thickness (i.e. 3 mm),
the result is an electric field that is more than 2 dB higher if
the metasurface matching layer is applied.
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FIGURE 18. Electric field amplitude distribution along y-direction inside
different tissues: in the middle of skin and fat layer and at 1 mm from the
fat-muscle interface.

This assessment proves that a significant reduction of the
matching layer thickness can be achieved if a metasurface
matching layer is employed, thus providing opportunities for
lower-profile applicator embodiments allowing greater con-
trol of ergonomic design factors. The technology necessary to
manufacture suchmetasurfaces could be the same technology
that is used for standard printed electronics [35], [47], result-
ing in cost-efficiency. If the distance between source antenna
and skin is a strong design constraint, for the same thickness,
a metasurface matching layer can provide a considerable
increase in power efficiency by offering superior performance
compared to that of a standard dielectric substrate.

A comprehensive view of the performance provided by the
different solutions is illustrated in Fig. 19 where the levels
of dissipated power inside the body layers (i.e. skin, fat,
muscle), as well as the reflected one, are compared. It is
interesting to notice that the MML solution allows the higher
level of electric field in the muscle tissue, where almost 35%
of the incident power is dissipated, and determines the lower
level of reflection, that is less than 10%. The 2cm Diel-only
ML performed slightly worse in the muscle tissue (30% of
dissipated power) whereas the 3mm Diel-only ML solution
suffered from a strong reflection (around 55% of the incident
power). The absence of any matching layer determines a high
reflection (around 45%) and a modest dissipated power in the
muscle (less than 25%).

VI. ANALYSIS FOR OBLIQUE INCIDENCE AND EFFECT OF
AN AIR GAP ON METASURFACE MATCHING LAYER
The effect of oblique incidence was addressed since it pro-
vides useful information on how the metasurface is going
to interact with a spectrum of incident plane waves. For
off-normal incidence, the polarization of the electric field
with respect to the plane of incidence (xy-plane in Fig.20)
can be TE (i.e. E-field parallel to y-axis) or TM (i.e. E-field
on xz-plane) [48].

FIGURE 19. Electric field amplitude distribution along y-direction inside
different tissues: in the middle of skin and fat layer and at 1 mm from the
fat-muscle interface.

FIGURE 20. Oblique incidence of a plane wave: E-field parallel to the
xy-plane of incidence (i.e. TM case) and orthogonal to it (i.e. TE case).

The reflection at the interface can significantly vary in the
two cases since in the former, the E-field is always parallel
to the plane of incidence whereas in the latter, there is a
not negligible E-field component orthogonal to the interface.
The power dissipated in the muscle tissue for the TE case at
oblique incidences (θ = 30◦, 45◦, 60◦) is compared to the
normal incidence case in Fig. 21 for the 2 cm and 3 mm
dielectric-only matching layers and the MML. It is shown
that the MML provides the best results since it offers stable
results in terms of dissipated power, which is around 35%
of the incident one, and it is slightly higher than the thickest
dielectric matching layer, with the only exception of θ = 60◦.

An even more favorable trend for the MML is visible
in Fig. 22 where it outperforms the thickest matching layer
by, at least, 5% of the power provided to the muscle tissue
and by more than 15% of the same-thickness structure.

These results assess the overall better performance of
the metasurface matching layer for both polarizations with
respect to the dielectric-only solutions. As it can be seen, the
metasurface-ML exhibits a gentle decrease of performance
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FIGURE 21. Dissipated power in the muscle tissue for a TE incident plane
wave at oblique incidence (θ = [30 deg, 45◦deg, 60◦deg]).

FIGURE 22. Dissipated power in the muscle tissue for a TM incident
plane wave at oblique incidence (θ = [30 deg, 45◦deg, 60◦deg]).

with respect to normal incidence plane waves, but the offered
off-normal response remains a better option than the one of a
dielectric-only matching layer.

The introduction of an air gap alters the original boundary
conditions assumed during the design process and therefore
this kind of analysis verifies the robustness of the solution.
A desirable feature that a MML applied to the human body
should exhibit is the stability or gentle degradation of its
performance in non-ideal situations, such as in the presence
of an air gap, as illustrated in Fig. 10.

This analysis was performed both for normal and oblique
incidences. More in detail, an air gap between the MML and
the skin was considered to assess the overall performance
improvement with respect to the two dielectric-onlymatching
layers considered so far (i.e. 2 cm and 3 mm). The power
dissipated in the muscle tissue is still considered the figure of
merit for ranking the three candidate solutions. The addressed
cases include three different air gap thicknesses (i.e. 1 mm,
2 mm and 3 mm). The normal incidence case is illustrated
in Fig. 23 where it is apparent that MML performance is
comparable with those of the much thicker dielectric-only
matching layer and better than the ones of the matching layer
of same thickness.

FIGURE 23. Dissipated power in the muscle tissue for the three
investigated matching layer configuration for different thickness of the air
gap.

FIGURE 24. Dissipated power in the muscle tissue for a TM plane wave
impinging at three different incidence angles. The considered air gap
thickness is 2 mm.

FIGURE 25. Dissipated power in the muscle tissue for a TE plane wave
impinging at three different incidence angles. The considered air gap
thickness is 2 mm.

Finally, the oblique incidence and air gap conditions are
considered together to confirm the positive trend of the MML
with respect to the dielectric only solutions. More in detail,
three different angles of incidence (i.e. (θ = 30◦, 45◦, 60◦)
of both a TE and TM plane waves have been considered
in the case of a 2 mm air gap. The results are illustrated
in Fig. 24 and Fig.25 for the TM and TE case, respectively.
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It is interesting to notice that the MML provides the
best results for both polarizations with a significant over-
all improvement with respect to the dielectric matching
layer of the same thickness (almost 20% more power
reaches the muscle tissue for a TM incidence at 60◦)
and comparable or slightly better performance (7% more
for a TM incidence at 60◦) with respect to the thicker
solution.

VII. CONCLUSION
Ametasurface matching layer was proposed to provide a low-
profile effective means for allowing a more efficient penetra-
tion of the electromagnetic field inside the body, particularly
in the muscle tissue. A single dielectric layer design was
considered and the use of thin slabs was enforced to allow for
improved ergonomics (i.e.wearability) for the user. The illus-
trated metasurface solution can be tailored for optimal per-
formance starting from the analysis of the impedance of the
body at the targeted frequency. The proposed approach can
help in decreasing the total amount of transmitted power for
establishing a link with an implanted device or for a medical
diagnosis. The electromagnetic field distribution, which is not
homogeneous in the region close to the metasurface, recovers
the typical behavior observed in dielectric-only matching
layer cases and thus it is not critical in view of connection
with internal probes. For the first time, the analysis has been
carried out also for an oblique plane wave incidence and with
an air gap between the applied matching layer and the skin.
We found that the MML is beneficial for both conditions.
From our comparisons, we concluded that the MML solution
improves the penetration of the electromagnetic field into the
muscle layer.
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