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Abstract

The electromagnetic waves transmission inside biological
tissues can be useful in several biomedical applications,
such as rehabilitation and microwave imaging. In this con-
text, an important point is to design a matching layer to en-
hance the penetration of the electric field into a target tissue.
Here we present an analytical method to design a matching
layer under the near-field regime, i.e. when the electromag-
netic source, as for instance a short dipole antenna, lies in
the proximity of the body. In particular, two cases are exam-
ined: when the matching layer only consists of a dielectric
slab, and when it is composed by a metasurface printed on a
dielectric substrate. The proposed approach is based on the
wave-transmission chain matrix and on the Schelkunoff’s
definition of wave impedance to consider the source. The
body is modeled as a multilayered planar medium. An
optimization procedure based on a stochastic algorithm is
applied to determine the parameters of the matching layer
which could realize the maximum electric field transmis-
sion inside the muscle. These parameters are then used to
simulate the overall system with a numerical software. The
results show that the matching layer comprising the meta-
surface is the most effective solution in terms of electric
field maximization and dimensions of the substrate.

1 Introduction

In recent years, the employment of electromagnetic (EM)
fields in the biomedical area has been fundamental in sev-
eral scenarios and innovative devices; for example, in re-
habilitation [1], in microwave imaging [2], and in medical
implants design, where the maximum power transfer [3, 4]
is required. In those applications, the signal emitted by an
EM source, such as an antenna, has to be maximized. In
this context, the impedance mismatching should be taken
into account. Indeed, the unwanted reflections caused by
changes in the impedance of a medium can lead to a signal
degradation. Therefore, designing a proper matching layer
that could reduce reflections and, at the same time, maxi-
mize the transmitted field into the target tissue is a relevant
problem.
There are two regimes under which the interaction between
the human body and EM fields can be studied: the far field,
and the near field. The wave impedance Zw, which is the

ratio between the electric (E) and the magnetic (H) field,
assumes different expressions in the two cases. In the far-
field, Zw is constant and equals to Z0 = 120πΩ.
On the other hand, the wave impedance in the near-field
region has a more complicated expression, which includes
the distance between the radiating source and the illumi-
nated object. The interaction between humans and EM
fields is often investigated under the far-field regime. One
of the most remarkable work is presented in [5], where the
increase of the Specific Absorption Rate (SAR) is inves-
tigated as a function of tissue composition, when the EM
source is in the far-field.
The interaction of EM fields and tissues under the near-field
regime is often investigated using numerical methods [6],
whereas there’s a lack of analytical approaches. The plane-
wave spectrum (PWS) method is perhaps the most common
approach to quantify the EM energy delivered to the human
body under the near field regime. In [7], the PWS is ex-
ploited to measure the penetration of the EM field in a mul-
tilayered model of the body, under near-field illumination.
Design a proper matching layer able to maximize the EM
signal is a relevant problem both in the far and in the near
field. In [8], the EM source is placed in the far field and the
performance of a matching layer consisting of a periodic
surface printed on a lossless dielectric substrate are investi-
gated.
Here, we will consider the electric component of the EM
field and we will discuss an analytical approach to design
a matching layer able to maximize the electric field inside
the muscle. Indeed, the feasible scenario is the application
of the field in the abdominal region [9]. Two different de-
signs are examined: when the matching layer is composed
of the only dielectric, and when a metasurface is printed on
the dielectric substrate. The analytical method we propose
requires lower computational resources and less computa-
tional time with respect to numerical methods. The results
we obtained analytically are validated through comparisons
with data provided by the numerical software CST Studio.

2 Formulation of the problem

In this work, the body is modelled as a multilayered planar
medium consisting of three homogeneous layers: skin, fat
and muscle. The interaction of EM waves with this sys-
tem can be analyzed with its equivalent transmission line



[10], shown in Figure 1 in the case of a matching layer
composed of a dielectric-only substrate. The thickness of
the tissues are: dskin = 0.5 mm for the skin and d f at = 26
mm for the fat. The muscle layer is semi-infinite due the
to its high losses. The matching layer is considered as an-
other transmission line section. ZML,Zskin,Z f at and Zmuscle
are the impedances of the different line sections, and they
can be calculated as: Zi =

Z0√
εri

, where the index i denotes

the current section of the line and εri is the permittivity of
the corresponding section. The electric field values in every
layer of the model are retrieved using the wave transmission
chain matrix formalism [11].

Figure 1. Representation of the system and its equivalent
transmission-line model.

The frequency chosen for this study is f = 2.5 GHz. Indeed,
according to [12], a good trade off between received power
and tissue absorption can be obtained in the GHz-range,
if the radiating antenna is shorter than a wavelength. The
permittivity εr and the conductivity σ of the tissues at 2.5
GHz are reported in Table 1.

Table 1. Dielectric parameters of tissues at 2.5 GHz.

Tissue εr σ (S/m)
skin 38 1.46
fat 5.5 0.155

muscle 47 2.21

The impedance offered by the body is indicated in Fig-
ure 1 with Zbody and it should be taken into account when
the metasurface is inserted in the model. Zbody can be
obtained using recursively the lossy transmission line for-
mula in Eq.1. In the expression, li is the distance at which
the impedance is calculated, γi is the propagation constant
(− j|γi|= ki) in the considered section of the line, Z(−li) is
the impedance seen at that distance, ZLi is the impedance in
the current section, and Z0i is the characteristic impedance
of the line:

Z(−li) = Z0i

ZLi +Z0i tanh(γili)
Z0i +ZLi tanh(γili)

(1)

The impedance offered by the body is represented in Figure
2, by using Eq. 1 for a frequency range between 2 and

3 GHz. In the following, the wave impedance definition

Figure 2. Real and imaginary part of the impedance offered
by the body in the bandwidth 2-3 GHz.

as provided by Schelkunoff [13] for an Hertizan dipole is
applied in order to design a proper matching layer in the
near field regime. The wave impedance expression is the
following:

Zw = Z0

j
k0r +

1
(k0r)2 − j

(k0r)3

j
k0r +

1
(k0r)2

(2)

Indicating the speed of light with c = 1√
µ0ε0

, where ε0 and
µ0 are the electric permittivity and the magnetic permeabil-
ity of vacuum, k0 = 2π f

c in Eq. 2 is the free space wave
number, r is the distance between the source and the illu-
minated object, and Z0 is the free space impedance. We
simulated a short dipole because, unlike the hertzian one, it
has finite dimensions. If we indicate with λ the free-space
wavelength, the length of the dipole can be expressed as
D = λ

10 , whereas its width w is equal to D
20 (Figure 1). The

near field region for the considered short dipole extends ap-
proximately from r = λ/2π = 2 cm to 3λ = 36 cm. The
value of Zw for a specific distance between the source and
the body is included in the optimization procedure to find
the thickness and the material of the matching layer that
could maximize the transmitted field at the interface be-
tween fat and muscle. In a real scenario, not all possible
combinations of dielectric properties of a material can be
realized, therefore the search domain of the stochastic al-
gorithm used in the optimization procedure is constrained.
This means that the dielectric matching layer has to be cho-
sen from a database, whereas its thickness can span be-
tween 0.5 and 2 cm. In the case in which the metasurface is
inserted in the model, the optimization procedure has to find
an additional parameter: the value of the inductance or the
capacitance offered by the metasurface itself. A metasur-
face, represented in the following by the lumped impedance
ZS, is a sub-wavelength periodic two-dimensional structure
[14] able to shape the EM field which impinges on it. The
behaviour of the metasurface should be chosen taking into
account the impedance offered by the body. The equivalent
transmission line of the system with an inductive metasur-
face (a wire grid) is shown in Figure 3. The periodicity of
the structure is indicated with p, whereas the width of the
wire is w.



Figure 3. Representation of the model when an inductive
metasurface is printed on the dielectric.

3 Preliminary results and discussion

The considered distance between the source and the body
is 2.5 cm, which lies in the near-field region. For that dis-
tance, the wave impedance is equal to Zw = 238− j106, so
it is capacitive. The behaviour of the body impedance is in-
ductive for the considered thickness of the tissues, as shown
in Figure 2. The metasurface thus should emphasize that
behaviour and, at the same time, reduce the capacitive re-
actance of the source. It means that the metasurface should
exhibit an inductive behavior, so that it can be defined as:

ZS = j2π f L (3)

The equivalent inductance L can be realized with a wire
grid, and has the following expression [15]:

L =
pµ0

2π
log

(
1

sin(πw
2p )

)
(4)

where p is the periodicity of the grid and w is the width
of the wire, as stated before. In the dielectric-only case, the
optimization procedure outputs are: a substrate thickness of
0.95 cm and a material with εr = 6.5 and σ = 0.35 mS/m.
On the other hand, in the case with the metasurface, the op-
timization procedure indicated a substrate width of 0.8 cm,
a material with εr = 78.4 and σ = 0.0067 mS/m, and an
inductance of L = 4.14 nH. This value of inductance can
be obtained using a wire grid with p = 2 cm and w = 4.6
mm. The parameters obtained with the optimization proce-
dure in the two cases have been used to design the matching
with a simulation code, considering a variability of around
10 % of the working frequency f = 2.5 GHz. The results
obtained with the numerical software are shown in Figure
4, in which the electric field profiles are represented consid-
ering a plane placed at the interface between fat and muscle
(z = 26 mm). From Figure 4 it is possible to observe that
the maximum transmitted field in the muscle is obtained
when the metasurface is inserted in the model and when the
frequency is 2.6 GHz. However, considering the working
frequency of 2.5 GHz, the electric field enhancement when
the metasurface is employed is around 44 %, using a dielec-
tric substrate which is 19 % thinner than in the case with
the dielectric-only. The trend is confirmed for all the fre-
quencies considered, suggesting that the method is robust

Figure 4. Electric field profiles (in dB) at the fat/muscle in-
terface when the ML is made of a dielectric-only and when
a metasurface (ZS) is used, for frequencies around 2.5 GHz.

for small changes of the working frequency. Moreover, the
profile of the electric field in presence of the metasurface
seems sharper with respect to the case when no metasur-
face is used.

4 Conclusion

The maximization of electric field inside biological tis-
sues can be beneficial in several applications, from max-
imum power transfer to microwave imaging. Therefore,
it is important to design a matching layer which can help
to achieve the maximum transmission of the electric field.
We presented an analytical approach based on wave trans-
mission chain matrix and Schelkunoff’s definition of wave
impedance to design a matching layer in the near-field
regime. Two cases are considered: when the matching layer
is a dielectric only, and when a metasurface is printed upon
a dielectric substrate. The electric source is a short dipole.
We used an optimization procedure based on a stochastic
algorithm to find the best dielectric material and its corre-
spondent width and, in the second case, the parameters of
the metasurface. For a fixed distance between the source
and the body, the results obtained with the analytical ap-
proach are validated numerically. The results suggest that,
when a metasurface is inserted in the model, the maximum
transmitted field is achieved. At the same time, the thick-
ness of the matching layer is reduced, a feature which could
increase the user’s comfort.
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