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Abstract: A metamaterial lens based on a split ring resonator (SRR) array has been designed
and optimized to improve the focusing and the penetration depth in human biological tissue of
a microwave beam irradiated by a substrate integrated waveguide (SIW) cavity backed patch
antenna. The impedance matching of the antenna loaded with human tissue is strongly improved.
The simulations have been performed by using CST Microwave Studio®. A prototype of the device
has been fabricated with the printed board circuits (PCB) process and has been characterized using a
Network Analyzer and an antenna measurement system in anechoic chamber. A novel microwave
applicator for hyperthermia therapy of skin cancer could be developed. The performances of the
proposed applicator have been evaluated in terms of measured S11 scattering parameter modulus
and simulated power loss density. The obtained results indicate that an SRR-based metamaterial is a
promising solution for external microwave applicators to employ in dermatology.

Keywords: split ring resonator (SRR); metamaterials; substrate integrated waveguide (SIW);
planar antennas; microwave devices

1. Introduction

Microwave applicators have been proposed for applications in various areas, such as food
cooking in domestic and industrial field, microwave-assisted extraction in environmental and
chemical field [1,2], microwave-assisted synthesis in industrial material processing, bio-technology and
chemical-pharmaceutics industry [3,4], drying, sterilization and disinfestation in agri-food [5,6] and
microwave diathermy, hyperthermia cancer treatment and thermo-ablation therapy in medicine [7–13].

Microwave applicators for hyperthermia treatment in medical field are suitable antennas irradiating
into the tissue to be treated in order to produce a sufficient heating of the entire tumor volume without
damages of the surrounding healthy tissue. Microwave applicators can be divided into external and
internal applicators depending on their peculiar use. External microwave applicators for superficial
cancer, have been investigated and described in literature [7–13]. They typically consist of a single
radiating element or of an antenna array placed in contact with the skin surface. A water bolus is usually
placed between the applicator and the body in order to improve the matching of the antenna and at same
time maintain the temperature of the skin at normal human body level. Among the various types of
antennas studied for the external applicators there are waveguide and horn antennas [8], phased array
antennas [9], and patch antennas [10–12]. Different shapes—rectangular, circular, and horseshoe—have
been considered for the radiating slot of microstrip antennas for microwave hyperthermia treatment of
cancer [13].
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Patch antennas are considered very interesting radiating elements for the treatment of skin cancers
because of their intrinsic advantages such as small size, low profile, light weight, high integration and
low-cost fabrication. The design of the patch antenna and the choice of the operating frequency must
take into account the size and depth of the tumoral mass. At low frequencies, a large penetration depth
of the electromagnetic field can be obtained, but also the radiating system employed in order to produce
an adequate localized heating becomes larger. Microstrip applicators, at 915 MHz, 433 MHz and
190 MHz, have been designed with low loss, high dielectric constant, substrate to treat tumors at 2 cm,
3 cm and 4 cm depth [7]. Among the principal drawbacks of patch antennas are the narrow bandwidth
and low penetration depth capability. Several studies in the literature proved that metamaterial lens can
improve the antenna directivity and reduce the beam width and side lobe ratio [14–17]. Left-handed
metamaterial lenses have been numerically investigated in order to improve the focusing in superficial
tumor [18,19]. Metamaterial zeroth-order mode applicators have been proposed in order to produce a
more homogeneous specific absorption ratio (SAR) distribution, similar to that of an ideal plane wave,
and larger penetration capability [20,21]. In particular, the metamaterials based on split ring resonator
(SRR) are largely investigated since they offer several advantages, among which lightness, compact
size and easy and low-cost fabrication.

Substrate integrated waveguide (SIW) technology allows to obtain an efficient and low-cost
three-dimensional bounding of electromagnetic power via the planar printed board circuits (PCB)
technology [22–28]. The metallic cavity improves the radiation performance of the patch antenna,
increases the bandwidth and reduces the losses due to surface waves reduction [29].

In this paper, for the first time, to the best of our knowledge, a split ring resonator-based
metamaterial is designed for the microwave therapy of cancer at the frequency f = 10.7 GHz.
This frequency allows a good trade-off between the following needs: (a) good microwave absorption
by biological tissue [30]; (b) small applicator size; and (c) localized/reduced ablation zone. Both (b)
and (c) require the exploitation of high frequency. Generally, the SRR metamaterials are optimized for
sensing/imaging applications at different operating frequencies. The design is focused (i) to improve
the impedance matching of the antenna loaded with human tissue, thus avoiding the impedance
mismatch and the formation of stationary waves which are deleterious for an efficient operation of
the microwave applicator; (ii) to obtain a better focusing of the electromagnetic power into human
tissue. This feasibility investigation constitutes a preliminary proof of concept for the development of
a compact and low-cost microwave applicator for dermatology. The heating investigation is neglected
in this paper, while the matching properties of metamaterial are experimentally demonstrated by
employing a pre-prototype applicator which consists of a suitable SIW cavity-backed patch antenna
with the optimized metamaterial lens based on SRR array. The antenna cavity has been designed by
considering SIW technology. Higher gain, efficiency and directivity have been obtained by putting a
SRR metamaterial over a patch antenna applicator. The impact of this research lies in the novelty of
the proposed device and in its practical potential due to the possibility to refine a set of different SRR
geometries. These can be optimized by considering the kind of organ, age and gender of the patients,
for the same source and applicator. The obtained results pave the way towards the construction of an
external microwave applicator for skin cancer thermal treatment.

2. Recall of Theory

In this section, the analytical model and physics of the split ring resonators is recalled since it has
been employed in order to roughly obtain preliminary geometric parameters, before the actual design,
which is numerically refined via CST Microwave Studio® as described in Section 3.

The metamaterial based on SRR exhibits an effective magnetic permeability described by the
Lorentz model approximation [31,32]:

µreff(ω) = 1−
Fω2

ω2 −ω0m2 + jγω
(1)
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where ω = 2π f is the angular frequency; ω0m is the resonant frequency; F is the fractional of the unit
cell occupied by interior ring; γ is the damping factor due to metal losses.

Starting from (1), a frequency range in which Re(µreff) is negative can be identified:

ω0m < ω <
ω0m
√

1− F
= ωpm (2)

where ωpm is the plasma magnetic frequency. Both ωpm and ω0m are finely tunable by optimizing the
geometry of the unit cell.

When an electromagnetic wave propagates orthogonally to the SRR plane, the SRR behavior can
be approximatively described by an equivalent LC circuit, where the inductance and the capacitance
are related to the currents induced in the metal rings and to the capacitive phenomena between the split
terminations (capacitive gap), respectively [32]. If the dimension of unit cell is very small with respect
to wavelength λ, the metamaterial layer exhibits an effective capacitance and an effective inductance at
the macroscopic/average level, according to the effective medium theory, which leads to the calculation
of an effective permeability [31].

Considering a single broadside coupled SRR with square form rings in the xy plane, the effective
magnetic permeability is described by (3) [14]:

µreff = 1−
j ω Leff S

∆x∆y
(
Reff −

j
ω Ceff

+ j ω Leff

) (3)

S = lxly (4)

where ∆x and ∆y are the dimensions of the SRR unit cell in xy plane; lx and ly are the lengths of the
metallic ring in the x and y directions, respectively; Reff, Ceff and Leff are the effective resistance, effective
capacitance and effective inductance of the metamaterial, respectively. The effective capacitance is
approximatively obtained from the formula for the capacitance per unit length of a strip line [33].

Ceff =
εr ε0 l

4
K(k)
K′(k)

(5)

k = tan h
π w
2 t

(6)

l = 2
(
lx + ly − s

)
(7)

where K(k) and K′(k) are elliptic integrals [34], w, s are the width and the split gap of the SRR; t is the
distance between the two SRR in the z direction. The effective inductance is [33]:

Leff =
µ0 S

t
(8)

The effective resistance Reff includes the radiation resistance and the loss resistance [33].
In other words, the control of the effective magnetic permeability, by varying both the inductive and
capacitive properties of metamaterial, via a proper SRR optimization, is the basic physics principle of
the electromagnetic field focusing. A planar metamaterial lens based on SRR, formed by an array of
the unit cell in the rings plane, exhibits an anisotropic negative permeability; if the wave propagates in
the z direction, the permeability tensor is [14]:

µ = µ0


1 0 0
0 1 0
0 0 µreff

 (9)
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When the antenna radiation frequency is within the range for which the permeability element
µreff(ω) < 0, the x-axis wave vector component is imaginary kx = ω

√
εyµz, and therefore the component

of the electromagnetic field parallel to SRRs plane is evanescent and the sideward radiation forbidden.
Consequently, the main lobe of antenna radiation pattern will be improved while the side lobe is
attenuated, and there is an overall improvement in terms of directivity and gain [15].

The metamaterial lens placed on the antenna, in addition to the electromagnetic field focusing
properties, allowing the gain increasement, can be used as impedance matching layer. When the
radiated electromagnetic waves propagate through media with different permittivity and permeability
values an impedance mismatch occurs. The scheme of the normal wave propagation through the
two layers sandwiched between two semi-infinite media is illustrated in Figure 1, where the SRR
metamaterial layer is placed at distance t2 from the biological layer to be matched.
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The metamaterial lens, if properly designed, can minimize the mismatch and maximize the energy
transmission. With reference to Figure 1, the general form of wave matrices is given by (10).[

Ei

Er

]
=

3∏
n=1

1
Tn

(
eiγntn Γn−1e−iγntn

Γn−1eiγntn e−iγntn

)[
Et

0

]
=

(
a11 a12

a21 a22

)[
Et

0

]
(10)

Γin =
Er

Ei =
a21

a11
(11)

where Tn, γn and tn are the transmission coefficient, propagation constant and thickness of the layer n,
and Γn−1 is the reflection coefficient at the (n− 1) − n layers interface. The total reflection coefficient
of the multiple layers Γin, given by (11), is zero for a ‘perfect’ impedance match. By considering (11),
the total reflection coefficient is a function of frequency and can be minimized by appropriately
planning the effective magnetic permeability of the metamaterial and by adjusting the distance from
the medium to be matched.

3. Design

The considered microwave applicator, depicted in Figure 2, is an SIW cavity-backed patch
antenna, designed and optimized for Ku-Band applications (10.7–12.7 GHz). It consists of a stack
structure: a microstrip patch antenna coupled with a circular resonant cavity based on SIW technology.
The substrate Rogers Duroid 5880 with low dielectric constant εr = 2.2 and low losses tan δ = 0.0009
has been considered for both layers. This antenna combines the attractive features of both SIW
cavity-backed and patch antennas with truncated corners. The design has been performed by varying
the size of the cavity, the hole diameters, the hole pitch, and the patch geometry. All the details
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pertaining to designs of this kind of antenna are reported in [22]; they are not reported for shortness.
The two cuts on the sides of the rectangular patch were designed to provide a wider frequency band
and a frequency downshift. This allows a more compact size. The metallized cavity further broadens
the bandwidth and improves the gain of the antenna; furthermore, the SIW technology offers the
typical advantages of the standard PCB processes, such as easiness of fabrication, low cost, compact
size and high integration with the planar circuits. Figure 3 shows the layout of an SIW cavity-backed
patch antenna, the geometric parameters of which are listed in Table 1.
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Figure 3. Layout of SIW cavity-backed patch antenna. (a) Top view of the patch antenna and (b) top
view of the SIW circular resonant cavity.

Table 1. List of the geometric parameters of the SIW cavity-backed patch antenna.

Parameter Dimension Description

a 8.00 mm Length of the patch
b 2.86 mm Length of the lateral cuts
c 1.50 mm Width of the lateral cuts
r 6.72 mm Radius of the SIW cavity
v 1.24 mm Diameter of the vias
α 15◦ Angular distance between the consecutive vias

The metamaterial theory reported in Section 2 has been applied to roughly identify the geometric
parameters of the metamaterial operating at the Ku-Band applications. The analytical model for simple
split ring resonators has been employed in order to obtain simple and preliminary line guides for the
actual design, which is numerically performed via CST Microwave Studio®. The employed dielectric
substrate is Rogers RO4350B with dielectric constant εr = 3.48 and dissipation factor of tan δ = 0.004.
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The geometry of the SRR unit cell has been suitably modified and scaled with respect to the
literature [14] in order to operate at the resonance frequency of the SIW microwave applicator. Moreover,
with respect to [14], the unit cell of the proposed SRR presents a further double ring with splits placed on
the opposite side and operates at a different frequency. A complementary configuration, i.e., a couples
of coplanar rings written symmetrically with respect to the common center, has been considered
to obtain a resonance frequency close to that of a single ring with the same dimensions, but with
a larger magnetic moment due to higher current density. Since they are written on both sides of a
dielectric substrate, they are broadside coupled. The analytical model of a single (not complementary)
broadside coupled SRR satisfactorily approximates the complementary configuration when the couple
of rings are very close each other. The metamaterial considered in this paper consists of an array of
complementary broadside coupled split square-rings. The lattice of this inhomogeneous structure is
shorter than the guided wavelength of antenna radiation, so the composite behaves as an effective
homogeneous medium.

The design and optimization of the metamaterial lens has been numerically performed via CST
Microwave Studio®. After several simulations, in which the SRR geometry and cell size have been
parametrically changed, the optimized geometric parameters are listed in Table 2. The optimized SRR
metamaterial exhibits resonant frequency range overlapping the operating frequency range of the SIW
cavity-backed patch antenna. Figure 4 shows the 3D view (a) and plan front view (b) of the unit cell
of the SRR, respectively. The metamaterial lens used as superstrate of the SIW cavity-backed patch
antenna is shown in Figure 5.

Table 2. List of the geometric parameters of the SRR Unit Cell of Figures 2, 4 and 5.

Parameter Dimension (mm) Description

∆x 3.20 Length of the unit cell in the x direction
∆y 3.20 Length of the unit cell in the y direction
lx1 2.45 Length of the external SRR in the x direction
ly1 2.45 Length of the external SRR in the y direction
lx2 2.00 Length of the internal SRR in the x direction
ly2 2.00 Length of the internal SRR in the y direction
s 0.11 Split gap of the SRR
w 0.11 Width of the SRR
g 0.11 Distance between the complementary SRRs in the xy plane
t 3.04 Distance between the broadside coupled SRRs in the z direction
d 6.90 Distance between the SIW antenna and the metamaterial lens

Lx 22.40 Length of the metamaterial lens in the x direction
Ly 36.00 Length of the metamaterial lens in the y direction
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The S11 parameter of the microwave applicator placed at distance D from a model of human
tissue is simulated to evaluate the lens metamaterial behavior as impedance matching layer. Figure 6
shows the sideview of the layout of SIW cavity-backed patch antenna covered by the metamaterial
lens and at distance D from the biological tissue. The biological tissue considered in the simulation is a
slab of skin-fat-muscle, whose electromagnetic parameters at the f = 11 GHz frequency are listed in
Table 3 [35].
Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 15 

 

Figure 6. Sideview of SIW cavity-backed patch antenna with SRR superstrate placed at distance  
from human tissue. 

The scattering parameter modulus | | of the SIW cavity-backed patch antenna with SRR 
superstrate has been simulated for different distances from the biological tissue, and the obtained 
results are compared in Figure 7a. It is apparent that the metamaterial placed at distance = 10 mm 
allows the best impedance matching with the biological tissue. It is worthwhile noting that even if 
Figure 7a shows a narrow dip at = 10.9 GHz, the overall operating bandwidth is typically defined 
at | | = −10 dB level. Therefore, a very large frequency range of about 2 GHz can be exploited. 

By considering the strong change of scattering parameter modulus | | with respect to the 
distance , the following considerations can be inferred: (i) the distance  change induces the 
radiation impedance transformation of the applicator; (ii) the distance  could be optimized starting 
from the nominal value of  =  10 mm, by considering the particular biological tissue; (iii) suitable 
mechanical spacers could be finely controlled, e.g., by ad-hoc dielectric screws to optimize the 
microwave radiation. Figure 7b illustrates the simulated scattering parameter modulus | | of the 
SIW cavity-backed patch antenna with SRR superstrate placed at distance = 10 mm from the 
human tissue (continuous line) and of the SIW cavity-backed patch antenna with SRR superstrate 
without tissue (dashed line). The reduction in the scattering parameter modulus | |  can be 
observed over almost the entire frequency range, the metamaterial strongly improves the impedance 
matching. 

The electric field distribution has been simulated in order to evaluate the ability of the proposed 
microwave applicator to focus the electromagnetic field into biological tissue. Simulated electric field 
2D distribution in the  plane at  =  11 GHz is reported in Figure 8. 

 
(a) 

 
(b) 

Figure 6. Sideview of SIW cavity-backed patch antenna with SRR superstrate placed at distance D
from human tissue.

Table 3. Electromagnetic parameters human tissue at f = 11 GHz.

Biological Tissue El. Conductivity (σ) (S·m−1) Permittivity (ε)

Skin 9.1658 30.313
Fat 0.6567 4.5278

Muscle 12.083 41.419

The scattering parameter modulus |S11| of the SIW cavity-backed patch antenna with SRR
superstrate has been simulated for different distances from the biological tissue, and the obtained
results are compared in Figure 7a. It is apparent that the metamaterial placed at distance D = 10 mm
allows the best impedance matching with the biological tissue. It is worthwhile noting that even if
Figure 7a shows a narrow dip at f = 10.9 GHz, the overall operating bandwidth is typically defined at
|S11| = −10 dB level. Therefore, a very large frequency range of about 2 GHz can be exploited.
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SRR superstrate placed at different distances from the biological tissue and (b) of the SIW cavity-backed
patch antenna with SRR superstrate placed at distance D = 10 mm from the human tissue (continuous
line) and of the SIW cavity-backed patch antenna with SRR superstrate without tissue (dashed line).

By considering the strong change of scattering parameter modulus |S11| with respect to the
distance D, the following considerations can be inferred: (i) the distance D change induces the radiation
impedance transformation of the applicator; (ii) the distance D could be optimized starting from the
nominal value of D = 10 mm, by considering the particular biological tissue; (iii) suitable mechanical
spacers could be finely controlled, e.g., by ad-hoc dielectric screws to optimize the microwave radiation.
Figure 7b illustrates the simulated scattering parameter modulus |S11| of the SIW cavity-backed patch
antenna with SRR superstrate placed at distance D = 10 mm from the human tissue (continuous
line) and of the SIW cavity-backed patch antenna with SRR superstrate without tissue (dashed line).
The reduction in the scattering parameter modulus |S11| can be observed over almost the entire
frequency range, the metamaterial strongly improves the impedance matching.

The electric field distribution has been simulated in order to evaluate the ability of the proposed
microwave applicator to focus the electromagnetic field into biological tissue. Simulated electric field
2D distribution in the yz plane at f = 11 GHz is reported in Figure 8.
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tissue; (b) SIW cavity-backed patch antenna placed at distance D = 10 mm from the human tissue
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The metamaterial lens produces a focusing improvement of the electromagnetic field into the
skin model. In particular, in the case of SRR superstrate placed at distance D = 10 mm from the
human tissue, the electric field modulus better penetrates along z-direction, in both the skin and fat
layers, with respect to the case without SRR superstrate. Moreover, the region where the electric
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field modulus is close to |E| = 300 Vm−1 is more homogeneous in the presence of SRR superstrate
(Figure 8a). It is worth noting the nodal surfaces due to a stationary electromagnetic wave in absence
of SRR metamaterial (Figure 8b).

4. Experimental

The antenna and metamaterial prototypes have been fabricated by employing the dielectric
substrates Rogers Duroid 5880 with εr = 2.2 and tan δ = 0.0009 and Rogers RO4350B with εr = 3.48
and tan δ = 0.004, respectively, and by using a standard PCB process.

Top-views of the SIW cavity-backed antenna and the metamaterial lens are shown in Figure 9a,
the four holes are fabricated to fixing with suitable screws the metamaterial lens to the SIW antenna
and the nuts are screwed in order to the obtain the distance d = 6.9 mm, as shown in Figure 9b.
The designed thickness of the metamaterial lens, t = 3.04 mm, is achieved by overlaying two layers of
dielectric substrate each of thickness 1.52 mm. The scattering parameter S11 of the device has been
measured with the Agilent Technologies N5224A Network Analyzer.
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(b) SIW antenna and metamaterial superstrate assembled and connected to the Agilent Technologies
N5224A Network Analyzer.

In Figure 10, the scattering parameter modulus |S11| of the SIW antenna versus the frequency
with metamaterial lens is illustrated, the measurement is performed with the device that irradiates
in air (dashed line) and in the biological tissue of a hand (continuous line) placed at a distance close
to D = 10 mm from the SRR superstrate. The comparison highlights a good impedance matching
of the microwave applicator loaded with the biological tissue in the frequency range 10.4–11.5 GHz.
A scattering parameter modulus |S11|minimum of−42 dB at the 10.6 GHz frequency has been measured.
Moreover, the measured results are in good agreement with simulated one of Figure 7b, although we
can observe a shift of the resonance frequency of few hundred of MHz, in fact a scattering parameter
modulus |S11| minimum of −36.9 dB at the 10.9 GHz frequency has been simulated. The second
resonance frequency at f = 12.7 GHz of the simulated results is less pronounced respect to the
experimental results around at f = 12.3 GHz. These differences may be due to manufacturing
tolerances and the possible air film between the two layers of the dielectric that constitute the
metamaterial lens.

Figure 11 shows the measured scattering parameter modulus |S11| of the SIW cavity-backed patch
antenna, with (continuous line) and without (dashed line) the metamaterial superstrate that irradiates
in the biological tissue. We can observe that the electromagnetic field of the antenna without the
metamaterial lens is almost completely reflected from human tissue. We underline that the simulations
of Figure 8 perfectly agree with the experimental results of Figures 10 and 11. In particular, in Figure 11,
the measured scattering parameter modulus |S11| in the case of the antenna with SRR metamaterial
and tissue (full curve) exhibits a strong dip close to the frequency f = 10.7 GHz. At the frequency
f = 11 GHz, the impedance matching is good enough since the measured scattering parameter
modulus is close to |S11| = −14 dB. In fact, Figure 8a shows a homogeneous propagation/distribution
of the simulated electromagnetic field. Moreover, Figure 11 shows that the measured scattering
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parameter modulus in the case of antenna and tissue without SRR metamaterial (dashed curve) is
close to |S11| = −4 dB. This implies an impedance mismatch, the presence of the stationary wave and
a not homogeneous distribution of the simulated electromagnetic field with nodal regions. It is in
perfect agreement with the simulation in Figure 8b. In other words, the SRR metamaterial provides an
impedance matching and a consequent suppression of the reflected wave.
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The SIW antenna covered by the metamaterial layer has been characterized with the antenna
measurement system in anechoic chamber, StarLab SATIMO, shown in Figure 12. The measured gain
of the antenna with and without the metamaterial is illustrated in Figure 13, we can observe that SRR
superstrate produces an improvement of the gain in the frequency range over f = 11 GHz with an
increasement of 4 dB at f = 12.2 GHz.
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Figure 13. Measured gain versus frequency of SIW cavity-backed patch antenna with and
without metamaterial.

Even if the aim of the paper is the optimization of the impedance matching with the biological tissue,
we performed the simulation of the SIW cavity-backed patch antenna covered by the metamaterial
and loaded with a biological tissue, i.e., a slab of skin-fat-muscle, whose electromagnetic parameters
at the f = 11 GHz frequency are reported in Table 3, in order to compare the proposed device with
the literature. A comparison with other microwave applicators is complex, due to the large variety of
parameters characterizing the investigations reported in literature, among which the kind of antenna,
frequency, kind of metamaterial, applied microwave power and obtained performances characterized
in terms of Heating Zone Dimension (HZD), SAR zone, maximum temperature at focusing depth, etc.

For the proposed applicator, the peak SAR averaged over the mass m = 1 g and over the mass
m = 10 g, the 50% SAR zone, the 42 ◦C HZD, for an input power P = 1 W at f = 11 GHz frequency
are evaluated, in the case of the microwave applicator placed at distance D = 10 mm from the skin
surface of the human tissue. Table 4 shows that the obtained results are interesting if compared with
those from the literature. The reduced HZD zone and high SAR peak evidence the strong focusing
obtained via the designed SRR metamaterial. This paves the way for promising novel applications.
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Table 4. Comparison with other microwave applicators for cancer therapy.

Ref/
Year Antenna/Frequency Metamaterial Biological Tissue Results

[19]
2009

Line source extended
infinitely/2.45 GHz

Flat left-handed
metamaterial

(LHM)
Superficial tumor

Tmax = 44.7 ◦C at 0.71 cm below
the skin surface
42 ◦C HZD of 1 cm × 1.2 cm
Electromagnetic field source
43.44 Vcm−1

[36]
2011

Dipole
antenna/4.15 GHz

Flat left-handed
metamaterial

(LHM)
Breast tissue

Tmax = 46 ◦C at 7.5 cm from the
border of the LHM lens
Input power P = 8 W

[18]
2012

Multiple Line source
extended infinitely/2.45
GHz

Flat left-handed
metamaterial

(LHM)
Superficial tumor 42 ◦C HZD of 6.2 cm × 1.3 cm

[20]
2014

Zero-order resonator
antenna/434 MHz

Zero-order
resonator (ZOR)

metamaterial
Superficial tumor 50% SAR zone of 6 cm × 24 cm

[37]
2015

Multiple microwave
sources/6 GHz

Flat left-handed
metamaterial

(LHM)
Breast tissue

42 ◦C HZD of
4.76 cm× 1.14 cm× 0.92 cm, one
LHM lens
42 ◦C HZD of
1.13 cm× 0.89 cm× 0.61 cm, two
LHM lens
42 ◦C HZD of
0.87 cm× 0.87 cm× 0.61 cm, four
LHM lens

[38]
2016

Microstrip
antenna/2.45 GHz

Electromagnetic
band gap (EBG) Breast tissue

Peak SAR1 g = 25 mWg−1

Peak SAR10 g = 4.54 mWg−1

Input power P = 1 W

[39]
2017

Coaxial
antenna/2.45 GHz

Left-handed
metamaterial

(LHM)
Superficial tumor 50% SAR zone of

1.81 cm × 0.32 cm

This
work

SIW cavity backed patch
antenna/Ku-band

Split ring resonator
(SRR) Superficial tumor

Peak SAR1 g = 51.1 mWg−1

Peak SAR10 g = 14.2 mWg−1

50% SAR zone of 1.6 cm × 0.2 cm
42 ◦C HZD of
1.4 cm× 1.3 cm× 0.4 cm
Input power P = 1 W at
f = 11 GHz

5. Conclusions

A metamaterial lens based on SRR has been designed to be employed as a lens to be put on
an SIW cavity-backed patch antenna in order to improve the impedance matching of the antenna
when loaded with human tissue and to enhance the focusing of the electromagnetic field into the
biological tissue to be treated. A prototype has been fabricated employing the standard, low cost
PCB technology and has been characterized by using a Network Analyzer. The simulated scattering
parameter modulus of the antenna loaded with the biological tissue with and without metamaterial
lens is |S11| = −37 dB and |S11| = −14 dB at the f = 11 GHz frequency, respectively. The measured
minimum of the scattering parameter modulus |S11| = −42 dB has been measured at the f = 10.6 GHz
frequency. The experimental results are in good agreement the simulations. The impedance matching
improvement has been proved. The electromagnetic field distributions simulated have highlighted the
focusing capability of the metamaterial lens. The antenna measurement in the anechoic chamber has
confirmed that this kind of SRR lens can find actual application to focus the electromagnetic field of
microwave applicators used in dermatology for the thermal therapy of skin cancer.
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