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Abstract— This paper presents an innovative metasurface
design for emerging microwave brain imaging applications,
such as stroke detection and monitoring. We have modelled
different metamaterial designs in diverse setups, and have
simulated their interactions with EM waves using CST
Microwave Studio®. Our results have shown an enhancement
of penetration for the transmitted signals when the
metamaterial film is placed in contact with skin tissue. These
results suggest that our design can be a significant hardware
advance towards scanners for brain imaging.

Keywords—microwave  tomography,  brain  imaging,
metamaterial, metasurface, split-ring resonators (SRRs), CST
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[. INTRODUCTION

Microwave imaging (MWI) for medical applications is a
promising field of research, as it uses non-ionizing radiation
and has the potential of leading to low-cost and portable
diagnostic devices which can address specific clinical needs
such as stroke detection and monitoring [1]. However,
developing a MWI system for this purpose is a challenging
task. An important milestone towards achieving a functional
MWI system is finding a compromise between higher
resolution and significant penetration depth into the tissue.
Thus, a valid MWI apparatus should maximize the amount of
incident power coupled into the human body and provide
acceptable spatial resolution images [2].

The amount of incident power penetrating into the brain
tissue must be delivered using compact antennas operating in
the desired frequency range. Microwave tomography methods
operate with low-power EM signals, which propagate into
biological tissues in the 0.5-3.0 GHz frequency range. For
stroke MWI, previous studies have demonstrated that optimal
performances are achieved below 2.0 GHz [2]. This limit is
due to the strong EM wave attenuation inside the human head.
To couple the energy from the transmitting array into the
region of interest, a dielectric medium is typically used. The
use of a lossy dielectric medium reduces unwanted multipath
signals [3] and broadens the frequency range of operation [4].
However, it also affects the detection of useful weak signals.
Moreover, whether liquid or solid, the material is typically
heavy, thick and bulky, limiting the MWI scanner’s portability
and ease of use.

An alternative way to achieve impedance matching and
improve the transmitted power while retaining the system’s
small form factor is to place a metamaterial film in front of the
head to act as an antireflection coating [5]. In particular, layers
of split-ring resonators (SRRs) have been shown to be able to
enhance the field penetration in the human tissue for several
applications. In the microwave spectrum, SRRs have been
already used for breast imaging [6], magnetic resonance
imaging [7] and near-field imaging [8]. In addition, Mukherjee
et al. have demonstrated that the resolution of microwave far
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field imaging could be enhanced designing a metamaterial
lens based sensor. The inclusion of a lens in the sensor system
provides significant benefits, such as rapid inspection and
super-resolution [9]. SRR-based metamaterials have been
proposed at higher frequencies for improving the impedance
matching, reducing reflection, and greatly enhancing
transmission [10]. In the THz spectrum, metamaterial
substrates based on SRRs have been proposed to improve the
antennas’ gain and directivity [11][12].

In this paper, we investigate the feasibility of developing a
SRR based metamaterial film to function as an impedance
matching layer to enhance microwave brain imaging. Our
preliminary results suggest that integrating out metamaterial
design into a MWI scanner for brain stroke detection and
monitoring can enhance performance by efficient impedance
matching without the disadvantages of conventional dielectric
materials.

II. METAMATERIAL UNIT CELL DESIGN

A. Metamaterial Immersed in a Dielectric Medium

A new metamaterial film comprising a copper lattice
embedded between two substrates of a high permittivity
dielectric has been designed. Two substrates were tested:
Rogers RO3010 TM (¢’= 10.2 and tand = 0.0022), which is
more flexible, and Rogers TMM 13i (¢’= 12.2 and tand =
0.0019). The two substrates are bonded with Rogers 3001
Bonding Film (¢’=2.28, tnd = 0.003) and air is trapped
between the first substrate and the bonding layer.

This metamaterial has been incorporated in a model for the
human head comprising seven flat layers including skin
(thickness t1 = 2.8 mm) [13], cortical bone (outer layer) (t2 =
1.8 mm), cancellous bone (t3 = 2.3 mm), cortical bone (inner
layer) (t4 = 1.4 mm) [14] [15], cerebrospinal fluid (CSF) (t5 =
4.2 mm), grey (t6 = 2.5 mm) and white matter (t7 = 56.6 mm)
[16]. The dielectric properties of the tissues at 1 GHz were
found in [17]. The metamaterial is considered to be immersed
in a dielectric medium made of 90% glycerol-water mixture,
as this immersion liquid is required for our designed antennas
to operate efficiently in the desired frequency range [18].
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Fig. 1. Geometrical configurations of a unit cell of the metamaterial lattice
and simulation setup
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This setup (Fig. 1) was modelled using CST Microwave
Studio® for plane wave excitation and linear polarization in
the 0.5-1.5 GHz frequency range. The S-parameters were
calculated in CST considering port 1 before glycerol layer
(thickness tg = 9 mm, permittivity €’ = 18 and conductivity =
1.3 S/m at 1 GHz) and port 2 after white matter. The results
have shown that the more flexible substrate improved
transmission by about 1.50 dB at 1 GHz, whereas the use of
Rogers TMM 13i led to an improvement of 1.80 dB at 1 GHz.

S-Parameters [Magnitude in dB]

21
g |s21— 11— ]
14152100 MM -- - $11 10 MM - - -

05 06 07 08 09 1 11 12 13 14 15
Frequency / GHz

S-Parameters [Magnitude in dB]

dB

521 —
521 no MM --- 5§11 no MM ---

511 —

05 06 0.7 08 09 1 11 12 13 14 15
Frequency / GHz

Fig. 2. Simulation results for the transmission (S21) and reflection (S11)
parameters with (solid lines) and without (dashed lines) the metamaterial for
Rogers RO3010 TM (a) and Rogers TMM 13i substrate (b).

B. Metamaterial placed on an Impedance-Matching Gel

The same metamaterial was then tested using a different
setup, comprising an impedance-matching gel placed on the
skin (thickness = 2 mm; €’ = 49.5 and conductivity 0.66 S/m)
[19]. The human head model used for this setup comprises
skin (thickness t1 = 6 mm), bone (t2 = 8 mm), cerebrospinal
fluid (CSF) (t3 = 1 mm) and average brain (t4 = 20 mm). The
reflection (S11) and transmission (S21) parameters were
calculated considering port 1 before the metamaterial and port
2 after brain layer. To evaluate the effect of the metamaterial,
the same setup was simulated replacing it with air.
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Fig. 3. Simulation results for the transmission (S21) and reflection (S11)
parameters with (solid lines) and without (dashed lines) the metamaterial for
Rogers RO3010 TM (a) and Rogers TMM 13i (b).

Results from these simulations are plotted in Fig.3. The
MM leads to a transmission improvement of about 2.5 dB
over the whole frequency range, while the electromagnetic
reflection has been significantly reduced.

III. FULL METAMATERIAL STRUCTURE

A setup comprising a 15x18 unit cell metamaterial based
on Rogers 3010 TM has been simulated using the antenna
proposed in [ 18] as source of excitation. The tissue model used
in this setup comprises skin (thickness t1 = 1 mm), bone (12 =
2 mm) and brain (t3 = 7 mm). A layer of 90% glycerol-water
mixture was added before the metamaterial film and the S-
parameters were calculated considering the antenna as port 1
and port 2 after brain. In this case, results in Fig. 4 show an
improvement in transmission of 1.30 dB at 1 GHz.
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Fig. 4. Design and Reflection parameter (S11) of the proposed antenna
immersed in 90% glycerol-water mixture [20].
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Fig. 5. Simulation setup and S-Parameters showing an improvement in
transmission in the presence of the MM for the frequencies of interest.

In order to study the performance of the proposed 15x18 unit
cell metamaterial layer experimentally, a new setup was
modelled using CST Microwave Studio® in the 0.5-2.5 GHz
frequency range. It comprises two acrylic tanks (30 cm x 30
cm x 25 cm) containing a 90% glycerol-water mixture, two
antennas (one on each tank) and five tissue layers (24 cm x
21.5 cm, 1 cm thickness): skin, bone, brain, bone and skin.
The different phantoms were placed in between the two tanks,
supported by thin acrylic layers. The dielectric properties of
the tissues at 1 GHz were found in [17].

Fig. 6. Simulation setup, including two acrylic tanks filled with 90% glycerol-
water mixture, five phantoms and the metamaterial layer. The metamaterial is
immersed in the dielectric medium and fixed on the chamber’s wall in front
of Antenna 1.

First, the system was simulated without the tissue layers. The
tanks and phantom’s acrylic supports were filled with the
lossy dielectric medium only (90% glycerol-water mixture).
The antennas were placed at a distance of 13 cm and the S-



parameters were calculated with and without the
metamaterial. The results have shown that the metamaterial
improved transmission by about 2-3 dB over the 0.5-1.2 GHz
frequency range. A second case of study includes the presence
of five tissue layers between the chambers. The results have
shown that the metamaterial improved transmission by about
3 dB over the 0.5-1.2 GHz frequency range.
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Fig. 7. Simulation results for the transmission (S21) parameter with (solid
lines) and without (dashed lines) the metamaterial in presence of the dielectric
medium only (a) and with phantoms (b).

The same setup was then experimentally tested. Antennas
were placed at a distance of 13 cm, and the S-parameters were
calculated with and without the metamaterial for the previous
configurations.

Fig. 8. Experimental setup, connected to the VNA.

Results plotted in Figs. 9, 10 show that the use of the
metamaterial enhances power transmission and improves the
return loss of the antenna in both the cases.
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Fig. 9. Experimental results for the SI1 and S21 parameters, showing an
improvement in transmission when only the dielectric medium is used.

When only the dielectric medium is used without tissue-
mimicking phantoms filling the liquids, the resulting
improvement in transmission is around 0.9 GHz, with a
maximum enhancement of 4 dB. The metamaterial leads to a
transmission improvement of about 2dB from 1.2 GHz to 1.4
GHz, where the noise floor is reached.
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Fig. 10. Experimental results for the S11 and S21 parameters, showing and
improvement in reflection and transmission in presence of phantoms.

The metamaterial has been also tested using five liquid
phantoms. The phantom mixtures were obtained using
different concentration of water and glycerol, in order to
resemble skin, bone and brain dielectric properties. Results
shows that the use of the metamaterial improved the antenna’s
return loss of 3.75 dB (Fig. 10). The difference in transmission
is showed in Fig. 11.
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Fig. 11. Difference between the S21 parameter measured in presence of the
metamaterial and the S21 parameter obtained without it, showing an overall
transmission improvement, with several relevant peaks.

IV. CONCLUSIONS

We have presented an innovative metamaterial design to
function as an impedance-matching layer with the potential
to enhance EM wave penetration into the human head. The
SRR-based metamaterial unit cell showed an improvement in
transmission through a simplified layered model both when
immersed in a 90% glycerol-water mixture and placed on an
impedance matching gel covering the skin. After assessing
the metamaterial unit cell performance, a full metamaterial
structure was tested. The experimental results have shown
that the metamaterial improved the antenna’s return loss and
the transmission whether through a lossy dielectric medium
or five different phantom layers. However, creating liquid
phantoms resembling the tissues dielectric properties has
been a challenging task and the difference between the
simulated and the experimental results might be explained
taking into account eventual permittivity shifts.

In conclusion, the metamaterial design might be a
significant hardware advance towards scanners for brain
imaging, which can have a positive impact on MWI systems
in general. However, further designs and simulation studies



must be performed, with the aim of incorporating the
metamaterial design in more realistic models for the human
head and the MWI systems.
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