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Abstract—This paper presents some hardware advances to-
wards a microwave system for brain imaging. In particular, we
present a new antenna array design for efficient propagation of
microwave signals in the head, as well as a metamaterial struc-
ture designed for transmission enhancement through impedance
matching. The presented system is modelled in CST Microwave
Studio R©, using a specific anthropomorphic mannequin (SAM)
head model to analyse performance. Simulations results suggest
that our designs can be useful in designing a microwave scanner
for brain imaging applications such as stroke detection and
monitoring.

Index Terms—printed monopole antenna, microwave tomog-
raphy, antenna array CST, brain imaging, metamaterial.

I. INTRODUCTION

Microwave imaging for medical applications is under exten-

sive research across the globe due to the advantages attributed

to electromagnetic (EM) radiation in the microwave spec-

trum. Microwave tomography methods transmit sequentially

and record low-power EM signals propagated into biological

tissues, typically in the 0.5-3.0 GHz frequency band. Important

milestones towards achieving a functional microwave imaging

apparatus include: 1) designing a system with efficient anten-

nas which can operate in the desired frequency range; and,

2) transferring maximum EM energy into the imaging domain

[1].

Various antennas designs have been proposed for microwave

imaging; for example, radar-based approaches for breast can-

cer detection have proposed antennas operating in the ultra-

wideband (UWB) region from 3.0-12.0 GHz [2]–[5]. In mi-

crowave tomography, the profile of the imaging domain is

quantitatively reconstructed by processing signals transmitted

through the region of interest [6]–[8]. This requires operation

in lower frequencies (up to 3.0 GHz), which increases the

penetration depth and stability of the reconstruction algorithm.

For stroke microwave imaging, theoretical studies have argued

that optimal operation is achieved below 2.0 GHz [1], due

to the strong attenuation that EM waves experience when

propagating inside the head.

To improve signal penetration into the region of interest,

a dielectric medium is typically used to couple the energy

from the transmitting array. Immersing the antennas into a

lossy dielectric has two major advantages: reducing unwanted

signals due to antenna coupling and surface and multipath

propagation [9], and also broadening the frequency operation

range [10]. On the other hand, attenuating the propagated

signals to reduce these effects inevitably also impacts the

system’s ability to detect useful weak signals from the target.

Thus, the use of a matching medium that could couple EM

energy into the human body efficiently could have a positive

impact on microwave imaging systems. To this end, novel

materials such as metamaterials could be used to enhance

the energy coupling within the tissue. Candidates for this

purpose include split-ring resonators (SRRs), which have

been proposed for various microwave applications such as

electromagnetic absorbers [11], near-field imaging [12], [13],

biosensing [14], [15] and magnetic resonance imaging [16].

SRR-based metamaterials have been used at higher frequencies

for improving the impedance matching and absorbing proper-

ties of materials [17]. Electromagnetic transmission through a

metamaterial that comprises subwavelength rings printed on

dielectric substrates depends on the waves polarization and

angle of incidence [18].

Based on the above, the aim of this paper is twofold: to

present a novel antenna array for microwave brain imaging

immersed in a 90% glycerol-water mixture, and to investigate

the effect of a SRR-based metamaterial as matching medium

for coupling the signals into the head. The metamaterial film

is placed on the skin surface to improve microwave trans-

mission towards the brain and to reduce impedance mismatch

reflections on the glycerol-skin interface. The remainder of this

paper describes our approach in more detail and presents some

preliminary results to evaluate its potential for being integrated

into a future microwave imaging scanner for the head.

II. ANTENNA DESIGN AND SETUP

The antenna element and array design for our envisioned

brain imaging scanner are shown in Fig. 1. The antenna has

been modelled in CST Microwave studio. It has been designed

on an FR-4 substrate and is based on a triangular patch with

a partial ground on the back side. The antenna is fed using an

SMA connector connected with a transmission line as shown

in Fig. 1. To achieve broadband operation and couple energy

more efficiently into the head, the antenna is immersed in

a 90% glycerol-water mixture. The dimensions of the patch,

substrate, transmission line and partial ground are also shown

in Fig. 1. The reflection coefficient S11 of the antenna is plotted

in Fig. 3(a). The S11 values stay below −10 dB for the whole

range 0.6−2.5 GHz, with a deep resonance at 1.0 GHz where

S11 falls below −25 dB.
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Fig. 1: Antenna and array structures modelled in CST Mi-

crowave Studio.

Fig. 2: Cross section of the model at the centre plane of the

antenna array. The cross section shows blood clot, brain lesion

and the remainder of the head comprised of bone material with

their respective dimensions in the plane .

We have also modelled an array setup around the head,

using CST’s EN 50361 Specific Anthropomorphic Mannequin

(SAM) Phantom head model. We used this SAM model in

our simulations as it can mimic more realistic geometries

for microwave measurements. The SAM head model was

incrporated using CST’s import 3D files Interface. The head

region was modelled as a bone shell filled with an elliptical

brain shape. The ellipsoid representing brain has a major

axis diameter of 180 and minor axis 150 mm (see Fig. 2).

We assigned a permittivity value of 45.8 and conductivity

of 0.76 S/m to the brain region while for bone these values

have been considered as 20 and 0.35 respectively. We also

create a large acrylic cylinder covered with an absorber layer

comprised of ECCOSORB MCS and a metallic sheet to

mimic an imaging tank surrounding the head (see Fig. 1).

We filled the acrylic tank with 90% glycerol-water mixture,

and subsequently immersed the head model into the tank, as

shown in Fig. 1.

III. ARRAY PERFORMANCE

The resulting received signal strengths are plotted in dB as

a function of receiver location in Fig. 3(b). The curves are

indicative of signal propagation through the model of Figs.

1 and 2 (in the absence of the blood clot). We refer to this

setup, i.e. brain and bone immersed in 90% glycerol, as the

‘not target scenario’. Transmitted signal levels are higher than

-100 dB for up to 1.0 GHz and higher than -140 dB for up to

2.5 GHz. These parabolic curves are not fully symmetric, with

signals at port 5 at higher levels than at the adjacent elements

4 or 6, which suggests complex EM propagation mechanisms

for the considered model.
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Fig. 3: Reflection parameter (S11) of the proposed antenna,

(b) Received signal strength (in dB) as a function of receiver

location for Transmitter 1 (as in Fig.1) for ‘not target’ case.
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Fig. 4: Received signal strength differences (‘target’ - ‘no

target’ in dB) as a function of receiver location for each

transmitter at discrete frequencies between 0.5 to 2.5 GHz

at a step of 0.5 GHz. We subtract the transmitted gains after

adding the inclusion from the ‘no target’ case in dB values.

We have also performed an analysis of signal propagation in

the model in the presence of a high contrast dielectric medium

mimicking a blood clot inside the brain volume. We considered

a cylinder of 4 cm diameter and height to resemble two-

dimensional (2-D) scattering scenarios. We assigned dielectric

properties of blood from CST’s material library to mimic this
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discontinuity. As an example, the blood’s dielectric constant

and conductivity values at 1.0 GHz are 61.0 and 1.56 S/m,

respectively. We refer to this scenario (where a high dielectric

object is introduced) as ‘with target’ case. Differences (in dB)

in the signal strengths ‘with’ and ‘without’ this ‘blood clot’

are plotted in Fig. 4 for each of the transmitters in the array.

As in Fig. 3(b), these differences are plotted as a function of

receiver for frequencies from 0.5 to 2.5 GHz with a sample

step of 0.5 GHz. The plots in Fig. 4 suggest that differences

in signal levels between the ‘without target’ and ‘with target’

cases can be as high as 5 dB.

IV. METAMATERIAL MATCHING FILM

A metamaterial film that comprises a lattice of metallic

cross-shaped SRRs (SSRs-CS) embedded between two sub-

strates of a high permittivity dielectric (ε′ = 10.2 and tanδ
= 0.0022), such as Rogers RO3010 TM, has been designed.

Two values were tested for the substrates thickness, according

to commercially available options for this laminate: t = 0.64

mm, and the more flexible t = 0.25 mm. The geometrical

configurations for a single SRR-CS are shown in Fig.5: the

side size of each element is 2.5 mm, the gap length is 0.3

mm, and the distance of the SRRs in the lattice is 0.8 mm.

To simplify this preliminary analysis, the metamaterial was

applied to a simpler geometry than the one presented in the

previous section, comprising four flat layers: skin (thickness

t1 = 6 mm), bone (t2 = 8 mm), cerebrospinal fluid (CSF)

(t3 = 1 mm) and average brain (t4 = 20 mm) (see Fig. 5).

The dielectric properties of the tissues were found in [19].

A layer of glycerol was added before the metamaterial film

(thickness tg = 9 mm, permittivity ε′ = 18 and conductivity =

1.3 S/m at 1 GHz). The setup was modelled and simulated with

CST Microwave Studio R© for plane wave excitation of linear

polarization and unit cell boundary conditions in the 0.5-1.5

GHz frequency range. The reflection (S11) and transmission

(S21) parameters were calculated considering port 1 before

glycerol layer and port 2 after brain layer. For evaluating

the effect of the SRRs metamaterial the aforementioned setup

without the metamaterial was also simulated.

The simulation results are shown in Fig. 6. The use of

the thicker film (t = 0.64) improved transmission by 0.7 dB

and reflection by 1 dB over the 0.5 to 1.5 GHz frequency

range. The thinner and more flexible metamaterial (t = 0.25

mm) leads to a transmission improvement of 0.5 dB over the

whole frequency range, while the electromagnetic reflection

was reduced in the 0.5-1.0 GHz range and increased in the

1.0-1.5 GHz. The results prove that the use of the metamaterial

improves power transmission, although the improvement is

still limited. Future work involves optimization of the proposed

design and modelling it with more realistic setups, as different

polarization and incidence angles will be tested.

V. CONCLUSION

We have presented our recent advances towards the design

of a brain microwave imaging scanner. First, we introduced a

Fig. 5: Geometrical configurations of a single SRR-CS of the

metamaterial lattice and the tissue and material layers for the

simulation setup.

Fig. 6: Simulation results for the transmission (S21) and

reflection (S11) parameters for the SRR metamaterial with

thick substrates (t = 0.64 mm) (red), the SRR metamaterial

with thin substrates (t = 0.25 mm) (blue) and without a

metamaterial (green).

new antenna array design and studied its produced signal levels

in the presence of a SAM head model in CST. We have shown

detectable signal differences (in dB) between the transmitted

signals when a high contrast target medium resembling a blood

clot was introduced in the head model. This information will

be used to test our algorithms for reconstructing the dielectric

profile of brain in future work.

Additionally, we also examined the feasibility of developing

a SRR based metamaterial film to function as an impedance-

matching layer to enhance microwave brain imaging. The

SRR-based metamaterial film showed a 0.7 dB improvement

in transmission through a simplified layered model. To assess

and improve the metamaterial’s performance, further designs

and simulation studies will be presented in the conference,

which will incorporate the metamaterial in the more realistic

models for the array and the head.
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