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Abstract

In this article, we present a broadband two-layer Meta-
surface Antenna (MS) to use in Microwave brain imaging
systems. The antenna element consists of an H-shaped slot
antenna as a radiator and rectangular unites Meta-surface.
The radiator is designed on a double side of FR4 substrate
comprised of a ground plane with an H-shaped slot and the
feed line radiator on top with a stub. The analysis of the
operation frequency of the proposed meta-surface antennae
is between 0.9- 2.7 GHz that a lower frequency supports
the penetration amount of electromagnetic into tissues and
the higher frequency support to obtain a high spatial res-
olution in the imaging algorithms. We have designed an
MS antenna and optimized it inside the coupling medium.
Due to the higher reflection of the electromagnetic wave
from head tissues, the resonance frequency of the adjacent
meta-surface antenna to the head is affected. Because of the
coupling medium, reflections will be decreased and pen-
etration of the incident wave will be increased. Further-
more, Specific Absorption Rate (SAR) is investigated in the
simulation environment with 0.6 W/kg in the 1.5GHz has
obtained. Also, the simulated near-field radiation pattern
of the proposed antenna near the brain tissues shows that
the proposed MS antenna supports the Microwave Imaging
(MWI) agreements. Thus proposed MS antenna can be a
good candidate for brain stroke detection.

1 Introduction

Brain stroke is admitted as the second leading cause of
death and third in disability around the globe [1]. Two ma-
jor types of the brain stroke are ischemic Stroke (Clots) and
Hemorrhagic Stroke (Bleeds). An ischemic stroke occurs
when the artery, the oxygen-rich blood supplier, is blocked
[1]. A hemorrhagic stroke comes to happen if an artery rup-
tures or leaks blood in the brain. Brain cells are damaged by
the massive pressure that leaking blood forms. Both types
of stroke exhibit some typical symptoms such as; faintness,
slurred speech, difficulty swallowing, and the sudden paral-
ysis of body parts. However, from the onset of symptoms,
an exclusive and timely medication is required for the treat-
ment of each type of stroke [2].

By the means of both diagnostic and classification, an
imaging test of the brain is required. The number of
tests may come in handy, including computed tomogra-
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Figure 1. Proposed MS antenna with (a) perspective view,
(b) top view, and (c)bottom view, Design parameters (all in
mm) are given as: Wsub = Lsub = 50, wl =2, w2 = 1.5,
w3=10,wd=1,11=6,12 =31,13 =8.

phy (CT) scan, magnetic resonance imaging (MRI) scan,
and positron emission tomography (PET). For hemorrhagic
strokes, CT scans are the fastest and most effective test [3].
Despite the fact that the mentioned techniques each have
some associated constraints, however, they are well effi-
cient and supply good resolution images of the brain. The
imaging tests are all expensive, time-consuming, and im-
mobile imaging modalities. Principally, CT acquires ioniz-
ing effects, PET involves radioactive material injection and
MRI is not suitable for patients with metal biomedical im-
plants [4]. Therefore, an alternate imaging technique is de-
manded that guarantees a safe, low-cost, fast, and more im-
portantly portable imaging solution for brain stroke detec-
tion. Thus, with Microwave Brain Imaging (MWI) all the
advantages along with non-ionizing, portability, and non-
invasive features are supported.

Complementary to current imaging-based technologies,
such as MRI, PET, and CT scan, Microwave Imaging
(MWI) is an emerging technology for the diagnosis and
follow-up of cerebrovascular pathologies. Based on the
diversity of tissues electrical properties at microwave fre-
quencies, MWI allows to portrait the different brain tissues
and to distinguish among healthy and unhealthy regions
(e.g., tumor, ischemic or hemorrhagic stroke zones [5]. In
MWI systems, the antenna array is the keystone, as it is
essential to deliver reliable data to the algorithm in charge
of issuing the image of the investigated scenario [6]. This
demands a proper design of the suitable antenna in terms
of the choice of an adequate working frequency band, con-
sidering that higher frequencies support better spatial res-
olution, while lower ones reach deeper wave penetration
where the dynamic range and sensitivity of the receiver is



affected [7]. Moreover, to enhance penetration within the
head, a coupling medium is filled between the antenna array
and the head surface (To maximize the penetration of the
electromagnetic wave into the brain tissue, compact anten-
nas operating below 2.0 GHz immersed in a lossy dielectric
medium are suggested with respect to the strong attenua-
tion of the EM waves propagating inside the head [8] [9].
When using (rigid or flexible) on-body antennas, which can
improve penetration, being attached in almost direct con-
tact with the skin, the coupling medium can be dismissed.
Variety of the antennas have been proposed for biomedical
imaging, for instance, a novel slot antenna [5], Low-profile
aperture stacked patch antenna [10] as well as flexible an-
tennas [11] and arrays [12]. However, if the antenna is
attached to the head, the tissues in the very near field of the
antenna will has an impact on the antenna reflection coeffi-
cient, e.g. turning the designed antenna resonant frequency,
in an unpredictable way (based on the patient variability),
with possible disadvantages for the imaging algorithm. In
addition to this, the near-field effects are not pretty easy
to be designed and less contribute to the reconstruction of
the interior imaged domain. On the other hand, to increase
the transmitted power and to improve the received signal,
a meta-material (MM) film is placed in front of the skin,
which can act as an anti-reflection coating [13] [14]. This
approach can suppress unwanted reflections and can en-
hance the transmission near a specific frequency [15].

In this work, an H-shaped MS slot antenna is surveyed and
studied for Microwave Brain Stroke detection. The op-
eration frequency of the MS antenna inside the coupling
medium is optimized between 0.9- 2.7 GHz in order to
have an acceptable penetration rate and resolution. The
remainder of the paper is organized as follows: Section 2
describes and investigate the MS antenna design for Brain
Imaging Systems inside the coupling medium, performance
of the MS antenna near the head tissues environment, Near-
field Analysis, and Specific absorption rate (SAR) analysis.
Eventually, Section 3 summarizes the concluding remarks
and future steps.

2 Proposed MS antenna for Brain Imaging
Systems

Figure 1 provides a detailed image of the proposed MS an-
tenna with the parameters in the caption. As shown in Fig-
ure 1 (a), the proposed MS antenna is embodied by two FR4
substrates with the dielectric constant of 4.3, loss tangent
of 0.02 and thickness of 1.6mm. Figure 1 (b) illustrates the
meta-surface layer that includes square resonators on the
substrate. Furthermore, an H-shape micro-strip-fed radiat-
ing slot is used to obtain a wide bandwidth, increased radia-
tion efficiency and reduced back radiation which is printed
on a FR-4 substrate. To detract from the adverse induc-
tive behavior of the antenna, an open-ended matching stub
is used to the micro-strip feed line as can be seen in Fig-
ure 1 (c). Air-gap between the radiating slot antenna and
meta-surface is optimized with 2mm. Because of the non-
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Figure 2. Simulated reflection coefficient inside of the cou-
pling medium with and without coupling stub.

uniform shape of the brain model, it is hard to design an
antenna that completely attache to the brain tissues. Thus,
a coupling medium should be used in the design of the an-
tenna for brain imaging systems and the MS antenna has
been designed and optimized inside the coupling medium
with a Relative Permittivity of 20 and a conductivity of 0.4
S/m at 2.5 GHz.

2.1 Characteristics of the MS Antenna

With the intention of validating the proposed MS antenna
in the microwave brain imaging, the antenna should be im-
mersed in the coupling medium. in Figure 2, the perspective
view of the MS antenna is shown with the simulated reflec-
tion coefficient with and without an open-ended coupling
stub. As can be seen from figure 2, the proposed antenna
operates in the frequency range of 0.97 to 2.8 GHz when
the |S11 < —10|. It is clear that there will be reflections in
presence of a head phantom and the reflection coefficient
will be affected. Thanks to the coupling medium, this ef-
fect will be minimized. In order to obtain more realistic
results of the proposed antenna, a headband array is de-
signed and illustrated in figure 3. The array consists of 8
MS antenna with 45° placement to each other in front of
the Austin man brain head model [16]. The antenna is cov-
ered by the coupling medium with the mentioned features
previously. Besides, expected that the reflection coefficient

Figure 3. (a) Side view of the MS Antenna array system
with Austin-Man head Model [16], (b) perspective view
and (c) top slice view plane at Z = 150mm.
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Figure 4. Simulated reflection coefficient of the (a) first
MS antennas in different distance from head tissues, and
(b) third MS antenna in the array.

should have less affection in terms of antenna and tissue
distance as the head size of the different individuals is dif-
ferent. To validate this, we simulate different distances of
the antenna in presence of the realistic brain head phantom
in the simulation environment. Figure 4(a) illustrates the
reflection coefficient of the first antenna with the different
distances of the head phantom and operates between 0.7 to
2.6 GHz when the |S11 < —8|. Figure 4(b) it can be seen
that the third antenna in the array operates between 0.9 to
3.5 GHz when the |S11 < —8|. We can realize from figure
4 that the differences in the size of an individual’s brain will
not affect the antenna’s performances. We also analysand
the radiation pattern of the proposed MS antenna inside the
coupling medium without a head phantom. As the coupling
medium is dispersive and lossy medium, it is not expected
to have a positive Gain. In figure 5, the radiation charac-
teristic of the MS antenna is depicted in the 3D form. It
is evident that nearly a unidirectional radiation is obtained.
Back lobes of the radiation are emerged mainly due to the
coupling medium and it can be reduced in future work.

2.2 Near-field Analysis

To investigate the MS antenna in brain imaging systems,
it is placed at three different distances from the brain head
phantom and simulated in CST Microwave Studio software
[17]. The 3-D Austin man phantom model with 1 mm res-
olution is used which consists of all the body tissues. The
dispersive feature of each tissue is considered in the simula-
tion environment. Figure 4 shows the average electric field
intensity for the three different distances of the antenna with
the brain in the frequency of 2.5 GHz. As can be seen, the
electric field intensity is penetrated inside the head with the
different distance of the antenna. In all three scenarios, a
maximum of the electric field intensity can be switched in-
side the brain tissues efficiently. But, in the third scenario,
(the average distance of the antenna with the head model
is higher than 20 mm) penetration of the signals is almost
plate and cover in wider tissues range. It is clear that we
will have a more penetration amount of electric field in the
1.5 GHz also.

Figure 5. A cross-section (xz plane) view at the E-plane
for (a) average distance of the antenna with the head model
is lower than 5 mm, (b) larger than 10 mm, and (c) larger
than 20 mm when the first antenna (Antl) is radiated in 2.5
GHz.

Figure 6. A cross-section (yz plane) view at the E-plane
for (a) average distance of the antenna with the head model
is lower than 5 mm, (b) larger than 10 mm, and (c) larger
than 20 mm when the Third antenna (Ant3) is radiated in
2.5 GHz.

2.3 Specific absorption rate (SAR) analysis

Specific Absorption Rate (SAR) is one of the most impor-
tant parameters in near-field imaging and must be taken into
account which is arises from the exposure of microwave
signals to the human tissues. SAR is defined as the amount
of power dissipated per unit mass and calculated using Eq.
(1) in watts per kilogram [W/kg] and must be lower than
1.6 W/kg over the 1 g of tissues [18]. In the Eq.(1) E is the
induced electric field intensity norm value [V/m], p and ¢
points out both the density [kg/m?] and electric conductiv-
ity [S/m] of the tissues, respectively. In this work, we have
investigated three scenarios to validate the usefulness of the
proposed MS antenna in terms of SAR that is illustrated in
Figure 7. In figure 7(a), the maximum SAR of 0.6 W/kg
has occurred when the antenna’s average distance is lower
than 5 mm from the brain tissue. by increase the antenna
with the head phantom, the amount of SAR is decreased as
can be seen from figure 7(b) and (c). the results show that
the proposed MS antenna is acceptable for the brain image
systems due to the lower distributed amount of SAR in the
brain tissues.

Figure 7. SAR value (W/kg) inside the head phantom at
1.5 GHz when (a) the average distance of the antenna with
the head model is lower than 5 mm, (b) larger than 10 mm,
and (c) larger than 20 mm.
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3 Conclusion

This paper introduces a design of the MS antenna inside
the coupling medium for microwave brain imaging sys-
tems. In order to reach a wide bandwidth and more suit-
able coupling, an H-shaped radiating slot antenna with an
open-ended stub has been designed in the simulation en-
vironment. The proposed MS antenna operates between
0.9- 2.7GHz. Performance of the antenna has been investi-
gated in presence of the head phantom model and obtained
acceptable reflection of the signals due to the coupling
medium. Moreover, the E-field intensity of the proposed
antenna at the different distance from the head phantom
model is investigated which acceptable penetration of the
signals inside the brain tissues is observed. Besides these,
one of the most significant parameters of patient safety has
been investigated. The maximum amount of the SAR( 0.6
W/kg) has occurred over the 1 g of tissue when the distance
of the antenna and the head phantom is lower than 5 mm.

References

[1] W. H. Organization, 2002. [Online]. Available:
www.who.int/bulletin/volumes/94/9/16-181636/en

[2] B. I. Khan F, “rehabilitation after traumatic brain in-
jury,” Medical Journal of Australia, 2003.

[3] [Online]. Available:
https://www.hopkinsmedicine.org/health/treatment-
tests-and-therapies/ct-vs-mri-vs-xray

[4] N. Beckmann, “In vivo magnetic resonance tech-
niques and drug discovery,” Brazilian journal of
physics, vol. 36, no. 1A, pp. 16-22, 2006.

[5S] M. Ojaroudi, S. Bila, and M. Salimi, “A novel ap-
proach of brain tumor detection using miniaturized
high-fidelity uwb slot antenna array,” in 2019 13th
European Conference on Antennas and Propagation

(EuCAP). IEEE, 2019, pp. 1-5.

[6] E. Ricci, E. Cianca, T. Rossi, M. Diomedi, and
P. Deshpande, “Performance evaluation of novel mi-
crowave imaging algorithms for stroke detection using
an accurate 3d head model,” Wireless Personal Com-
munications, vol. 96, no. 3, pp. 3317-3331, 2017.

[7] B. J. Mohammed, A. M. Abbosh, S. Mustafa, and
D. Ireland, “Microwave system for head imaging,”
IEEE Transactions on Instrumentation and Measure-
ment, vol. 63, no. 1, pp. 117-123, 2013.

[8] R. Scapaticci, L. Di Donato, I. Catapano, and
L. Crocco, “A feasibility study on microwave imaging
for brain stroke monitoring,” Progress In Electromag-
netics Research, vol. 40, pp. 305-324, 2012.

[9] M. Ojaroudi, S. Bila, and M. Salimitorkamani, “A
novel machine learning approach of hemorrhage
stroke detection in differential microwave head imag-
ing system,” in 2020 European Conference on Anten-
nas and Propagation, 2020.

[10] M. Mehranpour, S. Jarchi, A. Keshtkar, A. Ghor-
bani, A. Araghi, and M. Khalily, “Low-profile aper-
ture stacked patch antenna for early-stage breast can-
cer detection applications,” International Journal of
RF and Microwave Computer-Aided Engineering, p.
e22531, 2021.

[11] E. Porter, H. Bahrami, A. Santorelli, B. Gosselin,
L. A. Rusch, and M. Popovié, “A wearable microwave
antenna array for time-domain breast tumor screen-
ing,” IEEE transactions on medical imaging, vol. 35,

no. 6, pp. 1501-1509, 2016.

[12] M. Mehranpour, S. Jarchi, A. Keshtkar, A. Ghor-
bani, A. Araghi, O. Yurduseven, and M. Khalily, “Ro-
bust breast cancer imaging based on a hybrid artifact
suppression method for early-stage tumor detection,”
IEEE Access, vol. 8, pp. 206 790-206 805, 2020.

[13] H. Cano-Garcia, P. Kosmas, and E. Kallos, “En-
hancing electromagnetic transmission through biolog-
ical tissues at millimeter waves using subwavelength
metamaterial antireflection coatings,” in 2015 9th In-
ternational Congress on Advanced Electromagnetic
Materials in Microwaves and Optics (METAMATERI-
ALS). 1IEEE, 2015, pp. 43-45.

[14] ——, “Demonstration of enhancing the transmission
of 60 ghz waves through biological tissue using thin
metamaterial antireflection coatings,” in 2016 10th In-
ternational Congress on Advanced Electromagnetic
Materials in Microwaves and Optics (METAMATERI-
ALS). IEEE, 2016, pp. 85-87.

[15] H.-T. Chen, J. Zhou, J. F. O’Hara, F. Chen, A. K.
Azad, and A. J. Taylor, “Antireflection coating using
metamaterials and identification of its mechanism,”
Physical review letters, vol. 105, no. 7, p. 073901,
2010.

[16] J. W. Massey and A. E. Yilmaz, “Austinman and
austinwoman: High-fidelity, anatomical voxel models
developed from the vhp color images,” in 2016 38th
Annual International Conference of the IEEE Engi-
neering in Medicine and Biology Society (EMBC).
IEEE, 2016, pp. 3346-3349.

[17] USA, “Cst,” USA, 2019.

[18] S. Code, “Limits of human exposure to radiofre-
quency electromagnetic energy in the frequency range
from 3 khz to 300 ghz,” Health Canada, 2015.



