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Abstract—Temperature variations in tissues inside the body have
been measured using microwave radiometry for more than three
decades in a variety of passive body monitoring applications. In
this paper, we study a prototype system for passive intracranial
monitoring using microwave radiometry. It comprises L-notch
microstrip patch antennas in conjunction with a sensitive multiband
microwave receiver for detection. The particular design characteristics
of the antenna are its conformality and a special L cut on its
upper left edge, features that make it suitable for human biomedical
applications and lead to its multiband operation in the frequency
range of 2-3 GHz. The theoretical electromagnetic study indicates
that the radiometric contact system in question operates well at
two frequencies, with satisfying detection depths and adequate
portability (small dimensions). In order to verify the findings of
these simulations, experimental measurements with phantoms and
various setups were carried out, resulting in the definition of the
actual temperature detection level and the spatial resolution of the
system. Theoretical and experimental results conclude that with the
appropriate combination of conformal patch antennas and microwave
receiver it is possible to monitor areas of interest inside human head
models with a variety of temperature resolutions and detection depths.
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1. INTRODUCTION

Microwaves have been used over the years in various applications
in order to support clinical practice [1-6]. Microwave radiometry
was proposed approximately 30 years ago to be used as a diagnostic
imaging method to noninvasively measure temperature distributions
inside the human body. Since then numerous research results have been
reported regarding the clinical practical value of this passive imaging
methodology which exhibits unique capabilities [7, 8]. The applications
of microwave radiometry in clinical medicine aim mainly at obtaining
information about internal in-depth body temperature patterns by the
non-traumatic measurement of natural thermal radiation from body
tissues at low microwave frequencies. Knowledge of such internal body
thermal patterns can assist clinical disease detection and diagnosis,
e.g., as a noninvasive complement to the current computed tomography
(CT) and magnetic resonance imaging (MRI) technologies [9], and may
have a role in the monitoring of therapeutic processes [10], e.g., during
hyperthermia [11].

Microwave radiometry allows significant penetration depth in
tissues and due to its entirely passive character, an appealing
application of it could realize intracranial temperature and/or
conductivity variation monitoring of the human brain [12]. Noninvasive
temperature monitoring may be also performed with Magnetic
Resonance Spectroscopy (MRS) which can also measure temperature
noninvasively (e.g., [13]) It is a well-established though not
passive technique that uses an MRI scanner to detect certain
naturally occurring brain metabolites with temperature precision of
approximately +0.5°C [14].

Knowledge of such thermal patterns inside the brain may provide
useful information about brain activity. Under normal, quiet, resting
conditions intrabrain heat production is balanced by heat dissipation
from the brain, while under several physiological conditions this
temperature balance becomes shifted and brain temperatures either
increase above (hyperthermia) or decrease below (hypothermia) their
“normal” values [15,16]). Brain hyperthermia and hypothermia
may also occur following pharmacological challenges. Since most
physical and chemical processes governing neuronal activity are
temperature-dependent, naturally occurring fluctuations of brain
temperatures may have important functional consequences, affecting
various neural functions [11]. It has been also suggested that Focused
microwave radiometry may provide the capability of also detecting
electrical conductivity variations at microwave frequencies of excitable
cell clusters, such as in the case of brain tissues under certain
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psychophysiological conditions [12].

Taking into account the above considerations and findings, a
prototype microwave radiometric system was designed, simulated,
constructed and tested. The innovation of our system is the
conformal L-notch microstrip patch antenna [17,18] that is used as
a single or in a two-element antenna array whereas a sensitive Dicke
switch receiver operating at low microwave frequencies (1-3.5 GHz)
completes the system. Its design and development has been based
on detailed electromagnetic analysis while validation experiments have
been performed using phantoms. Both temperature detection level and
spatial resolution provided by the system have been estimated through
this process.

2. THEORETICAL ANALYSIS

Microstrip circuits have been introduced to extend into the microwave
range the benefits of printed circuit boards (PCB) widely employed at
lower frequency. In specific applications like biomedical radiometry,
microstrip patch antennas offer a considerable improvement in the
radiator functional features: a) good heating efficiency in their
boresight direction, b) small size, leading to better detectability
(the smaller the antenna size, the smaller the malignancy that can
be detected) and portability, c) ease of conformal and lightweight
construction which improves coupling to body parts and d) ease
of array combinations leading to extra detecting advantages [17].
The current utilization of microstrip antennas concerns the near-field
electromagnetic (EM) energy detection from biological head tissue.
The simulation analysis of the relevant electromagnetic problem
was numerically approached using the simulation software tool HFSS
(Ansoft, Pittsburgh, PA) that implements the Finite Element Method
(FEM). The human head modeling was accomplished both by a double
layered hemisphere and the anatomically detailed two-layered SAM
(Standard Anthropomorphic Mannequin) model [19] comprising in
both cases two types of head tissues: brain matter, represented by the
inner part, and skull, represented by the outer layer. In this analysis,
two setups where examined each at two operating frequencies. The
first setup involved the conformal L-notch microstrip patch antenna
placed on the head models, while the second comprised a two element
array of the same antenna type placed on the hemispheric head model
only. Finally, in order to reduce the computational cost, the reciprocal
electromagnetic problem is modeled and solved. According to the
reciprocity theorem, a response of a system to a source is unchanged
when source and measurer are interchanged. Hence, instead of placing
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the source in the head model, the response of the head model to the
excitation generated by an antenna positioned on its top, is calculated.

The antenna, was designed to exhibit a conformality of 20°, the
feeding was done by a coaxial cable ending in an SMA connector
with an inner diameter of 1.2 mm, and the substrate used was Rogers
RO4350 with dielectric constant value e, = 3.66. To overcome
simple microstrip antennas’ narrow bandwidth and single resonant
frequency a special L cut was imported on the upper left corner
of the rectangular microstrip patch antenna. This cut resulted to
a multiband successful performance of the antenna (two resonant
frequencies) and an enhancement of each frequency’s bandwidth [17] a
phenomenon that occurs as the notch introduces additional coupling
between the upper edge of the rectangular patch and the ground
plane [20]. Finally, it must be noted that the SMA position on
the patch and the dimensions of the L-notch constitute influential
parameters for matching the different impedances and defining the
resonant frequencies and their bandwidth [21]. Conformality is also a
key issue for the previous arrangements. In figure 1a the configuration
and the optimal dimensions of the proposed antenna are presented
while in Fig. 1(b) the first simulated setup with the conformal L-notch
microstrip patch antenna placed on the hemispheric head model is
shown.

The second setup was analyzed with a two element array of the
conformal L-notch patch antenna at a respective top position on the
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Figure 1. (a) The L-notch conformal patch antenna. (b) Conformal
L-notch patch — hemisphere head model.
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double layered hemisphere head model (respective configuration with
Fig. 1(b). The SAM head model wasn’t used in this case due to high
computational cost.

2.1. Simulation Results
2.1.1. L-notch Antenna — Hemisphere Head Model

In the first simulated system (Fig. 1(b)), the values of the dielectric and
conductivity characteristics of the head tissues (inner and outer model
layer) were respective to the operating frequencies [22] and shown in
Table 1. It is obvious from the numerical simulated results presented
in this table that the antenna matched to the head model has two
operating frequencies with satisfying reflection coefficients S1;.

Table 1. Numerical simulated results for L-notch antenna — double
layered hemisphere system.

L-notch

Double layered hemisphere
(single element)

Operating frequency 2.44 2.6
Relative permittivity | 42.75 (brain) | 15.1 (skull) | 42.37 (br.) | 14.86 (sk.)
Conductivity (S/m) 1.42 (brain) | 0.56 (skull) | 1.58 (br.) | 0.63 (sk.)

S11 —24.22dB —15.58dB
Bandwidth 53 MHz 45 MHz
Detection depth 4.5cm 4.1cm

In Fig. 2, the e-field distribution is depicted for the first resonant
frequency of the system, with the second one exhibiting similar
characteristics. As it can be observed, a single radiation lobe is
originated from the center of the patch antenna, leading to a specific
focused radiation region inside the head model. The detection depth is
calculated from the e-field figures and is estimated 4.5cm and 4.1 cm
respectively for the two frequencies.

2.1.2. L-notch Antenna — SAM Head Model

Following, the double layered hemisphere was replaced by the SAM
head model, with the respective constitutive parameters, and similar
simulations were carried out with the system shown in Fig. 3 and
numerical results presented in Table 2.
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For the two operating frequencies of the system that are shown in
Table 2, the e-field distribution is calculated. In Fig. 4(a), we have a
view of the whole system in plane Y-Z at the first operating frequency
(2.36 GHz), while in Fig. 4(b), we focus at the area of interest where
the EM radiation is highly penetrating. Similar distribution results
are obtained for the second operating frequency (2.74 GHz).

As with the simplest head model, a single radiation lobe is
observed, originating from the center of the patch antenna and
resulting in a specific focused radiation region inside the SAM model.
The detection depth is estimated 4.2 cm and 4 cm respectively for the
two frequencies.

() (b)

Figure 2. E-field distribution in conformal L-notch patch antenna —
hemisphere model system, at 2.44 GHz: (a) Y-Z plane, (b) X-Y plane.

Figure 3. Conformal L-notch patch — SAM head model.
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Table 2. Numerical simulated results for L-notch antenna — SAM

head model system.

L-noteh SAM head model
(single element)

Operating frequency 2.36 GHz 2.74GHz
Relative permittivity | 42.61 (br.) 15 (sk.) 42.19 (br.) | 14.75 (sk.)
Conductivity (S/m) 1.48 (br.) | 0.586 (sk.) | 1.66 (br.) 0.67 (sk.)

S11 —10dB —10dB

Bandwidth ~ 6 MHz ~ 6 MHz

Detection depth 4.2cm 4cm

Table 3. Numerical simulated results for two L-notch antennas (array)
— double layered hemisphere system.

L-notch Double layered hemisphere
(two element array)
Operating frequency 2.32 2.72
Relative permittivity | 42.75 (br.) | 15.1 (sk.) | 42.06 (br.) | 14.67 (sk.)
Conductivity (S/m) 1.42 (br.) | 0.56 (sk.) 1.73 (br.) 0.7 (sk.)
S11 —12.23dB | —15.09dB | —14.67dB | —20.79dB
Bandwidth 16 MHz 33 MHz 65 MHz 58 MHz
Detection depth 4.2cm 4cm

2.1.3. Two Element (L-notch Antenna) Array — Hemisphere Head
Model

The simulations for the second examined system, as it can be observed
in Table 3, gave again two well operating frequencies for the two
element array adjusted to the hemisphere head model, with satisfying
reflection coefficients S7; and enhanced bandwidth for both elements.
In Fig. 5, the e-field distribution is depicted for the first operating
frequency of the system (same for second frequency), with detection
depth measured 4.2 cm and 4 cm respectively for the two frequencies.

2.1.4. L-notch Antenna(s) in Various Positions on Head Models

In order to enforce the value of the proposed system’s simulation
configurations and approach even more the practical system and its
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Figure 4. E-field distribution in conformal L-notch patch antenna —
SAM head model system, at 2.36 GHz, plane Y-Z: (a) aspect of total
system, (b) focus in area of interest.

(a) (b)

Figure 5. FE-field distribution in two conformal L-notch patch
antennas — hemisphere model system, at 2.32GHz: (a) Y-Z plane,
(b) X-Y plane.

respective experimental setups, simulations with the antenna(s) at
various positions on the head models, indicating the source’s respective
different locations inside the head, were carried out. The results were
proportional to the ones having the antenna(s) on the top of each
head model whereas Fig. 6 depicts the e-field distribution for the first
operating frequency of four indicative simulations; in Figs. 6(a)—(b)
the conformal L-notch patch antenna(s) are located at the back of the
hemisphere head model giving at 2.34 GHz (for both cases) a detection
depth of 4.2cm and 4.1 cm respectively, while in Figs. 6(c)—(d) the
conformal L-notch patch antenna is located at the forehead and at the
right hemisphere of the SAM model, giving at 2.32 GHz and 2.38 GHz
respectively, a detection depth of 4cm and 4.1cm. The results are
respective for the second, higher, operating antenna frequency of each
simulation and for additional antenna positions tested.
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(b)

(c) (d
Figure 6. FE-field distribution for: (a) one L-notch patch antenna
at backside of hemisphere head model (X-Z plane), (b) two L-notch
patch antennas at backside of hemisphere head model (X-Y plane), (c)
L-notch patch antenna at forehead of SAM head model (X-Z plane),
(d) L-notch patch antenna at right brain hemisphere of SAM head
model (Y-Z plane).

3. EXPERIMENTAL PROCEDURE AND RESULTS

3.1. Methods

The constructed prototype passive microwave radiometry system
(Fig. 7(a)) consists of a microwave receiver which comprises a sensitive
radiometer and one or two (array) contact antennas (conformal
microstrip patch antennas) that are used to receive the radiometric
signals. Except this analogue part, a digital one also exists comprising
a personal computer with the suitable equipment, in order to collect
and process the data received from the experimental measurements.
The radiometer utilized was designed and constructed in our
laboratory (Fig. 7(b)). It is a Dicke switch radiometer with operating
ability in any frequency of the range 1-3.5GHz, using a local
oscillator.  Each operating frequency has approximately 50 MHz
bandwidth and an embedded internal LNA gives a 40dB gain. The
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Table 4. Measured parameters for conformal L-notch antenna (single
and double element (array)) — experimental water phantoms systems.

Conformal L-notch Antenna with Phantoms

Number of antennas Operating Frequency S11 Bandwidth
. 2.52 GHz —-17dB 100 MHz
Single element
2.83 GHz —26.44dB 105 MHz
2.53 GHz —17.2dB 108 MHz
Two elements (array)
2.845 GHz —18dB 180 MHz

Figure 7. Passive microwave radiometry system.

radiometer’s sensitivity (ATyin) is 0.02 K, whereas the whole system’s
sensitivity varies according to the antenna setup and will be recorded
separately. Finally, the conformal L-notch patch antenna (Fig. 7(c))
was constructed exactly as designed in the previous section of this
paper, and used as the system’s receiving antenna. Its parameters
(operating frequencies, Si1, bandwidth), presented in Table 4, were
similar to the simulated ones (previous tables) and same for both
experimental phantoms.

As already explained, the system’s main goal is to serve as a
brain intracranial device. Thus, some of its potential applications are
temperature monitoring during hyperthermia sessions and functional
brain imaging. These two different applications have one important
similarity: specific regions inside the brain are of elevated temperature.
As far as functional imaging is concerned, when a certain area of the
brain is activated as a result of an external stimulus, the temperature
in this area is slightly elevated from the “normal” level. Therefore,
two experimental setups were tested. In the first one cylindrical
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(b)

Figure 8. Experimental setups (one and two antennas), for
temperature detection level.

phantom of the same size were used, containing deionized water at
different temperatures, in order to determine the system’s minimum
temperature detection level. In the second one, a small container (filled
with water at high temperature) models the cancerous tissue or the
activated brain area, while the large container (filled with water at low
temperature) models the surrounding healthy tissue or the inactivated
region of the brain in order to investigate the system’s capability
to detect a warm area at a depth inside a cooler environment and
examine its spatial sensitivity. All the experiments were performed in
a Faraday-anechoic chamber.

3.2. Results
3.2.1. Temperature Detection Sensitivity

In the first experimental setup, two containers (named A) of the
same size (radius 3cm and height 9.5 cm) filled with deionized water,
were used. The amount of water infused in them had a temperature
difference depending on the detection level of each antenna setup,
while the room temperature was 26°C. The sequence of this first
procedure was as follows: from time ¢ = 0s until time ¢ = 50s, the
system measured the background noise (baseline). Then, container A,
filled with deionized water at a specific temperature, was placed in
contact with the system’s receiving antenna(s) until ¢ = 100s when
it was removed. At ¢t = 150s a same container, with different water
temperature, was placed again in contact with the antenna(s) until
t = 200s when it was also removed.

Figure 9 shows results of the radiometric output of the system
at 2.52 GHz (1st operating frequency) for local temperature changes
from 45°C to 42°C and 39°C to 36°C (meaning always the alternation
of the containers with water of the temperatures in question). From
the graphs, it can be clearly observed, the 3°C temperature difference
for both regions under investigation (45°C-42°C and 39°C-36°C).
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Figure 9. Radiometric output at 2.52 GHz for detection of local
temperature changes, using cylindrical phantoms: (a) 45°C-42°C, (b)
39°C-36°C.
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Figure 10. Radiometric output at 2.53 GHz (two element array
antenna) for detection of local temperature changes, using cylindrical
phantoms: (a) 45°C—43.5°C region, (b) 43°C-41.5°C region.

More specifically, the containers filled with water of 45°C and 39°C
give a radiometric output 0.6 mV greater than the ones of 42°C and
36°C respectively. Likewise, in the system’s 2nd operating frequency
(2.83GHz) the same temperature difference (3°C) is detected in
the same temperature regions but exhibiting in this case a greater
radiometric output of 1mV. It is obvious, then, that with the specific
antenna setup the examined device detects clearly the differences of the
emitted radiation from the different phantoms showing a sensitivity of
3°C and a temperature precision of 0.2mV/°C and 0.333mV/°C for
the 1st and 2nd operating frequency respectively.
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Following exactly the same experimental procedure, an array of
two conformal L-notch microstrip patch antennas (Fig. 8(b)) was used
to receive the emitted radiometric signals. Due to better temperature
sensitivity in this case, the temperature differences investigated were of
the order of 1.5°C in the temperature range 45°C-35.5°C. In Fig. 10,
we can see the graphs of the radiometric output voltage versus time
for the first two cases at 2.53 GHz (1lst operating frequency of the
device). It is obvious that a 1.5°C temperature difference for both
is detected, with the containers filled with water of 45°C and 43°C
giving a radiometric output 0.5mV greater than the ones of 43.5°C
and 41.5°C, respectively. Relevant patterns with the same radiometric
output voltage difference (0.5mV) apply to all examined temperature
regions in the aforementioned range for both operating frequencies
(2.845 GHz is the 2nd, indicating that with the antenna array the
examined device detects clearly the differences of the emitted radiation
from the different temperature phantoms showing a sensitivity of
1.5°C and a temperature precision of 0.333mV/°C for both resonant
frequencies.

3.2.2. Detection Depth and Spatial Sensitivity

In the second experimental setup, a container B with radius 8cm
and height 5cm and a sphere A with 5cm diameter, both filled with
deionized water, were used. It must be noted here that a percent
measurement marking was made on the base of container B in order to
be evident what the position of the sphere is at each measurement time.
The sequence of this second procedure was as follows: Container B
was filled with water of 37°C and placed in touch with the radiometric
system’s antenna(s) (Fig. 11). From time ¢ = 0s until ¢ = 60s, the
system measured the background noise (baseline). Then, sphere A,
filled with deionized water of 43°C, was placed inside container B
until approximately ¢ = 110s when it was removed. Its positioning
started from the contact location of container B with the receiving

(b)

Figure 11. Experimental setups for detection depth and spatial
sensitivity.
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antenna(s) and moved along the measurement marking line. Sphere
A occupies one and different position each time and all distances are
measured from the point that the antenna(s) contact with container B
(internally). Finally, it must be noted that primary test measurements
showed for the single antenna setup that sphere A was detected only
under its effective area and for the double array antenna setup that
sphere A was detected under its center area, giving highly reduced
radiometric voltage values at side positions of the sphere with regards
to the array. Both results lead to the conclusion that the spatial
sensitivity and directivity of the system is satisfying, localized inside
the receiving antenna(s) main lobe area.

Figure 12 shows the results of the radiometric output of the single
antenna system (Fig. 11(a)) at 2.52 GHz (1st operating frequency), for
the first two of the five different positions that sphere A was placed
inside container B. It is obvious that the sphere’s position is detected
in both cases and moreover, as it is placed away from the contact
point of antenna(s) — container B, the difference of the measured
radiometric voltage output, between the state that the sphere remains
inside the container and the one of background noise (absence of object
under measurement), is reduced. The previous are valid for all five
measuring positions and both operating frequencies and are clearly
presented in Table 5 where the voltage differences in relation to the
position are shown. It is obvious that in the second operating frequency
the detection depth is smaller than the first one.

Following exactly the same experimental procedure, an array of
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Figure 12. Radiometric output at 2.52 GHz (single antenna system)
for detection of change in position of sphere A inside container B: (a)
pos. Ocm, (b) pos. 1cm.
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Table 5. Radiometric output difference with regard to sphere’s A
position inside container B (single antenna).

1st operating frequency 2.52 GHz 2nd operating frequency 2.83 GHz
Position (cm)|Voltage difference (mV)|Position (cm)|Voltage difference (mV)
0 1.5 0 1.5
1 1 1 1.1
2 0.8 2 0.9
3 0.6 2.5 0.4
4 0.4

Table 6. Radiometric output difference with regard to sphere’s A
position inside container B (two element array antenna).

1st operating frequency 2.53 GHz 2nd operating frequency 2.845 GHz
Position (cm) | Voltage difference (mV) | Position (cm) | Voltage difference (mV)
0 0.8 0 0.6
1 0.5 1 0.5
2 0.4 2 0.4
3 0.3 2.5 0.3
3.5 0.2

two conformal L-notch microstrip patch antennas (Fig. 11(b)) was used
to receive the emitted radiometric signals. The results are of similar
patterns like Fig. 12 and indicate clearly the detection of sphere’s
position in any case and the reduction of the measured radiometric
voltage output as it is placed away from the contact point of antenna(s)
— container B. In Table 6, the measurements are presented, indicating
again that in the 2nd higher frequency the detection depth of the
system is smaller than the 1st one.

4. CONCLUSION

In the past years, efforts have been made by our group to develop
a passive, non-invasive system for brain intracranial applications.
The present paper mainly aims at presenting a newly designed and
developed multiband patch antenna for focused microwave radiometry
monitoring. Numerical simulations using head models were carried
out and verified in practice via proof-of-concept experimental phantom
measurements.
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The system discussed in this paper, has limitations concerning
spatial accuracy and temperature resolution compared to other well-
established technologies for imaging due to its entire passive character.
Nevertheless, it is portable, entirely passive and seems promising to
provide useful information regarding tissue temperature variations
especially when used in conjunction with, or complementary to,
other clinical tools. The brain, being the most complicated and
important organ of our existence has structural characteristics and
electromagnetic properties of high complexity. Thus, the proposed
methodology needs continuous and rigorous investigation in order to
reveal its potential value in clinical practice.

The theoretical electromagnetic simulated results lead to the
conclusion that a portable contact radiometric imaging-diagnostic
system could operate well with the conformal L-notch microstrip patch
antenna as the receiving antenna array element. These findings were
confirmed experimentally by constructing the actual device (microwave
receiver, antennas and digital processing part) and performing the
appropriate experiments inspired by its future clinical applications.
The experimental measurements confirmed the ability of the device
to detect either differences in temperature between small volumes of
higher temperature or an area of higher temperature placed in a cooler
environment.

All the previous results enforced the idea that the device in
question could become potentially in the near future a clinical tool
of temperature monitoring for diagnosis and during hyperthermia
sessions. Future research will focus on designing and constructing new
conformal microstrip patch antennas with special geometries, multiple
feeds and metamaterial substrates [23-25] that will allow even smaller
dimensions and multiband operating characteristics. Moreover, the
use of antenna arrays with more elements and different configurations
(e.g., phased arrays) constitute important parameters that may result
in greater sensitivity and better directivity, with capability of dynamic
focusing, to the system. For argument’s sake, it is possible to create
a single focusing point with sufficient detection depth using a phased
array system comprising 4 patch antennas as shown in the past [26, 27].
In this paper, the aim is to study the new antenna as an element of
the future array (initially the two antenna setup is tested herein) and
at the same time the detection depth at several frequency bands is
examined both theoretically and experimentally.

Finally, the participation of healthy volunteers in standard
psychophysical tests constitutes also near future research aims.
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