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ABSTRACT: In this contribution, two antennas for microwave imaging are described and validated. The first solution is a slot antenna
designed when it works a direct contact with human head. However, the air-gap issues and hair layer degrade the antenna performances.
These limitations are overcome with the cylindrical brick antenna containing coupling liquid medium. Basically, this antenna consists of
a ground plane hosting a wide slot and a microstrip feed line with a fork-like tuning stub inserted within the circular container. Numerical
examples show that the proposed antenna exhibits S11 below —10 dB over the selected frequency band from 1 to 2 GHz, in agreement
with microwave brain imaging systems. Moreover, the antenna is assessed in terms of transmission coefficients and field penetration. In
particular, it is shown that such a feature holds true when the antenna is placed in different positions over the head, when it is located on
both the skin and hair. Experiments on a few real humans confirm the numerical results. The transmission coefficient, which is the only
one used in imaging systems to streamline the hardware complexity, is of comparable level of other similar antennas already present in

literature. However, the proposed antenna is lighter and smaller in size.

1. INTRODUCTION

icrowave imaging (MWI) is emerging as a promising tool

that can potentially supplement other well-assessed imag-
ing modalities in medical diagnostics [1]. Most of the pertinent
literature focuses on breast cancer imaging [2—6]. However,
other biomedical diagnostic areas have also been explored re-
cently [7,8]. This paper deals with MWI for brain diagnos-
tics. In this framework, the book by Crocco et al. [9] gives
a detailed and useful account of recent developments in elec-
tromagnetic technologies exploited in brain diseases diagnos-
tics and monitoring. In particular, those scholars highlight how
MWTI is potentially able to address the two main issues related
to stroke diagnosis and management. One is the possibility to
achieve early pre-hospital diagnosis, which is hardly feasible by
magnetic resonance imaging (MRI) and computer tomography
(CT), since transporting MRI or CT machines (which are very
bulky) in an ambulance is currently unrealistic; the other one
is the possibility of a continuous brain monitoring for stroke in
the post-acute stage.

The mentioned potential advantages have triggered extensive
research into the development of portable medical diagnostic
systems, both in terms of the processing algorithms to get the
images and the achievement of reduced complexity hardware
and component miniaturization.

In MWI system, antenna plays a major role since it is the
hardware component with which the system interacts with the
scene under test. Therefore, the design of the antenna is of
paramount importance. This is even more true in biomedical
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applications, where the antenna is often asked to work in con-
tact with the object under test. Indeed, the way the antenna
radiates, the radiated power, and its frequency band affect the
penetration depth inside the human head, the signal-to-noise ra-
tio (SNR), and the frequency band of the data supplied to imag-
ing algorithms. It is clear then that there are several issues to
address when designing an antenna, especially in biomedical
applications (see Fig. 1). Accordingly, here, the question that
it deals with concerns how to choose the antenna type in brain
imaging in order to satisfy the features described above. In par-
ticular, attention is paid to the compactness constraint that is
suitable for a portable microwave device.

Many different types of antennas have been considered for
biomedical MWI. For example, in [10] a wide-band system
is considered to obtain high resolution images. An ultra-
wideband (UWB) multiple-input multiple-output (MIMO)
probe is proposed in [11] for tumor detection in breast. Similar
UWB antennas are proposed in [12] and [13] for stroke
detection. In particular, in [13] an antenna is proposed for im-
plantable head applications, while an implantable narrow-band
antenna for brain machine interface is proposed in [14]. In
[15] a band about 2 GHz is used for fast diagnosis of medical
emergencies pertaining to brain injuries. Frequency modulated
continuous waves (FMCWs) are employed in [16], where a
non-contact system and an automatic recognition algorithm
for stroke detection are proposed. However, in general, the
antenna frequency band should be devised by taking into
account the chosen imaging algorithm and the physics of the
problem. Regarding the brain imaging, the antennas can be
categorized in two broad categories: radiators that work away
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FIGURE 1. Block diagram for the selected antennas.

from the head and those that work in contact with it. For
the latter antenna class, usually the radiators are designed by
considering the perfect physical matching between it and the
skin layer of the head model. However, no one has addressed
(to the authors’ knowledge) the practical aspect regarding the
hair effect on the antenna performance or how its behavior
changes due to head curvature and accordingly when partial
air gap occurs. Both aspects are addressed in the paper.
Moreover, for brain imaging, the study reported in [17] has
shown that frequencies around 1 GHz give a good trade-off
between penetration depth and resolution.

A way to improve penetration depth in human tissues, and
at the same time to reduce the size of the antenna, is to im-
merse the antenna into a coupling medium [18], which is used
to smooth the jump in the electromagnetic properties that elec-
tromagnetic waves experience while penetrating into the body.
This solution, though very simple, can be inconvenient in the
prospective of portable and compact devices.

A coupling medium is not necessary when antennas are de-
signed to work on-body. In [19], a compact 4 x 4 wide-band
array is proposed to work in direct contact with the breast skin.
Following the same concept, a planar structure is proposed
in [20] and [21], where a flexible array system is considered.
An important aspect to consider when the array is employed
in microwave imaging system is mutual coupling. If this phe-
nomenon is not properly taken into account, the results of exam
can be compromised. Accordingly, some mutual coupling re-
ducing strategies are needed as shown in [22]. Obviously, an-
tennas designed to work in free-space do not efficiently work
when being put in contact with biological tissues [23].

While the major benefits of antennas-on-skin are practically
the same as antennas working in coupling media, there are two
main issues to be properly addressed. The first one concerns
the fact that, even though the antenna is designed by possibly
taking into account the tissues of the region under test, when
it is attached to the head (or to any other part of human body),
its behavior becomes unknown or known with some degree of
uncertainty. This is because tissues’ features are not exactly
known, and they are not the same for different patients and can
change even by considering different body parts of the same
patient. This can be a drawback for imaging algorithms. How-
ever, by employing non-coherent imaging strategies the uncer-
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tainty about the antenna’s behavior is mitigated [24]. The other
question is that a good physical contact between antenna and
skin must be ensured, since even thin air-gaps can dramatically
change the antenna’s response.

To cope with this issue, one option is to reduce the size of
the antennas so as to make the deployment less sensitive to the
head curvature. A different strategy has been presented in [25],
where the proposed antenna consists of a brick of semi-flexible
custom-made material in which the antenna is embedded. In
this way, all the advantages of using a coupling medium are pre-
served (without the need of a coupling liquid around the head),
and the effect of air gap is strongly mitigated. However, the an-
tenna’s volume can put a constraint on the array’s size in terms
of the number of different sensors that can be deployed in the
scene.

In this paper, both of the above mentioned strategies are con-
sidered and compared. To this end, two antenna types con-
ceived to work in contact with the head are designed, for head
diagnostics. The first antenna is a slot that exploits the loading
effect of the head to get size reduction and hence to mitigate
air-gap effect. It is shown that such an antenna performs well
as long as it is located on the head skin. However, performance
degrades when the antenna is located over the hair. This sug-
gests that hair effect must be properly taken into account so that
the antenna can work well both when it is located on the skin
and on the hair. This quite obvious consideration seems to be
not properly considered in literature. To cope with this issue,
a second antenna is proposed. More in detail, the previous an-
tenna is optimized to work when being immersed in a coupling
liquid contained in a small cylindrical container. While the idea
is similar to the one exploited in [25], the obtained antenna is
easy to fabricate, smaller in size, and presents a relatively sta-
ble response when working in contact to the skin and the hair
layer.

The rest of the paper is organized as follows. Sections 2 and
3 introduce head slot antenna (HSA) and head circular antenna
(HCA), respectively. Both solutions are validated with numer-
ical experiments, and the prototypes realizations are shown. In
Section 4, a numerical phantom derived from magnetic reso-
nance imaging MRI is employed for validate the HSA and HCA
against more realistic scenario. Section 5 gives the experimen-
tal results. Finally, the conclusions are given in Section 6.
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FIGURE 2. Pictorial view of the antenna and the simplified two-layered phantom used during the design stage. Panel (a) shows the two-layered planar
simplified head phantom, (b) top and side views on the antenna plane, and (c) antenna prototype.

2. SLOT ANTENNA DESIGN, REALIZATION AND NU-
MERICAL RESULTS

In order to create a compact and transportable diagnostic stroke
detection system, the use of a miniaturized antenna is certainly
desirable. This can be achieved in a number of ways, for exam-
ple adopting planar antennas with high permittivity substrates
or inserting the antenna into a coupling medium.

Herein, instead, the antenna is designed to be directly at-
tached to the human head. To this end, according to detailed
studies on aperture antenna irradiation [26—28], a wide slot an-
tenna is considered for our purposes. Indeed, this solution fits
well with the need of compactness and lightness.

The designed antenna is then a slot antenna printed on a
standard FR4 substrate (thickness hy, = 0.8mm, ¢, = 4.4
and 0 = 0.012S/m). The antenna is designed to be compact
and contained within a virtual surface of 2 cm in diameter, and
according to [17], to work in the [1,2] GHz frequency band.
Moreover, in order to improve the ability of the antenna to ra-
diate into the phantom, a minimum return loss of 10 dB, across
the operating frequency band, is required. Basically, the an-
tenna consists of two elements: the ground plane which hosts
the wide slot and a microstrip feed line with a fork-like tun-
ing stub. By properly selecting the parameters of the fork-feed,
the coupling between the microstrip and wide slot can be con-
trolled. This can help in enhancing the operative bandwidth.
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Moreover, to facilitate the antenna’s positioning on the human
head, a micro-SMA connector is placed on the side where the
fork-feed is present (see Fig. 2(b)).

To design an antenna that has to work in contact with the
head, a model of the head must be taken into account during
the design and the subsequent optimization stages. This is not
a serious problem since numerical head models are easily avail-
able. The point is that having chosen a model this in general will
be different from the actual head under operative conditions.
For example, head curvature as well as actual tissue layering
changes from patient to patient.

Therefore, here, a different approach is followed. In par-
ticular, the first two layers of a human head are for sure skin
and skull. Also, in view of the targeted antenna’s small size,
the air/head interface can be considered locally flat. Accord-
ingly, the antenna is designed and optimized to work in con-
tact with the simplified two-layered head phantom shown in
Fig. 2(a). In particular, both skin and skull tissues are consid-
ered homogeneous and lossless. The skin layer has thickness
tskin = 2.0mm and permittivity €,_sxin = 36, whereas the
skull layer has a permittivity €, s, = 15 [17], and its thick-
ness is set to be very large (150 mm) so that it can be consid-
ered unbounded along z. The final geometrical dimensions of
the designed slot antenna are listed in Table 1, whereas the pro-
totype is show in Fig. 2(c). In the sequel, this antenna will be
denoted as HSA, which stands for head slot antenna.
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FIGURE 3. Checking the designed antenna. Panel (a) shows five-layered phantom (complete phantom), and (b) S11 behaviours pertaining to the
two-layered phantom without losses (blue line) and with losses (red line), and to the complete phantom (green line).

TABLE 1. Dimensions of designed HSA.

Label Value [mm] Label Value [mm]
wf 0.81 lf2 10.00
wyg 19.00 lg 20.70
wf1 2.21 lf 6.17
wfa 5.22 g 0.39
ws 18.22 ls 6.93

It is once again remarked that a more involved numerical
phantom could have been considered during the design stage.
However, as pointed out above, the simplified phantom is con-
sidered as in Fig. 2(a) because the actual layering and tissues
properties are actually unknown. The point is to check how this
uncertainty affects the antenna’s response. This crucial ques-
tion is addressed later.

Finally, it is noted that the area of the front (radiating) part
of the proposed slot antenna is very small compared to an an-
tenna working in free-space at same frequency band, about 2 cm
x 2 cm. Now, by considering that the average area of the upper
part of a human head is approximately 1000 cm? [25], it is clear
that the number of antennas that can be deployed on the head
is about two hundred. Accordingly, the number of antennas
certainly is not a constraint, but instead could be useful for im-
proving the SNR system. Also, when the antenna is designed
to work in contact with head, effectively the head curvature can
be a serious issue. This can be explained by reasoning in terms
of loading effect. Indeed, in principle, the head can be mod-
eled as a load for the antenna. Our antenna is designed taking
account this loading effect. Accordingly, every change of the
load affects the antennas performance. When the head curva-
ture ensures a perfect contact between antenna and skin, the
load changes are little; therefore, the antenna performance re-
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mains stable. Things dramatically change if the head curvature
allows only partial contact between the antenna and the skin.
The non-perfect contact causes relevant load changes; there-
fore, the antenna performance degrades. However, in view of
such a reduced antenna size, head curvature should not be a se-
rious issue since it is a quasi-plane from the antenna’s point of
view.

The antenna’s behaviour, through numerical simulations by
considering the antenna scattering parameters S11, is checked.

In order to get the numerical examples, the HFSS Ansys soft-
ware is exploited. The first issue is to check the antenna’s re-
sponse when it is located over a phantom which does not coin-
cide with the one employed during the design stage. To this end,
a more complex (still planar) phantom consisting of five layers
mimicking skin, skull, cerebrospinal fluid, white matter (WM),
and grey matter (GM) tissues, respectively, (see Fig. 3(a)) is
considered. In order to distinguish this phantom from the two-
layered phantom, the five-layered phantom is named as a com-
plete phantom. The properties of the tissues used in the simu-
lations come from [29] and reported in Table 2 at the frequency
of 1 GHz. Note that the properties of the skin and skull layers
have been changed with respect to the ones employed in the
two-layered phantom used for the antenna design. Fig. 3(b) re-
ports the S1; behaviour over the selected operative frequency
band when the antenna is in contact with a two-layered phan-

TABLE 2. Tissues’s properties at | GHz.

Tissue Skin Bone CSF WM GM

€r 41 18 68.2 3558 5230

o [S/m] 0.85 040 230 0.62 0.98
Tickness [mm] 2 7 1 10 50
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FIGURE 4. HSA S11 for different air-gap and hair thicknesses. The same phantom as in Fig. 3(a) is considered with air-gap and hair layer between

antenna and skin.

tom. In particular, the blue line refers to the lossless phantom
displayed in Fig. 2, whereas the red line is still relative to a two-
layered phantom, but the skin and skull parameters are taken
from Fig. 3(b) (hence, with losses). Finally, the green line per-
tains to the complete phantom. As expected, since the slot HSA
is strongly subject to the loading effect of the phantom [26, 28],
the resonances of Sp; result shifted. However, what matters
is that the constraints on the return loss holds true since in all
the cases S7; are below —10dB, practically across the whole
operative frequency band.

As mentioned above, one of the critical issues for antennas
designed to work in contact with the head is air gaps that could
form during antenna positioning. In this framework, it is natural
to expect that even the hair can have an impact on the antenna’s
response. Nonetheless, to the best of authors’ knowledge, no
papers have investigated the role of hair. To cope with this lack,
the antenna reflection coefficient, S11, when a small air-gap or
a hair layer of varying thickness d is introduced between the
antenna and the skin, is shown in Fig. 4. In particular, the hair
layer is modelled as suggested in [30], with the dielectric prop-
erties and conductivity set equal to €,_pq;» = 1.65 and con-
ductivity 0 = 0.060 S/m, at 1 GHz. Fig. 4 clearly shows that
when there is no perfect contact (with the skin) the antenna’s
response degrades, especially for the air-gap case. However, in
view of the small size of the antenna, performance degradation
due to air gaps can be avoided by using some precautions, as
in [31], where good contact between antenna and head is en-
sured by a pneumatic system which controls the movements
(toward and away from the head) of each antenna individu-
ally. Instead, since in realistic cases hair thickness can be even
their = Dmm, pressing the antenna against the head helps in
reducing hair thickness as well. However, as shown, this con-
tinues to negatively impact on the antenna’s behaviour.

3. CIRCULAR BRICK ANTENNA DESIGN, REALIZA-
TION AND NUMERICAL RESULTS

In this section, the weaknesses suffered by the HSA when it
is placed in contact with the hair are overcome by designing a
new antenna. The idea is to equip the antenna with a matching
layer, as proposed in [25], which must keep the antenna’s per-
formance stable in the cases that it is placed both on the skin and
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on the hair layer. However, instead of using a solid material, a
liquid medium is proposed in order to make the manufacturing
process easy and allows for lighter and smaller antennas. More
in detail, the coupling medium and the antenna are enclosed in a
small cylindrical container. The coupling medium permittivity,
the geometry of the container, and the antenna are chosen to be
trade-off between the sensor’s compactness and, again, a mini-
mum return loss of 10 dB across the operating band [1, 2] GHz.
This new antenna is addressed as HCA (head cylindrical an-
tenna) hereafter.

As a starting point, the antenna shown in Fig. 2(b) is re-
optimized to work within a coupling medium of permittivity
€r—medium ~ 25. In particular, for design procedure, the cen-
tral frequency (fo = 1.5 GHz) into the imaging band [1, 2] GHz
is considered as the working frequency. Initially, the dimen-
sion of the circular container depicted in Fig. 5 is set in order
to guarantee a distance of 0.5 times of the wavelength in the
coupling medium between the surface of container and the an-
tenna. In order to clarify how the matching layer mitigates the
effect of hair and air gap, the transmission line model depicted
in Fig. 6 can be exploited. The biological load impedance Z 1,
is derived according to [17]. At frequency fo = 1.5 GHz, the
wavelength in air/hair material is about 20 cm. Differently, as
discussed in previous section, the air gap and the thickness of
hair do not exceed 0.5 cm taking some precautions [32]. Ac-
cordingly, the thickness layer d4rr/marr < A/10, hence the
overall impedance behaviour Z;x of the resulting equivalent
model (see right panel of Fig. 6) is little sensitive towards hair
tissue and air gap. Virtually the skin tissue directly touches the
coupling media. This greatly simplifies the designed procedure
since the matching between the antenna immersed in coupling
medium and the head model can be achieved by exploiting a
AvEprum /4 transformer. The final dimensions of HCA to-
gether with the cylindrical container are achieved by numeri-
cal simulations on the HFSS software taking into account the
previous reasoning and the same constraints adopted for HSA.
Note that now the area of the front (radiating) part of the HCA
is 12.5 cm? (diameter about 2 cm), which is slightly larger than
the HSA but still has sufficient compact to allow the deploy-
ment of many antennas for imaging purposes. Accordingly, the
compactness and operative bandwidth constraints are satisfied.
The realized prototype of the HCA is shown in Fig. 5(b). It is
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model (b).

worth remarking that another element is present in the back side
of structure. This does not enter the radiation process but gives
the antenna additional mechanical stiffness, thus improving the
robustness of the device and enabling good bending, as required
to cover the head. It is clear that these precautions will allow to
realize more easily an array conformal to the head for MWI. The
whole circular container is realized by additive manufacturing
with a 3-D plastic printer and filled up with a liquid mixture.
Indeed, the coupling medium is a liquid obtained from a proper
mixture of de-ionized water and Triton X-100 [33]. The cor-
responding measured dielectric and conductive properties are
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shown in Fig. 5. To achieve such measurements, a system sim-
ilar to the one exploited in [34] is used. In particular, the sensor
is an open-ended coaxial probe (RG402), and the vector net-
work analyzer adopted is TR1300. A 6 MHz frequency step is
used in frequency range of 1 to 3 GHz.

In order to check the HCA response, the numerical phan-
tom of Fig. 3 is once again considered, and the same cases are
rerun as in Fig. 4. The corresponding results are reported in
Fig. 7. It is possible to clearly observe that, thanks to the cou-
pling medium, the effect of a small air-gap and hair layer is
greatly mitigated. Indeed, the HCA S1; remains below —10 dB
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over the working frequency band [1, 2] GHz for all the cases but
one. The latter, however, corresponds to the air-gap situation
that, as mentioned above, can be avoided if some systems are
used to enforce good contact between the antenna and the head.
Note that the influence of the hair is mitigated as well, even for
the case of hair thickness 5, as large as one centimeter.

4. CHECKING ANTENNAS' RESPONSES AGAINST RE-
ALISTIC NUMERICAL PHANTOM

So far, the numerical analysis is carried out for the planar lay-
ered simplified head model shown in Fig. 3(a). This allows to
focus on how the air gap and hair affect the antennas’ responses.
In practical cases, the antenna’s behaviour can also change due
to the head curvature. Therefore, it is necessary to address the
case of more realistic head phantoms, which possibly include
the typical head tissue layering. To this end, the proposed an-
tenna sensors are simulated when being put in contact to a real-
istic human head using CST electromagnetic simulator. The 3D
anatomically realistic head phantoms (ID110411) are derived
from MRI data-sets from [35] and imported in CST. Overall,
there are seven tissues with dielectric properties at 1 GHz de-
rived from [29] and summarized in Fig. 8.
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The two cases shown in Fig. 9(a) are considered. For the case
addressed as scenario A, the antennas are located on the lateral
side of the head (indeed symmetrically on the opposite sides),
whereas for scenario B, the sensors are placed on head top. In
the latter case, since the head is almost flat, a quasi perfect con-
tact is achieved for both sensors. Therefore, a good matching
over the operative frequency band is achieved for both the an-
tennas (see panel b). When the sensors are placed symmetri-
cally over the head over opposite sides (scenario A), the anten-
nas’ behaviours change. By looking at the scattering param-
eter Sq1, it is possible to see that the HCA complies with the
design requirements a part for a small frequency range where
S11 slightly exceeds —10dB. Conversely, the HSA response
is strongly affected by head curvature, especially toward the
lower edge of the frequency band. Moreover, the same figure
depicts the transmission coefficient So; when two antennas are
placed on opposite sides of the head (wide antenna configura-
tion (WAC)). In particular, when a perfect contact between an-
tenna and head surface is considered, the dynamic range of So;
parameter is quite similar. Things dramatically change when a
small air gap is considered (i.e., d = 0.25mm). In this case,
the transmission coefficient So; related to HSA drops abruptly;
differently, the same parameter remains rather stable for HCA.
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parameters S11 for both scenarios, and (c¢) transmission coefficient S2; for WAC configuration.

Accordingly, we conclude that the transmission characteristics
are affected very little by the loss of coupling media. In Fig. 10,
the field distribution into the head phantom at 1 GHz is exam-
ined to get insight on the field penetration. As can be seen,
even if the HCA does not perfectly adhere to the head surface,
it allows for a good penetration depth. Moreover, the field dis-
tribution magnitude into head is rather uniform. As opposed,
the HSA leads to lower and different field penetrations which
strongly depend on antenna positions, especially in the case of
scenario A. This can be clearly seen by the looking at the panels
on the top row of Fig. 10. Finally, by looking the results shown
in Fig. 9(c) and Fig. 10, the attenuation on the radiated field
due to lossy coupling media represents a minimal disadvantage
compared to the benefits achieved.

5. EXPERIMENTAL RESULTS

In this section, some experimental results are presented by con-
sidering only the scattering parameters. Of course, field pen-
etration and distribution inside the head is of great importance
as well. However, while these aspects can be easily studied
through simulations, as shown above, they are very difficult to
analyze through experiments, even by employing phantoms of
the head.

120

Therefore, experiments concern the antenna scattering pa-
rameters which are measured with a vector network analyzer
(VNA) Copper Mountain TR5048 [36]. A stimulus in fre-
quency band [1, 2] GHz is adopted selecting a step frequency
equal to 5 MHz. The power of generated signal P, is fixed to
—10dBm. To actually appreciate the achievable performance
of both HSA and HCA, they are measured when being lo-
cated against a human head. Fig. 11 presents the Sy of the
HSA and HCA (solid and dashed lines, respectively). Differ-
ent placements on the head of a human subject are considered.
In particular, the position addressed as cg refers to the case that
the antenna is on the forehead, i.e., in contact with the skin,
whereas positions ¢; and ¢y are illustrated in the right panel
of the same figure and refer to the locations where there is a
different “amount” of hair. When the HSA is placed on the
forehead, its Sp1 is similar to the numerical case, staying below
—10 dB. However, placement over hair, particularly in position
co, increases 511, failing to meet design requirements. In con-
trast, the HCA (dashed lines in the same Figure), despite some
variations from numerical cases due to the simplified phantom,
consistently meets the design requirements across the entire fre-
quency band for both skin and hair positions (cg, c¢1, and c2).
Thus, it can be concluded that the expected better HCA be-
haviour is verified under realistic measurement conditions.
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FIGURE 11. Measured scattering parameters with different placements of HSA and HCA on a human head.

Additional experimental results for the HCA are detailed in
Fig. 12. Here, the aim is to check the stability of the antenna’s
response by changing the position on the head (with respect
to ones considered in the the previous case) and by considering
different subjects under test. To this end, four volunteers are re-
cruited and for each of them two HCA, denoted as antenna Al
and A2 respectively, are located according to two different con-
figurations. The first configuration concerns the two antennas
placed on the same side of the head (narrow antenna configura-
tion (NAC)), whereas the second one refers to the two antennas
placed on opposite sides of the head (wide antenna configura-
tion (WAC)). Pictures illustrating these experimental configu-
rations are shown in the top part of Fig. 12(a). As a reference,
the same case as the experimental configuration is considered

121

for numerical examples. The positions of the antennas against
the same numerical phantom, as used in the previous section,
are shown again in panel a.

The considered parameters are S11, Sao, and Sa1. In partic-
ular, the transmission scattering parameter is included since it
is relevant for MWI systems employing multistatic configura-
tions. In these cases, it is crucial to analyze the transmission of
the signal through the head, which is linked to the obtainable
signal to noise ratio.

In order to evaluate the hair effect, four different real human
heads are considered. The volunteers addressed as ID1 and ID2
refer to “regular” hair case; 1D4 refers to very short hair case;
and finally ID3 is almost hairless. The corresponding measure-
ments are shown in Fig. 12(c), with panels in each row per-
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TABLE 3. Antenna performance comparison with other related paper.

Ref Dimensions Medium |S11] |S21|dB
[mm] < —10dB NAC/WAC
Here-HSA 18 x 11 x 1.6 on body [1-2] GHz NA
Here-HCA 22 x 14 liquid [1-2] GHz —52/—T70
[25] 50 x 50 x 70 solid [0.8-1.2]GHz  —35/—65
[37] 50 x 50 x 70 liquid [0.8-2]1GHz NA/—80
[38] 40 x 46 x 14.4  onbody [1.2-1.5]GHz  —25/-50
122
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taining to a given volunteer, whereas the numerical examples
corresponding to a phantom without the hair layer are shown
in panel b. It is observable that, for each volunteer, S7; and
Soo are quite stable while passing from the NAC to the WAC
configurations. However, the behaviors of the two antennas are
different, due to imperfections and tolerance of the manufactur-
ing process. Apart from this aspect, for the scattering parame-
ters the same considerations apply as for the numerical results
depicted in the same figure. Finally, Table 3 compares the re-
alized HSA and HCA with respect to other antennas used in
other brain MWI devices. Here, it is shown that the frequency
band [1, 2] GHz is a shared choice whereas the transmission co-
efficient Sa; dynamic is comparable to the values reported in
literature.

6. CONCLUSION

We have presented two antennas for brain imaging that operate
effectively in direct contact with the head, well matched be-
tween 1 and 2 GHz. In particular, it has been shown that while
for HSA the air-gap issues can be avoided since the antennas are
compact in size, the head curvature negatively affects its per-
formance. Moreover, when passing from the skin to the hair
side, the antenna’s response degrades dramatically, making the
HSA ineffective, which suggests that the hair effect must be
taken into account to secure a stable antenna’s response. These
limitations have been overcome with the proposed HCA that
is proven to comply with the design constraints over a 1 GHz
frequency band. The HCA shows strong stability under differ-
ent setup measurement configurations ensuring the matching in
frequency band [1, 2] GHz and a satisfactory EM wave penetra-
tion inside the head. Moreover, it has small size (circular brick
of radius 22 mm and height 14 mm) and the dynamic value of
transmission coefficient So; no lower than —70 dB, which is
well above the VNA noise floor. Accordingly, the proposed
HCA, with its stable performance and suitability for microwave
brain imaging, addresses the limitations found in HSA.
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