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Abstract: Microwave radar imaging is diagnostic technique that is receiving great attention in the
research community for the potential striking advantages it may potentially offer. Nonetheless, to
pursue the diagnostics by microwave radar imaging is extremely is difficult due to the theoretical as
well as practical reasons. In this contribution, in particular, we focus on the need to take into account
frequency dispersion effects and the antenna’s frequency response. More in details, we propose
an imaging algorithm that works by completely ignoring the tissue frequency behaviours as well
as the antenna’s response. Numerical results for simplified breast layout obtained by a full-wave
electromagnetic solver confirms the potentiality of the proposed approach.
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1. Introduction

Breast cancer is the most frequent cause of death due to cancer among female patients
[1,2]. In this framework, early detection is crucial since the survival rate depends on the
stage the disease is when it is diagnosed [3,4]. That is why, scholars continue to focus on the
improvement of currently employed diagnostic methods as well as on the development of
new imaging modalities that can supplement the first ones. In the last decades, microwave
breast imaging (MBI) was the subject of a great deal of research since it does not rely
on ionizing radiations, does not require breast compression and the related technology
is relatively cheap [5]. Moreover, MBI is sensitive to the dielectric contrast between the
normal and diseased tissues, which in turn is generally higher than the radiographic density
contrast [6]. Results show in literature suggest that MBI can actually be used for breast
cancer [7–9].

Many algorithms for MBI have been developed [10] till now. Some of them directly
reconstruct the 3D scenario under test, others, instead, reconstruct the scene as a collections
of 2D problems (sliced approach), which reduces the imaging algorithm complexity [11]. In
general, microwave breast imaging entails solving a non-linear ill-posed inverse scattering
problem which is much more difficult than for X-ray tomography since diffraction phenom-
ena cannot be ignored. Non-linear inversions are cast as an optimization problem where
the misfit between the measured and the model data is generally minimized by iterative
algorithms [12]. Accordingly, the related reconstruction procedures are computationally
heavy [13] and can be trapped in some false solutions [14]. Assuming a linear scattering
model simplifies the imaging problem and leads to the so-called radar imaging approach
[15]. In this case, the imaging is robust against noise and uncertainties and computation-
ally effective, though the corresponding images appear more like hot maps where strong
inhomogeneities are detected. Eventually, the radar imaging allows for only the detection
and the localization of targets which have a strong dielectric contrast with respect to the
surrounding background tissues. The beam-forming (BF) algorithm is for sure the most
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popular MBI method. Basically, for each pixel in the scene, the received signals are prop-
erly time-shifting and the summed so to focus at the considered pixel belonging to the
spatial area to be imaged [16]. Different variant of BF have been proposed in literature,
[17–19]. A detailed analytical study on the achievable performance by BF methods has
been reported in [20], where the working frequency and the number of spatial data points,
was highlighted.

Even under the simplified framework of the radar approach, to success in the imaging
a number of issues need to be properly dealt with. For example, before imaging, data must
be pre-processed in order to reduce the clutter due to the antenna’s internal reflection, the
skin interface and other non-tumor breast tissues [21]. Another important issue to face is
the frequency dispersion of breast tissues. This is particularly true for wide band imaging
methods and because the tissues generally vary from patient to patient. Also, the antenna
antenna frequency response is hard to predict since it works in close proximity to breast
and therefore, is actually unknown [22,23].

In this contribution, we assume that the background measurement is available so that
the focus on the issue related to the tissue frequency dispersion and antenna’s frequency
response. It is clear that these two issues entail performance degradation in standard
BF methods. This is mainly because standard BF “coherently” combine data collected
at different frequencies. Indeed, frequency dispersion and unknown antenna’s response
lead to error while devising the delay set to be used in the beam-forming procedure. To
mitigate such a drawback, in this contribution we extend the results reported in [22,24,25],
by employing a non-coherent BF imaging strategies. In particular, we shown that the
performance are satisfactory although, during the imaging stage, the antenna’s frequency
response is completely ignored and the tissue variations with frequency are not accounted
for. To this end, differently from [26,28], we perform a numerical analysis but consider a
3D reconstruction procedure (instead of the sliced approach used in [26]) and a multistatic
configuration.

2. Measurement configuration description

Figure 1. Measurement configuration: in (a) and (b) two views with N = 20 slot antennas are
arranged over a hemispherical cup which hosts the breast under test, in (c) picture of hemispherical
cup in absence of the breast

Let N antennas be located over a surface that surrounds the breast under test. Denote
as ron, for n = 1, 2, · · · , N, the positions of the corresponding antenna phase centers. The
antennas are actually arranged over a hemispherical cup as sketched in Fig. 1 (a)(b). This
solution offers a number of advantages. First, the system has not sliding antennas. This
makes the acquisition quicker and there are no mechanical transients to wait for before
staring data collection. Second, the locations of the antennas with respect to the breast are
precisely known. This is because when the breast is inserted in the cup the latter shapes the
breast so to conform to the cap surface. Of course, this requires cups of different sizes since
breasts are different. In this contribution, the cup has internal radius of 50mm. Finally, the
material of the cup can be suitably selected in order to improve the matching between the
antenna and the breast. In particular, acrylonitrile butadiene styrene (ABS) material is used
and the cup has N=20 empty housings where to place the antennas (Fig.1(c)). This, along
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with a proper design of the antennas, allows to avoid the use of the coupling medium, which
is, instead, commonly employed in microwave breast imaging systems. As to the antennas,
we consider printed slot dipoles built on FR4 substrate of thickness 0.8mm (see Fig. 1(c)).
More in detail, the antennas are designed to work in direct contact to the breast within [4, 6]
GHz frequency band. This way, the breast loads the antenna so that miniaturization can be
achieved. In particular, the antennas are designed while in contact to a breast numerical
phantom consisting of only skin and fat layers. This is reasonable since skin and fat always
are the first tissues electromagnetic waves need to propagate through. Also, for antenna
design, the skin and fat layers are considered planar and having thicknesses 1.5 mm and 50
mm, respectively. This speeds up the antenna optimization process while using a full-wave
electromagnetic solvers. As to the electromagnetic properties, we employed the four-poles
Cole-Cole models reported in [27], which at the central frequency (i.e., 5 GHz in our case)
gives 35.78 and 5.08 for the relative dielectric permittivity of the two tissues and 3.06 S/m
and 0.24 S/m for the conductivity of the skin and fat, respectively. Note that, these are
nominal values that can be in general different from the actual ones.

The size of each single antenna turns to be 18 mm x 11 mm, so that N=20 antennas
can easily be arranged over the cup. The positions (sketched in Fig. 1(a)(b)) are chosen so
to have a good coverage of the breast during the irradiation stage. Generally, to improve
the matching between the antenna and the breast to investigate a coupling medium is
adopted. Our system this could be achieved by adopting a thin dielectric layer (i.e. λ/4,
where λ is the wavelength evaluates to the central frequency band) corresponding at the
antenna housings so that the antenna are not directly in contact to the breast. However, by
adopting slot antennas that work in direct contact to the breast, both miniaturization and
good coupling can be achieved without coupling media.

3. Imaging algorithm

The imaging problems consists in obtaining an image of the scene of the target under
test from scattering measurements. The most commonly employed measurement configu-
ration is the monostatic one for which the scattered field is collected only in correspondence
of the transmitting antennas. Herein, instead, we consider a multistatic configuration.
Hence, while one antenna is transmitting, the field data are collected over the whole set of
deployed antennas. Then, the process is repeated for each antenna. According, up two N2

measurements are available for each employed frequency.
To perform the reconstructions we first need to establish the math model whose

inversion is actually the reconstruction process. To this end, we refer to the following
equation

S(ω, ron, rom) = Snm(ω) = (jω/2πv)P̃(ω)
∫

D

exp
[
−jω

v (|ron − r|+ |rom − r|)
]

|ron − r||rom − r| χ(r)dr, (1)

where Snm(ω) is the scattering measurement at the angular frequency ω when the m-th
antenna acts as transmitter and the n-th one as receiver, D is the spatial region under
investigation and v the background medium propagation speed. Moreover, P̃(ω) =
Hr(ω)P(ω)Ht(ω), with Hr(ω) and Ht(ω) being the receiving and transmitting antenna
frequency responses and P(ω) the Fourier spectrum of the transmitted pulse. Finally, χ(r)
is the so-called contrast function which describes the target in terms of its dielectric relative
difference with respect to the background medium.

Equation (1) relies on different assumptions. First, the scattering phenomenon is
considered being linear by invoking the Born approximation [29,30]. The cost to pay,
as argued in the introduction, is that the corresponding images allow only to highlight
and locate strong inhomogeneities. Also, the propagation speed is assumed known and
constant. Although linearization hardly works and constant velocity clearly does not
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comply with the typical inhomogeneous and unknown tissue distribution of the breast,
these assumptions are actually behind any radar imaging approach.

In (1), Hr(ω), Ht(ω) and P(ω) are assumed known as well. However, since the
antennas are located closely, or even in contact, to the breast, which in turn is unknown,
these quantities are unknown too. Therefore, classical beam-forming algorithms can
experience a significant performance degradation. To see this, look at the BF indicator
reported below (see [20])

IBF(r) =

∣∣∣∣∣
∫

Ω

N

∑
n=1

N

∑
m=1

Snm(ω) exp [jωτnm(r)]dω

∣∣∣∣∣
2

, (2)

where Ω is the frequency band, r is the focusing point and τnm(r) = (|ron− r|+ |rom− r|)/v
the set of delays to achieve focusing. Since Hr(ω), Ht(ω) and P(ω) shape the data frequency
behaviour, it is mandatory to have their precise estimations. This, however, is difficult due
to the close proximity set up. It must be emphasized that this drawback arises because the
frequency data are coherently summed. To mitigate this problem we propose incoherent
beam-forming (IBF) strategy. The related indicator is reported below,

IIBF(r) =
∫

Ω

∣∣∣∣∣ N

∑
n=1

N

∑
m=1

Snm(ω) exp [jωτnm(r)]

∣∣∣∣∣
2

dω, (3)

where the basic difference with respect to (2) is clearly that data are summed in amplitude
along the frequency domain. From the achievable performance point of view, in [20] it was
shown that, for a monostatic configuration, the main difference occurs in the side-lobe of
the point-spread function, hence the achievable resolution are practically the same in both
cases. The same is expected to hold for the considered multistatic configuration.

4. Some numerical results

Figure 2. Reconstructions obtained via (3). The blue spheres represent the actual tumours, the green
patches the corresponding reconstructions and the white squares denote the antenna positions. The
reconstructions on the first row refers to the tumour’s radius of 10 mm whereas the reconstruction on
the second row to the radius of 5 mm.

To show the effectiveness of the proposed imaging procedure, in this section we
present some numerical examples. In particular, the result refers to the case the breast
consists of only skin and fat with features randomly perturbed 10% with respect to the
nominal values mentioned above. The tumour is represented by a spherical inhomogeneity
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with diameter of 10 mm or 5 mm and three cases corresponding to different positions inside
the breast are considered. Finally, in the reconstruction process the background medium
velocity is set equal to the one in the nominal fat tissue. The reconstruction results are
reported in Fig. 2. As can be seen, the tumour is clearly detected and localized.

5. Conclusions

Microwave breast imaging is a promising diagnostic method that can be used to help
standard imaging modalities. Nonetheless, to the successful, MBI requires to properly
address a number of issues. In this contribution, we just spotted the light on the one related
to the antenna’s response. The antenna’s response has to be accounted for during the
imaging stage since it "shapes" the actually received pulse and, above all, modifies the
overall round-trip delay. This requires that it must be estimated so to allow to be put in
or compensated for. Because in diagnostics the antennas are generally deployed in close
proximity, or even in contact, to the target under test (in this paper we considered the breast),
the antenna couples with the unknown target. As a consequence, its response deviates from
its free-space counterpart. Therefore, while the latter can be easily measured/estimated, it
shows to be of less practical use in diagnostics. This inconvenient is exacerbated by the
patient to patient tissue changes. In this paper, we have shown that the knowledge of the
antenna’s frequency response is not necessarily required. Indeed, we have shown that the
related issue can completely be overcome by processing each frequency data separately
and then by incoherently combining the single-frequency images. The presented results,
though refer to a simplified scenario, are satisfactory and encourage the development of a
more in depth study by accounting more realistic breasts.
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