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Abstract—Medical Microwave Imaging (MWI) has been
studied as a technique to aid breast cancer diagnosis. Several
different prototypes have been proposed but most of them
require the use of a coupling medium between the antennas and
the breast, in order to reduce skin backscattering and avoid
refraction effects. The use of dry setups has been addressed and
recent publications show promising results. In this paper, we
assess the importance of considering refraction effects in the
image reconstruction algorithms. To this end, we consider a
simplified homogeneous spherical model of the breast and
analytically compute the propagating rays through the air-body
interface. The comparison of results considering only direct ray
propagation or refracted rays shows negligible impact on the
accuracy of the images for moderately high permittivity media.
Thus, we may avoid the computational burden of calculating the
refracted rays in complex shapes.

Clinical Relevance—Microwave Imaging (MWI1) is a low-cost
emerging imaging technique to aid breast cancer diagnosis. The
study of refraction effects in MWI is relevant to design a
prototype which simultaneously implies low maintenance
burden and is capable of providing an image reconstruction in
almost real time with reduced computational cost.

I. INTRODUCTION

Breast cancer is the second most common cancer
worldwide, with approximately 2.09 million new cancer cases
in 2018 [1]. The currently used imaging techniques to aid
breast cancer diagnosis are X-ray mammography, ultrasound,
Magnetic Resonance Imaging (MRI), and Computed
Tomography (CT). These technologies have their own
disadvantages, including the use of ionising radiation, user-
dependency or high cost. Microwave Imaging (MWI) has been
studied as a complementary imaging screening technique since
it presents advantages such as the use of non-ionising radiation
and low power and the fact it does not require breast
compression and may potentially be user-independent and
very low-cost.

One of the techniques often used for MWI is Ultra-Wide
Band radar (UWB) which consists in transmitting very short
impulse signals into the breast using one or more antennas and
recording the backscattered signals. These scattered signals are
firstly processed using artefact removal algorithms to remove
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the strong skin backscattering, followed by
algorithms to create a reflectivity profile of the breast.

imaging

Several microwave breast imaging prototypes have been
proposed in the last few decades, mostly varying on the
number and/or configuration of antennas and the type of
system — monostatic, when only one antenna transmits and
receives, or multistatic when one antenna transmits and the
remaining record the backscattering. Most of the presented
prototypes require the immersion of the breast in a coupling
liquid [2-5] in order to reduce the reflection on the breast
surface. However, the immersion medium attenuates the
transmitted signals [6], poses sanitation issues and makes the
examination unpractical.

Some works have presented “air-operated” alternatives by
incorporating the antennas in a bra and putting them in contact
with the breast skin [7]. Moreover, our research group has
assessed the feasibility of using a dry imaging setup [8], where
the single antenna sweeps the breast in a cylindrical
configuration. We experimentally demonstrated that the
tumour scattered signals are not excessively affected by the
contrast between air/skin interface, as long as the breast shape
is accurately retrieved and a suitable artefact removal
algorithm is used [8]. Currently, we are evaluating the viability
of using a focal lens in a multistatic system to enhance the
energy coupling into the breast, and thus overcome the absence
of immersion liquid [9].

Although we have extensively studied the impact of not
using an immersion liquid to reduce reflection at the skin/air
interface, it remains to be assessed how relevant are refraction
effects on the imaging results. In this paper, we analyse the
relevance of refraction effects on an “air-operated system”. To
this end, we assume a spherical homogeneous breast, in order
to avoid the computationally heavy calculations of the
refracted rays. Moreover, the simplified shape allows an
analytical closed form to calculate the refracted ray paths.
Despite this geometry simplification, the study provides
important clues on whether refraction is relevant for path
length calculations involved in the imaging algorithm.
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Il. SETUP UNDER INVESTIGATION

In this section, we present the numerical setup and the
antenna used to conduct the present study. All elements were
designed and simulated using Computer Simulation
Technology (CST) Microwave Studio software [10].

A. Setup

For the purpose of this study, the breast is represented as a
50 mm radius homogeneous dielectric sphere, Fig. 1. Two
targets are embedded in the phantom at x = 30 mm and
Xx=-30 mm (y =0 mm and z = 0 mm) and simulated as
Perfect Electric Conductors (PEC) spheres of 5 mm radius.
The numerical breast phantom is characterised by a relative
permittivity & = 8 and a loss tangent of 0.1, which corresponds
approximately to the upper limit of fat permittivity [11]. A
realistic breast is not homogeneous, but the proposed model is
sufficient to represent the breast in proof-of-concept studies as
shown in [8], avoiding additional confounders. It is noted that
many reconstruction algorithms consider a homogenous media
with average uniform permittivity. Also, the used permittivity
value represents the average permittivity of the region
underneath the skin where refraction can be more significant.

We consider only monostatic signals collected by twelve
antennas circularly distributed in the xy-plane around the
breast phantom, at 80 mm radius and 30° step, as shown in Fig.
1. The gap between the dielectric surface and the antenna in
the xy-plane is thus 30 mm.

B. Antenna

We use a planar slot-based single-layer printed antenna
formed by two crossed exponential slots (in short, XETS). The
antenna presents a balanced structure and is fed between two
metallisation “petals” [12]. Its main advantages include a very
pure linear polarisation along the entire bandwidth, a stable
radiation pattern and phase centre. The XETS used for this
study has 28 mm radius (Fig. 2) and is impedance-matched
from 2 to 6 GHz (Fig. 3).

I1l. SIGNAL PROCESSING

This section briefly addresses the signal processing
algorithms: image reconstruction and analytical calculation of
refracted rays. In both formulations, we assume that the
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Fig. 1. Monostatic setup considered in this study. The grey circle
represents the dielectric sphere, the black circles represent the targets
and each blue line and red arrow represents an antenna and the
respective polarisation orientation.
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Fig. 3. Plot of the magnitude in dB of the input reflection coefficient (s11)
of the XETS antenna over frequency.

antenna radiates a spherical wave, although it operates in the
near-field regime.

A. Imaging reconstruction algorithm

We use an image reconstruction algorithm based on wave
migration algorithm [13], which is very robust and yields
similar results to other commonly used algorithms, such as
Delay-and-Sum [14, 15]. The intensity at any voxel in the
volume is calculated accounting for the distances between
each antenna position and that voxel:
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where dqr is the distance between each XETS and the entry
point on the sphere, including the electric length of the XETS
[16], dgiel is the distance from the entry point to voxel v, and
ngier IS the dielectric refractive index, Na is the number of
antennas, sii is the 1xNr array with the scattering parameter
measured by the i™" antenna position after removing the skin
backscattering, N; is the number of frequency points, and
ko=2xf(f()/c is the free-space wavenumber at frequency fi with
c as the speed of light in vacuum. Fig. 4 illustrates the
geometry for the raypaths with and without refraction. It is
assumed that the antenna phase centre is well-known and
stable.

An “ideal” calibration is considered at this stage, in order to
remove the response from the skin. In other words, the term
sii(fc) in (1) is calculated as the difference of the reflection
coefficient with and without PEC targets. This avoids
additional confounders and focuses solely on the response of
the targets.
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Fig. 4. Schematic of the distances used in the image reconstruction

algorithm for a case where refraction effects (a) are not and (b) are
considered.

B. Refraction algorithm

The refraction effects are calculated using Snell law in
vector form [17]:
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where { is the unit vector in the incident direction, N is the unit
normal vector inside the sphere, £ is the unit vector in the
direction of the refracted ray, and ¢ is the relative permittivity
value of the dielectric sphere. Given the voxel coordinates and
the antenna position coordinates, Eq, (2) lends an analytical
solution for the ray entry point coordinates in the sphere.
Although multiple solutions are sometimes found, the correct
solution can be singled-out using physical arguments. The
calculated entry points are used in the imaging algorithm to
compute dair and dgiel, considering the whole 3D volume.

IV. RESULTS

The radar signal sii(fy) in eqg. (1) is obtained by full wave
simulation of the proposed geometry. The corresponding
reconstructed images in xz and xy planes not considering
refraction (only direct ray propagation) are presented in Fig. 5
for & = 8. The magnitude of the reflected signals is represented
in a colour map, where the lighter colors correspond to higher
intensities. The targets are well detected, corresponding to
their true location represented with the red dashed circles. The
images lack resolution in the xz-plane because the antennas are
distributed only in a single xy-plane.

As a comparison, in Fig. 6 we present the reconstructed
images for the same permittivity values but now accounting
for the refraction effects, also in xz and xy planes. The targets

are just as easily identified, compared to the scenarios in Fig.
5. There is a slight difference in the magnitude values that
corresponds to a better focusing when refraction is taken into
account in the calculations. This is not surprising. However,
there is no significant improvement in the imaging results
when considering refraction. Consequently, we conclude that
there is no significant advantage in taking the burden of
calculating the refracted rays in the tested scenario, in an air-
operated setup like ours.

V. CONCLUSIONS

In this paper we studied the refraction effects on a MWI
monostatic setup with no immersion liquid. The incident and
refracted rays were calculated using an analytical formulation
which is only possible due to the regular geometry of the
phantom. In non-uniform shapes like the breast or the head,
the calculation of refraction may have a very high
computational cost.

The results show no significant improvement when
refraction is taken into account in the calculations in the
scenario where a spherical breast with & = 8 (i.e., low-density
breast) is considered, thus allowing to conclude that the
refraction is mostly irrelevant in the presented setups for image
reconstruction. This encourages the use of MWI dry setup
since it does not require additional increase of computational
cost. We will investigate the refraction effects in models with
different shapes, higher permittivity values and while
considering heterogeneity in future work.
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Fig. 5. Reconstructed images without considering refraction on a
dielectric sphere with & = 8 and two targets inside. Both xz and xy planes
are represented in (a) and (b), respectively. The actual location and shape
of the targets is represented as red dashed circles.
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Fig. 6. Reconstructed images considering refraction on a dielectric
sphere with & = 8 and two targets inside. Both xz and xy planes are
represented in (a) and (b), respectively. The actual location and shape of
the targets is represented as red dashed circles.



