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This study presents an ultra-wideband, elliptical slot, planar monopole
antenna for early breast cancer microwave imaging. The on-body an-
tenna’s operation is optimised by direct contact with the patient’s skin.
With a compact size of 9 x 7 mm, the antenna covers a wide band-
width from 16 to 24 GHz for reflection coefficients lower than —10 dB.
Besides, it also features an electrode for electrical impedance tomogra-
phy applications. Verification on a volunteer’s breast gives an excellent
agreement with the simulation for the defined bandwidth. Furthermore,
as the first stage of the system’s characterisation, pork fat is also used
to demonstrate the possibility to enhance the transmission between the
antennas within the high loss environment. Those results propose the
feasibility of implementing a high-frequency radar system for breast
cancer detection.

Introduction: Microwave imaging (MI) has emerged as a promising al-
ternative or supplementary method for breast cancer diagnosis. In fact,
instead of the ionising radiation, MI techniques produce low-risk results
by investigating transmitting and scattering signals within the patients.
Several kinds of research and experiments have been studied over the
past decades to demonstrate the capabilities of breast cancer detection by
using MI. A MI system, including 60 aperture slot, monopole elements,
was introduced by Preece et al. [1]. The authors were able to acquire
three-dimensional, reconstructed images from 86 patients by sweeping
the operating frequency from 3 to 8 GHz. Similarly, other systems were
also proposed [2—4]. In those systems, the maximum frequency is of-
ten limited to 10.3 GHz due to higher losses of the penetrating signals
within the tissue. Hence, the resolution of the reconstructed images is
limited due to the low operating frequency. There have been few studies,
which investigate the feasibility of millimetre-wave detecting systems
for higher resolution images. Recently, Di Meo et al. [5] demonstrated
an experiment with rectangular waveguides, operating at 30 GHz, to de-
tect cancerous tumours in ex vivo breast models. However, the results
have not been verified by practical applications yet.

In this study, we propose an ultra-wideband (UWB)), elliptical slot,
planar monopole antenna for early breast cancer detection. The antenna’s
operating frequency range from 16 to 24 GHz compromises a better-
reconstructed image quality (higher resolution) and high-dynamic-range
hardware requirements due to the significant signal attenuation in the
tissue at these frequencies. Furthermore, an additional aperture on top
of the antenna is optimised to be suitable for electrical impedance to-
mography (EIT) studies. Hence, a multi-functional antenna structure is
obtained.

Antenna design: A stack of RO4350B laminates [6] is used for the an-
tenna’s design as shown in Figure 1. Thanks to the multi-layer technol-
ogy, the antenna, and its excitation network are integrated into the same
structure. A ground plane (i.e., L3 layer) also improves isolation between
the radiating and other elements [7]. The substrate thickness for the an-
tenna and the feeding network, respectively, iS Auenng = 0.95 mm and
hfeeq = 0.25 mm. Here, a coaxial probe is used to transmit excitation
power from the bottom layer to the radiating patch. Regarding Figure 1,
a back-cavity is also implemented by via holes. Usages of via holes ex-
hibit the advantages of reducing the overall design’s dimension, increas-
ing the integration capability of different components, and improving
microwave characteristics of the structure.
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Fig. 1 Schematic of a multi-layer structure of the antenna
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Fig. 2 Schematic of the antenna structure. (a) Top layer: Electrical
impedance tomography aperture. (b) L2 layer: Ultra-wideband monopole an-
tenna
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Fig. 3 Simulation setup for an on-body antenna

Elliptical slot monopole antenna: In our work, a microstrip monopole
antenna is used, which is commonly adopted for UWB microwave to-
mography systems. Instead of broadside radiation, the directivity of the
antenna is improved by using an elliptical slot with a back-cavity as
shown in Figure 2(b). Due to the dielectric properties of the breast tis-
sue, it has been shown that higher frequency signals suffer significant
attenuation when propagating within the breast [1]. For this reason, the
antenna’s characteristics and radiating power are preserved by placing
the main circular radiator at the L2 layer, which is not in contact with
the skin. Regarding Figure 2(b), major and minor axes of the slot are
s; = 7.4 mm and s,, = 4.6 mm, respectively, and the patch has a di-
ameter of p; = 4 mm. In addition, the back-cavity (ground via hole)
helps to improve the antenna characteristics by short-circuiting surface
waves propagation into the ground [8]. On the other hand, an electrode,
namely, EIT aperture, for EIT [9] is placed on top of the antenna. Here,
we optimise the aperture’s shape to achieve a maximum area for the EIT
applications while retaining minimum impact on the antenna’s radiation.

Simulation conditions: Figure 3 shows a simple simulation setup to op-
timise the antenna’s performance when it directly contacts the patient’s
skin. Here, a compressed breast structure is simplified by a stack of ho-
mogeneous skin and fat layers. Open boundaries are applied to the breast
models to prevent any reflection. In this work, dielectric properties of the
female breast (e.g., skin, fat, and cancerous tissue) are developed based
on the Cole—Cole equivalent models from the ex vivo breast tissue [10].
Figure 4 represents the real (¢') and imaginary parts (¢') of the dielectric
constants for the breast models in the simulation.

Measurements: A 2 x 2 antenna array prototype, as shown in Figure 5,
is realised and verified by a vector network analyser (VNA). Maximum
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Fig. 4 Dielectric properties of the breast tissue in the simulation
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Fig. 5 Photographs of the antenna prototype. (a) Top. (b) Bottom
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Fig. 6 S-parameters measurement results of the antenna elements 1 and 3,
conducted on a female volunteer

excitation output power from the VNA is —15 dBm with a dynamic range
of approximately 90 dB. The measured results are recorded and com-
puted by the multi-line TRL (thru-reflect-line) calibration [11] to have
the same reference planes as the simulation (Figure 5(b)). We conducted
two different measurements on a female volunteer and pork fat, respec-
tively, to characterise the antenna.

Measurements on a female volunteer: A measurement procedure with a
female volunteer is described as follows:

1. Characteristics of a single antenna: The volunteer is asked to keep
the antenna array (Figure 5) well contacted with her skin, and the s-
parameters are recorded. For example, the measured results of the
antenna pair 1-3 are shown in Figure 6. The measured reflection
coefficients at the antenna input show an excellent agreement with
the simulation. A practical bandwidth is 7.9 GHz (from 16.7 to
24.6 GHz) for the reflection coefficients to be lower than —10 dB.
On the other hand, the transmission coefficients (i.e., mutual cou-
plings in this case) between the elements 1-3 also match well with
the calculation.
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Fig. 7 Transmission coefficients between simulation and measurement of

the direct opposite antenna elements, conducted on a compressed breast of
30 mm
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Fig. 8 Photographs of simple measurement setups for the detection scenario.
(a) With female breast. (b) With pork fat

2. Transmission within a compressed breast: In the next step, the
breast is compressed to a thickness of 30 mm by two paral-
lel arrays as illustrated in Figure 8(a). Figure 7 shows the mea-
sured transmission coefficients from the direct opposite antenna
elements. According to the results, the VNA can capture the low
power signals up to 9 GHz. Beyond this frequency, the transmitted
power level is below the noise floor of the equipment. However, the
results show a good similarity between the measurement and calcula-
tion. The measured values are approximately 10 dB lower than those
calculated, which could be explained by two reasons:

i. The mechanical stability is not sufficient to properly compress
the breast. As a result, the antennas are practically misaligned,
and there is an air gap between the breast and the antennas. These
factors increase the power losses of the signal transmission.

ii. The Cole—Cole equivalent models of the breast tissue are the av-
erage values of the ex vivo measurements. Therefore, there is a
lack of information about the patient’s age from mathematical
models. In addition, compared to the models, the measured re-
sults are obtained by the in vivo measuring conditions. Finally,
the simple breast tissue (Figure 3) was used to reduce simulation
time, which represents a trade-off between simulation speed and
accuracy of results. However, the chosen simplified tissue models
still accurately represent the measured results.

Measurements on a pork fat sample: We also use pork fat to evaluate the
transmission capabilities of the antennas in the tissue. As shown in Fig-
ure 8(b), a stack of several pork fat layers is compressed to a thickness
of 40 mm, and a similar measurement process as in the previous section
is made. Due to the geometry’s symmetry, we can excite only one an-
tenna on an array from one side (e.g. Al:1) and measure the receiving
signals at four antennas on another array from the other side (e.g. A2).
According to the results in Figure 9, distinguished complex transmis-
sion coefficients between different antenna pairs are suitable for further
post-processing procedures. The detectable frequency is up to 25 GHz,
which shows that the power significantly drops at the skin interfaces for
the measurements with a female volunteer.

Discussion: We summarise some important points for the antenna de-
sign and its performance as follows:
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Table 1. Comparison of antenna designs for breast cancer microwave imaging

fo (GHz) BW (GHz) Coupling medium Antenna type Material (&,) Other features
This 20.65 79 None Monopole 3.66 Electrical impedance
work tomography
[1] 5.5 4.95 Water Monopole 10.2 None
[2] 3 2 None Monopole 3.5 (flexible) None
[4] 5.6 6.72 None Monopole 10.2 None
[12] 6.5 5 None Patch 10.2 None
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Fig. 9 Measured complex transmission coefficients between the transmitter

Al:1 and the other four receivers in the array A2 with pork fat, compression
of 40 mm. (a) Transmission coefficients. (b) Phases

1. The antenna’s design relies on a UWB, elliptical slot, microstrip
monopole antenna. The measured bandwidth is from 16.7 to
24.6 GHz (return loss RL > 10 dB). Common material RO4350B
is used for the design.

2. The ex vivo Cole—Cole mathematical models for the breast tissue
are suitable to predict the microwave performance within the breast.
To enhance the accuracy of the models, empirical adjustments might
be needed. In addition, a complex multi-layer structure of the breast
tissue could also be used.

3. The dynamic range of the measurement setup can be improved with
a low-noise receiver employing a low-noise amplifier at the VNA’s
input. Furthermore, higher excitation power signals could be applied,
0 dBm for example.

4. The experimental results from the pork fat suggest that the signals
are mainly attenuated at the skin interfaces.

5. Table 1 compares the antenna in this work and other previous struc-
tures for breast cancer MI. The compared structures were also de-
signed by planar technology, and verified by clinical tests. According
to the table, our proposed antenna shows the major advantages of
using low-cost material with an additional feature for EIT measure-
ment.

6. Evaluation of the EIT feature is conducted by using a saline mixture
(6.2 g/1). Measured conductivity of the solution is 80.8 S/m, while
the referenced value is 90 S/m.

Conclusion: This study represents an antenna design method for early
breast cancer detection using MI technique. Here, we develop an ellipti-
cal slot, microstrip monopole antenna to cover wide-bandwidth require-
ments. The measured impedance bandwidth is from 16.7 to 24.6 GHz for
a reflection coefficient lower than —10 dB without a coupling medium.
Also, the radiation directivity is enhanced by integrating a back-cavity
via holes into the antenna’s laminate. Despite using low-cost, low-
dielectric constant material, the antenna still maintains a compact size,
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