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Medical imaging techniques, including X-ray mammography, ultrasound, and magnetic resonance imaging, play a
crucial role in the timely identification and monitoring of breast cancer. However, these conventional imaging
modalities have their limitations, and there is a need for a more accurate and sensitive alternative. Microwave
imaging has emerged as a promising technique for breast cancer detection due to its non-ionizing, non-invasive,

and cost-effective nature.
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| 1. Breast Imaging Techniques

Conventional medical imaging modalities, such as X-ray mammography, ultrasound, MRI, CT, and positron
emission tomography (PET), play a pivotal role in detecting breast cancer. X-ray mammography is commonly
employed as the first line of defense due to its simple operation, high resolution, and high repeatability. However, it
may not be a suitable option for all women, particularly those with dense breast tissue or who are pregnant [,
Ultrasound imaging is a safe alternative and more convenient for high-risk patients. Still, it may not reveal breast
lesions in adipose tissue and has a relatively low detection rate for malignant tumors 2. MRI is a sensitive imaging
technique that is particularly effective in detecting tumors in dense breast tissue but has limitations due to its cost,
magnetic field exposure, and the noise generated during the procedure Bl Breast CT examination provides a
detailed view of breast tissue but is limited by its high radiation exposure and cost 4. PET imaging is a powerful
method for detecting breast cancer. Still, it has limitations due to its unsuitability for early stage tumor detection, the
potential false positives in young patients, and the need for simultaneous use with CT imaging and its associated

radiation exposure and expense 2!,

MBI has been proposed as a complementary modality for early breast cancer diagnosis to overcome some
limitations of conventional medical imaging modalities. Researchers aim to integrate this innovative imaging
technique into routine clinical practice, providing patients with an accurate and reliable tool for detecting breast
abnormalities at an early stage. Despite the significant progress in advancing MBI technologies, further research
and development are necessary to establish connections between research labs, industrial partners, and patients

who can benefit from these technologies.

| 2. Dielectric Properties of Breast Tissues
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Microwave imaging (MWI) leverages electromagnetic (EM) waves ranging from 300 MHz to 30 GHz, penetrating
the breast tissue. As these waves traverse the tissue, they interact with its dielectric properties, including
permittivity (er, the capacity to store electrical energy) and conductivity (o, the ability to conduct electrical energy).
Normal and malignant tumor tissues exhibit distinct dielectric properties, causing EM waves to scatter and reflect in
each tissue type at varying degrees. This scattering and reflection serve as the foundation for the microwave

imaging of breast tumors.

As shown in Figure 1, the dielectric properties of breast tissue change with working frequencies, and it is a
nonlinear dependency (€. The Debye and Cole—Cole models are commonly used to simulate biological tissues.

The Debye model can be defined as follows [

e —¢ +£$+Em_, a
T 1+ jwt jw.f-:u

where oo denotes the permittivity, and its value strongly corresponds to the water content of the tissue,

es represents the static permittivity, and r denotes the relaxation time.
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Figure 1. Dielectric property data for normal and malignant breast tissue [Ll. Image from articles published under

an open-access Creative Common CC BY license.

The Cole—Cole model can represent the complex dielectric constant of biological tissues [&l,

£s + €
1+ (jwr)™®

e'(w) = €0 +

where &+ denotes the complex dielectric, es means the static frequency constant, e represents infinite frequency
constant, ® means the angular frequency, and ¢ denotes the time constant. The exponent parameter a (0 < « < 1)
represents different spectral shapes. When =0, the Cole—Cole model becomes the Debye model. When «>0, the

relaxation time is increased.

The following empirical model can represent the relationship between the dielectric parameters and the moisture
content model (£,
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where f'is the frequency, 60.1=0.05, and £s=8.5.

The dielectric properties of breast tissue exhibit a nonlinear dependence on working frequencies, which is
commonly simulated using Debye or Cole—Cole models. These models consider the tissue’s water content and
relaxation time. Experimental studies have shown that normal and malignant breast tissues have different
electromagnetic responses due to differences in water and salt content 291l Researchers have extensively
studied the dielectric properties of biological tissues under the irradiation of electromagnetic waves with different
frequencies, with findings indicating a significant difference in the dielectric properties of normal and tumor tissues
(121131 chaudhary et al. (14! discovered a substantial difference in the dielectric properties of normal and tumor
tissues over the frequency range of 3-100 MHz. Joines et al. 22 replicated a similar study and confirmed
Chaudhary’s findings. Gabriel et al. 291 reported their research findings on the characterization of biological
tissues over the frequency range of 0.01 GHz to 20 GHz.

Furthermore, tissue at the infiltrating edge of the tumor has been found to have increased dielectric properties.
Surowiec et al. (28] observed that the tissue at the infiltrating edge of the tumor had increased dielectric properties.
Lazebnik et al. 113! stydied the characterization of the dielectric properties of normal, malignant, and benign

breast tissues over the frequency range of 0.5 GHz to 20 GHz. Halter et al. 17 conducted a similar measurement
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study on in vivo tissue, investigating the dielectric properties of breast tissues with and without tumor presence.

Results showed negligible effects on the dielectric properties of tissues between excision and measurement.

Abas et al. 18] reported that the dielectric properties of tissues change significantly in the first few seconds after
tissue excision. The authors investigated these effects based on ex vivo breast tissue measurement results. It is
important to note that tissue dielectric properties can change significantly in the first few seconds after tissue

excision due to temperature and water content changes.

Researchers have also developed breast phantoms based on measured dielectric properties of human breast
tissue in the frequency range of 0.5-50 GHz, which have been tested using microwave imaging systems.
Martellosio et al. 12 investigated the dielectric properties of breast tissues for the frequency range from 0.5 to 50
GHz. They employed Cole—Cole models for analyzing normal and tumorous tissues based on experimental
measurements of 222 tissue samples from 53 patients aged 28 to 85. More recently, Meo et al. (22 developed three
breast phantoms according to the dielectric properties of human breast ex vivo tissues in the frequency range of

0.5-50 GHz. The developed breast phantoms were tested using a microwave imaging system.

| 4. Microwave Breast Imaging Techniques

Microwave breast imaging (MBI) techniques can be classified into passive, hybrid, and active methods. Each
method has its advantages and limitations. Passive methods rely solely on the radiation emitted by the body to
create an image of the breast tissue. This approach does not require any external radiation sources. Passive
methods are non-invasive but may have lower sensitivity. Hybrid microwave imaging combines microwave imaging
with other imaging modalities such as ultrasound, MRI, or optical imaging. This combination of imaging techniques
provides clinicians with more comprehensive and detailed information for accurate breast cancer diagnosis. Active
methods utilize an external source of microwave radiation to probe the breast tissue. Active methods are more
sensitive but need additional external radiation sources. Active MBI techniques such as microwave tomography
(MT) and radar-based techniques have shown promise in accurately diagnosing breast cancer lesions. Radar-

based methods use microwave radar to scan breast tissue in a non-invasive manner.

| 5. Microwave Breast Imaging Systems

A typical MBI system generally includes a microwave signal generator to generate microwave signals, microwave
transmitters and microwave detectors, and a computer with an imaging program tool to analyze the measured

microwave signals to reconstruct the target breast.

Microwave Antennas and Antenna Arrays for Breast Cancer Detection

Microwave antennas and antenna arrays are crucial in the MBI system. These antennas emit low-energy
microwave signals that can penetrate breast tissue. As these signals interact with the tissue, they undergo

scattering and are reflected to the antenna. These scattered signals contain valuable information about the internal
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structure of the breast tissue, which can be utilized for imaging. Multiple antennas are used in an antenna array
configuration to enhance the spatial resolution and image quality of the MBI system. This approach has the
potential to improve early detection rates and reduce patient discomfort that may be associated with traditional
microwave imaging algorithms. However, the current performance of these antennas, in terms of their radiation

capacity, gain, and bandwidth, requires improvement.

Monopole antennas offer a simple design among the different antennas used in the MBI system. They can be
easily fabricated using printed circuit board (PCB) technology, making them cost-effective. Slot antennas, on the
other hand, provide wideband performance and have a simple and low-cost design. UWB patch antennas are
compact and low-profile, making them suitable for integration into wearable breast imaging systems. However,

similar to other antenna types, their radiation capacity, gain, and bandwidth performance require improvement.

Regarding clinical trials and prototype testing, several groups have made significant progress in breast imaging.
For example, the University of Bristol and Micrima Ltd. (Bristol, UK) conducted clinical tests on their MBI prototype
called MARIA, involving 225 patients. They achieved a sensitivity rate of 76% [l Umbria Bioengineering
Technologies (Rivotorto, Italy) conducted clinical trials on their prototype MammoWave, involving 58 patients, and
achieved a sensitivity of 74% 22, They also reported using support vector machine-based MBI for automatically
identifying breast lesions, with an accuracy rate of 91%, a sensitivity rate of 84.4%, and a specificity rate of 97.2%
(23] Mitos Medical Technologies (Istanbul, Turkey) tested their MBI device called SAFE on 54 subjects, achieving a
sensitivity rate of 63% 24, Microwave Vision (MVG) Medical Imaging Department (Paris, France) clinically
validated their MBI prototype called Wavelia on 24 patients, successfully distinguishing benign from malignant

lesions with an accuracy rate of 88.5% [23],

Recently, researchers have started utilizing new technologies such as MTM 28 MTS 27 and AMC 28 in the
development of microwave antennas. For instance, Hamza et al. 29 proposed an MTM microstrip patch antenna
with AMC to enhance gain, achieving a gain of 10.61 dBi at 8.6 GHz. Mahmood et al. 2% designed UWB four-
element multiple-input and -output (MIMO) wearable antennas to improve detection accuracy. With the
advancement of the metasurface, MIMO, and deep learning technologies, new opportunities have emerged for

researching and developing UWB MTS antennas to enhance detection accuracy and sensitivity further.
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