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1. INTRODUCTION

Breast cancer is the most common cancer among women and one of the leading causes of cancer-
related deaths worldwide. According to World Health Organization reports, in 2022 there were
approximately 2.3 million new cases of breast cancer, resulting in nearly 670,000 deaths [1]. In the United
States alone, it is estimated that there will be more than 316,000 new cases and over 42,000 deaths in 2025
[2]. The cumulative risk of developing breast cancer in women is estimated to be approximately 13%, or one
in eight women [3]. Early detection of the disease has a significant impact on improving survival rates, with
five-year survival rates exceeding 90% when diagnosed in the early stages [1]. These data underscore the
urgent need to develop advanced diagnostic technologies that are accurate and reliable, as well as non-
invasive and accessible, in order to enhance the chances of early diagnosis.

Although traditional imaging modalities such as mammography, ultrasound, and magnetic
resonance imaging (MRI) are widely used in clinical practice, they have several limitations. For example,
mammography has a limited efficacy in women with dense tissue and it exposes patients to ionizing
radiation. While ultrasound is highly reliant on operator expertise and remains limited in terms of image
resolution. MRI, although his high sensitivity, but still expensive and time-consuming [4]. Given these
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limitations, in recent years, researchers started to focus on developing alternative technologies that can be
safe, low-cost, and capable of detecting tumors in their early stages.

Microwave imaging is emerging as a promising approach, exploiting the prominent dielectric
contrast between healthy and malignant breast tissues at microwave frequencies. This technique provides
non-ionizing, non-invasive imaging and it has demonstrated significant potential for breast cancer detection
[5]. Among the broadband antennas used in biomedical applications, the Vivaldi antenna stands out for its
excellent wideband (UWB) performance and high gain, as well as its directional radiation, compact flat
design, and low manufacturing cost.

Recent research has focused on developing and designing improved Vivaldi antennas with the aim
of improving breast imaging using microwaves. These efforts have included expanding the bandwidth of the
antennas, increasing their efficiency, and integrating them with breast tissue simulators to evaluate their
ability to detect tumors [6]-[10]. Recent studies suggest that the use of super materials in Vivaldi antenna
arrays can significantly enhance imaging accuracy and sensitivity [11]. These developments reflect the
fundamental role that Vivaldi antennas can play in the design of practical and effective systems for the early
detection of breast cancer using microwaves [12].

In this work, we present the design, simulation, and experimental validation of a microstrip Vivaldi
antenna-based system intended for early breast tumor detection. The antenna is designed to operate across a
wide frequency range suitable for high-resolution imaging and effective tissue penetration. The system is
modular, low-cost, and incorporates a custom antenna support structure and data acquisition platform to
enable accurate dielectric anomaly detection in breast-mimicking phantoms. This study’s novelty resides in
the practical integration and experimental verification of a compact UWB Vivaldi antenna within a breast
cancer detection system, emphasizing reproducibility, modularity, and applicability in real-world settings.
Unlike prior works focused mainly on simulation or limited experimental setups [6]-[12], our approach seeks
to bridge the gap toward clinically viable microwave imaging solutions aimed at improving early breast
cancer detection accessibility and affordability.

The remainder of this article is organized as follows: section 2 details the design and fabrication of
the breast-mimicking phantom models used to replicate realistic tissue dielectric properties. Section 3
describes the design methodology and simulation results of the proposed Vivaldi antenna, including its
optimized parameters. Section 4 presents the system prototype architecture, including the antenna support
structure and data acquisition components. Finally, section 5 discusses the experimental validation approach
and summarizes the key findings, while Section 6 concludes the paper and outlines future research
directions.

2. BREAST MODEL

To replicate realistic conditions for microwave imaging experiments, two multi-layer breast
phantoms were developed specifically for this study. Each phantom comprises three main layers: skin,
fibroglandular tissue, and adipose tissue, carefully engineered to mimic the anatomical and dielectric
properties of human breast tissue [13]. The skin layer is modeled as a thin, uniform outer shell, while the
interior contains heterogeneous fibroglandular tissue enveloped by fatty tissue, reproducing a realistic
electromagnetic scattering environment [14]. One phantom represents a healthy breast without abnormalities,
and the other includes a spherical, high-contrast inclusion designed to simulate a tumor [15]. This dual-
phantom approach enables direct comparison between healthy and tumorous tissue responses during imaging.
The dielectric properties for each component and tumor inclusion were assigned based on values reported in
prior experimental studies to ensure accurate biological representation [16]. These phantoms provide a
reliable and repeatable test environment to validate the detection capabilities of the Vivaldi antenna-based
system [17].

As shown in Figure 1, the multi-layer breast phantom models include the healthy phantom without a
tumor in Figure 1(a), the phantom with a tumor inclusion in Figure 1(b), and a detailed depiction of the
breast’s layered anatomy in Figure 1(c). Figure 2 presents actual photographs of the fabricated breast
phantoms from our laboratory: Figure 2(a) shows the tumor-containing breast model, and Figure 2(b) shows
the healthy breast model. These images demonstrate the physical realization of the phantoms used in the
experimental setup [18].

3. ANTENNA DESIGN

The Vivaldi antenna is a tapered slot antenna structure renowned for its ultra-wideband (UWB)
behavior, low dispersion, and high gain properties that make it a promising candidate for biomedical
imaging, particularly for microwave-based breast cancer detection [19], [20]. Its exponentially flared shape
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facilitates efficient radiation over a broad frequency spectrum, enabling high spatial resolution and deep
tissue penetration both essential for distinguishing malignant from normal breast tissues.
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Figure 1. Multi-layer breast phantom models (a) without tumor, (b) with tumor, and
(c) detailed layers of the breast

Figure 2. Realistic breast models for microwave imaging (developed in our laboratory) (a) breast with tumor
and (b) healthy breast

In this study, we developed a compact antipodal Vivaldi antenna designed to operate between 3 and
10 GHz. The antenna comprises two metallic arms that flare exponentially from a narrow slot line fed
through a microstrip transition. This geometry ensures excellent impedance matching and stable directional
radiation over the entire frequency band [21]. The choice of substrate material, taper rate, and arm spacing
was optimized to balance bandwidth, gain, and physical compactness. A ground plane with an extended flare
was added to suppress back-lobe radiation, ensuring forward-directed wave propagation a desirable
characteristic for near-field microwave imaging [22].

The fabricated prototype, as illustrated in Figure 3(a), shows the detailed layout of the proposed
Vivaldi antenna, while Figure 3(b) provides its physical dimensions. The final design was realized using
standard PCB manufacturing techniques, making the solution cost-effective and easily reproducible. A
photograph of the fabricated antenna is shown in Figure 4. Preliminary free-space tests confirmed stable
radiation patterns, smooth return loss behavior, and wide impedance bandwidth, reinforcing the antenna's
suitability for detecting dielectric anomalies in breast phantoms.

(b)

Figure 3. Illustration of the proposed (a) antipodal Vivaldi antenna and (b) its dimension in mm
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Compared to traditional narrowband antennas, the Vivaldi structure provides better axial resolution
and lower sidelobes, which are beneficial for reconstructing accurate dielectric profiles in imaging systems.
Furthermore, its planar design and lightweight profile enable easy integration into rotating or fixed imaging
setups [23]. The developed antenna thus offers a viable solution for low-cost, contactless breast cancer
screening systems, especially in point-of-care or low-resource clinical environments [24].

Figure 4. Top-view image of the designed Vivaldi antenna

4. SYSTEM PROTOTYPE AND IMPLEMENTATION

The developed microwave imaging system is centered around a radiofrequency (RF) platform
designed to facilitate non-invasive breast cancer detection by exploiting the dielectric contrast between
healthy and malignant tissues. At its core, the system features 24 ultra-wideband (UWB) Vivaldi-type
microstrip antennas arranged cylindrically around a breast phantom. These antennas are selected for their
high gain, directional radiation, and broad bandwidth, all of which are essential for accurate microwave
imaging [25]. The antenna array operates in a semi-multi-static configuration. At each step of the scanning
process, one antenna acts as the transmitter while two adjacent antennas function as receivers. This localized
triad setup enhances signal capture while reducing hardware complexity and interference. Once data is
acquired at the current position, the system advances to the next configuration, repeating the process until all
angular positions around the phantom have been scanned. This method ensures complete spatial coverage
while keeping the acquisition process efficient and synchronized [26].

To enable vertical scanning and 3D imaging, the array is mounted on a high-precision linear

actuator that adjusts the height of the antenna set. This feature allows the system to acquire data across
multiple horizontal slices of the phantom, forming a volumetric dataset of the breast tissue structure [27].
The support structure for the antenna array was carefully designed and modeled using 3D CAD software to
ensure precise alignment, mechanical stability, and minimal electromagnetic interference. As shown in
Figure 5, the model provides a top-down and side-view layout of the antenna positions, while Figure 6
displays its physical dimensions. The fabricated prototype, presented in Figure 7, reflects a compact and
modular design aimed at ease of assembly and portability.

A key strength of this system lies in its contactless nature, which eliminates the need for physical
compression, enhancing patient comfort and removing potential signal distortion from tissue deformation.
Furthermore, its modular design allows for future upgrades such as improved control logic, image
reconstruction algorithms, or wireless data acquisition interfaces [28]. Overall, this implementation
demonstrates the feasibility of a low-cost, flexible, and scalable platform for microwave breast cancer
screening in experimental conditions. Its practicality and reproducibility make it well-suited for further
clinical research and adaptation in resource-limited environments [29].

5. RESULTS AND DISCUSSION

The initial experimental results as shown in Figure 8, demonstrate the efficacy of the proposed
Vivaldi antenna system in detecting breast tissue anomalies through microwave imaging. The antenna
exhibits stable and directional radiation patterns across the 3.5 to 4.5 GHz frequency range as shown in
Figure 9, which is crucial for high-resolution imaging and precise tumor localization [26], [27]. The effect of
antenna spacing was investigated by evaluating the S11 parameter for different distances between the three
vertical antenna row. As shown in Figure 10, minimizing the reflection losses through optimal spacing
significantly enhances system sensitivity and signal quality [28].
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Figure 5. Dimensions of the antenna support structure in millimeters (mm)

Figure 6. 3D model of the support and its dimensions in mm

Figure 7. Photograph of the fabricated support ~ Figure 8. Image of the experimental setup, including the
structure Vivaldi antennas and the breast-mimicking phantom

This first phase of experimentation was conducted in a controlled laboratory setup using
multilayered breast phantoms designed to mimic human tissue properties. Although realistic, these phantoms
do not fully replicate the heterogeneity and anatomical complexity of actual breast tissue. Additionally,
factors such as environmental noise, variations in dielectric properties, and antenna mutual coupling were not
yet analyzed and are left for future investigation.

Compared to prior microwave imaging systems reported in the literature [29]-[34], the proposed
system introduces a multi-static antenna array configuration combined with vertical scanning capabilities,
allowing for detailed volumetric imaging with improved spatial resolution. A summary comparison is
provided in Table 1, highlighting the enhancements in design and functionality over similar systems. These
findings validate the potential of the system as a promising tool for non-invasive breast cancer detection,
laying the foundation for further development toward clinical applicability.

Table 1 presents a comparative overview of recent microwave imaging systems and highlights the
distinguishing features of our proposed approach. Many earlier studies have employed fewer antennas [29],
lacked vertical scanning mechanisms [30], or relied on single-static configurations that limit imaging depth
and resolution [31]. In contrast, our system integrates a 24-element Vivaldi antenna array arranged in a multi-
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static configuration with precise vertical scanning capability, enabling high-resolution volumetric imaging.
Furthermore, while some prior systems used complex and costly materials or lacked mechanical adaptability
[32], the inclusion of a 3D-printed support in our setup ensures structural accuracy, repeatability, and cost-
effectiveness. The combination of optimized antenna placement, wide bandwidth coverage, and modular
mechanical design demonstrates a practical advancement over existing models [33], [34]. These comparisons
underline the novelty of our system and its strong potential for reliable, scalable, and patient-friendly breast
cancer screening [35].
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Figure 9. Radiation patterns of the Vivaldi antenna at three frequencies: 3.5, 4, and 4.5 GHz
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Figure 10. S11 parameter of the Vivaldi antennas for different distances between the three vertical rows

Future work will focus on enhancing the system by integrating microwave switches to automate
antenna selection and streamline the data acquisition process, thereby improving measurement speed and
repeatability. Additionally, efforts will be directed toward developing advanced image reconstruction
algorithms to improve tumor detection accuracy and spatial resolution. Expanding experimental validation
using more realistic breast phantoms and eventually clinical trials will further demonstrate the system’s
practical applicability and robustness. This phase will also investigate mitigating interference and
environmental noise to optimize performance in real-world conditions.
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Table 1. Comparative table of breast cancer detection systems

Feature This work Sharma et al. Hammouch et al. Jamlos et al. Kumari et al.
[27] [28] [29] [30]
Number of antennas 24 16 12 8 10
Frequency range (GHz) 35-45 3.1-10 25-5 3-5 35-6
Multi-static configuration Yes Yes Yes No Yes
Vertical scanning Yes (linear actuator) No No No No
Breast phantom type Multi-layer (tumor Simplified Multi-layer Simplified Multi-layer
and healthy)
Non-contact detection Yes Yes Yes Yes Yes
Clinical validation stage Phase 1 (phantom Simulation only Simulation + Prototype Prototype
experiments) phantom

6. CONCLUSION

This study presents the design and experimental validation of a novel breast cancer detection system
based on a multi-static Vivaldi antenna array with vertical scanning capability. The initial experimental
results demonstrated the system’s ability to detect dielectric contrasts in multi-layer breast phantoms,
validating its potential for non-invasive and contactless breast tumor detection. The antenna’s stable radiation
patterns and optimized array configuration contribute to high-resolution imaging performance. Although this
work represents the first phase of validation under controlled laboratory conditions, it lays a solid foundation
for further development. Future efforts will focus on system automation through microwave switches,
advanced image reconstruction, and comprehensive testing with realistic phantoms and clinical
environments. These advancements will be essential for translating the system into a practical diagnostic tool,
improving early breast cancer detection and patient outcomes.
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