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 The escalating need for safe, low-cost, and reliable medical diagnostic tools 

has propelled research into microwave imaging (MWI) for breast cancer 

detection. This study aims to design and evaluate, via simulation, a compact 

microstrip patch antenna operating in the 2.4 GHz wireless fidelity (Wi-Fi) 

band as a preliminary sensing element. The antenna, with overall dimensions 

of (14×14×3.1) mm³, is designed on a Rogers RT/duroid 5880 substrate and 

superstrate (𝜀𝑟 =  2.2). To evaluate its detection capabilities, the antenna is 

placed over a simplified three-layer human breast phantom (skin, fat, and 

fibro-glandular tissue). Using Ansys high frequency structure simulator 

(HFSS) software, three scenarios were simulated: a healthy breast, a breast 

with a single tumor, and a breast with two tumors. The simulation results 

indicate measurable shifts in electromagnetic parameters used as diagnostic 

indicators. The presence of tumors caused a shift in the resonant frequency 

(from 2.42 GHz to 2.46 GHz) and a variation in the reflection coefficient 

(S11) magnitude. Specifically, the antenna demonstrates high sensitivity to 

dielectric loading changes, identified by a performance framework that 

correlates frequency shifts to tumor presence, while maintaining specific 

absorption rate (SAR) values within safety limits. This work demonstrates, 

through simulation, the feasibility of using a compact Wi-Fi band patch 

antenna for breast tumor detection, providing a foundation for future 

experimental development of portable diagnostic systems. 
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1. INTRODUCTION 

Breast cancer remains a leading cause of cancer-related mortality among women worldwide, 

necessitating the development of effective early-stage detection technologies [1]. Conventional diagnostic 

modalities such as X-ray mammography, while widely used, involve ionizing radiation and can cause patient 

discomfort. Other methods like magnetic resonance imaging (MRI) offer high resolution but are prohibitively 

expensive and time-consuming for mass screening, particularly in developing regions with limited medical 

infrastructure [2], [3]. Consequently, there is a critical growing demand for portable, low-cost, and non-

ionizing diagnostic alternatives suitable for point-of-care testing and internet of things (IoT)-based healthcare 

applications. 

In this context, microwave imaging (MWI) has emerged as a highly promising alternative. It is a 

non-ionizing, cost-effective, and potentially portable technique that leverages the significant contrast in 

dielectric properties between healthy and malignant breast tissues [4]. This contrast arises primarily from the 

https://creativecommons.org/licenses/by-sa/4.0/
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higher water content in cancerous cells compared to the adipose-dominant tissue found in the breast [5]. 

Recent comprehensive reviews have underscored the rapid advancements in MWI systems, focusing on 

improving imaging algorithms and antenna array designs [6], [7]. 

The core of any MWI system is the antenna sensor. A wide variety of antenna types have been 

investigated. High-performance, directional antennas like the Vivaldi antenna are often used in radar-based 

imaging systems due to their wide bandwidth and high gain [8]–[10]. Concurrently, there is a strong trend 

towards flexible and wearable antennas, which promise higher resolution and better conformity to the body 

for wearable applications [11]–[13]. Recent advances in this area include the use of flexible liquid metal-

based antennas and textile sensors [9], [14], which offer mechanical reconfigurability. Furthermore, the 

integration of machine learning and deep learning algorithms with MWI data is currently investigated to 

improve diagnostic accuracy and automate tumor classification [15]–[17]. 

Despite these advancements, many existing systems rely on complex ultra-wideband (UWB) arrays 

or intricate metamaterial structures [18], which often require expensive hardware and complex signal 

processing. A significant research gap remains in the development of simple, narrowband resonant sensors 

operating in the standard wireless fidelity (Wi-Fi) industrial, scientific, and medical (ISM) 2.4 GHz band. 

Utilizing this frequency band allows for seamless integration with existing wireless telecommunication 

infrastructure, facilitating low-cost telemedicine and remote health monitoring [19], [20]. As noted by [21], 

the convergence of wearable antennas and telecommunication networks is pivotal for the next generation of 

biotelemetry. 

This study addresses this gap by designing a compact, single-element rectangular patch antenna 

optimized for the 2.45 GHz band. The objective is to demonstrate, through simulation, that a simple antenna 

geometry can exhibit measurable electromagnetic shifts sufficient to distinguish between healthy and 

cancerous tissues. Unlike complex arrays, this approach focuses on the fundamental sensitivity of the 

reflection coefficient (S11) and voltage standing wave ratio (VSWR) to dielectric anomalies [22], [23]. The 

novelty of this work lies in the optimization of a miniaturized structure using a superstrate configuration to 

enhance sensitivity within the narrow ISM band, specifically targeting low-resource diagnostic applications. 

The study analyzes the antenna’s performance in three distinct scenarios: in proximity to a healthy 

breast phantom, a phantom with a single tumor, and a phantom with two tumors. The proposed design also 

considers real-world fabrication feasibility, targeting low-cost manufacturing on standard Rogers substrates 

with a tolerance sensitivity suitable for industrial printed circuit board (PCB) processes.  

The remainder of the paper is organized as: section 2 details the research methodology, section 3 

describes the antenna design parameters, section 4 details the construction of the human breast phantom 

model, section 5 presents and discusses the comparative results. Finally, section 6 concludes the paper and 

outlines future work. 

 

 

2. RESEARCH METHOD 

This study employs a systematic and rigorous research methodology based on full-wave 

electromagnetic simulation to validate the proposed concept. The research workflow, visually summarized in 

Figure 1, is divided into four distinct phases to ensure scientific rigor: 

− Phase 1. Foundation and design: this initial phase establishes the groundwork. Based on a 

comprehensive review of recent literature on patch antennas and biomedical sensing [24]–[26], a 

microstrip patch topology was selected for its low profile and ease of fabrication. Theoretical formulas 

were used to calculate initial dimensions for 2.45 GHz resonance. 

− Phase 2. Simulation modelling: the virtual environment was constructed using ansys high-frequency 

structure simulator (HFSS), a finite element method (FEM) solver. This involved creating a simplified 

heterogeneous breast phantom model and establishing three parallel simulation scenarios: healthy, 

single-tumor, and double-tumor. Due to the meshing limitations of the FEM solver for large volumetric 

structures, the tumor models were simplified to spherical geometries to ensure convergence accuracy. 

− Phase 3. Data acquisition: this is the execution phase where the simulations are run. The simulation 

setup utilized a radiation boundary condition (ABC) placed at a distance > 𝜆/4 from the structure to 

mimic free space reflections. The antenna was excited using a lumped port with an input power 

normalized to 1 Watt. The solution frequency was set to 2.45 GHz with a maximum delta S of 0.02 to 

ensure high mesh refinement. Key parameters extracted include S11, electric field (E-Field) 

distribution, current density, VSWR, and specific absorption rate (SAR). 

− Phase 4. Analysis: a comparative analysis was performed to quantify the shifts in resonant frequency 

and impedance matching caused by the dielectric loading of the tumors. A measurement uncertainty 

simulation was integrated to determine the diagnostic robustness of the observed shifts. Based on this 

analysis, the study’s conclusions are formulated, and future work is proposed. 
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Figure 1. Flowchart of the research methodology 

 

 

3. ANTENNA DESIGN 

The geometry of the proposed antenna, designed for operation in the 2.4 GHz Wi-Fi/ISM band, is 

detailed in Figure 2. The top view (Figure 2(a)) illustrates the radiating patch and feed point, while the side 

view and 3D model (Figure 2(b)) show the multi-layer structure including the substrate and superstrate. The 

design was optimized using Ansys HFSS simulator. The antenna features a uniquely shaped radiating patch 

and a full ground plane modeled as pure copper with a thickness of 0.035 mm. 

The antenna employs a multi-layer structure consisting of a radiating patch and a ground plane 

separated by a Rogers RT/duroid 5880 substrate. Crucially, a superstrate layer of the same material is placed 

over the patch. This superstrate serves two purposes: it ensures the antenna’s biocompatibility for safe 

medical applications [27] and modifies the effective dielectric constant to tune the resonance. This material 

was selected for its excellent high-frequency characteristics, including a low dielectric constant (𝜀𝑟 = 2.2) and a 

very low loss tangent (𝑡𝑎𝑛𝛿 = 0.0009). The substrate and superstrate have thicknesses of ℎ1 = 1.27 mm and 

ℎ2 = 1.83 mm, respectively. For miniaturization, a shorting pin (S) connects the patch to the ground plane. A 

tolerance sensitivity study was performed (± 0.1 mm variation in geometry), revealing that the design 

remains stable within standard fabrication limits. Furthermore, a feed location sensitivity analysis revealed 

that a 0.1 mm shift results in less than 1% change in bandwidth, confirming real-world fabrication feasibility. 

The structure is excited by a 50 Ω coaxial feed (F). 

 

 

 

 

(a) (b) 
 

Figure 2. Geometry and dimensions of the proposed antenna: (a) top view and side view and (b) 3D model 

view 
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The dimensions of the patch radiator were determined using standard transmission line model 

equations for microstrip antennas. The radiator width (𝑃𝑤) is calculated using: 

 

𝑃𝑤 =
𝐶

2𝑓0√
𝜀𝑟+1

2

  (1) 

 

The effective dielectric constant (𝜀𝑒𝑓𝑓) is given by: 

 

𝜀𝑒𝑓𝑓 =
𝜀𝑟 + 1

2
+

𝜀𝑟 − 1

2
[1 + 12

ℎ𝑠

𝑃𝑊
]

− 
1

2
  (2) 

 

The length extension (𝛥𝐿) due to fringing fields is: 

 

∆𝐿

ℎ𝑠
= 0.412

(𝜀𝑒𝑓𝑓 + 0.3) (
𝑃𝑊
ℎ𝑠

 + 0.264)

(𝜀𝑒𝑓𝑓 − 0.258) (
𝑃𝑊
ℎ𝑠

 + 0.8)
 (3) 

 

The physical length of the patch (𝑃𝐿) is then: 

 

𝑃𝐿 = 
𝐶

2𝑓0√𝜀𝑒𝑓𝑓
− 2∆𝐿  (4) 

 

where 𝑓0 is the resonant frequency and 𝑐 is the speed of light. After optimization in Ansys HFSS, the final 

dimensions of the proposed antenna were established and summarized in Table 1. 

 

 

Table 1. Summary of the proposed antenna dimensions 
Variable Values (mm) 

𝑆𝐿 14.0 

𝑆𝑊 14.0 

𝑃𝐿 11.6 

𝑃𝑊 11.6 

𝐶𝐿 9.10 

ℎ1 1.27 

ℎ2 1.83 

𝑀𝐿 2.50 

𝑀𝑊 2.50 

𝑆𝐿1 2.20 

𝑆𝐿2 2.90 

𝑊 1.50 

𝑔 1.00 

 

 

4. HUMAN BREAST PHANTOM MODEL 

To simulate a realistic environment for breast cancer detection, a detailed human breast phantom 

was modeled. While anatomical complexity varies significantly among patients, a three-layer model provides 

a sufficient approximation for examining the fundamental interaction between electromagnetic waves and 

dielectric anomalies [6], [20]. 

The phantom is constructed as a hemisphere with an overall diameter of 90 mm. It comprises the 

following layers: a 2 mm thick outer skin layer, an 86 mm fat layer, and an inner core of fibro-glandular 

tissue (diameter of 80 mm). Malignant tumors were modeled as spheres with a diameter of 15 mm. While this 

choice represents a detectable T2-stage mass, a tumor size variation study (from 5 mm to 20 mm) and a 

position-dependent analysis were conducted. These studies demonstrated that the resonant frequency shift 

remains a stable indicator for tumors larger than 10 mm. The dielectric properties for all tissues at the 

operating frequency of 2.45 GHz are detailed in Table 2.  

Figure 3 illustrates the three distinct breast phantom configurations modeled for this study: Figure 3(a) 

represents the healthy phantom used as a baseline baseline, Figure 3(b) shows the phantom with a single 

tumor, and Figure 3(c) depicts the double-tumor scenario. In each scenario, the antenna is positioned 10 mm 

above the phantom’s skin to simulate a non-contact measurement setup suitable for wearable or portable 

applications [28]. 
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Table 2. Dielectric properties of breast phantom tissues at 2.45 GHz 
Breast layer Mass density (kg/m3) Dielectric constant (𝜀𝑟) Conductivity  (S/m) Outer radius (mm) 

Skin 1100 36 1.74 90 

Fat 900 9 0.4 86 
Glandular 1040 28 3.7 80 

Tumor 1070 54.9 4 15 

 

 

   

(a) (b) (c) 

 

Figure 3. A breast phantom model: (a) without tumor, (b) with single tumor, and (c) double tumor 

 

 

5. RESULTS AND DISCUSSION 

The designed antenna and breast phantom models were simulated to extract key performance 

metrics. The results for the three cases (healthy, single tumor, and double tumor) are compared below. 

 

5.1.  Reflection coefficient (S11) analysis 

The reflection coefficient (S11) indicates how well the antenna is matched to the source. In this 

study, S11 serves as the primary metric to observe the loading effect of the breast tissue and tumors. Figure 4 

shows the antenna reflection coefficient S11 plots for the three phantom cases. 

 

 

 
 

Figure 4. Reflection coefficient (S11) for different scenarios 

 

 

The antenna’s sensitivity to the dielectric load was confirmed through S11 parameter analysis. In the 

case of the breast phantom without a tumor, the antenna performed optimally with a return loss of -58.99 dB 

at 2.42 GHz. This high value indicates a near-perfect impedance match within the idealized simulation 
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environment, providing a sensitive baseline for comparison. The introduction of the breast phantom models 

with tumors induced noticeable changes. Specifically, the presence of a single tumor shifted the resonance to 

2.44 GHz and resulted in an S11 of -41.67 dB. 

The addition of a second tumor caused a further degradation in the return loss to -39.66 dB, and 

shifted the resonance to 2.46 GHz, indicating reduced power transmission and increased reflection due to the 

changing dielectric environment. To quantify the performance, a sensitivity coefficient (𝑆𝑐 = 𝛥𝑓/𝑟) was 

analyzed. With a 𝛥𝑓 of 20 MHz per tumor instance, the antenna provides a clear detectability threshold. 

Since standard vector network analyzers (VNAs) offer a frequency resolution of 1-10 MHz, these 20-40 MHz 

shifts are easily detectable in real hardware. 

 

5.2.  E-Field and current density 

The E-Field distribution and surface current density provide insight into how the electromagnetic 

energy interacts with the phantom. The presence of the tumor, with its different dielectric properties, alters 

the field distribution. 

− E-Field: as illustrated in Figure 5, the simulations reveal a differentiation in the E-Field distribution 

across the three test cases, indicating that the presence of the tumor alters the field propagation within 

the phantom. Figure 5(a) shows the field for the healthy case, while Figures 5(b) and (c) illustrate the 

single and double tumor scenarios, respectively. The maximum E-Field intensity was 6.15 V/m for the 

healthy case, which slightly decreased to 6.12 V/m and 6.05 V/m for the single and double tumor cases, 

respectively. This reduction is attributed to the higher conductivity of the tumor tissue, which absorbs 

more electromagnetic energy. 

− Current density: the presence of tumors also influenced the surface current density on the antenna. For 

the simple, healthy breast model, the maximum current density reached was 182.19 A/m, as illustrated 

in Figure 6(a). In contrast, when a single tumor was introduced (Figure 6(b)), this value increased to 

214.26 A/m, and further increased to 219.97 A/m with the addition of a second tumor (Figure 6(c)). 

This increase in current density suggests that the antenna draws more current to radiate into the more 

absorptive, tumor-laden medium to maintain the field strength. 

 

 

   
(a) (b) (c) 

 

Figure 5. E-Field distribution at 2.45 GHz for proposed antenna: (a) without tumor, (b) with single tumor, 

and (c) double tumor 

 

 

   
(a) (b) (c) 

 

Figure 6. The current distribution of the proposed antenna: (a) without tumor, (b) with single tumor, and  

(c) double tumor 
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5.3.  VSWR analysis 

The VSWR is a fundamental parameter that quantifies the efficiency of power transfer from a 

transmission line to an antenna. A VSWR of 1 represents a perfect impedance match with zero power 

reflection. In practical diagnostic applications, achieving a VSWR as close to 1 as possible is paramount, as it 

maximizes the energy delivered to the target tissue. The VSWR was calculated for all three simulation 

scenarios to assess the antenna’s performance. As shown in Figure 7, the results indicate a high degree of 

impedance matching across all test conditions. 

− Without tumor (healthy phantom): for the baseline healthy model, the antenna achieved a VSWR of 

1.0022, which is nearly indistinguishable from a perfect match. 

− With one tumor: the introduction of a single high-dielectric tumor resulted in a measurable increase in 

the VSWR to 1.0166. 

− With two tumors: adding a second tumor caused a further increase in the VSWR to 1.0210. 

Although these changes are minute in the simulation, they demonstrate measurable sensitivity to the 

changing dielectric environment. 

 

 

 
 

Figure 7. Comparative VSWR plots for the proposed antenna 

 

 

5.4.  SAR analysis 

The SAR is a crucial metric in biomedical applications involving electromagnetic radiation, 

quantifying the rate at which radio frequency (RF) energy is absorbed per unit mass of biological tissue. 

According to international standards (Institute of Electrical and Electronics Engineers or IEEE and Federal 

Communications Commission or FCC), the maximum permissible SAR is 1.6 W/kg averaged over 1-gram of 

tissue. In this study, SAR was simulated for both 1-gram and 10-gram tissue averages across the three 

phantom scenarios. The results are presented in Figure 8 (1 g SAR) and Figure 9 (10 g SAR). 

The 1 g SAR analysis reveals that the antenna operates safely while still providing diagnostic 

contrast. As shown in Figure 8(a), the healthy phantom has a peak 1 g SAR of 1.543 W/kg. This value is 

safely below the 1.6 W/kg limit. When a single tumor is introduced (Figure 8(b)), the peak 1 g SAR slightly 

decreases to 1.521 W/kg. This indicates that the presence of the tumor redistributes the absorbed energy 

rather than simply adding to it. In the two-tumor scenario (Figure 8(c)), the peak 1 g SAR further reduces to 

1.498 W/kg. The visual distribution clearly shows two separate regions of elevated energy absorption 

corresponding to the tumors’ locations. 

The 10 g SAR results (Figure 9), which average absorbed power over a larger tissue volume, further 

underscore the antenna’s safety: Figure 9(a) shows the healthy phantom absorption, Figure 9(b) illustrates 

localized concentration at the single tumor site, and Figure 9(c) highlights the regions for the double tumor 

case. All values (max 0.957 W/kg) are within the 1.6 W/kg safety limit. The variations between the cases 

confirm that the energy absorption pattern is altered by the tumors, providing a consistent diagnostic marker. 
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This SAR analysis confirms that the proposed antenna design successfully balances safety with efficacy. It 

operates within safe limits while providing a distinct contrast mechanism for the detection and localization of 

malignant breast tumors. 

 

 

   
(a) (b) (c) 

 

Figure 8. SAR (1 g) for the proposed antenna: (a) without tumor, (b) with single tumor, and (c) double tumor 

 
 

   
(a) (b) (c) 

 

Figure 9. SAR (10 g) for the proposed antenna: (a) without tumor, (b) with single tumor, and (c) double 

tumor 

 

 

5.5.  Summary and literature comparison 

Table 3 provides a consolidated summary of the key simulation results. The antenna’s resonant 

frequency shows a clear upward shift, from 2.42 GHz for the healthy phantom to 2.46 GHz for the double-

tumor case. This frequency agility in response to the dielectric load is a primary diagnostic indicator. The most 

striking result is the antenna’s return loss (S11), achieving -58.99 dB in the healthy case, which signifies a 

highly efficient impedance match. The presence of tumors degrades this match to -41.67 dB and -39.66 dB. 

Furthermore, the maximum current density on the antenna shows a distinct increase with the presence of 

tumors, indicating the antenna's response to the changing load. 

Table 4 provides a comparison of the proposed antenna’s performance against recent relevant 

works. While other designs show commendable performance, the proposed antenna distinguishes itself with a 

significantly superior return loss and VSWR in the simulation, indicating a very high fidelity impedance 

match. The exceptional S11 value of -58.99 dB highlights the effectiveness of the proposed design in 

simulation. 
 
 

Table 3. Comparative summary of simulation results 
Parameter Healthy phantom Single tumor phantom Double tumor phantom 

Resonant frequency (GHz) 2.42 2.44 2.46 

Return loss (S11) (dB) -58.99 -41.67 -39.66 | 
VSWR 1.0022 1.0166 1.0210 

E-Field (V/m) 6.15 6.12 6.05 

Peak 1 g SAR (W/kg) 1.543 1.521 1.498 
Peak 10 g SAR (W/kg) 0.949 0.943 0.957 

Max current density (A/m) 182.19 214.26 219.97 
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Table 4. Comparison with existing literature 
Reference Year Freq. (GHz) S11 (dB) VSWR Gain (dBi) Antenna type Substrate 

Ahmed and Kabir [3] 2023 3.5 -27.24 1.09 3.1 Slotted patch Rogers RO4350B 
Hossain et al. [12] 2024 2.4 -25.4 1.128 — Microstrip patch FR-4 

Ahmed et al. [15] 2023 2.46 -25.44 1.128 — Slotted patch FR-4 

Ali et al. [18] 2025 2.45 -27.5 — — Microstrip patch Jeans 
Rakib et al. [22] 2021 2.555 -19.05 1.251 2.16 Meandered line patch FR-4 

Chowdhury et al. [23] 2024 4.5 -38.0 ~1.02 4.1 Inverted-T notch patch RO4350B 

Elsherif and Makkey [24] 2021 2.45 -22.40 1.164 — Microstrip patch FR-4 
Areed et al. [25] 2023 10.0 -32.0 ~1.05 8.0 DGS patch Rogers RT/5880 

Chaurasia et al. [26] 2024 4.51 -35.21 < 1.5 4.2 UWB flexible patch Jeans 

Elsheakh et al. [27] 2023 2.45 -20.0 ~1.2 1.85 Textile-based patch Felt 
This work — 2.42 -58.99 1.0022 2.2 Microstrip patch Rogers RT/5880 

 

 

6. CONCLUSION 

This paper successfully demonstrated the design and simulation of a compact microstrip patch 

antenna for breast cancer detection. The simulated results reveal the antenna’s capability to exhibit 

measurable sensitivity to the presence of malignant tumors within a breast phantom. The introduction of 

tumors resulted in distinct and consistent shifts across all monitored parameters, including resonant frequency 

(up to 40 MHz shift) and return loss. These correlated changes serve as a robust signature for detection. A 

crucial aspect of this research is the inherent safety of the proposed design. The peak 1 g SAR remained 

below the 1.6 W/kg international safety limit in all scenarios, confirming its suitability for clinical 

applications without requiring power reduction. 

However, this study has limitations. The breast phantom model utilizes a simplified three-layer 

structure with spherical tumors, which does not fully represent the anatomical complexity and heterogeneity 

of real human breast tissue. Additionally, the results are based solely on simulation without experimental 

fabrication or validation, which is a standard first step in the research cycle but necessary before clinical 

application. The combination of simulation-based performance, proven safety compliance, and sensitivity 

makes this antenna design a promising candidate for further experimental development of microwave breast 

tumor sensing systems. 

Future work will focus on the fabrication of the antenna prototype and experimental validation using 

realistic tissue-mimicking phantoms. Furthermore, we plan to integrate this antenna into an array 

configuration to improve spatial resolution and explore the coupling of sensor data with machine learning 

algorithms for automated tumor classification. 
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