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Abstract: Microwave Non-Destructive Testing operates based on the principle of detecting 

variations in dielectric constants to characterize the internal structure of dielectric materials. 

Microwave scattering's ability to penetrate biological tissues and differentiate dielectric contrasts 

enables the detection of tumors within the human breast. In this research, breast tumor detection 

was performed using an Ultra-Wideband (UWB) antenna, specifically a Metamaterial-Corrugated 

Antipodal Vivaldi Antenna (MCAVA), operating within the 2–8 GHz frequency range. Materials 

with dielectric constant values equivalent to those of breast tissue and tumors were employed. 

Time-domain analysis of S-parameter data obtained from MCAVA antenna measurements 

reveals the presence of tumor within breast tissue. 

Keywords: breast tumor detection; dielectric constant; Metamaterial-Corrugated Antipodal 

Vivaldi Antenna; Microwave Non-Destructive Testing; UWB antenna

1. Introduction  

Cancer is the second leading cause of death worldwide. 

Data from the International Agency for Research on 

Cancer shows that approximately 19.3 million new cancer 

cases occurred in 2020. Among other cancers, female 

breast cancer has the highest rate, which contributes 11.7% 

(2.3 million) of the total new cancer cases. Furthermore, 

the high fatality rate of breast cancer has also led to 

685,000 deaths in 2020 1–3). In Indonesia, breast cancer also 

dominated the statistics. In 2022, there a 66,271 (16.2%) 

new breast cancer cases diagnosed in Indonesia 4). The late 

detection of breast tumors (before they develop into 

cancer) is the major contributor to the high number of 

deadly cancer cases 5). Therefore, implementing early 

breast tumor detection is very crucial for the effective 

treatment process, particularly to avoid the tumor 

progressing to more critical stages. 

To support this, non-invasive detection techniques have 

emerged as valuable methods in identifying abnormalities 

within breast tissue at an early stage without causing 

discomfort or harm to the patients. One such emerging 

technique is microwave-based diagnostics. This method 

has several advantages, including being non-ionizing and 

non-invasive 6), meaning it does not cause harm to the body 

and is safe for pregnant women 7–9). Additionally, it can be 

performed repeatedly and has relatively low production 

and operational costs 10).  

The use of the microwave for tumor detection is based on 

the principle of microwave scattering in the breast and 

utilizes differences in dielectric constants within body 

tissues to distinguish between healthy tissue and the 

presence of a tumor 6,11). This is similar to the microwave 

nondestructive testing method, which relies on dielectric 

constant differences to detect defects in non-metallic 

materials 12–14) or detects a buried object 15–17).  

Additionally, several studies on breast cancer detection 
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also apply time-domain analysis 18–21). This method allows 

for the identification of tumors based on the amplitude of 

the reflected waves. Focuses on how the signal changes 

over time. This technique is very useful for detecting 

transient events like tumor reflection and detecting the 

tumor location. Motivated by the effectiveness of this 

approach, the method developed in this research also uses 

time-domain graph analysis and microwave non-invasive 

diagnosis as a basis to identify and locate breast tumors.  

One of the limitations of the methods in the previous 

studies is the use of the near-field probes as tumor 

detection sensors, which may cause contact discomfort or 

skin irritations. In correlation to these limitations, some 

studies have explored the use of ultra-wideband (UWB) 

antennas as the sensing element for tumor detection, 

including circular patch 22), rectangular patch 23), log 

periodic 24), metamaterial 25), and Vivaldi 26–29).  

Vivaldi antenna has high potential for breast cancer 

detection applications due to its UWB characteristics 29) 

and directional 28). Concerning these advantages, the 

antenna developed in this study is designed based on an 

antipodal Vivaldi antenna. In tumor detection using 

microwave, gain is one of the key components that affects 

antenna performance. Antennas with higher gain focus 

energy more effectively, producing stronger signals that 

improve image clarity, enhance detail detection, less 

interference, and extend detection range 30)31). Table 1 

presents information from previous studies involving four 

antennas with different gain values. In addition to the gain 

variation, changes were also observed in the size of the 

detected tumors. In these cases, higher gain antennas 

demonstrated improved detection capabilities, as indicated 

by the ability to detect smaller tumor sizes. 

However, based on the important of gain, to increase the 

gain, this study made some modifications to the antenna 

design. This enhanced gain aims to better penetrate the 

breast phantom skin made from polylactic acid (PLA). The 

antipodal Vivaldi antenna is designed to operate within the 

Table 1: Comparison from 4 antennas with different gain and 

ability of detectable tumor size detection 

Antenna 

Type 

Frequency 

Range 

(Bandwidth) 

(GHz) 

Peak 

Gain 

(dBi) 

Detectable 

Tumor Size 

Detection 

(mm) 

UWB 

Antipodal 

Vivaldi 32) 

3.6 – 13  9.27 0.9 

UWB 

Antipodal 

Vivaldi 33) 

3.05 – 12.2 8.3 2  

UWB Vivaldi 
34) 

3 - 10 6 2.5  

Tapered Slot 

UWB Vivaldi 
35) 

2.79 – 16.66 5 10  

2 – 8 GHz frequency range. Meanwhile, the skin breast 

phantom used is constructed from PLA material, shaped 

using 3D printing technology as its container, where the 

breast tissue phantom and tumor are made from equivalent 

materials. 

2. Method and experimental setup 

2.1. Design of Antipodal Vivaldi Antenna  

In this study, the Antipodal Vivaldi UWB antenna is 

modified to achieve higher gain compared to a 

conventional antipodal Vivaldi. Several techniques can be 

employed to enhance the gain of an antipodal Vivaldi such 

as antenna slots 36), corrugated, and metamaterial 37,38), 

array 39,40), substrate, dielectric lens, and substrate-

integrated waveguide 41).  

This study proposed metamaterials and corrugations 

techniques to increase the antenna gain. The design 

parameters for the antipodal Vivaldi antenna are shown in 

Table 1. The design of an Antipodal Vivaldi antenna is 

influenced by its inner and outer edge tapers, which are 

calculated as follows. 

𝑦 = 𝐶1𝑒𝜏 + 𝐶2     (1) 

In this context, y refers to the curve and τ indicates its 

tapered rate constant. With the antenna's geometrical 

parameters, C1 and C2 can be derived using the following 

calculations 

𝐶1 =
𝑦1−𝑦1

𝑒𝜏𝑥1−𝑒𝜏𝑥2
     (2) 

𝐶2 =
𝑦1𝑒𝜏𝑥2−𝑦2𝑒𝜏𝑥1

𝑒𝜏𝑥2−𝑒𝜏𝑥1
     (3) 

Meanwhile, (x1, y1) represent the starting coordinates and 

(x2, y2) represent the ending coordinates of the curves. 

Then the length and the other parameter from Antipodal 

Vivaldi Antenna are shown in Table 1. 

Schematic design of the proposed antenna is illustrated in 

Figure 1. The corrugated are applied in the 2 side of 

antenna and metamaterials are attached at the Vivaldi 

antenna to support gain enhancement as shown in Fig 1. 

The proposed antenna (Metamaterial-Corrugated 

Antipodal Vivaldi Antenna) is then fabricated over FR4 

substrate material due to its low permittivity42). 

A comparison of the S11 characteristics between the 

proposed design and the conventional antipodal Vivaldi 

antenna is shown in Figure 2. The S11 simulation is done 

using CST microwave studio. From the simulation results, 

both conventional and proposed design showed can fulfils 

the bandwidth requirement in this research, in range of 2 – 

8 GHz. The proposed design with corrugated elements and 

metamaterials successfully maintain the bandwidth. The 

existence of metamaterials did not affect the bandwidth 
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Table 2: Parameters of the proposed design antipodal Vivaldi 

antenna 

Parameters Dimensions (mm) 

L 95 

W 100 

Tapered rate constant (τ) 0.1 

La 62 

Wn 3 

D 1.875 

Da 0.75 

 

Fig. 1: Proposed Design of Antipodal Vivaldi  

 

Fig. 2: S11 characteristics of proposed and conventional 

design antipodal Vivaldi antenna 

 

Fig. 3: Gain Comparison from Simulation between 

Conventional and Proposed Design 

 

Fig. 4: Breast and Tumor Phantom 

range due to their electrically smaller size compared to 

resonant wavelength of Vivaldi antenna. Metamaterials 

with their inductive nature compensates the capacitance 

from the antenna. This leads to a maximum power transfer 

to the Antipodal Vivaldi antenna, thus increasing the 

antenna gain for most of the antenna's bandwidth 

(especially in the 2 - 6 GHz range), as shown in Figure 3. 

2.2. Breast and tumor phantom  

The breast phantom and tumor in this study use materials 

according from this research 43), with dielectric constant 

values equivalent to actual body tissues. This study 

considers only two breast tissue components: the gland, 

representing the breast, and the tumor. The container for 

the breast and tumor phantom was printed using 3D 

printing with PLA filament with diameter 11 cm The gland 

material was prepared using a mixture of 50 ml deionized 

water, 6 g NaCl, and 30 g wheat flour, while the tumor 

material consisted of 100 ml deionized water and 8 g NaCl. 

The result of mixing process for both the gland and tumor 

phantoms is shown in Figure 4. 

2.3. Verification constant dielectric from the 

phantom 

The breast tumor detection system using microwaves is 

based on detecting microwave scattering variations in 

different materials, influenced by differences in dielectric 

constants. Therefore, to ensure a difference in dielectric 

constants in the fabricated phantoms, verification of 

dielectric characteristics was conducted. Based on 

previous research, dielectric constant characteristics can be 

measured using metamaterial split-ring resonators44,45). 

Therefore, in this study, the dielectric constant 

characteristics are measured using a split-ring resonator. 

Measurements were performed using a complementary 

split-ring resonator, as shown in Figure 5. The gland and 

tumor phantoms were placed in a container, which was 

then positioned on top of the sensor. The sensor operates 

at a cutoff frequency of 1.9 GHz. Verification was carried 

out by analyzing the difference in dielectric constants 

through variations in the cutoff frequency of the two  
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Fig. 5: Measurement of the characteristic of a constant 

dielectric from a phantom 

phantoms. 

2.4. Breast tumor detection setup 

Figure 6 shows the measurement setup for the tumor 

detection system by implementation microwave non-

destructive testing method 13,14). The Microwave Non 

Destructive Testing method used is microwave 

reflectometry. The working principle of this method can be 

seen in Figure 6 13)15) The antenna/probe is placed at a far-

field distance from the material under test, where the far-

field distance depends on the antenna dimensions and the 

minimum operating frequency. In this case, the 

propagation medium between the antenna and the material 

under test is air. The material under test is also positioned 

at a distance from a reference metal plate, with air serving 

as the separating medium. The measurement parameter 

used in this method is S11, which reflects the propagation 

path of the signal: from the antenna, through air, the 

material under test, and air again, before being reflected by 

the metal plate. In addition to serving as the object that 

reflects the antenna's propagation in the S11 measurement, 

the metal plate also functions as a reference and a marker 

to indicate the position and representation of the material 

under test. This is because the propagation from the 

antenna is fully reflected upon striking the metal plate. 

Apart from that, the metal plate also has a function in 

limiting the possibility of noise/interference from 

electromagnetic waves originating from the surrounding 

environment. 

The reflected signal is then captured by the same 

antenna/probe. The S11 propagation from the antenna 

passes through different media and materials, where 

variations in dielectric constants can cause changes in the 

measured S11 values. As a result, defects in the material 

under test can be identified based on these changes. 

Following the principle of the non-destructive testing 

method as illustrated in Figure 6, the principle is then 

implemented for tumor detection, as shown in Figure 7. 

Before measurements are taken, the ports on the network 

analyzer are calibrated first. Then, the antenna connected 

to a port in a Vector Network Analyzer. The antenna is 

placed facing each other with the breast and tumor 

phantom, the opposite side the metal facing the breast and 

phantom tumor. The length of metal is 20 cm. The 

measurement is conducted using scattering parameter S11, 

where one antenna functions as the transmitter and the 

 

Fig. 6: Principle of Microwave Non-Destructive Testing 

Method 

 

Fig. 7: Measurement setup 

receiver. The distance between the antenna and the breast 

phantom is 1 cm. Therefore, the distance from metal to 

breast and tumor phantom is 10 cm. For data collection, 

the breast and tumor phantom was moved vertically from 

one metal end to the other as shown in Figure 6, taking data 

every 1 cm of phantom displacement. The difference in S11 

values caused by the variation in dielectric constants 

between the tumor and breast tissue (glandular) will 

indicate the presence or absence of a tumor in the breast. 

In this study, time-domain measurement data is also 

collected to detect the presence and position of the tumor. 

In the S11 converter settings on the network analyzer, the 

windowing used is the Kaiser window with minimum 

parameters, which is useful for filtering the noise produced 

during measurements. Time-domain measurements are 

obtained from the vector network analyzer, where 

theoretically, the time-domain response is derived from the 

IFFT transformation of the antenna's S11 data. The time 

domain is utilized because, in this domain, the position of 

the tumor can be identified. The result of this domain is a 

plot of time versus measured amplitude, where the time 

can be used to calculate distance, and changes in the 

amplitude indicate variations in the dielectric constant of 

the material under test—in this case, a tumor within the 

breast (glandular tissue). 

3. Results and discussion 

This chapter discusses the results of the characteristics of 

metamaterial-corrugated antipodal Vivaldi antenna, the 

verification of dielectric constant characteristics, the S11 
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measurement of the breast phantom with and without a 

tumor, and the inverse time-domain graph and mapping 

derived from the measured S11 graph. 

3.1. Characteristics of Metamaterial-

Corrugated Antipodal Vivaldi Antenna 

The result of fabrication of Metamaterial-Corrugated 

Antipodal Vivaldi Antenna (MCAVA) is shown in Figure 

8. In Figure 9, a comparison of the S11 measurement results 

and simulation for the MCAVA is presented. It was 

observed that the measurement results are generally 

optimal, though performance is slightly suboptimal in the 

4.6 – 4.8 GHz range. Figure 10 shows the comparison of 

gain between simulation and measurement. It can be seen 

that there is a similarity in the trend of both graphs, 

although the values differ at each frequency. This 

discrepancy of can likely be attributed to variations in the 

dielectric constant of the substrate and copper, as well as 

imperfections in the fabrication process. As shown in 

previous studies 46), variations in the dielectric constant of 

the fabricated antenna can significantly affect both S11 and 

gain. Fabrication imperfections, such as errors during the 

etching process or PCB printing, can cause surface 

irregularities or dimensional changes in the copper layer. 

In addition, imperfections can also be influenced by the 

manual soldering process of the antenna with the connector. 

These defects can the impedance matching of antenna and 

it can change or shift in the S11 and gain performance 47). 

 

(a) 

 

(b) 

Fig. 8: Fabrication of MCAVA in (a) top view and (b) 

bottom view 

 

Fig. 9: S11 from Metamaterial-Corrugated Antipodal 

Vivaldi Antenna 

 

Fig. 10: Gain measurement of the MCAVA 

3.2. Verification characteristics of the dielectric 

constant of breast and tumor tissue 

The graph shown in Figure 11 represents the measurement 

results of the dielectric constant characteristics of the 

fabricated phantom. The results of the negative peak values 

between the gland tissue phantom and the tumor tissue, 

around 1.8 GHz, where the gland peak at 1.825 GHz with 

peak of S21 value is -38.776 and the tumor at 1.843 GHz 

with S21 value of -36.436, that indicate a difference. This 

verifies that the two fabricated tissue phantoms have 

different dielectric constant values and can be used as 

phantoms in this study. 

3.3. Breast tumor detection 

Figure 12 shows the experimental setup of the breast tumor 

detection. It is the representation from measurement setup 

in Figure 7. The S11 mapping results along the breast and 

tumor phantom positions, obtained by shifting the phantom 

1 cm along the metal plate dimension, were then 

transformed into the time domain using the Inverse Fast 

Fourier Transform (IFFT) method. A mapping of this data 

is then presented in Figure 13. 

The minimum detectable tumor size can be obtained by 

using the time domain resolution and depends on the 

frequency range and windowing of the time domain 

measurement. In this paper, the calculated time domain 

resolution (td) is 75 ps. If this value is used in the 

calculation for distance resolution, td x c x 0.66, where c is 

the speed of light and 0.66 is the velocity factor of the 

coaxial cable, the distance resolution can be obtained as 15 

mm. For the S11 measurement, the distance resolution is 

halved; therefore, the distance resolution of the 

measurement is around 7.5 mm. This distance resolution is 

related to the minimum size of the tumor detection. 

Figure 13 shows the mapping results for three conditions: 

when the phantom measured was solely the PLA breast 

phantom container, the gland without a tumor, and the 

gland with a tumor. In each image, around time domain 

index 5, a large dB value is visible, indicating the antenna's 

proximity to the outer part of the phantom. Meanwhile, at 

a time domain index around 43, a large amplitude value of 

approximately 45 dB suggests the presence of metal. This 
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is due to the high reflected power from the S11 

measurement, which only occurs when electromagnetic 

waves strike a metal plate. 

Comparing the three Figures reveals differences in the 

central region, specifically around coordinates (x, y; 7, 25). 

This indicates the detection of a tumor positioned in the 

central part of the phantom. The presence of the tumor is 

shown by varying amplitude values in the central section 

across each Figure. The amplitude difference observed in 

Figure 13 (b) and (c) signifies a difference in dielectric 

 

Fig. 11: Graph of dielectric constant characteristic from 2 

phantoms 

 

Fig. 12: Measurement of Breast Tumor Detection 

 

(a) 

 

(b) 

 

(c) 

Fig. 13: Mapping of time domain analysis from (a) PLA 

Breast phantom (without gland and tumor phantom) (b) 

Gland without Tumor Phantom (c) Gland with Tumor 

Phantom 

constant values between the gland (breast) and the tumor. 

This amplitude variation demonstrates that a tumor can be 

detected using the microwave non-destructive testing 

method implemented in this study. 

4. Conclusion 

An experiment on breast tumor detection has been 

conducted using time-domain graph analysis in accordance 

with the principles of microwave non-destructive testing. 

An UWB antenna type of Antipodal Vivaldi modified with 

corrugated and combined with metamaterials is used to 

increase of gain characteristics. The presence and position 

of the tumor is observed from the time-domain analysis 

mapping calculated from of the S11 measurement. Based 

on the experiment, tumor detection can be performed using 

microwave non-destructive testing. 
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