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Abstract 

The microwave imaging (MWI) system in medical applications is commonly used to detect abnormalities in the 

human body. The purpose of this study was to design an Antipodal Vivaldi Antenna (AVA) for medical imaging 

applications using MWI. The research method used is based on the AVA design simulation of the CST Studio Suite 

2019 application using time and frequency domain methods, which has dimensions of 60x40 mm2 with an antenna 

structure that works in the frequency range of 6.3-9.6 GHz, the impedance for bandwidth is -10 dB, using Flame 

Retardant-4 (FR-4) thickness 1.6 mm (𝜀𝑟= 4.3, tan δ = 0.025) as substrate material. A linear array of antennas was 

utilized in the simulation, either with or without a phantom. The phantom options include an absence of a phantom 

(only antennas), a cube-shaped water phantom, and a water phantom containing an anomaly. The result of the 

simulation on the AVA design produces a bandwidth of 41.61%, a gain of 5.16 dB, a return loss of -26.73 dB, a 

Specific Absorption Rate (SAR) value of 0.26 W/kg and a graph of S-parameters (S21). It can be concluded that the 

MWI system using the AVA design in this study has the potential to properly detect the presence of anomalies.  
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INTRODUCTION 

Medical imaging systems have been widely used in conventional radiology devices such 

as X-rays, CT scans, and MRIs to diagnose abnormalities in the human body [1]. These devices 

utilize ionizing radiation as the irradiation method to distinguish normal and abnormal tissue 

parameters. However, excessive exposure to ionizing radiation can cause damage to normal 

tissue, leading to ionizing effects [2]. To address this issue, the MWI technique, a safer, non-

ionizing, non-invasive, and relatively cost-effective alternative, has been introduced [3]. 

MWI produces images of human body tissues using microwave signals. The operation 

involves a tool that can generate the same type of wave, which is an antenna [4]. This antenna 

functions as both a transmitter, emitting electromagnetic energy, and a receiver, collecting 
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backscattered signals that penetrate objects. The collected signals are then processed and 

analyzed to create imaging images [5]. The Council of the European Union [6] has regulated 

radiation exposure to allow for operation within the frequency range of 3.1−10.6 GHz, with a 

Specific Absorption Rate (SAR) of 1.6 W/kg [7]. Abnormal tissue absorbs more electromagnetic 

energy than normal tissue, resulting in a noticeable difference in the imaging image. Ideally, a 

good antenna should possess high gain to detect tissue abnormalities and have high bandwidth, 

making it suitable for MWI systems [8,9]. 

The AVA is a potential candidate for use in MWI due to several advantages [10]. Firstly, 

AVA boasts a broad and even radiation pattern, facilitating improved detection of areas within 

the human body, supported by its twin-patch curve structure, which influences bandwidth, 

gain, and signal operation [11]. Secondly, AVA can operate over a wide frequency range, 

resulting in higher-resolution images. Thirdly, AVA is relatively easy to manufacture and can 

be used at an affordable cost. These advantages position AVA as a promising option for MWI 

systems [12]. 

Research and testing regarding the use of AVA in MWI have been conducted by Salleh et 

al. [4]. They provided a configuration of the AVA design for anomaly detection (based on 8 

antennas) within the frequency range of 2.06–2.61 GHz, resulting in a gain of 2.48 dBi, a 

bandwidth of 23.5%, and imaging images. A similar study was also carried out by Özmen and 

Kurt [13], who provided a configuration for the AVA design (based on one antenna). They 

incorporated a Koch fractal to detect anomalies (2 mm in size) in the form of 3D breast cancer 

at a distance of 50 mm, within a frequency range of 3.05–12.2 GHz. Detection was performed at 

a target frequency of 9 GHz, yielding a gain of 8.2 dBi, a 60.5% bandwidth, RL (Return Loss) of 

-18 dB, and imaging images. Another study, conducted by Wang et al. [14], employed an AVA 

design configuration to detect the presence of objects or human positions at a frequency range 

of 3-10 GHz, with object positions at distances ranging from 0.84 to 1 m. The target frequency 

for detection was > 6 GHz, resulting in a gain of 11.8 dBi, a 130% bandwidth, RL of -12 dB, and 

S21 analysis. 

However, previous research does not clearly address the SAR value as a limitation in the 

absorption of electromagnetic energy from the body to the artificial body (Phantom). 

Additionally, Wang et al. [14] explained S21 at long distances but did not provide an explanation 

for objects at close range. This article will focus on the configuration and structural design 

analysis of AVA as a device supporting the MWI method for medical imaging. This analysis will 

include the S11 test (antenna characterization) and the S21 test (antenna penetration) for three 

types of processing: without a phantom (antenna only), with a water phantom, and with a water 

phantom containing an anomaly (abnormal network). Furthermore, the article will analyze the 

SAR results from the Phantom in the near detection area obtained after the S21 test. 

METHOD

Object  

The study will utilize two AVAs, an FR-4 substrate (for the AVA patch), a phantom (water), 

anomalies (balls), and an area for simulation as objects. The types and object permittivity values 

are shown in Table 1.  

 

Table 1. The Relative Permittivity Value of the Object 

Object Relative Permittivity (𝜀𝑜) Description
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Susbtrate 4.3 FR-4 

Phantom 78.0 Water 

Anomalies 4.3 FR-4 
Area 1.0 Air 

 

Design  

The AVA configuration used Flame Retardant-4 (FR-4) as a substrate with a thickness of 

1.6 mm (ɛr = 4.3, tan δ = 0.025). The dimensions of the antenna rectangle are 60×40 mm2. The 

patch antenna uses copper material. The feedline dimensions 38.16×1 mm2, and the impedance 

value is 50 Ω. Curve A (the exponential part with long curvature) on the patch antenna is created 

using the Equation 1 [2]. 

𝑥(𝑡) = 𝑡 + 𝐴1 , 𝑦(𝑡) = 𝐴 + 𝑒(𝑚.𝑡)              (1) 

Meanwhile, curve B (the exponential part with a short curve) is created using the Equation 

2 [2]: 

𝑥(𝑡) = 𝑡 + 𝐵1 , 𝑦(𝑡) = 𝐵 + 𝑒(𝑛.𝑡)               (2) 

Where 𝑥(𝑡) is a function used to horizontally position the line adjusted to equations (1 & 

2), and 𝑦(𝑡) is used for vertical positioning in Equations (1 & 2). Additionally, t itself is a function 

that adds or subtracts lines in accordance with the equations provided [15]. 

 

 

Figure 1. Coordinates on the AVA Design for Short Curve (Curve B)  

and Long Curve (Curve A) 

 

The optimization of the AVA design involves specific parameters aimed at achieving a 

wide output bandwidth, high gain, and effective radiation direction during characterization 

tests and tests using phantom objects [16,17]. The curvature of the patch is designed to maintain 

a constant beamwidth within the signal's operating range in the required frequency spectrum. 

The parallel feedline configuration on the twin patch plays a significant role when AVA operates 

at high frequencies, functioning as a traveling wave radiator—a waveguide during the main 

transmission, characteristic of a non-resonant antenna with an ultra-wide bandwidth (UWB) 

range in a single direction. This configuration effort also enhances the cutoff for high frequencies. 

In contrast, when the AVA operates at low frequencies, it functions as a resonating antenna. The 

effectiveness of the radiation pattern of the antenna depends on resonance, where the width of 

the taper's mouth equals half of the effective wavelength (λmaks)[12,18,19]. The objectives of this 
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study include achieving bandwidth values exceeding 20%, gain greater than 5 dB, and a Return 

Loss (RL) below -10 dB. 

In order to achieve the desired target, the dimensions of the AVA in this study underwent 

a modification in the configuration of the exponential section. This alteration aimed to widen 

the sharp mouth of the AVA, differing from the previous work by Lu et al. [2]. Lu et al.'s [2] 

design parameters were derived through an optimization procedure using full-wave 

electromagnetic simulations, whereas our research employed the time and frequency domain 

method. The radiation flares were constructed utilizing the exponential equation [2]: 

      𝑍 =  ±𝐴 ×  𝑒𝑝∗(𝑥−𝐵)  +  𝐶                         (3) 

Where Z is a function employed to concurrently integrate the positions of the x and y axes 

during curve optimization. A and p serve as magnification factors for the curve, while B is used 

for horizontal line adjustment, and C is applied for vertical line adjustment. A comparison 

between our AVA (antenna in this study) and the antenna by Lu et al. [2] will be presented in 

Table 2 and Figure 2. 

 

 

 
(a) (b) 

Figure 2.  (a) AVA Design in This Study and (b) Lu et al.’s Antenna Design [2] for Optimization 

Parameters  
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Table 2. Comparision of Optimization Parameters Antenna 

AVA Lu et al antenna’s  

Parameter Value (mm) Description

 

Parameter 
Value (mm)/ 

Equation 
Description 

A -1.5 

The position of 

curve A on the 

Y-axis 

p 
𝑝𝑡 = −1.82; 
𝑝𝑎 = 0.094; 
𝑝𝑓 = 0.487; 

- 

B -0.5 

The position of 

curve B on the Y-

axis 

B 
0; 

𝑙𝑡 + 𝑙𝑡𝑠; 
𝑙𝑡 + 𝑙𝑡𝑠; 

𝑙𝑡: feedline 

length; 

𝑙𝑡𝑠: width of 

the feedline; 

 

A1 0 

The position of 

curve A on the 

X-axis 

C 

𝑤𝑔

2
− 𝐴𝑡; 

−
𝑤𝑡𝑠

2
− 𝐴𝑎; 

𝑤𝑡𝑠

2
− 𝐴𝑓; 

𝑤𝑔: width of 

the bottom 

patch of the 

feedline; 

B1 -20 

The position of 

curve B on the X-

axis 

Curve 

𝐸𝑡; 

𝐸𝑎; 
𝐸𝑓; 

-- 

h 1.6 Substrate Height A 

𝑤𝑡𝑠 − 𝑤𝑔

2 × (𝑒𝑝𝑡×𝑙𝑡 − 1)
; 

𝑤𝑡𝑠 + 𝑤𝑎

2 × (𝑒𝑝𝑎×𝑙𝑎 − 1)
; 

𝐴𝑓 

𝑤𝑎: wide 

mouth curve; 

𝑙𝑎: length of 

feedline to 

curve; 

k 8.01 
Feedline 

Constant 
   

m 0.101 

The Value of 

Curve 

Exponential (1) 

   

n 0.4 
The Value of 

Curve 

Exponential (2) 

   

 

Measurement of Scattering Parameter (S11 & S21) 

The simulation of the AVA design (as depicted in Figure 2a) was conducted using the CST 

Studio Suite 2019 application. The simulation commenced with measurements of S11 and S21, 

employing several initial settings, which included a simulation frequency range of 6-10 GHz, a 

time domain solver accuracy of -20 dB, and an impedance value of 50 ohms. In the first 

measurement (see Figure 3), the primary focus was on S11, which pertains to characterizing one 

antenna as the subject of the simulation test. The objective was to assess the antenna's 

performance values [20,21]. 
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Figure 3. AVA Characterization Simulation (S11) 

 

In the second measurement (see Figure 4), the emphasis shifted to the S21 parameter, 

representing the power transfer between two antennas. This experiment involved the use of two 

antennas as test subjects. The primary objective of this test was to observe signal propagation 

and attenuation when there were no physical obstructions between the antennas. The 

experiment was conducted with the two antennas positioned approximately 50 mm apart. This 

specific distance was selected to analyze the behavior of electromagnetic signals over short 

distances. By maintaining the antennas nearby, the measurement aimed to assess how 

effectively the signal could penetrate the free space between them [22]. 

 
Figure 4. Simulation S21 without Phantom 

 

In the third measurement (see Figure 5), the focus continued to be on the S21 parameter, 

representing the power transfer between the two antennas. However, this time, a different 

scenario was introduced to simulate the presence of an object between the antennas. A water 

phantom with dimensions of 20 mm³ was positioned between the two antennas. The water 

phantom served as a biological medium to investigate how the signal would behave when 

propagating through a material with dielectric properties similar to biological tissues. Such 

experiments are crucial in evaluating the performance of antenna systems in medical 

applications, where devices may need to pass through body tissues non-invasively. The water 

phantom was placed at a distance of 5 mm from the antennas [23,24]. 
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Figure 5. Simulation S21 with The Water Phantom 

 

In the fourth measurement (see Figure 6), S21 was measured by introducing an anomaly 

into the water phantom. The anomaly had a diameter of 10 mm [25]. 

 

Figure 6. Simulation S21 with The Water Phantom 

 

Measurement of Specific Absorption Rate (SAR) 

According to Ahmed, SAR is defined as a derived form of the energy level that can be 

absorbed by the body (Phantom) against the time interval from the absorption period where 
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there is an increase in body mass volume due to exposure to a specific density value. The 

equation is shown by Equation 3 [8]: 

𝑆𝐴𝑅 =
𝑑

𝑑𝑡
(

𝑑𝑤

𝑑𝑚
)          (3) 

So, based on the derivative of equation 3, dW/dm is the derivative of power per mass, and 

the SAR unit is watts per kilogram (W/kg) or milliwatts per gram (mW/g). Meanwhile, the 

definition of SAR based on the induction of the electromagnetic field is shown in Equation 4 

[26]: 

𝑆𝐴𝑅 =
𝜎.𝐸2

𝜌
          (4) 

Where σ indicates the value of the conductivity of the tissue (S/m), E represents the value 

of the internal electromagnetic energy (V/m), and is the density of the tissue mass (kg/m3). The 

SAR value in equation 4 calculates exposure to tissue mass on a scale per unit of 1 g or 10 g 

[8,9,26,27]. 

 

RESULTS AND DISCUSSION  

Analysis of S11 

The graphical results of the characterization simulation (S11) on a single antenna are 

shown in Figure 7, where the usable frequency area is under -10 dB. Generally, a good or 

efficient S11 value for an antenna should be under -10 dB, where at an S11 value of -10 dB, about 

10% of the power delivered to the antenna will be reflected. The antenna will absorb or emit 

about 90% of the power. If the value of S11 is worse than -10 dB, then more power is reflected 

in the source, and the antenna is less efficient. Therefore, S11 -10 dB is a standard or benchmark 

commonly used to indicate an antenna’s quality or efficiency [28,29]. 

 

Figure 7. Simulation S11 with The Water Phantom 

The simulation test results for one antenna in Figure 2 are characterized by an S11 graph 

in a return loss scale of -10 dB, as shown in Figure 7. The graph displays points 1 (6.2812 GHz, 

-10 dB) and 2 (9.8894 GHz, -10 dB). These points serve as reference measurements for several 

parameters listed in Table 3. 

y 

x 
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Table 3. Characterization Parameters for AVA  

Parameter Value  

VSWR 1.096 ~ 1,1 
Gain 5.16 dB 

Bandwidth 41.61% 

Directivity 6.484 dBi 

Frequency Target  7.933 GHz 

Return Loss -26.73 dB 

 

This antenna demonstrates excellent performance compared to similar experiments 

conducted by Salleh et al. [4]. Their experiment reported a directivity of only 2.48 dBi, indicating 

that this antenna exhibits superior energy concentration towards the front direction. 

Furthermore, their experiment reported a narrower bandwidth range of only 23.5%, whereas 

this antenna operates efficiently within a broader frequency range. 

Additionally, this antenna's negative return loss value of -26.73 dB is considerably lower 

than the -18 dB value reported in the Özmen & Kurt experiment [13]. This result indicates a 

better impedance match for this antenna, resulting in less power being reflected to the source. 

These results underscore that this antenna is a more efficient and high-performing choice for its 

intended application [15,28,30]. 

 

Analysis of S21  

 The graph displaying the results from the S21 experiment is presented in Figure 8. This 

graph combines all the S21 simulations into one, facilitating easier comparisons of the 

penetration performance conducted in the tests depicted in Figures 4, 5, and 6. 

 

Figure 8. S-Parameter Graph (S21) AVA Simulation Test 

The tests conducted on the water phantom section, both without the anomaly and with 

the addition of the anomaly, have revealed a noticeable shift in the graph. This shift is a result 

of the antenna's detection of abnormalities within the water phantom object [31]. To simulate 

these irregularities and facilitate detection testing, a method based on the difference in relative 

 

A 

B 
C 

D 
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permittivity values between water and air anomalies was employed. The relative permittivity 

value of the air anomaly is significantly lower than that of water, making it easier for the antenna 

to detect and causing a shift in the S-parameter values [32,33]. The coordinate points 

representing this shift are presented in Table 4. 

 

Table 4. Coordinate Point Shift on Graph S21 

Point ∆X-axis (GHz) ∆Y-axis (dB) Coordinate Shift (x,y) 

A (6.00) – (6.00)  = 0.00 (-21.47) - (-20.28)  = -1.19 (0.00, -1.19) 

B (7.37) – (7.37)  = 0.00 (-24.31) - (-23.97)  = -0.34 (0.00, -0.34) 

C (8.16) – (8.16)  = 0.00 (-22.89) - (-22.38)  = -0.51 (0.00, -0.51) 

D (9.43) – (9.26)  = 0.17 (-32.46) - (-31.56) = -0.85 (0.17, -0.85) 

 

Previous research conducted by Wang et al. [34] discovered that anomalous antenna 

penetration in the liver phantom resulted in differences in the S-parameter graph. These 

differences overlapped each other in various manipulations (presence or absence of the 

phantom), where the object absorbed the electromagnetic signal. Artificial intelligence, such as 

the phantom, can be influenced by anomalous permittivity. The variation in permittivity 

between the anomaly and the surrounding tissue can lead to differences in the intensity of the 

reflected and transmitted fields at the boundary surface [3–5,20]. Consequently, it is essential to 

take into account the material parameters of anomalous objects in the design of medical imaging 

systems and the interpretation of data. Scattering plots can illustrate how electromagnetic waves 

propagate in a medium and identify anomalies in tissues, such as tumors or cysts, providing 

valuable information for disease detection and diagnosis [9,30].  

 

Analysis of SAR (Specific Absorption Rate) 

In a previous study, Jamlos et al. [26] employed a patch antenna operating within the 

frequency range of 1.6-10.8 GHz. The antenna demonstrated a gain ranging from 3.2 dB to 14.1 

dB. The study involved SAR testing with a regulated antenna distance of 100 mm from the head 

tumor area. The object used in the experiment resembled a cube filled with liquid, featuring a 

relative permittivity value (𝜀𝑟) of 63.2, and it included an anomaly with a relative permittivity 

(𝜀𝑟) of 2.3. The results indicated that the resulting SAR level was 1.47 W/kg. 

In this article, the AVA was tested within the frequency range of 6-10 GHz, demonstrating 

a gain of 5.16 dB. The antenna was positioned 15 mm from the phantom object being tested, 

which took the form of a cube filled with water, having a relative permittivity (𝜀𝑟) of 78. An 

anomaly in the shape of a ball was introduced into the phantom, composed of air with a relative 

permittivity (𝜀𝑟) is 1. The results, obtained through simulations using the CST Studio Suite 2019 

application, indicated an absorption level of 0.26 W/kg. 

Both studies employed distinct types of antennas and objects featuring different relative 

permittivity values. However, they demonstrate that manipulating relative permittivity values 

can facilitate detection testing. Additionally, the SAR absorption levels observed in both studies 

fall within the range regulated by the Council of the European Union [8,9,33]. 

This research is constrained to specific operating frequencies in accordance with the 

regulations of The Council of the European Union, within the range of 3.1 – 10.6 GHz [6]. The 

scope is currently limited to the territory of simulation. The target limits in the AVA simulation 
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that must be achieved in this study include bandwidth values exceeding 20%, gain greater than 

5 dB, and a Return Loss (RL) below -10 dB. 

The next development phase for this research involves enhancing simulation accuracy by 

incorporating more complex and realistic environmental factors, such as wave disturbance 

modeling, to align closer with actual conditions. Additionally, expanding the variety of 

phantom and anomalous materials used is crucial to deepen the understanding and 

applicability of AVA designs for medical scanning applications. Further research focus could be 

directed toward optimizing the Vivaldi antenna geometry. Exploring ways to increase the 

radiation efficiency and gain of the antenna at a given operating frequency can lead to improved 

antenna performance. Moreover, considering polarization adjustments is essential to cater to 

the specific needs of medical scanning applications. 

Advancements in antenna technology promise improvements in various areas, such as 

electromagnetic wave propagation and signal processing. This research has the potential to 

contribute significantly to the understanding of wave behavior and antenna characteristics, 

fostering new insights and knowledge in the domain of electromagnetic theory and antenna 

engineering. Particularly within medical physics, these advancements may drive innovation in 

medical imaging by introducing a new and optimized AVA design. The primary objective is to 

enhance antenna sensitivity, ultimately contributing to early diagnosis and treatment of internal 

diseases. 

 

CONCLUSION 

In this study, the optimized AVA structure plays a crucial role in enhancing the S11 

parameters, resulting in a significant increase in bandwidth (41.61%), gain (5.16 dB), and a 

reduction in return loss (-26.73 dB), all of which are targeted performance characterization 

parameters. The S21 graph illustrates subtle yet discernible differences between overlapping 

simulated graphs using microwaves, providing evidence of the anomaly. Additionally, the SAR 

value of 0.26 W/kg remains within reasonable limits for MWI penetration. In conclusion, the 

AVA design exhibits the potential to serve as an effective anomaly detection tool in microwave-

based medical imaging applications. 
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