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ABSTRAK 

Kertas kerja ini membentangkan antena Vivaldi jalur lebar ultra untuk 

pengukuran-tanpa-musnah dalam aplikasi 5G. Kaedah Free-space membolehkan 

pencirian dielektrik tanpa merosakkan material pada julat frekuensi yang luas. 

Penggunaan antena Vivaldi dalam sistem pengukuran-tanpa-musnah telah diperkenalkan 

untuk mengurangkan ruang persediaan dalam system pengukuran tersebut. Projek ini 

bertujuan untuk mereka bentuk antena Vivaldi dengan menyelidik dimensi reka 

bentuknya dan menganalisis Return Loss (S11), Voltage Standing Wave Ratio (VSWR), 

bentuk radiasi dan gain. Antena telah direka pada substrat FR-4 dengan ketebalan 1.5mm 

(83.9*80.6*1.6mm). Selain itu, beberapa analisis telah dilakukan, antaranya analisis jenis 

reka bentuk Vivaldi, kesan radius bulatan kaviti pada prestasi antena, dan analisis jenis-

jenis Feeding. Antena Vivaldi yang dicadangkan telah difabrikasi menggunakan teknik 

etching dan diuji menggunakan Vector Network Analyzer. Hasilnya, reka bentuk yang 

dicadangkan mempunyai frekuensi resonan 5GHz dan beroperasi dalam julat frekuensi 

4.1 hingga 6 GHz dengan S11 di bawah -10dB dan VSWR antara 1 dan 2. Reka bentuk 

yang dicadangkan boleh menghantar dan menerima signal dengan jalur lebar yang luas 

dengan nilai directivity bersamaan 6.8dBi, dan nilai gain bersamaan 5.11dBi. 
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ABSTRACT 

This paper presents an ultra-wideband Vivaldi antenna for non-destructive 

measurement in 5G applications. The free-space method enables the non-destructive 

dielectric characterization of materials over a wide frequency range of different material 

characterization techniques. The use of the Vivaldi antenna in the non-destructive 

measurement system has been introduced to reduce the measurement setup space. This 

project aims to design the Vivaldi antenna by investigating its design dimensions and 

analyzing the antenna performance by its return loss (S11), Voltage Standing Wave Ratio 

(VSWR), radiation pattern, and gain. The antenna is designed on the FR-4 substrate with 

a thickness of 1.5mm (83.9*80.6*1.6mm). Several analyses have been done, which 

include the Vivaldi design type analysis, the effect of cavity radius, and the feeding type 

analysis. The proposed Vivaldi antenna has been fabricated using etching techniques and 

tested using the vector network analyzer. As a result, the proposed design has a resonant 

frequency of 5GHz and operates in the frequency range of 4.1 to 6 GHz with a return loss 

below -10dB and VSWR between 1 and 2. The proposed design can send and receive 

signals with a wide bandwidth, high directivity of 6.8dBi, and a gain of 5.11dBi. 
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CHAPTER 1 

 

 

INTRODUCTION 

1.1 Project Background 

A non-destructive measurement system is a system that measures the 

characteristics of materials without changing the structure of the material [1]. The 

characteristics of a material can be obtained by measuring its electrical properties. 

Electrical properties are consists of conductivity, dielectric strength, arc resistance, 

permittivity, and dissipation factor [2].  For example, the purity of a bar of gold can be 

determined by measuring its conductivity value and comparing it with the conductivity 

value of natural gold. Besides that, the system can be used in the agriculture applications 

[3][4][5], A non-destructive measurement system does not require sample preparation 

and can be applied directly to the material. Therefore, this system can provide fast and 

accurate evaluations in many applications [4]. 

There are four standard methods for measuring the permittivity of the material. 

The methods include the transmission/reflection method [6], the open coaxial probe 

method [7], the resonant method [8], and the free-space method [9]. Sample preparation 

is required for the transmission/reflection method, open coaxial probe, and resonant 

methods [10]. The sample preparations include cutting, compressing, and extruding the 

material to be measured. These methods are called "destructive tests." In contrast, the 

free-space method only requires that the material under test be parallel in between the 

sensors. 

Since no sample preparation is required, the free space measurement method or 

can be called as the non-destructive measurement method is the most straightforward 

approach to determining the permittivity of a material. The non-destructive measurement 

system is a measurement setup that consists of a Vector Network Analyzer (VNA), two 
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sets of antennas (transmitter and receiver), and the material to be tested [10]. The antennas 

are used to fire the microwave beam through the material sample, and the VNA measures 

the reflection coefficients [3]. The benefits of non-destructive measurement system 

include high-frequency measurement, which is suitable for measuring solids and liquid 

samples. Figure 1.1 below shows the measurement setup of non-destructive measurement 

system. 

 

Figure 1.1 Non-destructive Measurement Setup [10]. 

 

A high-performance antenna design is needed to create the non-destructive 

measurement setup. The antenna needs to have high directivity and good radiation 

characteristics [11]. Based on previous research on non-destructive measurement system 

[4], the horn antenna is the most common type of antenna used in the measurement setup 

because it has high directivity and good radiation characteristics. Figure 1.2 below shows 

the structure of the horn antenna with its radiation gain. 
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Figure 1.2 Horn Antenna Structure and Radiation Gain [11]. 

 

Another type of antenna that can provide almost the same performance as the horn 

antenna, which is the Vivaldi antenna. The Vivaldi antenna is a planar antenna that can 

operate in Ultra-Wide Bandwidth (UWB) frequencies ranging from 3.1 to 10.6 GHz 

[12][13][14]. In addition, the Vivaldi antenna is more compact compared with the horn 

antenna. The Vivaldi antenna can fit into small spaces with its planar and compact design. 

Figure 1.3 below shows the structure of the Vivaldi antenna with its radiation pattern. 

 

Figure 1.3 Vivaldi Antenna Structure and Radiation Pattern [15]. 
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1.2 Problem Statement 

A non-destructive measurement system allows rapid evaluation with no sample 

preparation and contactless measurement [4]. Based on previous research on the non-

destructive measurement system [10][4][16], the horn antenna is the most common 

antenna type used in the measurement system.  

Due to the big and bulky structure of the horn antenna, the non-destructive 

measurement system requires a large setup space. In addition, the size of the antenna 

needs to be smaller than the material to be measured to reduce the diffraction from the 

edge of the material [10]. To overcome these issues, a simple and compact antenna is 

required.  

According to research [15], Vivaldi antenna can provide a high gain and good 

radiation characteristics. With its planar and compact design, the Vivaldi antenna is a 

promising antenna to be applied in the free-space measurement system or can be said as 

non-destructive measurement system. Therefore, the optimal Vivaldi antenna design is 

being proposed to achieve good performance and can be used in non-destructive 

measurement applications. 

 

1.3 Objective 

The purpose of this project is to design a Vivaldi antenna for non-destructive 

measurement applications by: 

• To design the Vivaldi antenna by investigating its optimal dimension and 

dielectric material used for the substrate. 

• To analyse the Vivaldi antenna's performance by its Return Loss, Voltage 

Standing Wave Ratio (VSWR), gain, and radiation directivity. 

• To fabricate the Vivaldi antenna and evaluate the performance in the non-

destructive measurement system 
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1.4 Project Scope 

The limitation of this project is: 

• To design a Vivaldi antenna that operates in a G-band frequency (4 to 6 

GHz) with a resonant frequency of 5GHz. 

• The Vivaldi antenna's return loss should be below -10dB and its VSWR 

should be between 1 and 2 to achieve the excellent performance of the 

antenna. 

• The Vivaldi antenna is designed and simulated using the Computer 

Simulation Technology (CST) Studio Suite. 

• To fabricate two units of the Vivaldi antenna as a transmitter and receiver 

in the non-destructive measurement system. 
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CHAPTER 2 

 

 

LITERATURE REVIEW 

2.1 Introduction 

In this chapter, various Vivaldi antenna designs from previous research are being 

reviewed to assist in the process of completing the project of designing the Vivaldi 

antenna. The reference sources are gained from past theses, research journals and articles, 

and related videos from the internet. From the reviews, observations have been made to 

identify the methods for designing a Vivaldi antenna. Aside from that, the simulation 

results from the various antenna designs are being studied to analyse the performance of 

the antennas. This information is critical for designing a Vivaldi antenna that can be 

applied in a non-destructive measurement application. 

 

2.2 The Theory of Vivaldi Antenna Design 

The structure of the Vivaldi antenna designs is divided into three parts: the 

radiating structure, substrate, and feeding structure. The radiating structure of the Vivaldi 

antenna design is in the exponential curve form as shown in Figure 2.1. Hasan et al. 

(2018) [15] say that the lower cut-off frequency is based on the maximum x-coordinate 

(x2) and the higher cut-off frequency is based on the minimum x-coordinate (x1).  
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Figure 2.1 Exponential Curve of the Radiating Structure [15]. 

 

Based on Figure 2.1, the expression of the exponential curve is given as in 

equation 2.1: 

𝑦 = ±𝑠𝑒𝑟𝑥 2.1 

 

Where s is a constant and r is the taper rate of the curve. Based on Guruswamy et 

al. (2019) [12], The taper rate, r can be expressed as in the equation 2.2. 

𝑟 =
1

𝐿𝑎
𝑙𝑛 (

𝑊𝑎

2𝑠
) 

2.2 

 

Where La is the aperture length and Wa is the aperture width. 
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2.3 Vivaldi Antenna Designs from Research Article 

Several Vivaldi antenna designs from the research articles that have been 

published were reviewed. The purpose is to study more about antenna designs and it helps 

with ideas in designing the antenna. 

 

2.3.1 A Printed Compact UWB Vivaldi Antenna with Hemi Cylindrical Slots and 

Directors for Microwave Imaging Applications 

The antenna design is proposed by Guruswamy et al. (2019) to detect breast 

cancer by using microwave imaging systems [12]. This paper describes the modification 

of the basic design of the Vivaldi antenna by adding hemi-cylindrical slots on the edges 

of the antenna to increase the electrical length and energy focus on the center of the 

aperture. Figure 2.2 and Figure 2.3 below show the basic design and the proposed design 

of Vivaldi antenna. 

 

Figure 2.2 Reference Design [12]. 
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Figure 2.3 Vivaldi Antenna with Hemi Cylindrical Slots and Directors 

(VAHCSD)[12]. 

 

The proposed Vivaldi antenna design is printed on FR4 substrate with dielectric 

constant of 4.3, loss tangent of 0.025 and thickness of 0.8mm. Table 2.1 below shows the 

design parameters of the proposed antenna structures. 

Table 2.1 Dimension Parameters of VAHCSD [12]. 

Parameter  Value (mm) Parameter Value (mm) 

L  49 H 6.75 

W  48.4 G 2 

Wa  38.2 G1  0.75 

S 0.4 Ws 0.75 

R 1.8 Ls 6 

 

The proposed antenna is designed and simulated in Computer Simulation 

Technology (CST) software. Figure 2.4 and Figure 2.5 below show the return loss and 

the radiation pattern of the proposed antenna. 
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Figure 2.4 Return loss of VA, VAHCS and VAHCS with director [12]. 

 

 

 

Figure 2.5 Radiation Pattern of Proposed Antenna at 6GHz [12]. 

 

Based on Figure 2.4, the return loss value is below -10dB from 2.9 to 10.4 GHz. 

By adding the hemi cylindrical slots and directors, the resonant frequencies are at 

3.18GHz, 4.73 GHz, 5.94 GHz, 8.65 GHz, and 9.97 GHz. The radiation patterns show a 

directional pattern in Figure 2.5. 
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2.3.2 Dispersion Characterization of a UWB Vivaldi Antenna in Time and 

Frequency Domain 

In this article, the researcher investigated a Vivaldi antenna for ultra-wideband 

applications with a thorough dispersion analysis [15]. The antenna design has an 

impedance bandwidth of 1.45 GHz to 5.35 GHz. At 4.5 GHz, the radiation pattern 

achieves a peak gain of 10.5 dBi. The antenna design is fabricated using a Taconic RF-

35 substrate with a dielectric constant of 3.5, loss tangent of 0.0018 and a thickness of 

1.52mm. The Vivaldi antenna are being designed and simulated using ANYSS HFSS 

software. Figure 2.6 and Table 2.2 below show the antenna design with its dimension 

parameters. 

 

Figure 2.6 Vivaldi Antenna Design with Dispersion Analysis: a) Top view, b) 

Bottom view [15]. 

 

Table 2.2 Dimension Parameters of VA Design with Dispersion Analysis [15]. 

Parameter Value (mm) Parameter Value(mm) 

L 195 m 19.5 

W 145 t 3.38 

Q 165 d 85.5 

P 132.78   
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As a result, the Vivaldi antenna design with dispersion analysis has the resonant 

frequency at 2.5 GHz and the antenna can operate excellently in the frequency range of 

1.5 to 5.5GHz as shown in Figure 2.7. Figure 2.8 below shows the radiation pattern of 

the proposed antenna design at 2GHz. 

 

 

Figure 2.7 Return Loss Plot of the Antenna [15]. 

 

 

Figure 2.8 Radiation Pattern at 2GHz [15]. 
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2.3.3 An L-Band Ultra-Wide Band Vivaldi Antenna with Wide Beam Angle 

In this article, the antenna design is proposed to realize the miniaturization and 

wide beam of the antenna in the low frequency band by adapting a rounding technique  

[17]. The antenna design can operate at frequencies ranging from 1.01 GHz to 2.37 GHz. 

The antenna has potential to be applied in the missile borne field and mobile applications. 

FR-4 substrate is being used in the antenna design with dielectric constant of 4.3 and 

thickness of 1.6mm. Figure 2.9 and Table 2.3 below show the Vivaldi antenna design 

with its dimension parameters from this article. 

 

Figure 2.9 L-Band UWB Vivaldi antenna: a) Top view, b) Bottom view [17]. 

 

Table 2.3 Dimension Parameters of L-Band UWB Vivaldi Antenna [17]. 

Parameter  Value (mm) Parameter Value (mm) 

L  231 W2 1.1 

W  154 W3  1.8 

Ws  1.4 W4 3.1 

R1 14 K1 167 

R2 24 K2 1.5 

W1 0.7 K3 65 

 

The proposed Vivaldi antenna are being designed and simulated using CST 

software. Figure 2.10 and Figure 2.11 below shows the return loss and the radiation 

pattern at 1.4GHz. Based on the results below, it has a resonant frequency of 1.25 and 2.1 

GHz with directional radiation pattern. 
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Figure 2.10 S11 of UWB L-Band Vivaldi Antenna [17]. 

 

 

Figure 2.11 Radiation pattern E-plane and H-plane at 1.4GHz [17]. 
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2.3.4 Design of a Vivaldi Antenna with Wideband Reduced Radar Cross Section 

 

In this article, a low radar cross section (RCS) is proposed to achieve a reasonable 

RCS reduction without affect the performance of the antenna [18]. Object shaping 

method are being applied in this project by using circle slot on the antenna. The circle 

slot can minimize the scattering along the surface of the antenna. Taconic RF-60 are being 

used as substrate in the antenna design with a dielectric constant of 6.15, loss tangent of 

0.0038 and thickness of 0.5mm. Figure 2.12 and Figure 2.13 below shows the design of 

the antennas. 

 

Figure 2.12 Reference Design [18]. 

 

 

Figure 2.13 Reduced RCS Vivaldi Antenna [18]. 
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The proposed antenna is being designed and simulated using CST software. Based 

on the simulation result, the antenna can operate in 7GHz to 11GHz and can provide 

11dB of radiation gain. Figure 2.14 and Figure 2.15 below shows the simulation results 

of the proposed antenna design. 

 

Figure 2.14 Reflection Coefficient of Reference and Proposed Antenna [18]. 

 

 

Figure 2.15 Gain Comparison of Reference and Proposed Antenna [18]. 
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2.4 Non-destructive Measurement System Development 

The non-destructive measurement system applies the principle of the free-space 

method (FSM). The FSM measurement setup consists of a Vector Network Analyzer 

(VNA), two units of antenna (transmitter and receiver), and a material sample to be 

measured for its dielectric properties, which can be called Material Under Test (MUT). 

Previous research article on FSM will be reviewed to study the concept of the 

measurement system. 

2.4.1 Free-Space Characterization of Radar Absorbing Non-Magnetic Materials 

in the W-Band 

The free space measurement setup for characterization of radar absorbing non-

magnetic materials at W-band frequency is presented in this article. The measurement 

setup includes two horns with lens antennas, as well as a micrometer-precision 

positioning fixture for calibration [16].The focused beam lens are used to minimize the 

diffraction to the sample edges. Figure 2.16 below shows the free space W-band setup. 

 

Figure 2.16 W-band Free Space System Setup [16]. 

The characterization of the sample material under test depends on the precision 

measurement of the S-parameters. Therefore, the calibration is required to reduce the 

measurement error. The calibration of the free space measurement setup applies the Thru-

Reflect-Line (TRL) method. Figure 2.17 below shows the illustration of the TRL 

calibration. 
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Figure 2.17 Free Space TRL Calibration [16]. 

 

Based on the Figure 2.17 above, the 'Thru' calibration is done by pointing the two 

antennas focused on the reference plane. The distance between the antenna and the 

reference plane is 30.5 cm. Then, in the 'Reflect' calibration, the gold-plated mirror with 

a thickness of 6.35mm was placed in between the two antennas. The focal lens of the port 

2 antenna was moved by a distance d1=d+D from the reference plane because of the 

thickness of the mirror. Lastly, in the 'Line' calibration, the mirror was removed, and the 

port 2 antenna was moved by a distance d2=d+λ/4 from the reference plane. 

The quartz samples are used to be characterised in the free space measurement 

system to test the accuracy of the permittivity extraction. Figure 2.18 below shows the 

comparison between the measured and calculated S-parameters of a 6.42mm thick quartz 

sample. 
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Figure 2.18 Measured and Calculated S-parameters of a Quartz Sample [16]. 

 

The measured S-parameters are gained from the PNA E3816A network analyser 

and validated with a custom-made MATLAB gating code (calculated S-parameter). 

According to the graph in Figure 2.18, the calculated and measured S-parameters are in 

good agreement. 

 

2.5 Summary 

Based on the article [15], there are theoretical approaches to designing the Vivaldi 

antenna. By using the mathematical equations that are shown in eq. 2.1 and eq. 2.2, we 

can design the radiating structure of a Vivaldi antenna with a desired frequency range. 

Besides that, several Vivaldi antenna designs from the research articles have been 

reviewed. There are many methods and techniques that have been presented to achieve 

the desired antenna output in the research. For example, they are using the slot tapering 

method and changing the shape of the radiating structure of the antenna. Furthermore, the 

development of a non-destructive system from the research article has been reviewed. 

The measurement setup of the non-destructive system has been explained in the article 

[16]. It is important to perform the calibration of the measurement setup to achieve an 

accurate measurement and minimize any potential error. 
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CHAPTER 3 

 

 

METHODOLOGY 

3.1 Introduction 

This chapter will cover all the methodology approaches to achieve the objective 

of this project. This project is divided into three phases which are the design and analysis 

phase, fabrication phase, and the antenna testing phase as shown in Figure 3.1. Each phase 

is dependent and needs to be completed sequentially to complete this project. 

In the design and analysis phase, it is consisting of the literature review, validating 

the design technique, Vivaldi antenna design type analysis, the analysis of the effect of 

the cavity radius and feeding type analysis. Then, the antenna is fabricated in the 

following phase. Lastly, the fabricated antenna has been tested to evaluate its 

performance. 
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Figure 3.1 Methodology Flowchart. 
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3.2 Phase 1: Design and Analysis 

In the first phase, various designs are to be analysed to find the optimal dimension 

of the Vivaldi antenna that can operate efficiently at the 5GHz frequency. The process is 

started by validating the design techniques to justify the method of designing the Vivaldi 

antenna and to find the starting point of the antenna design. Next, three different Vivaldi 

antenna structures have been referred to in the literature review and are being used in the 

making of antenna design to observe the results. Then, the circular cavity radius in the 

antenna design is changed into four sizes to study the effect on the antenna's performance. 

After that, three different feeding structures were applied to the antenna design to observe 

the effect on the antenna's performance. Finally, several alterations have been made to 

the dimension parameters of the antenna design to achieve the desired objective. 

 

3.2.1 Validate the Design Technique 

After observing and studying various Vivaldi antenna designs, one of the designs 

from the literature review was chosen as a reference and simulated again to justify the 

antenna design technique in the CST software. To validate the technique in designing the 

Vivaldi antenna, the simulation results from the reproduced design must be 

approximately the same as the simulation results from the reference article.  

The reference Vivaldi antenna design are taken from Figure 2.6. In the simulation, 

the dimensions of the Vivaldi antenna design are followed exactly as in the Table 2.2. 

The simulation steps are divided into two parts, which are designing the Vivaldi antenna 

and simulation setup in the CST software. Figure 3.2 and Figure 3.3 below describe the 

step and process of Vivaldi antenna simulation in CST software. 
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Figure 3.2 Steps for Designing Vivaldi Antenna in CST. 

 

Based on Figure 3.2, the first step on designing the Vivaldi antenna is to draw the 

tapered slot. Then, create a block and subtract the tapered slot by using the Boolean 

function. After that, create a substrate block under the tapered block. Finally, add the 

feeder under the substrate block. 

After finished the antenna design, set up the simulation as shown in Figure 3.3. 

Firstly, calculate the port extension coefficient by using the Macros tools. Then, create 

the waveguide port. Lastly, select the desired output display and run the simulation. 
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Figure 3.3 Simulation Setup Steps in CST. 

 

After that, the referenced Vivaldi antenna design is being reproduced again 

without following the dimension parameters from the reference article. The dimension 

parameters of the design are determined by using the mathematical modelling and 

predicting method. According to  research [12], there are mathematical equations 

involved in designing the antenna to calculate several parameters. Equation 3.1 and 3.2 

below is the equation for aperture width, Wa and aperture length, La. 

𝑊𝑎 =
𝑐

2𝑓𝐿 × √𝜀𝑟
 3.1 

𝐿𝑎 =
𝑐

𝑓𝐿 × √𝜀𝑟
 3.2 

 

Where c is the velocity of light, fL is the lower frequency and 𝜀𝑟 is the dielectric 

constant of the substrate. 
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The tapered exponential curve equation is expressed as eq. 3.3 

𝑦 = ±𝑠𝑒𝑟𝑥 3.3 

 

Where s is the constant and r is the taper rate of the curve. The taper rate of the 

curve can be expressed as eq. 3.4 

𝑟 =
1

𝐿𝑎
𝑙𝑛 (

𝑊𝑎

2𝑠
) 

3.4 

 

After completing the calculation of the dimension parameters, the new design has 

been created, and then proceeds with the simulation of the antenna design in the CST 

software. Figure 3.4 below shows the theoretical design followed with the dimension 

parameters in Table 3.1. 

 

Figure 3.4 Theoretical Vivaldi Antenna Design. 

 

Table 3.1 Dimension Parameters of Theoretical Vivaldi Antenna Design. 

Parameter Value (mm) 

La 160.36 

Wa 80.18 

s 0.2 

r 0.033 
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3.2.2 The Analysis of Different Vivaldi Antenna Types 

Three different designs of the Vivaldi antenna have been created and simulated 

in the CST. This analysis aims to find an antenna design that has a resonant frequency of 

5GHz. The basic Vivaldi antenna, the Vivaldi antenna with cavity, and the rounded-end 

Vivaldi antenna with cavity are among the designs. 

 

3.2.2.1 Design of Basic Vivaldi Antenna 

The first design is the basic Vivaldi antenna that is referred to as the Vivaldi 

antenna designed by Hasan et al.(2018)[15]. The material used for the substrate in this 

antenna design is FR-4 with a dielectric constant of 4.3, a loss tangent of 0.025, and a 

thickness of 1.5mm. Figure 3.5 and Table 3.2 below show the basic Vivaldi antenna 

design with its dimension parameters. 

 

Figure 3.5 Basic Vivaldi Antenna: a) Top view, b) Bottom view. 

 

Table 3.2 Dimension Parameters of Basic Vivaldi Antenna. 

Parameter  Value (mm) Parameter Value (mm) 

L 63.7 L1 8 

W  56 L2  10.7 

s  0.2 a 15.7 

r 0.105 b 1.8 

La 45 c 7.5 

Wa 45.1   
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3.2.2.2 Design of Vivaldi Antenna with Cavity 

In the second design, the circular tapered slots are added at the throat of the 

aperture and called as the cavity. Based on Guruswamy et al. (2019)[12], the circular 

cavity can minimize the reflections from microstrip line to slot line transition and exhibits 

better impedance characteristics. The material used for the substrate in this antenna 

design is FR-4 with a dielectric constant of 4.3, a loss tangent of 0.025, and a thickness 

of 1.5mm. Figure 3.6 and Table 3.3 below show the Vivaldi antenna with cavity design 

with its dimension parameters. 

 

Figure 3.6 Vivaldi Antenna with Cavity (VAC): a) Top view, b) Bottom view. 

 

Table 3.3 Dimension Parameters of VAC. 

Parameter  Value (mm) Parameter Value (mm) 

L 63.7 L1 8 

W  56 L2  10.7 

s  0.2 a 15.7 

r 0.105 b 1.8 

La 45 c 7.5 

Wa 45.1 R1 1.8 

 

3.2.2.3 Design of Rounded-end Vivaldi Antenna with Cavity 

In the third design, the end of the antenna tapered slot is rounded. Based on Li et 

al. (2020)[17], the rounded end can increase the electrical strength and reduce the size of 

the antenna. The material used for the substrate in this antenna design is FR-4 with a 

dielectric constant of 4.3, a loss tangent of 0.025, and a thickness of 1.5mm. Figure 3.7 

and Table 3.4 below show the Vivaldi antenna with cavity design with its dimension 

parameters. 
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Figure 3.7 Rounded-end Vivaldi Antenna with Cavity (VACR): a) Top view, b) 

Bottom view. 

 

Table 3.4 Dimension Parameters of VACR. 

Parameter  Value (mm) Parameter Value (mm) 

L 63.7 L1 8 

W  56 L2  10.7 

s  0.2 a 15.7 

r 0.105 b 1.8 

La 45 c 7.5 

Wa 45.1 R1 1.8 

 

3.2.3 The Effect of Circular Cavity Radius 

From the previous analysis, the Vivaldi antenna with cavity (VAC) is selected 

because it achieves a resonance frequency closer to 5GHz compared with other Vivaldi 

antenna types. The following analysis is to observe the effect of the radius size of the 

circular cavity. Based on Guruswamy et al. (2019) experiment work [12], the accurate 

cavity radius can perform the better impedance characteristics. Different radiuses of 

circular cavities are simulated in this analysis to figure out how well the antenna works. 

The radius, R1, has been set at 1.8mm, 2.2mm, 2.6mm, and 3.0mm in the simulation. 
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Figure 3.8 Circular Cavity. 

 

After selected the best circular cavity outcomes, Table 3.5 below shows the 

updated dimension parameters of the VAC. 

Table 3.5 Updated Dimension Parameters of VAC. 

Parameter  Value (mm) Parameter Value (mm) 

L 63.7 L1 8 

W  56 L2  10.7 

s  0.2 a 15.7 

r 0.105 b 1.8 

La 45 c 7.5 

Wa 45.1 R1 2.6 

 

 

3.2.4 The Analysis of Different Feeding Types 

From the previous analysis, the VAC with a cavity radius size of 2.6 mm was 

selected because it has the best performance of all the radius sizes. In the following 

analysis, different types of feeding structures are simulated in the CST to investigate if 

the different shapes of feeding can affect the antenna's performance. Based on Khusna et 

al. (2019)[19], the variety of feeding structures is one of the factors in the Vivaldi antenna 

design process. Three different feeding types will be tested in this analysis: rectangular, 

circular, and shell pattern. Figure 3.9, Figure 3.10 and Figure 3.11 below show the types 

of feeding structures. 
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Figure 3.9 Rectangular Feeding. 

 

 

Figure 3.10 Circular Feeding. 

 

 

Figure 3.11 Shell Feeding. 

 

3.2.5 Dimension Alteration of the Antenna Design 

From the previous analysis, the Vivaldi antenna with shell feeding type is chosen 

because the overall S11 parameter of the return loss is below -10dB. However, some 

alterations to the dimension parameters in Table 3.5 were made in order for the antenna 

operate efficiently at a 5GHz frequency. In the finished design, the antenna width (W), 

extended from 56mm to 80.6mm; the throat length (L1), extending from 8 mm to 18 mm; 
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and the aperture length (La), extended from 45mm to 50mm. Figure 3.12 and Table 3.6 

below show the final design of the Vivaldi antenna with its dimension parameters. 

 

Figure 3.12 Final Design: a) Top view, b) Bottom view. 

 

Table 3.6 Dimension Parameters of Final Design. 

Parameter  Value (mm) Parameter Value (mm) 

L 83.9 L1 18 

W  80.6 L2  10.7 

s  0.2 a 15.7 

r 0.105 b 1.8 

La 50 c 7.5 

Wa 76.23 R1 2.6 
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3.3 Phase 2: Antenna Fabrication 

The second phase starts when the Vivaldi antenna design has been finalized. In 

this phase, the proposed design of the Vivaldi antenna is fabricated using the etching 

methods. The etching method provides ease of fabrication, time-saving and low cost. The 

etching method involves with the use of chemicals. Hence, all safety precautions for 

handling the chemicals have been followed. 

Before starting the process of etching the antenna, preparing all the equipment 

and the components are necessary. The equipment and components included in this 

process are the double-sided FR-4 printed circuit board (PCB), ferric chloride solution 

(etching chemical), glossy photo paper, scrubber, and heating equipment. Figure 3.13 and 

Figure 3.14 below show the double-sided FR-4 PCB and the ferric chloride solution. 

 

Figure 3.13 Double-sided FR-4 PCB Board. 

 

 

Figure 3.14 Ferric Chloride Solution. 
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The first step of the etching process is cleaning up the PCB. Scrub the upper and 

lower side of the board with the scrubber and rinse it with water to clean away the residue. 

Figure 3.15 below shows the condition of the PCB after it has been cleaned. 

 

Figure 3.15 Cleaned PCB. 

 

The second step is transferring the antenna design's layout from the printed paper 

to the PCB. Patch the printed layout on the top and bottom of the PCB and heat it with 

the heating equipment as shown in Figure 3.16. The heating process is taken about 10 

minutes to transfer the ink from the paper to the PCB. 

 

Figure 3.16 Heating Process. 

 

After that, submerge the PCB in the clean water as in Figure 3.17 and leave for 

about 10 minutes. Then, slowly scrub the paper away from the PCB and it gets as shown 

in Figure 3.18. 
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Figure 3.17 PCB Submerged in Water. 

 

 

Figure 3.18 PCB with the Layout Ink: a) Top view, b) Bottom view. 

 

The third step is the etching process. This process is to eliminate the unwanted 

copper on the PCB. Pour the etching chemical into the container. Then, submerge the 

PCB with the layout ink into the etching chemical as shown in Figure 3.19. Leave it until 

all the unwanted copper has been eliminated. 

 

Figure 3.19 PCB Submerge into the Etching Chemical. 
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After that, rinse the PCB with clean water and scrub the top and bottom layers of 

the PCB to remove the ink. Figure 3.20 below shows the etched Vivaldi antenna. 

 

Figure 3.20 Etched Vivaldi Antenna: a) Top view, b) Bottom view. 

 

Finally, attach the SMA connector to the Vivaldi antenna. Solder the SMA 

connector to the feeding part of the Vivaldi antenna. Now, the fabrication of the Vivaldi 

antenna has been completed. Figure 3.21 below shows the fabricated Vivaldi antenna. 

 

Figure 3.21 Fabricated Vivaldi Antenna: a) Top view, b) Bottom view. 

 

3.4 Phase 3: Antenna Testing 

In the third phase, the fabricated antennas should be tested in order to analyse and 

evaluate the antenna performance by comparing the test results with the simulation 

results. The antenna was tested by its return loss (S11). The Vivaldi antenna has been 

tested using the E5071C ENA vector network analysis from Agilent Technologies. Figure 

3.22 below illustrates that the antenna is under test. 
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Figure 3.22 Antenna Testing. 

 

After the antenna's performance has been evaluated, the non-destructive 

measurement system will be set up as in Figure 3.23 to test the insertion loss (S21) of the 

two-port measurement system. There are two conditions for the measurement setup: 

without a material sample and with a material sample. The purpose is to figure out if any 

different readings occurred on the results. 

 

Figure 3.23 Non-destructive Measurement Setup. 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION  

4.1 Introduction 

This chapter will discuss the results from the experimental and simulation of all 

the Vivaldi antenna designs discussed in the previous chapter. Starting from the 

simulation designs until the antenna testing, the results to be discussed are the return loss, 

the voltage standing wave ratio (VSWR), the gain, and the antenna design's radiation 

pattern. 

 

4.2 Results from Phase 1: Design and Analysis 

In the first phase, the simulation in CST software was carried out on validating 

the design technique, design type analysis, the effect of the cavity radius, and the feeding 

type analysis. Also, the final design of the Vivaldi antenna with the optimal dimensions 

has been simulated, and the results will be discussed in this section. 

 

4.2.1 Simulation Results from Reproducing Reference Design 

As mentioned in the previous chapter, the reproducing antenna design dimension 

parameters are followed exactly as stated in Table 2.2 and have been simulated in the 

CST software. Therefore, to validate the antenna design technique, the simulation results 

should be the same as the results produced in the reference antenna design. Figure 4.1 

and Figure 4.2 below shows the comparison simulation results between the reference 

design and the reproducing antenna design. 
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Figure 4.1 S11 Results from the Reference Design. 

 

 

Figure 4.2 S11 Results from Resimulate the Reference Design. 

 

Based on Figure 4.2, the return loss (S11) and the radiation pattern from the 

reproduced design results show almost the same result as in the reference article as shown 

in Figure 4.1. Therefore, the design technique using CST software has been verified. 

 

4.2.2 Simulation Results from Theoretical Design 

In the previous chapter, a Vivaldi antenna design was created using mathematical 

modelling and predicting methods. This approach is one of the methods to determine the 

optimal dimension of the antenna design. Figure 4.3 below shows the return loss (S11) 

and the radiation pattern of the theoretical design of the Vivaldi antenna. 



39 

 

Figure 4.3 S11 Parameter of Theoretical Design. 

 

 

Figure 4.4 Radiation Pattern of Theoretical Design. 

 

Based on Figure 4.3, the theoretical Vivaldi antenna design produces the resonant 

frequency of 4.5 GHz. However, the antenna performance did not show good results 

because the values of the return loss (S11) were higher than -10dB. This means that the 

antenna transmits less energy due to the high reflection of energy. While in Figure 4.4, 

the gain produced at a 4.5GHz frequency is 8.855 dBi and the radiation pattern is 

directional. Therefore, the starting point for designing the Vivaldi antenna has been 

found. 
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4.2.3 Simulation Results from Design Type Analysis 

Three types of Vivaldi antenna designs have been simulated, which are the Basic 

Vivaldi Antenna (VA), the Vivaldi Antenna with Cavity (VAC), and the Rounded-end 

Vivaldi Antenna with Cavity (VACR). Figure 4.5, Figure 4.6 and Figure 4.7 below show 

the radiation pattern of three types of Vivaldi antenna designs at 5GHz frequency. 

 

Figure 4.5 Radiation Pattern of VA: a) Gain, b) Directivity, c) 3D Pattern, d) 

Design Model. 

 

 

Figure 4.6 Radiation Pattern of VAC: a) Gain, b) Directivity, c) 3D Pattern, d) 

Design Model. 
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Figure 4.7 Radiation Pattern of VACR: a) Gain, b) Directivity, c) 3D Pattern, d) 

Design Model. 

 

Based on the results above, the radiation pattern of the three antenna designs type 

shows a directional characteristic which means that the radiation is fired in one direction. 

Radiation pattern of basic design of Vivaldi antenna have the best result with the gain of 

6.32 dBi and directivity of 7.39 dBi. 

Next, take a look at the other simulation findings, specifically the gain, the return 

loss, and the voltage standing wave ratio (VSWR) for each of the three different types of 

designs. Figure 4.8, Figure 4.9 and Figure 4.10 below show the analysis results of the 

return loss, the VSWR, and the gain of the three antenna designs. 
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Figure 4.8 Return Loss of Design Type Analysis. 

 

 

Figure 4.9 VSWR of Design Type Analysis. 

 

 

Figure 4.10 Gain of Design Type Analysis. 
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The results above show that the Basic Vivaldi Antenna (VA) has the most 

remarkable performance compared with other design types. However, the Vivaldi 

Antenna with Cavity (VAC) has the closest resonant frequency to 5GHz. Therefore, the 

VAC has been selected and will bring it to the next analysis.  

 

4.2.4 Simulation Results from Cavity Radius Analysis 

In this section, different sizes of the circular cavity radius have been tested in the 

VAC antenna type to investigate the impact of variable cavity radiuses have on the 

antenna's performance. Figure 4.11, Figure 4.12 and Figure 4.13 below show the 

radiation pattern of three different cavity sizes at 5GHz frequency. 

 

Figure 4.11 Radiation Pattern of 2.2mm Cavity Radius: a) Gain, b) Directivity, c) 3D 

Pattern. 
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Figure 4.12 Radiation Pattern of 2.6mm Cavity Radius: a) Gain, b) Directivity, c) 3D 

Pattern. 

 

 

Figure 4.13 Radiation Pattern of 3.0mm Cavity Radius: a) Gain, b) Directivity, c) 3D 

Pattern. 

 

According to the results shown above, each of the three different cavity sizes 

emits in a directional pattern. In comparing the performance, the cavity with a radius of 

2.2mm has the best results, with a gain and directivity of 5.96 dBi and 7.25 dBi, 

respectively. Next, Figure 4.14, Figure 4.15 and Figure 4.16 below show the return loss, 

VSWR and gain analysis of three different cavity sizes. 
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Figure 4.14 Return Loss of Cavity Radius Analysis. 

 

 

Figure 4.15 VSWR of Cavity Radius Analysis. 

 

 

Figure 4.16 Gain of Cavity Radius Analysis. 
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The data presented above indicates that the VAC with a cavity radius of 2.6 mm 

has successfully reached the resonant frequency of 5 GHz. On the other hand, taking into 

consideration the return loss, the overall s11 is still greater than -10dB, and the VSWR is 

not between 1 and 2. Therefore, other approaches are still needed, and the VAC with the 

2.6mm cavity radius will be brought into the next analysis. 

 

4.2.5 Simulation Results from Feeding Type Analysis 

In the next analysis, three different feeding patterns has been designed and 

simulated. These patterns are rectangular, circular, and shell feeding patterns. Figure 

4.17, Figure 4.18 and Figure 4.19 below show the radiation pattern produced by three 

different feeding types at a frequency of 5GHz. 

 

Figure 4.17 Radiation Pattern of Rectangular Feeding: a) Gain, b) Directivity, c) 3D 

Pattern, d) Feeding Model. 
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Figure 4.18 Radiation Pattern of Circular Feeding: a) Gain, b) Directivity, c) 3D 

Pattern, d) Feeding Model. 

 

 

Figure 4.19 Radiation Pattern of Shell Feeding: a) Gain, b) Directivity, c) 3D Pattern, 

d) Feeding Model. 

 

According to the results above, each of the feeding types radiates in a directional 

pattern. The radiation performance can be said almost the same because they only have a 

slight difference of gain and directivity value. Next, Figure 4.20, Figure 4.21 and Figure 

4.22 below show the return loss, VSWR and gain analysis of three different feeding types. 
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Figure 4.20 Return Loss of Feeding Type Analysis. 

 

 

Figure 4.21 VSWR of Feeding Type Analysis. 
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Figure 4.22 Gain of Feeding Type Analysis. 

 

The return loss result above shows that the rectangular feeding type reaches the 

resonant frequency of 5GHz. However, the VSWR of the rectangular type is higher than 

2. While the shell feeding type achieves a good overall VSWR and produces the highest 

gain. Therefore, the VAC with the shell feeding type is selected as the proposed Vivaldi 

design. 

 

4.2.6 Simulation Results from Dimension Alterations 

The proposed Vivaldi antenna design achieves a return loss below -10dB and a 

VSWR between 1 and 2, which meets the requirement of excellent performance of an 

antenna. However, the proposed antenna still does not achieve the resonant frequency at 

5GHz. Therefore, several dimension changes were made in order for the antenna to 

operate efficiently at a 5GHz frequency. The dimension parameters that have been 

changed from Table 3.5 are the antenna's width (W), throat length (L1), and aperture 

length (La). Figure 4.23, Figure 4.24 and Figure 4.25 below show the radiation pattern at 

5GHz. 
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Figure 4.23 Radiation Pattern of First Alteration: a) Gain, b) Directivity, c) 3D 

Pattern. 

 

 

Figure 4.24 Radiation Pattern of Second Alteration: a) Gain, b) Directivity, c) 3D 

Pattern. 
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Figure 4.25 Radiation Pattern of Third Alteration: a) Gain, b) Directivity, c) 3D 

Pattern. 

 

Based on the results above, in the first alteration, the gain drops to 4.45 dBi. Then, 

in the second alteration, the gain slightly drops to 4.14 dBi. However, the antenna's gain 

manages to increase in the third alteration to 5.11 dBi. Figure 4.26, Figure 4.27 and Figure 

4.28 below show the return loss, VSWR and gain analysis of the dimension alteration. 

 

Figure 4.26 Return Loss of Dimension Alterations Analysis. 
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Figure 4.27 VSWR of Dimension Alterations Analysis. 

 

 

Figure 4.28 Gain of Dimension Alterations Analysis. 

 

Based on the return loss analysis, the first alteration sharpens the antenna's 

resonant frequency at 5.4GHz. Then, the second alteration is shifting the resonant 

frequency to 5GHz. After that, by extending the aperture length to 50mm, the resonant 

frequency sharpens and reaches precisely 5GHz. Therefore, the proposed design has 

successfully achieved the resonant frequency at 5GHz with a return loss below -10dB 

and VSWR between 1 and 2 at the frequency ranges of 4.1 to 6 GHz. 
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4.3 Antenna Simulation VS Fabrication Results 

The fabricated antenna as shown in Figure 4.29 (b) has been tested to evaluate its 

performance. The return loss (S11) of the fabricated antenna has been measured using the 

vector network analyser and the results have been recorded. The evaluation has been done 

by comparing the measured results with the simulation results. The comparison results 

between the measured and simulated results are shown as in Figure 4.30. 

 

Figure 4.29 Design Model: a) Simulation, b) Fabrication. 

 

 

 

Figure 4.30 Simulated and Measured S11 of the Proposed Antenna. 

 

According to the results above, it is evident that the measured results and 

simulated results are in good agreement, with some mismatch due to the fabrication error. 
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The measured results achieve a resonant frequency of 5GHz with the return loss below -

10dB. Then, the non-destructive measurement system was set up as in Figure 4.31 with 

two conditions of setup: without material sample and with material sample. The insertion 

loss (S21) has been measured and the results have been recorded. The comparison results 

between the measured and simulated results are shown as in Figure 4.32. 

 

Figure 4.31 Non-destructive Measurement Setup. 

 

 

Figure 4.32 Simulated and Measured S21 of the Proposed Antenna. 

 

Based on the results above, it shows different readings at 5GHz in the two 

conditions setup, whether in the simulation or in the measurement. It indicates that the 

measurement setup is able to characterise the material sample. A mathematical approach 

is needed to calculate the permittivity of the material sample by implement the S21 result. 
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CHAPTER 5 

 

 

CONCLUSION AND RECOMMENDATION 

5.1 Introduction 

This chapter will conclude all the findings of the project's progress, including the 

recommendation that can be made for improvement in the future. 

 

5.2 Conclusion 

In conclusion, the design of the Vivaldi antenna for non-destructive measurement 

applications has been proposed. A variety of analyses have been done to complete the 

Vivaldi antenna design. The analysis that has been done in this project is the Vivaldi 

design type analysis, the effect of circular cavity radius analysis, and the feeding type 

analysis. Then, after making several dimension alterations, the optimal dimension of the 

Vivaldi antenna has been successfully established, and the proposed antenna works 

efficiently at a 5GHz frequency. 

Besides that, two units of the proposed Vivaldi antenna have been successfully 

fabricated using the etching techniques. The antennas are made carefully by following 

the layout and dimension parameters of the proposed antenna layout. 

As a result, the proposed Vivaldi antenna provides wide bandwidth, high 

directivity, and gain. In the frequency range of 4.1 to 6 GHz, the proposed Vivaldi 

antenna successfully achieves the overall return loss is shown to be below-10dB and the 

overall VSWR is between 1 and 2. This indicates that the proposed Vivaldi antenna can 

effectively transmit and receive the signal and meets the requirements for excellent 
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performance of the antenna. Therefore, the proposed antenna can be used in the non-

destructive measurement system, and it has been proved. 

 

5.3 Recommendation 

For future improvement, the performance of the Vivaldi antenna can be improved 

by manipulating the antenna design. The impedance matching can be improved by using 

tapering techniques [20]. Besides that, the gain of the antenna can be enhanced by using 

the microwave lens [21]. In terms of antenna fabrication, all the dimension parameters in 

the antenna design must be followed accurately to avoid fabrication error. Hence, use the 

appropriate tools, which can enhance the accuracy of the antenna fabrication. 
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