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Abstract—Microwave imaging (MWI) for biomedical 

applications has drawn great attention in recent decades owing 
to its attractive features such as low cost, portability, and use of 
non-ionizing radiation. In the microwave imaging system, the 

antenna plays the most crucial role because it dictates the 
amount of electromagnetic power transmitted to the human 
body. In this contribution, an ultra-wideband antipodal Vivaldi 

antenna was designed for a biomedical MWI system. The 
antenna is immersed in a coupling medium of permittivity 23 
and operates in the frequency band 0.5 – 5 GHz. The radiation 

of the antenna was improved by removing a piece of substrate 
from the aperture and replacing it with a high permittivity 
ceramic cone lens. Such a ceramic lens was capable to increase 

antenna radiation without changing the antenna impedance. 
This study paves the way for the assessment of a biomedical 
microwave imaging system. 

Index Terms— Vivaldi antenna, Ultra-wideband (UWB), 

ceramic lens, antenna directivity, microwave imaging 

 

I.  INTRODUCTION  

 

      Microwave imaging (MWI) for biomedical applications 

has been widely researched in recent decades because it has 

advantages of low cost, portability, and non-ionizing nature 

of the exploited radiation, i.e., the electromagnetic field in the 

microwave (MW) range [1]. In a MWI system, the antenna 

represents the most important part because it dictates the 

amount of electromagnetic power transmitted to the human 

body [2]. Therefore, antenna design for MWI systems has 

received substantial interest in the last two decades, and a 

considerable amount of research has been dedicated to this 

topic [3][4][5].  

      Several challenges exist when it comes to the design of 

antennas for MWI systems for biomedical purposes, such as 

the limitation of availability in the electromagnetic spectrum 

[6]. So far, most biomedical applications work at 13.553–

13.567 MHz, 433.1-434.8 MHz, 868-868.6 MHz, 902.8-928 

MHz, 2.400-2.500 GHz, and 5.725–5.875 GHz, which 

belong to the Industrial, Scientific, and Medical (ISM) band, 

since unlicensed operations are permitted in these bands 

[7][8]. Accordingly, most biomedical MWI systems use 

ultra-wideband (UWB) antennas because they are capable of 

covering the bandwidth allocated to ISM [8]. A further merit 

of using wideband antennas is that it could give researchers 

an additional degree of freedom by selecting a wide range of 

frequency points to be used in the MWI algorithm [9]. 

However, the wide bandwidth of the antenna always comes 

together with the sacrifice of the antenna performances on its 

directivity and quality factor [2].  

      Antennas for biomedical applications usually work in 

close proximity to lossy tissues, where the electromagnetic 

wave attenuates severely. Therefore, improving the antenna 

radiation at the higher frequencies is another challenge that 

researchers have to confront. 

Finally, it is known that microwave imaging resolution can 

be increased by using a greater number of antennas in the 

system [10]. Thus, it is preferable to use a compact antenna 

because it could allow placing a greater number of antenna 

elements in the array configuration [11].  

Summarizing the reported considerations, a biomedical 

MWI system demands an antenna to be compact, wide-band, 

and with a high directivity to allow good penetration inside 

the human tissues [9]. In the present paper, an antipodal 

Vivaldi antenna to be used in a MWI system for the 

monitoring of thermal ablation was designed. Design 

requirements, besides those listed above, were a frequency 

band from 500 MHz to 5 GHz, with a possibility to work at a 

higher frequency, and operation in close proximity of the 

human abdomen. Several versions of the antenna were then 

studied to look for improvements in the antenna’s radiation 

without deteriorating antenna’s matching or increasing 

antenna’s dimensions.  

 

II. MATERIALS AND METHODS 

 

A. Antipodal Vivaldi Antenna (AVA) 

 

The antipodal Vivaldi antenna (AVA) is an antenna type 

that has been widely used in MWI systems for biomedical 

applications thanks to its wide bandwidth, compact 

dimensions, and end-fire radiation. The antenna proposed in 

this work was designed following the design steps and 

equations in [12]. The AVA designed in [12] was placed in 

the air and operated from 3 to 10 GHz. The design study in 



this work was focused on taking the desirable features of the 

AVA antenna, i.e., compactness, end-fire radiation, and wide 

bandwidth, and translating them into the considered design 

scenario, in which the antenna radiates in a lower frequency 

band, i.e. from 500 MHz and onwards. To keep the small 

antenna’s dimensions, the antenna was considered immersed 

in a coupling medium, as often encountered in MWI systems 

[13]. The selected medium (εr=23, σ=0.07 S/m, [14]) 

corresponds to a practical water and oil emulsion that proved 

to be realizable in [15].  

According to the equations ruling the Vivaldi antenna 

[12], the antenna dimensions are determined by the lowest 

working frequency. In the present design, to take into account 

the presence of the coupling medium, the equations of the 

original design [12] were modified as illustrated here below. 

The antenna dimension is given by 

 � = � = ��� � �	

�	��                           (1), 

 

where W is antenna width, L is antenna length, c is the speed 

of light in vacuum, �� is the lowest working frequency, ��� 

is the permittivity of the coupling medium, ����  is the 

permittivity of the substrate.  

     The input microstrip line has a characteristic impedance 

given by [16]: 
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where 8�  is the microstrip line width, 9�  is the substrate 

thickness and the effective permittivity �:  is calculated as: 

 �: = 	���	

� + 	��;	

� ∙ ������!�/"
             (3). 

 

      The radiating part of the antenna is created by the 

intersection of two-quarters of ellipses, as shown in Figure 1, 

where the antenna substrate is made transparent in the interest 

of clarity. The major and minor radii of the large ellipse are 

indicated as rs1 and r1, respectively. The major and minor 

radii of the small ellipse are rs2 and r2, respectively. They are 

defined by the following equations: 

 '� = >�"
�                                   (4), '� = >;"
�                                   (5), '�� = ? · '�                                  (6), '�� = A ∙ '�                                  (7), 

 

 

where b and c are optimization parameters, which are 

adjusted to achieve the desired performances, and 8� is the 

microstrip line width. Finally, B� is the microstrip line length.  

The antenna was designed on the substrate RT/duriod 

6010LM (Rogers Cooperation, USA, ���� = 10.2, 9�=1.905 

mm), and simulated through CST software (Dassault 

Systèmes, France). Starting from the numerical values given 

by eq. (1) – (7) for the chosen specifications, and optimization 

was performed using CST optimization tool, looking for the 

antenna’s dimensions to achieve the best matching in the 

frequency band from 0.5 to 5 GHz.  

 

B. AVA with Ceramic Lens 

 

     The antipodal Vivaldi antenna (AVA) in section II-A 

shows the well-known problem that the radiation direction 

shifts from the broad-side direction at the higher frequencies 

[18]. This is because the antenna substrate has a lower 

permittivity value ( ���� =10.2) as compared to the 

background medium (���=23), so that a discontinuity of the 

wave phase velocity is created when the wave leaves the 

substrate and enters into the coupling medium. This in turn 

leads to the distortion of the radiation direction [18].  

     One simple approach to try to solve this problem is to 

remove a piece of substrate from the antenna aperture [17], 

this could effectively avoid the phase velocity discontinuity 

without complicating the antenna design. In this work, a 

triangular shape within the antenna’s aperture was removed; 

the base of the triangle was E�= 28 mm and the height ℎ�= 

20.5 mm. 

      In [18] and [19], a profiled dielectric lens was proved to 

be able to improve the antenna directivity without changing 

the antenna impedance. Therefore, to further enhance the 

antenna directivity, an additional antenna was studied in 

which the triangular substrate slot was replaced with a piece 

of ceramic with a higher permittivity as compared to the 

background medium. This approach could decrease the phase 

velocity inside the ceramic lens [18]. The ceramic material 

used for this lens is T-Ceram E-37 (T-Ceram, S.r.o. Czechia, 

ε=37). Two types of ceramic lens were suggested for the 

 
 

Figure 1 Antipodal Vivaldi Antenna (AVA) geometry (gray: metallic 

layer, pink: antenna substrate) 

 



antenna directivity improvement assessment: a triangular 

shape, whose dimensions fit into the removed antenna 

substrate, and a cone shape with base radius 'G�=14 mm, and 

height ℎ�=20.5 mm. As compared to the antennas in [18] and 

[19], the ceramic cone has a symmetrical shape in the xy and 

the yz-planes which could improve the antenna directivity in 

both planes. The mentioned four antipodal Vivaldi antennas’ 

geometries are shown in Figure 2, named as antipodal Vivaldi 

antenna with complete substrate (AVA-CS); antipodal 

Vivaldi antenna with removed substrate (AVA-RS); 

antipodal Vivaldi antenna with triangular-shaped lens (AVA-

TL); antipodal Vivaldi antenna with cone-shaped lens (AVA-

CL), separately. 

 

 

III. RESULTS AND DISCUSSION 

     Table I reports the four antipodal Vivaldi antennas’ 

dimensions achieved through the CST simulations. The 

simulated S11 parameters are shown in Figure 3. The antennas 

are capable of working from 0.5-5 GHz inside the coupling 

medium, with a possibility to work at a higher frequency.  

Despite the difference in their designs, the matchings of 

antennas are similar. The removal of the antenna substrate 

and the implementation of extra ceramic materials barely 

changes the antenna matching. Being the proposed antennas 

to be used in a microwave imaging system, i.e. in a near field 

application, the next step would be to verify the matching of 

the four antennas when located close to the human body. In 

this respect, it can be noted that the AVA-CS antenna already 

proved to keep the matching when located close to a simple 

model of the human abdomen [14].  

     The E-field distributions of the four antennas are shown in 

Figure 4 (panel a plane xy, panel b plane yz). It is obvious 

that the four AVA share similar radiation performances 

below 2 GHz. However, the direction of maximum radiation 

of AVA-CS is shifting from the boresight as the frequency 

increases above 3 GHz, with a reduction of the radiated field 

on the xy-plane (Figure 4 (a)), especially at 5 GHz. The 

AVA-RS shows an enhancement in the electric field at higher 

frequencies after removing the substrate. However, 

asymmetry in the radiated field in the yz-plane (Figure 4 (b)) 

is still observed above 4 GHz. The E-field of the AVA-TL 

shows improved radiation mainly in the yz-plane as 

            
                         (a)                                    (b) 

            
                         (c)                                   (d) 

 

 
(e) 

 
Figure 3 Antenna geometries (a) Antipodal Vivaldi antenna with the 

complete substrate (AVA-CS); (b) Antipodal Vivaldi antenna with the 

removed substrate (AVA-RS); (c) Antipodal Vivaldi antenna with the 
triangular-shaped lens (AVA-TL); (d) Antipodal Vivaldi antenna with 

the cone-shaped lens (AVA-CL); (e) 3D view of the AVA-CL. HI=28 

mm, JI =20.5 mm, KLI =14 mm (grey: metallic part; pink: antenna 
substrate; blue: ceramic lens) 

 

TABLE I  ANTIPODAL VIVALDI ANTENNA DIMENSION AND 

OPTIMIZATION PARAMETERS 

 

Parameters Values（mm） 

W 60 

L 60 yN 14.5 wP 0.9 

r1 30 

r2 29.1 

rs1 50.1 

rs2 20.37 tR 1.905 

b 0.7 

c 1.67 

 

Figure 2 Simulated S11 parameters immersed in a matching medium of 

the four AVA antennas:  AVA-CS, AVA-RS, AVA-TL, AVA-CL 



compared to the antenna without a lens. The AVA-CL shows 

improved radiation above 2 GHz in both planes as compared 

to the other three antennas. Owing to the symmetrical shape 

of the cone lens, the AVA-CL shows symmetrical radiation 

in the xy and the yz-planes.   

  

IV. CONCLUSIONS 

     In this work, four antipodal Vivaldi antennas for 

biomedical microwave imaging systems were designed and 

numerically assessed. Among these, the antipodal Vivaldi 

antenna with a cone-shaped lens (AVA-CL) shows the 

highest radiation from 2 to 5 GHz as compared to the other 

three antennas. The ceramic lens proved capable of 

enhancing the antenna radiation without changing the 

antenna matching. Future work could include simulation of 

the antenna with the presence of a human phantom, the 

realization of the antipodal Vivaldi antennas with the cone-

shaped lens, and the measurement of the S11 parameter when 

placing it inside the coupling medium. 
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