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A New Wideband CPW-Vivaldi Antenna for the
Detection of Breast Tumors in Microwave Imaging
System

Fatemeh Geran'*, Mohammad Bod! and Mohammad-Reza Darvish Khezri*

Abstract— This paper presents a new wide-band CPW
Vivaldi antenna for breast tumor detection. First, a simple
CPW-fed Vivaldi antenna is designed based on two-term
exponential equations. The coefficient of the exponential terms
and the parameters of the antenna fed are optimized for the
best impedance matching at the UWB frequency band. Then,
peripheral slots are added to the antenna to improve the
impedance matching and gain. A prototype of this antenna is
fabricated, and the scattering parameters and radiation
patterns are measured. The proposed antenna achieves a wide
bandwidth of 2.9-10.8 GHz with a VSWR < 3.5 and 4.2-10.2
GHz with a VSWR < 2, along with a peak gain exceeding 1 dBi.
Finally, microwave imaging with the help of six samples of the
proposed antenna is done. An image of a cancerous tissue inside
a breast is reconstructed using the delay and sum method,
successfully detecting a 20 mm spherical tumor. All the results
show that a suitable antenna for a microwave imaging system
is proposed.

Keywords—Vivaldi antenna, CPW antenna, microwave
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I. INTRODUCTION

I n recent years, numerous studies have been reported on the

early detection of various types of cancer using different
frequency ranges, including microwave, terahertz, and optical
frequencies. For example, terahertz imaging has shown
promise in detecting skin cancer due to its high sensitivity to
water content and cellular changes [1]. Similarly, optical
coherence tomography (OCT) has been widely used for early-
stage cancer diagnosis, offering high-resolution imaging of
superficial tissues [2]. Microwave imaging, on the other hand,
is particularly advantageous for detecting deeper tumors,
such as those in breast tissue, due to its ability to penetrate
dense tissues and provide information about dielectric
properties [3]. This diversity in imaging techniques highlights
the importance of selecting the appropriate frequency range
and methodology based on the specific application and target
tissue.

Microwave imaging involves sending microwave signals
toward a target and analyzing the reflected or scattered
signals to generate an image of the object or structure. This
method relies on different materials' varying microwave
interaction properties to distinguish between different objects
or tissues[1]. Microwave imaging applications span multiple
fields, including medical imaging, non-destructive testing,
security screening, geological exploration, and environmental
monitoring. Fig. 1 provides further details regarding the
diverse applications of microwave imaging.

This study focuses on the medical application of
microwave imaging technology. The potential of microwave
imaging in the early detection of breast cancer tum2ors offers

hope for more effective methods of combating breast cancer
mortality and achieving complete treatment in a shorter
period [1]. The first research on microwave imaging
hardware systems in biomedicine dates back to the late 1970s.
In the design presented by Jacobi and Larsen, they measured
the amplitude and phase of the transmission coefficient of a
3.9 GHz band microwave signal between two moving horn
antennas (one as a transmitter and the other as a receiver)
located on both sides of the dog's isolated kidney. Finally,
they obtained an image of the dog's kidney by analyzing the
data [5]-[6].

In the early 1990s, a circular microwave imaging system
was developed. This structure, with antennas placed
circularly around the target tissue, produces superior results
in image reconstruction compared to linear antenna
placement [7]. The promising results from this research have
inspired various groups to develop further and expand other
systems[8]-[9].

Microwave devices such as filters [10]-[12], sensors
[13],[14], and antennas [15]-[23] play a role in the microwave
imaging systems. Among them, antennas are the most
important element in microwave imaging systems for tumor
detection. The antenna must have a directional radiation
pattern with high gain to reduce backward radiation and
noise. The antenna must have a directional radiation pattern
with high gain to reduce backward radiation and noise. The
antenna should also be easily integrated with imaging
systems and placed around the body tissue. Therefore, it
should be as compact as possible. Based on these
specifications, the Vivaldi antenna is a good candidate for
microwave imaging systems and has been widely used in
recent works [15]-[22].

Vivaldi antennas not only have a directional pattern but
also a fixed phase center over a broad frequency band. This
characteristic helps microwave imaging systems work on a
broad frequency band and create a high-resolution image.
Most recent work on microwave imaging systems with
Vivaldi antennas is done in ultra-wideband frequencies
(UWB) of 3.1to 10.6 GHz.

Due to these challenges, the attention and focus of many
researchers have increased to improve this characteristic of
Vivaldi antennas. Various methods have been used to
improve the Vivaldi antenna characteristics as follows:

e The use of metamaterial structures [15], [16].

e Using a cavity as the back structure of the antenna [17].

e The use of rectangular slots alternately on the arms of the
metal part [18].

By special shaping of the substrate, a lens-like shape is
created at the end of the antenna, which is used to
increase Vivaldi antennas' directionality [19].

1. Faculty of Electrical Engineering of Shahid Rajaee Teacher Training University, Tehran, Iran.

* Corresponding author:Email: f.geran@sru.ac.ir


mailto:f.geran@sru.ac.ir

68

Volume 4, Number 3, November 2024

Medical I ing can be used in

g: Microwave i
dical :

PL particularly for breast cancer
detection. It offers a non-invasive and radiation-free
alternative to traditional mammography. By
analyzing the differences in microwave properties
between healthy and cancerous tissues, microwave
imaging can help identify tumors at an early stage.

Non-Destructive Testing: In industrial settings,
microwave imaging is used for non-destructive
testing of materials. It can detect defects, cracks, or
irregularities within structures such as pipelines,
concrete, or composite materials. This helps ensure
structural integrity and prevent failures.

Security Screening: Microwave imaging is
employed in security screening systems to detect
concealed objects on individuals. It can penetrate
clothing and provide images of hidden items, such as
weapons or explosives. This technology is commonly
used in airports or high-security areas.

Microwave imaging Applications

Geological Exploration: Microwave imaging can be
utilized for subsurface imaging in geological
surveys. By analyzing the microwave reflections
and scattering from different layers of the Earth's
subsurface, it is possible to map underground
structures, locate mineral deposits, or identify
potential oil and gas reservoirs.

Environmental Monitoring: Microwave imaging
can aid in monitoring environmental parameters
like soil moisture content, vegetation growth, or
ocean surface conditions. By analyzing the
microwave signals reflected from these surfaces,
it is possible to gather valuable data for climat
studies, agriculture, or disaster management.

Fig. 1: The types of microwave imaging applications.

e The use of array structures of Vivaldi antennas [20].

e The use of unique designs for the part of the metal arms
of the antenna or structures with different designs in the
antenna feeding part [21],[22].

e Using directional structures. These structures are made
of cut shapes from materials with high dielectric
coefficients and are placed in the end part of the antenna
[23].

This paper presents an improved CPW-fed Vivaldi antenna
for a microwave imaging system. First, a simple CPW-fed
Vivaldi antenna is designed based on two-term exponential
equations. The coefficient of the exponential terms and the
parameters of the antenna feed are optimized for the best
impedance matching at the UWB band. Another example of
the CPW antenna with peripheral slots is also designed to
improve the impedance matching and the antenna gain. A
prototype of the second design is fabricated, and the measured
results are compared with the full-wave results of HFSS
software. Finally, microwave imaging with the help of six
samples of the Vivaldi antenna is done in the Msoftware.
After collecting the coupling matrix, the image of a cancerous
tissue inside the breast is reconstructed using the delay and
sum method. All the results show that a suitable antenna for
a microwave imaging system has been created The paper is
organized in four sections. In the second section, the proposed
antenna and its results are presented. In the third section, the
simulation and measurement results of the proposed antenna
and the method of tumor detection are introduced, and finally,
in the fourth section, the summary of the article is presented.

1. ANTENNA DESIGN

Coplanar Waveguide (CPW) lines offer several
advantages over other transmission lines, making them
popular in many high-frequency applications. CPW lines are
easy to fabricate on planar substrates, allowing integration
with other circuit elements. They have low radiation losses,
which is crucial for minimizing signal degradation.
Additionally, CPW lines provide good impedance control,
enabling precise matching to other components. Their
symmetrical structure helps to reduce crosstalk between
adjacent lines, ensuring clean signal transmission.
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Fig. 2 The proposed CPW-fed Vivaldi antenna based on two-term
exponential equations (a) Top view of simple CPW-fed Vivaldi antenna
(Design 1), (b) side view of Design I, c) Top view of CPW-fed Vivaldi
antenna with peripheral slots, (Design Il), (d) Side view of Design 1.
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Fig. 3. Different shapes of Vivaldi antenna opening based on choosing
different values for A, B, C, and D coefficients.
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Fig. 4. The simulated VSWR of the simple CPW-fed Vivaldi antenna

based on two-term exponential equations (Design I) and the CPW-fed

Vivaldi antenna with peripheral slots (Design II)

A CPW-fed Vivaldi antenna is a type of broadband
Vivaldi antenna that utilizes a CPW line as its feeding
element. The antenna's geometry resembles a tapered wedge,
with the CPW line widening towards the end. This gradual
taper allows the antenna to operate over a wide range of
frequencies. A CPW-fed Vivaldi antenna has several
advantages over the traditional antenna. It has a more
straightforward design, which makes it easier to fabricate and
integrate into systems. It also has better impedance matching
and lower insertion loss, which improves its performance.
Also, CPW Vivaldi antennas are known for wide bandwidth,
high gain, and ease of fabrication, making them an ideal
choice for microwave imaging applications.

Based on this fact, a CPW-fed Vivaldi antenna is designed
in Fig.2. As seen in this figure, the proposed Vivaldi antenna
consists of an L-shaped CPW feed line and a tapered opening
slot. The proposed antenna is placed on an FR4 board with a
dielectric constant of 4.4 and a dielectric loss tangent of 0.02.
The overall dimensions of the antenna are 34 x 37 mm? with
a thickness of 0.8 mm. There is a 50-ohm SMA connector at
the antenna input. Also, the input CPW line has a width of 3.2
mm and a gap of 0.3 mm, which is adapted to the 50-ohm
impedance of the connector.

The radiating part of the Vivaldi antenna consists of a
fixed section with a width of 3.8 mm and a length of 10.1 mm.
After that, the opening slot is based on a two-term exponential
equation.

The two-term exponential equation is defined as follows:
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Fig. 5. The simulated peak realized gain of Design | and Il at the end
fire angle (6=90, ¢=90 degree according to the cartesian coordinates
shown in Fig. 2).
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Fig. 6. The simulated surface current of a) Design I, b) Design Il at 6.5
GHz frequency, and c) the current scale for both antennas.

In which X and Y are the coordinates according to Fig. 2, and
A, B, C, and D are the coefficients of the exponential term.
Different tapering shape coefficients can be obtained based
on their different values.

Fig. 3 shows the different tapering shapes obtained with
A, B, C, and D coefficients in equation (1). In fact, with
different selections of the exponential equation coefficients,
the Vivaldi antenna's opening changes. This opening directly
affects the impedance matching of the proposed antenna. In
an optimization algorithm in the HFSS software, A, B, C, and
D coefficients in equation (1), along with L-shaped line
parameters, were optimized to have the best impedance
matching in the UWB band. Based on this optimization, the
length of the L-shaped CPW line is obtained as 7.4 mm, and
the parameters of the tapered section are obtained as
follows:A = 17.96, B = 0.028,C = —53.58,D = —0.64.

To improve the performance of the proposed antenna and
increase the gain, another CPW Vivaldi antenna with a two-
term exponential equation is presented in Fig. 2 (c) and (d).
We named this scheme as design Il in this paper. As shown
in Fig. 2, seven peripheral slots have been inserted on both
sides of the Vivaldi radiation section. Each of these slots has
a width of about 1 mm, except the two-ended slots, which
have a 2 mm width. The dimensions of this antenna are
selected similarly to the previous one, as 34 x 37 x 0.8 mm?.

The L-shaped CPW fed, and the Vivaldi curve remain
unchanged. In the next section, it will be shown that the
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Fig. 7. The measurement of Design Il antenna with Agilent network
N5230A.
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Fig. 8. Comparing the measurement and simulation VSWR of Design Il

antenna.

peripheral slots strengthen the radiation current of the
antennas and increase the antenna gain in the UWB band.

I11. RESULTS AND DISCUSSION

A. Antenna Results

In this section, the simulation and measurement results of
the proposed antenna are studied. First of all, the simulated
VSWR of the simple CPW-fed Vivaldi antenna based on
two-term exponential equations (Design I) and the CPW-fed
Vivaldi antenna with peripheral slots (Design I1) are shown
in Fig. 4. As can be seen, Design | covers 3.5 to 10.9 GHz
frequency. In contrast, Design Il covers 2.9 to 10.8 GHz,
with VSWR<3.5. Many transmitters work well with VSWR
around 3; however, both antennas in the 4.2-10.2 GHz
frequency range have VSWRs better than 2 and are very
close to 1.

The simulated realized gain of both Design | and Il are
shown in Fig. 5. In this figure, the realized gains are
evaluated at the end fire angle, i.e. 6=90, =90 degree
according to the cartesian coordinates shown in Fig. 2. As
can be seen, the realized gain of both antennas are varying
from 1 — 7 dB at 3-11 GHz in both antennas. However, the
peak realized gain of Design Il is significantly better than
that of Design I. This increase in gain is because the
peripheral slots have caused better impedance matching of
the antenna of the second design at some frequencies.
Therefore, the realized gain of the antenna has improved.

Fig. 9. Measuring the radiation pattern of Design Il antenna in the
Anechoic chamber.
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Fig. 10. Normalized radiation pattern of the proposed antenna (Design 1)

at a) phi =90 4GHz frequency, b) theta =90 4GHz frequency, c) phi =90

8GHz frequency, b) theta =908GHz frequency.

To better evaluate the performance of the two presented
designs, in Fig. 6, the surface current of designs | and 11 at the
frequency of 6.5 GHz is shown. As can be seen in Design I,
the surface currents are concentrated around the CPW feed
and tapered Vivaldi curve. Design |1 also has a high-intensity
surface current around the peripheral slots. These slots
increase the electrical length of the antenna of Design II;
therefore, the working frequency of the second antenna
decreases. This issue was also investigated in Fig. 4. As
mentioned before, the working frequency of Design Il has
decreased from 3.5 GHz t0 2.9 GHz.
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Fig. 11. Placement of six of the proposed antennas around the
breast tissue with the cancerous tumor in its center.

A prototype of the Design Il antenna is fabricated, and its
VSWR is measured with Agilent network N5230A at Iran
Telecommunication Research Center (ITRC), as shown in
Fig. 7. As can be seen, the results of simulation and
measurement perfectly match the desired band.

The radiation pattern of the fabricated antenna is also
measured in E- and H-planes. Fig 9 shows how to perform the
test in the anechoic chamber of the Iran Telecommunication
Research Center. The normalized radiation patterns of the
proposed antenna are shown in Fig. 10. This figure plots
radiation patterns at two frequencies of 4 and 8 GHz at the
phi =90° (H-plane) and theta=90° (E-plane). As can be seen,
the antenna has a directional pattern in both planes. Also, the
differences between the co-polarization and the cross-
polarization in both frequencies and planes are more than 30
dB.

B. Microwave Imaging results

This section will examine microwave imaging with the
proposed antenna. For this purpose, a breast phantom, which
includes two layers of skin and fat, is considered first. The
thickness of the skin layer is 2 mm with a dielectric constant
of 36 and conductivity of 4 S/m. The fat layer has a diameter
of 116 mm with a dielectric constant of 9 and a conductivity
of 0.4 S/m. In the middle of this phantom, there is a spherical
tumor tissue with a diameter of 20 mm. This tumor has a
dielectric constant of 50 and a conductivity of 4 S/m.
According to Fig. 11, around the under-test phantom, six
antennas are placed with an angular distance of 60 degrees.

To reconstruct the image in this problem, the open-source
code MERIT is used. MERIT is a MATLAB code based on
the delay and sum method [24]-[26]. In this method, each of
the six antennas acts as the transmitter and the reception is
stored in the other five antennas with scattering parameters.
Due to the reciprocity between transmitter and receiver
antennas, only 16 mutual-scattering matrices are needed for
reconstructing the image. Each scattering matrix element

contains 1000 frequency samples in the UWB band. The
scattering matrix is calculated in two steps to remove
reflection from the skin. In the first step, the location of the
antennas is the same as in Fig. 11, and in the second step, all
the antennas are rotated 30 degrees from the center of the
tissue.
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Fig. 12. The reconstructed image of breast cancer and
identifying of the tumor at the center of the breast.

After collecting the scattering matrices between the
antenna elements and determining the antennas' location, the
data is entered into the MERIT code. The result obtained from
the cancerous tissue and breast phantom is shown in Fig. 12.
As can be seen, the cancerous tissue in the middle of the tissue
is well separated from the background fat. If this process is
repeated with more antennas, images with better clarity and
less ambiguity can be achieved. Finally, based on the results
obtained in this paper, it is clear that the proposed antenna is
a suitable candidate for microwave imaging in the UWB
frequency band.

C. Comparison with other works

The proposed CPW-fed Vivaldi antenna demonstrates
competitive performance compared to other state-of-the-art
designs, as summarized in Table 1. While some designs
achieve higher gain or larger bandwidth, the proposed
antenna stands out for its compact size (34 x 37 mm?) and
optimized impedance matching across the UWB band. These
features make it particularly suitable for integration into
microwave imaging systems for breast tumor detection.
Additionally, the use of peripheral slots improves gain and
impedance matching, addressing a common challenge in
Vivaldi antenna design. Future work will focus on further
miniaturization and gain enhancement to improve its
performance for clinical applications.

While the proposed CPW-fed Vivaldi antenna
demonstrates promising performance for breast tumor
detection, several limitations and challenges must be
acknowledged. The antenna's performance is optimized for
the UWB frequency range (2.9-10.8 GHz), which may not be
suitable for all breast tissue types, particularly dense tissues
requiring lower frequencies for deeper penetration.
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TABALE |
Comparison of the Proposed Design With Other Similar Works

Frequency Bandwidth Peak Gain Size o
Reference Antenna Type Range (GH2) (GH2) (dBi) (mm?) Application
Proposed Design CPW-fed Vivaldi 2.9-10.8 7.9 7 34 x 37 Brdeast tL_Jmor
etection
Zhou & Cui[15]  Metamaterial-loaded 314 11 95  140x80 UWB applications
Vivaldi
Bai et al. [17] Cavity back Vivaldi 2585 6 8.5 63x51  Microwave breast
imaging
. Miniaturized -
Teni et al. [18] antipodal Vivaldi 4-30 26 6 66 x 50 UWB applications
Balanced antipodal Near-field
Bourqui et al. [23] Vivaldi P 2.4-18 15.6 N/A 80 x 44 microwave
imaging
Samsuzzaman et al. Modlfle_d ant_lpodal 2511 10 79 40 x 40 Mlcrgwav_e breast
[26] Vivaldi imaging
Additionally, the near-field operation introduces REFERENCES
challenges
such as coupling effects and sensitivity to antenna placement. [ P. Zamzam, P. Rezaei, S.A. Khatami, and B. Appasani,

The current system uses six antennas, limiting imaging
resolution for smaller tumors (<10 mm). Future work should
focus on multi-frequency operation, advanced image
reconstruction algorithms, and in vivo testing to address these
limitations and improve clinical applicability.

IV. CONCLUSION

Cancer and breast tumor diagnosis have been investigated
by microwave imaging methods using novel CPW-fed
Vivaldi antennas. At the beginning of the paper, an ultra-
broadband Vivaldi antenna with suitable performance
characteristics has been designed to use the microwave
imaging method. To improve the impedance matching of the
proposed Vivaldi antenna, peripheral slots are added to the
antenna. This antenna was fabricated, and the measurement
results matched the simulation well. The proposed antenna
can cover 2.9-10GHz with a VSWR less than 3.5 and 4.2-10.2
GHz with a VSWR less than 2. The peak gain of the proposed
antenna in the UWB band is more than 1dBi. An imaging
result with the six examples of the proposed antenna was also
obtained. The imaging was done with the MERIT open-
source code based on the delay and sum algorithm. The
results show that the code can perfectly identify tumor tissue
in the background of a fat breast. Based on these results, it is
clear that the proposed antenna is a suitable candidate for
microwave imaging in the UWB frequency band.
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