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A new compact Ultra-Wide Band (UWB) arch-shaped wide-slot antenna was
implemented for Microwave Imaging (MI) of breast cancer. It is composed of a fork-
shaped strip and an arched slot ground, with a compact size of 16x20 mm and a height
of 1 mm. The arched slot in the ground plate enhances the impedance bandwidth and the
gain of the antenna. It has a bandwidth of 3.7 GHz to 18 GHz, covers WLAN (5.4 GHz),
X band (8-12 GHz), and Ku band (12-18 GHz), and has a gain of 2.7 dBi to 6.3 dBi in
the frequency ranges. The fidelity factor was computed for both E-plane and H-plane
scenarios, indicating a range of 0.922 - 0.975 for the E-plane across all angles. It has a
small size, a simple design, less signal distortion, a high gain of 6.3 dBi, a fractional
bandwidth percentage of 131%, and an efficiency of 93.7% at 6 GHz. It exhibited reliable
performance in terms of the fidelity factor at all angles compared to the most recent
works. An MI simulation for breast tumor detection was performed to detect changes in
the backscattering signal in the presence or absence of a tumor with a high dielectric
inclusion. S11 is quite high when measured in front of a breast model. There is a
noticeable difference in S21 between the scenarios with and without a tumor in the breast
model. There are significant variations in the transmission parameter across the entire
frequency range between the scenarios with and without a tumor.

I. Introduction

Microwave Imaging (MI) has the potential for early
detection and localization of malignant tissues in the human
body [1]. As a non-invasive medical imaging technique, it can
be employed to detect breast and brain tumors, image bones,
diagnose localized anemia in various parts of the human body,
and monitor thermal ablation of liver tumors. Breast cancer is
globally recognized as a leading cause of mortality among
women [2]. Current imaging techniques for breast cancer
detection include X-ray mammography, ultrasound, Magnetic
Resonance Imaging (MRI), and combined techniques. Early
detection plays a crucial role in successful cancer treatment.
The maximum accuracy achieved among these techniques is

almost 75.6 percent [3].

MI for breast cancer diagnosis works based on the changes
in electrical properties of healthy tissues and tumors. MI is a
radiation technique, with proper tissue
penetration and low power transmission with fewer health
risks [4].

Antennas are essential components of any MI system.
Basically, in Ultra-Wide Band (UWB) radar imaging systems,
the transmitting antennas emit short UWB pulses and then
process the back-scattered signals from the tissue received by

non-ionizing

the receiving antennas, where significant scattering signatures
can be identified and localized. Increasing the bandwidth of
these pulses has advantages, including deep tissue penetration
at lower frequencies and improved range resolution at higher
frequencies. Therefore, the antenna element should possess a
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wide bandwidth to transmit such pulses with minimal signal
distortion to achieve a high-resolution image of the human
body (tissues) [5].

In the microwave radar imaging context, the literature
highlights the requirements of using directive antennas with a
compact size, very wide frequency bandwidth, high gain and
improved efficiency. Specifically for MI of human tissues, it
is essential to design antennas that have high-fidelity factors in
the time domain [3, 6-9]. Furthermore, the time-domain
performance of the antenna must be high to ensure successful
penetration through human tissues without significant
distortion. Two important distortion characteristics of an
antenna are the fidelity factor, which refers to distortion in the
time domain, and the group delay, which refers to distortion in
the frequency domain [10]. Considering these criteria, UWB
antennas are well-suited for MI systems.

Various UWB antennas have been proposed for MI and
radar systems, including Vivaldi antennas [11-15], spiral
antennas [16], planar monopole antennas [8, 17-19], planar
slot antennas [20-22], bowtie antennas, and horn antennas. A
comprehensive review of these antennas and their
characteristics can be found in [5]. Monopole and wide slot
planar antennas are commonly used in antenna arrays for
microwave breast imaging systems. These antennas offer
advantages such as simple design, small axial length, wide
frequency range, and convenient fabrication process.
Additionally, designing compact antennas enables more
antenna elements to be positioned around the tissue, improving
signal utilization and overall resolution [23].

An eagle-shaped UWB patch antenna has also been
designed for MI, emphasizing its innovative shape for
achieving directional radiation [25]. In comparison with other
methods, this work utilizes a simple and effective approach to
achieve a bi-directional radiation pattern. In another wide-slot
antenna, the radiating element is modified by cutting slots in
both patches and the ground plane, enhancing the electrical
length to achieve an omnidirectional radiation pattern with a
high gain. This method increases the resonance frequency,
gain, and efficiency of the antenna without changing its
dimensions [20].

In another study [34], the antenna described in [20] has been
modified by adding a reflector to create a more directive high-
gain antenna. Although this design enhances gain, directivity,
and the correlation factor, the large profile of the antenna (29.4
x 32.2 x 25 mm?®) challenges the benefits of compactness and
simplicity. In [35], a metamaterial-layer-based lens and an
Artificial Magnetic Conductor (AMC) have been utilized to
enhance field performance (gain, radiation patterns). Despite
achieving high gain, this structure has a larger size (50 x 50
mm?) and limited impedance matching (2-5 GHz) compared to
other designs intended for breast tissue imaging.

Most communication systems prefer to utilize a single
radiating element that supports multiple bands and functions,

resulting in reduced size and weight [36]. However, for MI,
antennas with multi-purpose operation and broader frequency
coverage are required. Thus, this project aims to implement an
antenna optimized for MI systems. The design of the antenna
in this project is based on the structure in [24] exhibiting
significant modifications and optimizations to achieve
efficient performance in the UWB frequency range.

This project implements a new compact antenna with a
high-fidelity factor, which is suitable for MI applications. The
antenna has a uniform radiation pattern and notable gain and is
efficient in the frequency range, making it suitable for
microwave breast imaging applications. The analysis is
performed in the time domain, as well as a frequency domain,
employing CST Microwave Studio.

II. The Project Overview

The new antenna is composed of a fork-shaped strip, an
arched ground slot, and a meander line embedded into the
ground plain of the slot. The application of an arched slot in
the ground effectively improves both the impedance
bandwidth and the gain of the antenna. As a result, the new
radiation design provides a wide fractional bandwidth
exceeding 131% across its operational range of 3.7-18 GHz.
The implementation of novel techniques in designing the
antenna's radiation components has led to the attainment of
various characteristic parameters, including a maximum
simulated gain of 6.3 dBi for the compact antenna. Compared
to several documented UWB-based antennas in the literature,
the suggested antenna exhibits greater compactness and a
wider bandwidth. Moreover, the proposed antenna was
analyzed in the time domain was, resulting in a fidelity factor
of 0.975 within the frequency range of 3-13 GHz in a face-to-
face scenario. This proves a remarkable reduction in signal
distortion of the antenna.

An MI simulation for breast tumor detection was performed
to detect changes in the backscattering signal in the presence
or absence of a tumor with a high dielectric inclusion.

III. Antenna Design

The new wide-slot antenna consists of an arched-shaped slot
with meandered arms in a ground plane on one side of an FR4
substrate (with er =4.3 and tan § = 0.025). A forked microstrip
feed is located on the opposite side of the substrate, as depicted
in Fig. 1. The proposed antenna has dimensions of LxWxhs,
and a 50Q coaxial transmission line is used for antenna feeding.

As shown in Figure 2(a), the primary structure has a
rectangular slot on its ground plane. In the subsequent stage,
an arched-shaped aperture is implemented on the ground plane
of the antenna, as depicted in Figure 2(b). This alteration is
intended to generate extra resonant frequencies and enhance
the return loss. The last step involves using the meandering
technique to decrease the lowest operating frequency of the
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antenna. Through the implementation of meandering, the
current path is extended, resulting in antenna miniaturization
and improved matching (lower S11) within the 6-13 GHz
range. The proposed antenna is displayed in Fig. 2(c). The
parameters for the final antenna configuration, leading to a
reflection coefficient (S11) below -10 dB across the frequency
range of 3.6-18.5 GHz, can be found in Table I. Figures 3 and
4 show the simulated return loss performance, gain, and
efficiency of the designed structure throughout the evolution
process.

W2

@ boo®
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t

Fig. 1. The geometry of the proposed wide-slot antenna: A) top
view, B) bottom view, and C) side view.
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Fig. 2. The structure of the various antennas: A) basic structure,
B) basic structure with an arched shape slot, and C) basic
structure with arched shape slot and meandered arms (the

proposed antenna).

Figure 5 demonstrates the impact of design parameters t, L1,
L2, and W3 on S11 by varying one parameter at a time, while
keeping all other parameters fixed at the values specified in
Table 1. This parametric study aimed to investigate the
impact of specific antenna design parameters on overall
performance. The plot illustrates the relationship between the
antenna's reflection coefficient (S11) and each of the four
parameters.

Optimal values for these parameters were determined based on
achieving the widest bandwidth for S11 below -10 dB
(indicated by the black solid line). The substantial influence of
all the parameters on the antenna's return loss
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Fig. 3. Simulated reflection coefficient characteristics for
various wide-slot antenna structures, as illustrated in Figure 2.
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Fig. 4. Simulated (a) gain and (b) efficiency for various wide-
slot antenna structures.

is observed through the plots. Changing the distance of t has
a significant effect on S11 performance, and when t = 0, the
return loss performance deteriorates. As shown in Figure 5(b),
the upper frequency of the bandwidth decreases as LI
increases. Additionally, changing the width of W3 can affect
both the lower and upper frequencies of the bandwidth.

IV.  Frequency Domain Analysis

The fabricated images of the designed wide-slot antenna,
including both the front and back views, are illustrated in
Figure 6(a). To validate the performance of the antenna, the
measured results are compared with the simulated results.

The return loss results obtained from the measurements and
simulations in free space demonstrate a satisfactory agreement,
as depicted in Figure 6(b). The wide-slot antenna exhibits a
measured bandwidth of 10 dB return loss, ranging from 3.7 to
18 GHz.
Figures 7(a) to (c) display the measured and simulated far-field
radiation patterns of the wide-slot antenna at frequencies
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Fig. 5. The impact of design parameters t, L1, L2 and W3 on
S11 by varying one parameter at a time, with respect to (a)
distance t, (b) forked width L1, (c) forked length L2, and (d)
meandering width W3. The finalized parameters correspond to
the (black) solid line in all plots.

of 4, 8, and 12 GHz. The radiation patterns for the E-plane
(y-z plane) and H-plane (x-z plane) are presented, showing a
satisfactory alignment between the measured and simulated
patterns. This agreement indicates a strong correlation between
the predicted and observed radiation characteristics of the
antenna.
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TABLE1 PARAMETERS OF THE ANTENNA SHOWN
IN FIG.1
Parameter Value Parameter Value
L 20mm W2 1.9mm
w 16mm W3 0.lmm
X 13.7mm W4 0.2mm
Y 6mm Wt 1.83mm
L1 5.2mm R 6.7mm
L2 5.2mm S 0.32mm
L3 4.5mm T 0.28mm
W1 1.9mm Hs Imm
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Fig. 6. (a) Photo of fabricated UWB scheme in the front and
back view. (b) Measured and Simulated curve of Reflection
Coefficient

Figure 8 compares the measured and simulated changes in
gain for the proposed antenna. At a frequency of 15 GHz, the
simulated and measured gain for the proposed antenna reaches
its highest values of 6.3 dBi and 8.6 dBi.

V. Time Domain Analysis

MI systems utilize UWB antennas to transmit data using short
pulses across a wide frequency range. However, these narrow
pulses are susceptible to dispersion, resulting in distortion
upon reception. Nevertheless, the receiver is still capable of
recognizing and interpreting the incoming pulse. To mitigate
this issue, a time domain analysis of the transmitted pulse is
conducted to anticipate and compensate for the system-
induced distortion. So, the antenna must have high time-
domain performance to effectively penetrate pulses in human
tissues and minimize waveform distortions. The fidelity factor
is employed to quantify the distortion in the time domain.
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Fig. 7. The simulated and measured radiation patterns at 4 GHz, 8 GHz and 12 GHz. (a-c) E-Plane, (d-f) H-plane.
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Fig. 8. The simulated and measured gain.

It utilizes the frequency domain transmission coefficient
(S21) to compute the correlation between the received and
transmitted signals. The fidelity factor depends on various
parameters, including the incident signal waveform, gain, and
return loss [8]. The calculation of the fidelity factor involves
determining the maximum amplitude of the cross-correlation
between the received and transmitted signals.

The fidelity factor (FF) is given by:

60
90
120
-150 H-Plane 150 -150
180 12GHz 180
(d) (
+00
FF = maxf T'(t)ﬁ(t +1) (D
T —0o0

where T(t) and R(t) are the normalized transmitted and
received signals. To obtain the received signal in the time
domain, the following relation can be used:

R(w) = FFT(T(t))H(w)
R(t) = IFFT(R(w))

@
©)

where H(w) is the system transfer function and is also
equivalent to S21, based on the above relationship. To
minimize distortion in the received signal in the time domain,
the antenna transfer function should possess a flat magnitude.

Group delay is a significant parameter that describes the
response of UWB antennas in the frequency domain. It is
defined as the derivative of the phase response 2H(w) [10].

To ensure minimal signal distortion during pulse
transmission, it is necessary for the group delay of the antenna
to be constant or have a deviation of less than 1 ns within its
operating frequency band. The formula for calculating group
delay is:
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_dp() W
d(w)
where ¢ represents the phase of the transfer function and ®
represents the angular frequency.
Consistency in the magnitude of the antenna transfer

function across the operating bandwidth is essential to
minimize fluctuations in group delay [8]. This, in turn, is
crucial for ensuring limited signal distortion and maintaining a
high-fidelity factor in the time domain. Therefore, there is an
interconnection between the group delay in the frequency
domain and the fidelity factor in the time domain.

To demonstrate it, we positioned two antennas facing each
other spaced by 240 mm and calculated the amplitude and
phase of S21 and the group delay of the antenna. As shown in
Fig.9 the variation of the group delay in this interval is lower
than 0.4ns. Additionally, the amplitude of S21 remains
approximately constant, and the phase of S21 is linear in the
frequency range. Furthermore, side-by-side and face-to-face
configuration scenarios were investigated and compared. As
depicted in Fig.8, the group delay remains constant from 3 to
14 GHz in the side-by-side scenario, while the phase of S21
exhibits distortion specifically at the frequency of 14 GHz.
Additionally, the amplitude of S21 experiences a decrease at
this frequency.

To assess the performance of the antenna, two distinct
signals are utilized as inputs. The first signal is a default
Gaussian pulse generated within the CST software, spanning
the frequency range specified by the UWB standard, which is
between 3.1 GHz and 10.6 GHz (Signal I). The second signal
is a sine-modulated Gaussian pulse with specific parameters,
including a central frequency (Fc) of 7 GHz and a pulse width
(b) of 220 ps (Signal II) [8, 25]. Figure 10(b) provides a visual
representation of the normalized input signals. Then, the
fidelity factor for both the E-plane and H-plane, based on the
angle, is calculated. In the far-field region of the transmitting
antenna, a total of 19 virtual probes are strategically positioned
in both planes. These probes are evenly spaced at 10-degree
intervals, ranging from -90 to 90 degrees along a circular
trajectory centered at the antenna's midpoint (Figure 10).

Figure 10 illustrates a high-fidelity factor achieved in the E-
plane, ranging from 0.922 to 0.975 for signal I. Furthermore, a
fidelity factor between 0.831 and 0.975 was obtained for signal
I in the H-plane. The fidelity factor for signal II exhibited
slightly better performance, as it ranged from 0.979 to 0.990
across angles from -80 to 80 degrees in both the H-plane and
E-plane.

Figure 11 illustrates examples of the normalized radiated
signals in both the E-plane and H-plane at various angles along
the specified arcs. The signals depicted in Figure 11
demonstrate the antenna's capability to transmit short pulses
with minimal signal distortion.
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Fig. 9. (a) Group delay, (b) phase of S21, and (c) amplitude of
S21 of the simulated antennas in the face-to-face and side-by-
side scenario

VI Imaging Result

The system configuration for breast tumor detection is
depicted in Figure 12. The primary goal is to detect changes
in the backscattering signal in the presence or absence of a
tumor with a high dielectric inclusion. The breast model used
in this setup comprises two layers: the breast tissue layer and
the skin layer. A tumor is situated 6 mm underneath the skin
layer.

The performance evaluation of the proposed system
involved examining the S21 parameter for different
configurations: free space, the breast model with a tumor,
and the breast model without a tumor. To obtain the S-
parameters, two antennas were positioned in a face-to-face
configuration around the breast model, maintaining a
separation distance of 12 mm from the skin layer. Also, the
S11 parameter was derived by positioning the antenna in
front of the breast model. It was
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TABLE 2 FIDELITY FACTOR COMPARISON OF THE
UWB ANTENNA WITH OTHER LITERATURE
Re Bandwidth Dimensions(m Fidelity Factor
f. m)?
[25]  3.5-11 39%36.6 (Phi=0°, Theta=0°)=0.9131
(Signal II) (Phi=0°, Theta=90°)=0.9002
[26] 1.6-7.1 51.6x51.6 0.65-0.95
(Sine-Gaussian)
[27] 2.8-11.5 29x24 E-plane H-plane
(Signal I) FtF=0.9091 SbS=0.8270
SbS=0.8283
[28] 4-11 20x19 E-plane
(Signal I) FtF=0.906
SbS=0.8524
[32] 3.8-10.1 29%26.6 E-plane
(Signal T) FtF=0.916
SbS=0.912
[34] 3.02-12 29.2x32.2 E-plane
( Gaussian) FtF=0.8633
SbS=0.9486
Our 3-13 16x20 E-plane H-plane
vork (Signal T) 0.922 - 0.975 0.831-0.975
(Signal II) 0.986 - 0.990 0.864-0.990

Table 3 presents detailed information about the properties of
the breast components at a frequency of 3 GHz [20, 28].

TABLE3 GEOMETRICAL PARAMETERS AND
ELECTRICAL PROPERTIES OF THE BREAST
MODEL
Tissue Conductivity Permittivity ~ Thickness

(S/m) (mm)
Skin 1.8 38 2.5
Tumor 3.1 67 10
Fat 0.1 5 87.5

Breast Tissue .
Receiver

Skin

._’
Transmitter

Fig. 12. Breast phantom model and simulation setup for
microwave imaging

Tumor

found that minimal variations were detected when compared
to the configuration where the antenna was situated in free
space.

The initial section of Figure 13 effectively showcases the
strong performance of S11 when measured in front of the
breast model. It demonstrates a noticeable difference in S21
between the scenarios with and without a tumor in the breast
model. This contrast highlights the impact of tumors on the
transmission characteristics. Furthermore, a significant
variation in the transmission parameter can be observed across



International Journal of Industrial Electronics, Control and Optimization (IECO). 2026, 9(1) 84

the entire frequency range, the scenarios with and without the
presence of the tumor.

Figures 14 and 15 present the assessment of Power Loss
Density (PLD) and Specific Absorption Rate (SAR) for tissues
with and without a tumor at 9.1 GHz. In healthy tissues, a
uniform distribution of electrical energy is observed. However,
the presence of a tumor disrupts this uniformity, leading to
variations in the power distribution. The tumor absorbs some
energy, resulting in deflections and changes in the power
distribution pattern. The color density is noticeably higher in
cancerous breasts than in healthy breasts. This difference in
color density is attributed to the diverse dielectric properties
present within the breast phantom models. These findings
demonstrate the impact of tumors on the power distribution
and highlight the variations in PLD between healthy and
cancerous tissues. Also, we investigated the SAR for a sample
weighing 0.01 g at a frequency of 9.1 GHz. This choice of
sample size allows for quicker calculation of the SAR results.
For both a healthy breast and a breast with a tumor, a maximum
SAR of 5.56 W/kg was considered.
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& ~ S11
» .50 ==S21 (Fr.ee»Space)
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60! | | | | S21 (With Tumor)
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Fig. 13. S-parameters of the imaging setup

(a) I (

Fig. 15. Specific absorption rate for normal and cancerous Breast

b)

VI

The fidelity (correlation) factor of antennas is an important
criterion for tumor detection in microwave imaging
applications. Table 2 compares the fidelity factor of the new
design, and some structures addressed in recent literature on
microwave imaging. As can be seen, the antenna in this project
demonstrates reliable performance in terms of the fidelity

Comparison

factor at all angles compared to the most recent works.

Also, the innovative UWB antenna proposed in this study is
compared to previously published UWB antennas for tumor
detection, as presented in Table 4. Compared to previously
published UWB antennas for Microwave Imaging, the
proposed UWB antenna showcases notable features: its
compact size and wide frequency range, as demonstrated by
the comparative table. This smaller form factor contributes to
its uniqueness and sets it apart from the previously mentioned
antennas. The proposed antenna, despite its small size and

TABLE4 COMPARISON OF THE PROPOSED UWB
ANTENNA WITH OTHER LITERATURE

Ref.  Dimensions(})® Operational ~ Bandwidth  Gain  Application
Range[GHz] (%) (dB))
[29] 0.23x0.27x0.016 3.1-16 135 5 Microwave
Imaging
[30] 0.4x0.4x0.0.015 2.79-8.93 104.8 4.03  Microwave
Imaging
[31] 0.32x0.3x0.018 3.58-14 119 4.7 Energy
harvesting
[32] 0.37x0.34x0.02 3.8-10.1 90.6 6.8 Microwave
Imaging
[33] 0.24x0.20x0.015 2.79-18 146 5.74  Microwave
Imaging
[34]  0.29x0.32x0.25 3.02-12 119 7.3 Microwave
Imaging
[35]  0.33x0.33x0.09 2-5 85 847  Microwave
Imaging
Pro.  0.20x0.25%0.012 3.7-18 131 6.3 Microwave
Imaging

without the use of a reflector or additional structural
elements, offers an acceptable gain compared to other antennas.

VIII Conclusions

The performance characteristics of an antenna were
analyzed, studied, and optimized using the 3D simulator CST
Microwave Studio 2018. Additionally, the proposed antenna
was experimentally verified, demonstrating a satisfactory
agreement between the simulation and measurement results.
The fidelity factor was examined for both E-plane and H-plane
scenarios, indicating a good range of 0.922 - 0.975 for the E-
plane across all angles. With its smaller size, simple design,
less signal distortion, and commendable performance, the
proposed antenna is an excellent choice for implementing
breast tumor imaging applications. Finally, a simulation model
was suggested including a breast phantom with a tumor, along
with transceiver. The performance of the antennas on the
breast phantom was validated by studying parameters such as
isolation and SAR. The proposed UWB antenna exhibited
excellent characteristics, including a high gain of 6.3 dBi and
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a fractional bandwidth percentage of 131%. Moreover, it
achieved a remarkable efficiency of over 93.7% at the
operational frequency of 6 GHz within the specified range. The
antenna's fidelity factor was evaluated to assess distortion level
in various scenarios. The maximum fidelity factor of 0.975
was achieved for the E-plane.

To show the effectiveness of using the new antenna, an MI
simulation for breast tumor detection was performed to detect
changes in the backscattering signal in the presence or absence
of a tumor with a high dielectric inclusion. It was shown that

S11 was quite high when measured in front of the breast model.

Additionally, there was a noticeable difference in S21 between
the scenarios with and without a tumor in the breast model.
This contrast highlights the impact of tumors on the
transmission characteristics. Furthermore, a significant
variation was observed in the transmission parameter across
the entire frequency range, the scenarios with and without the
presence of the tumor.
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