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1  Introduction

Breast cancer, a widespread affliction affecting a substantial 
population [1], stands as one of the most prevalent global 
cancer types, with an estimated two million patients [2]. 
The importance of early detection cannot be overstated, as 
it plays a pivotal role in monitoring and treating cancerous 
cells within breast tissue [3]. However, the current screen-
ing method, breast mammography, is both cumbersome and 
expensive, restricting its feasibility for large-scale screening 
[4]. This article proposes a microwave-based breast cancer 
detection system, recognizing the need for a cost-effective 
alternative.

In addressing the antenna design requirements for breast 
cancer detection, considerations such as smaller dimensions, 
wide impedance bandwidth, and efficient power coupling 
to the breast tissue are crucial [5]. While smaller antenna 
dimensions contribute to compact detection systems, they 
present a challenge in achieving lower frequencies of opera-
tion [6]. It’s essential to note that the selection of antennas 
for specific applications, including breast cancer detec-
tion, hinges on factors like frequency of operation, desired 
resolution, and precise imaging requirements. Monopole 
antennas [7–11], known for their advantageous attributes, 
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Abstract
This article proposes an electrically small, probe-fed Ultra-Wideband (UWB) monopole antenna on a slotted truncated 
ground plane for breast cancer detection. The physical footprint of the proposed antenna element is 33 mm × 35 mm × 
0.5 mm. This element is designed on the low-cost FR4 Epoxy substrate with a thickness of 0.5 mm. The proposed antenna 
has an electrical size of 0.33λ × 0.35λ × 0.005λ at the lowest frequency of operation; the radiator offers an impedance 
bandwidth of 8.34  GHz, which implies a fractional bandwidth of 115.5%. A compact dual-polarized antenna topology 
with two orthogonally placed probe-fed monopole antennas is proposed to achieve polarization diversity. The impedance 
characteristics of the individual radiating elements are maintained in spite of the electrical proximity of the radiators. The 
numerically computed and experimentally measured results of dual-polarized electrically small UWB antenna agree quite 
well. The proposed dual-polarized antenna topology is investigated for its utility in breast cancer detection in simulation.

Index terms  Breast cancer detection · Dual-polarized antenna · Electrically small antenna · Probe-Fed · Thin substrate · 
Ultra-wideband antenna
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are particularly suitable for applications like breast cancer 
detection. However, the proposed UWB monopole antennas 
lack demonstrated applications in breast cancer detection.

Efficient coupling of electromagnetic power to breast 
tissue is vital for tumor detection, favoring probe-feeding 
techniques over edge feeding or strip line feeding. Conse-
quently, designs using Co-Planar Waveguide (CPW) [7, 
8] and strip line edge feeding [9–11] may not be suitable 
for the application. UWB antennas using probe feeding are 
proposed in [12–16]. Meanwhile, coaxially fed antennas on 
low-cost substrates [12] and those designed on Thick felt 
textile [13] or Taconic substrate [14] entail compromises in 
bandwidth, dimensions, or cost. The antenna in [15] has a 
lower 2D profile; however, adding a Dielectric Resonator 
Antenna (DRA) increases the vertical profile. In contrast, 
the antenna in [16] employs an all-metal concept, result-
ing in a significantly larger size. This renders the system 
impractical for breast cancer detection due to placement 
issues. Polarization diversity assumes critical importance 
in enhancing breast cancer detection information. However, 
existing literature predominantly focuses on bulky single-
polarization systems [17].

Recognizing the limitations of microstrip or CPW feed-
ing techniques regarding electrical footprint, this article 
explores a probe-fed antenna. Furthermore, a novel approach 
involving orthogonally mounted elements is introduced, 
paving the way for investigating a compact dual-polariza-
tion antenna system. The proposed work delineates key con-
tributions, encompassing the design of an ultra-wideband 
antenna with an impedance bandwidth of 115.5% on an 

electrically thin substrate, a probe antenna with electrically 
thin characteristics, a dual-polarized antenna system with 
minimal mutual coupling, and a case study on breast cancer 
detection using the developed system.

2  Probe-fed slotted monopole antenna

The proposed antenna is a probe-fed UWB Monopole 
antenna designed on an FR4 Epoxy substrate, which is an 
inexpensive substrate with a thickness of 0.5  mm with a 
relative dielectric constant (εr) of 4.4 and a loss tangent (tan 
δ) of 0.02. This substrate thickness is equivalent to 0.005λ 
calculated at the lowest frequency of operation, indicating 
an electrically thin substrate. Typically, the thickness of 
the substrate and bandwidth have a direct relationship. It 
is a challenge to achieve higher impedance bandwidth on 
an electrically thin substrate. The probe-feeding approach 
enhances the maximum coupling of the incident energy 
from the antennas to the target tissue. Due to this advantage, 
the probe-feeding technique was investigated with an elec-
trically thin substrate. The impedance bandwidth of 115% 
could also be obtained with alternate feeding mechanisms 
such as edge feed or CPW (Co-planar waveguide) feed. The 
proposed Probe-fed Monopole antenna has a trident-shaped 
hexagonal planar radiating patch with hexagonal, rectangu-
lar, triangular, and semi-circular slots and modified semi-
elliptical ground with semi-circular extension and slots as 
illustrated in Fig. 1. The overall dimension of the antenna 
is 33 × 35 × 0.5  mm, equivalent to 0.33λ × 0.35λ × 0.005λ 

Fig. 1  Proposed direct-fed UWB monopole antenna (units in mm) (a) top view (b) bottom view (c) side view
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calculated at the lowest frequency of operation. The pho-
tograph of the fabricated antenna prototype is shown in 
Fig. 2. The proposed antenna is probe-fed using an industry-
standard SMA connector. The positioning of the feed deter-
mines its input impedance, and the probe’s diameter can also 
impact the performance of the antenna’s radiation character-
istics. In the proposed antenna, a wideband impedance trans-
former is designed to match the impedance of the coaxial 
line to the radiating element. With a conventional hexagonal 
patch, the fractal bandwidth is nearly 66.67%. Slots must be 
introduced for bandwidth enhancement on either side of the 
central frequency. The semi-circular slots with a radius of 
3 mm (0.03λ) are used to enhance the impedance bandwidth 
further. The triangular slot aids in achieving |S11| ≤ -10 dB 
for higher frequencies greater than 6.35 GHz. The parasitic 
patch is formed with the intersection of a 3.4 mm (0.034λ) 
regular hexagonal slot and rectangular slots of width 
2.1 mm (0.021λ). With an overall size of the parasitic patch 

being 5.8 mm × 11.77 mm, equivalent to 0.058λ × 0.1177λ, 
it is designed to eliminate the band notches to achieve ultra-
wide bandwidth. If a complete ground were considered in 
the design of the proposed antenna, the antenna would be 
operational only from 10.78 to 11.22 GHz, offering a band-
width of merely 0.44  GHz. Thereby, a defective ground 
structure is taken into consideration. The ground is designed 
by the intersection of a rectangular structure with a semi-
elliptical structure, and it has a semi-circular extension of 
diameter 1.6 mm (0.034λ). The overall dimension for the 
ground is 31 mm × 8.3 mm (0.31λ × 0.083λ) with slots. The 
slots are used here to achieve impedance matching, with 
a consequent compromise in the radiation patterns in the 
operating bandwidth. The E-field patterns for frequencies 
3 GHz, 6 GHz, and 9 GHz are shown in Fig. 3.

The parametric results for different slots are presented 
in Fig. 4. Parametric values 5.4 mm, 3.4 mm, and 2.4 mm 
were analyzed as measures for the regular hexagon slot. 
Figure 4(a) shows minimal variations, and 3.4 mm instance 
is considered the optimal value for the desired impedance 
bandwidth. Figure 4(b) illustrates the parametric analysis of 
rectangular slots, and it is observed that with rectangular 
slots having a width of 2.1 mm, the impedance bandwidth 
is at its maximum. The parametric analysis of semi-circular 
slots with radius measures 2 mm, 3 mm, and 4 mm, as shown 
in Fig. 4(c), has minimal variation but is important for over-
all bandwidth enhancement. Also, it can be observed that 
the semi-circular slots with a 3 mm radius offer the largest 
impedance bandwidth.

The proposed antenna offers a 10 dB impedance band-
width from 3.07 to 11.41  GHz, offering a bandwidth of 
8.34 GHz. The fractional bandwidth is 115.5%. The antenna 
is fabricated using the industry-standard photo-lithography 

Fig. 3  E Field patterns for different frequencies (a) 3 GHz, (b) 6 GHz, and (c) 9 GHz

 

Fig. 2  Photograph of the fabricated antenna prototype
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3  Dual polarised slotted monopole antenna 
topology

Enhanced information availability is a crucial requirement 
in breast cancer detection systems. The dielectric constant 
behavior of the cancerous tissues might vary with the polar-
ization of the incident wave. Henceforth, a dual antenna 
topology is proposed to obtain additional information. The 
requirement is to realize the antenna topology, which can 
offer polarization diversity with an electrically compact 
design.

The proposed dual antenna topology has two identical 
antennas placed perpendicular to each other, as shown in 
the schematic illustrated in Fig. 9. The Antenna-1’s width is 
aligned with the Antenna-2’s length. The two antennas are 
placed at a minimal distance of 0.5 mm, which translates to 
0.005λ at 3 GHz, as shown in the schematic in Fig. 10. The 
distance between Port – 1 and Port – 2 is 13.2 mm, equiva-
lent to 0.132λ at 3 GHz. A compact scaffolding structure, 
bearing dimensions 38.5 × 39 × 37 mm with 1 mm groove 
cutting, as shown in Fig. 11, is designed and 3-D printed 
with PLA material to support the proposed topology for test-
ing. This ensures that the small gap of 0.5 mm between the 
two antennas is strictly maintained without any impact on 
the performance of the topology.

The measured values agree with the simulated values 
within the limits of measurement errors. The polarization 
diversity is maintained across all frequencies in the imped-
ance bandwidth of 8.48 GHz; the dual antenna topology can 
be used for breast cancer detection with relatively higher 
sensitivity.

The proposed dual antenna topology offers an imped-
ance bandwidth of 8.48  GHz with input reflection coeffi-
cient, |S11| ≤ -10 dB for frequencies ranging from 2.83 to 
11.31 GHz and a fractal bandwidth of 119.9%. Figure 12 
illustrates the S parameter results for the proposed topology.

technique. Post fabrication, the realized antenna is tested, 
and it offers a larger bandwidth greater than 9.5 GHz with 
|S11| ≤ -10dB from 2.5 GHz to beyond 12 GHz. Figure 5 
shows the proposed individual antenna’s simulated and 
measured Input Reflection Coefficient. The simulated and 
measured values of |S11| agree with the limits of fabrication 
and measurement tolerances.

The Radiation Pattern plots are illustrated in Figs. 6 and 
7. The principal plane cuts demonstrate a reasonable beam 
width for coupling with the breast cancer tissue.

The proposed antenna offers positive gain across lower 
frequencies from 3 to 6.67 GHz. The gain versus frequency 
is illustrated in Fig. 8.

Fig. 5  Simulated and measured input reflection coefficient of probe-
fed monopole antenna

 

Fig. 4  Parametric results for |S11| for different slots of trident-shaped hexagonal planar microstrip antenna (a) hexagonal slot, (b) rectangular slot, 
and (c) semicircular slot
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Gain plots for 3 GHz, 6 GHz, 7 GHz, 9 GHz, and 10 GHz are 
shown in Figs. 13, 14, 15 and 16, and Fig. 17, respectively.

The patterns differ for different port excitations, illustrat-
ing the achieved polarization diversity with the proposed 
topology using two antennas.

Gain patterns are generated with individual port excita-
tions to confirm the polarization diversity, and the achieved 
results of the same are presented in Figs. 13, 14, 15, 16 and 
17, where subplot (a) is when the port of Antenna – 1 is 
excited and (b) is when the port of Antenna – 2 is excited. 

Fig. 7  Simulated and measured YZ – plane radiation pattern for various frequencies

 

Fig. 6  Simulated and measured XY-plane radiation patterns for various frequencies
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4  Breast phantom modelling

Breast as a subject for testing is modeled using Ansys® 
HFSS Electromagnetics Suite, Release 19.2.0. Every human 
being’s breast size is different, and considering the same, 
based on the average breast size, the simulation phantom 
is designed. From [17], the average breast size of an adult 
woman is 11.4  cm in diameter. The breast is a heteroge-
neous mass and comprises different layers. The thickness 
of various layers is taken into consideration for modeling in 
reference to [18], which suggests that the thickness of the 
skin is around 1.6 mm, and there is a 10 mm thick layer of 
fat beyond which is the glandular tissues and muscles. As 
per multiple statistical analyses, the most common type of 
breast cancer is found in the glandular tissues. Figure 18(a) 
illustrates the top view of the modeled breast phantom with 
three different layers, skin, fat and glandular tissues, and 
Fig. 18(b) shows the Side View.

Different layers of the breast have different dielectric 
properties, which is a function of frequency. We consider 
3.7 GHz as the frequency of operation, considering the char-
acteristic performance of the antenna. The dielectric param-
eters for the layers of the breast are generated using [19], 
which is based on the Gabriel Dispersion Relationships. 
Tumor growth has higher cell density, and both types of 
tumor growth, benign and malignant, have nearly the same 
dielectric properties. The generated dielectric parameters 
correspond with the [20] and can be summarized as shown 
in Table – 1. The isometric view of the modeled breast phan-
tom is illustrated in Fig.  19 with tumor growth (black in 
color).

5  Demonstration for breast cancer 
detection

Two cases have been devised to study the performance of 
the proposed antenna and dual antenna topology in breast 
cancer detection, one with regular breast phantom and the 
other having tumor. The S parameter values show distinct 
differences to confirm the presence of a tumor. Figure 20 
shows the two cases using a single antenna element and a 
probe-fed monopole antenna, and Fig. 21 illustrates the two 
possible scenarios using dual antenna topology.

For the antenna single element, the results of |S21| is pre-
sented to show the distinguishing difference as illustrated in 
Fig. 22, and similarly, S Parameters |S13|, |S14|, |S23| and 
|S24| are compared to notice the clear difference to get a 
clear overview to determine the presence of tumor/ cancer in 
Fig. 23. Table 1 illustrates the features of the proposed work 
compared to the reported studies in scientific publications.

Fig. 10  Side view of the proposed dual antenna topology (units in mm)

 

Fig. 9  Proposed dual antenna topology (units in mm)

 

Fig. 8  Gain versus frequency of the proposed antenna element
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Fig. 13  Gain patterns for 3 GHz 
(a) antenna – 1 Port 1 excited, (b) 
antenna – 2 Port 2 excited

 

Fig. 12  Scattering parameter simulated and measured results for proposed Dual Antenna Topology, (a) |S11|, (b) |S12| = |S21| and (c) |S22| in dB

 

Fig. 11  (a) Compact Scaffolding 
structure to support dual antenna 
topology and (b) Photograph of 
the fabricated prototype for dual 
antenna topology
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of a cost-effective substrate. Notably, the antenna system 
demonstrates commendable characteristics such as a decent 
Impedance Bandwidth (IBW) and its practical application 
in breast cancer detection.

Table 2 presents a comparative analysis of the proposed 
dual-polarized antenna system with other relevant studies. 
Our examination reveals that the proposed system exhib-
its a significantly lower profile than all reported works with 
dual polarization. This is achieved through the utilization 

Fig. 16  Gain patterns for 9 GHz 
(a) antenna – 1 port 1 excited, (b) 
antenna – 2 port 2 excited

 

Fig. 15  Gain patterns for 7 GHz 
(a) antenna – 1 port 1 excited, (b) 
antenna – 2 port 2 excited

 

Fig. 14  Gain patterns for 6 GHz 
(a) antenna – 1 Port 1 excited, (b) 
antenna – 2 Port 2 excited
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proposed antenna system offers similar impedance charac-
teristics to its constituent antenna elements. It also has mini-
mal mutual coupling between the ports, indicating higher 
energy coupling from the antenna system to the targeted tis-
sues. An electrically compact dual antenna topology using 
two identical probe-fed monopole antennas offering dual 
polarization can be a potential candidate for breast cancer 
detection or similar applications [21].

6  Conclusion

This article proposed an electrically small, probe-fed Ultra-
wideband (UWB) monopole antenna with an electrically 
small, slotted ground structure for breast cancer detection. 
The proposed antenna element is electrically compact with 
ultra-high impedance bandwidth. The antenna is realized 
with the commercial industry standard, low-cost substrate. 
A dual-polarized antenna system is also investigated. The 

Table 1  Thickness and dielectric properties of different layers of the 
breast
Layer of Breast Thickness in 

mm
Permittivity Dielec-

tric Loss 
Tangent

Skin 1.6 36.8 0.16
Fat 10 4.9 0.93
Glandular 
Tissue + Muscle

45.4 55.4 0.94

Tumor ≥ 10 (radius) 72.02 1.05

Fig. 18  Modelled breast phantom showing different layers of the human breast (units in mm), (a) top view and (b) side view

 

Fig. 17  Gain patterns for 10 GHz 
(a) antenna – 1 port 1 excited, (b) 
antenna – 2 port 2 excited
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Fig. 22  Results of |S21| for different cases in single antenna setup for 
breast cancer detection

 

Fig. 21  Case study setup for dual antenna topology: (a) case – 1 with 
regular breast phantom, (b) case – 2 with breast phantom having tumor

 

Fig. 20  Case Study setup for a single element, a probe-fed monopole 
antenna, (a) case – 1 with regular breast phantom, (b) case – 2 with 
breast phantom having a tumor

 

Fig. 19  Isometric view of the 
modeled breast phantom showing 
different layers of the human 
breast with tumor
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Table 2  Comparison table with other UWB antenna designs
Ref. Antenna Dimension

(in mm) / (in λ)
Substrate Feed Type BW in GHz Fractal BW 

in %
Application

 [12] 46 × 46 × 1.57/
0.353 × 0.353 × 0.012

FR4 Epoxy Coaxial feed 8.3 128 (with band 
notch)

UWB

 [13] 42 × 39 × 3/
0.91 × 0.845 × 0.065

Thick felt textile Coaxial feed 3.4 41.46 UWB

 [14] 80 × 45 × 1.6/
0.67 × 0.38 × 0.013

Taconic Coaxial feed 10.1 133.7 Microwave 
Imaging

 [15] 30 × 40 × 11.3/
0.38 × 0.51 × 0.145

Rogers TMM10 Coaxial feed 9.45 110 UWB

 [16] 150 × 150 × 43.5/
0.7 × 0.7 × 0.203

Brass Sheet (All 
Metal)

Coaxial feed 10 156.25 UWB

Proposed
(Single antenna)

33 × 35 × 0.5/
0.33 × 0.35 × 0.005

FR4 Epoxy Coaxial feed 8.34 115.5 Brest Cancer 
Detection

Dual Antenna 
Topology

(33 × 35 × 0.5)
× 2

FR4 Epoxy Coaxial feed 8.48 119.9

Fig. 23  Results of |S13|, |S14|, |S23| an |S24| for different cases in dual antenna topology setup for breast cancer detection
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