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ABSTRACT Breast cancer is a major killer of women worldwide and one of the leading causes of death
overall. It involves the progressive abnormal growth of breast tissuewhich, if detected at an early stage, can be
diagnosed as a tumor. Traditional breast cancer screening methods, such as X-ray mammography, magnetic
resonance imaging, and ultrasound scanning, present several drawbacks, making them less than ideal. These
drawbacks include high costs, exposure to potentially hazardous radiation, and patient inconvenience. Due
to these challenges, researchers have been motivated to seek alternative methods, one of which involves
the application of microwave technology. In recent years, wearable and flexible patch antennas have gained
popularity due to their appealing characteristics and the potential to develop lightweight, compact, low-
cost, and adaptable solutions for biomedical applications. This article provides an overview of microwave
approaches for breast tumor detection using microstrip patch antennas. In particular, recent advancements
in active microwave imaging and microwave-based methods are reviewed. The primary goal of this work is
to offer researchers and medical professionals an understanding of the underlying principles, techniques,
and challenges associated with microwave imaging for breast tumor/cancer detection. Additionally, this
study aims to highlight the fact that, as of now, commercially available, cost-effective microwave-based
technologies for imaging or detecting breast tumors/cancer are relatively scarce. This observation is not
meant to imply that microwave technology is ineffective for breast tumor/cancer diagnosis; rather, it seeks
to spark a constructive discussion about why, despite years of dedicated research, a widely accessible
commercial technology has yet to be made available.

INDEX TERMS Flexible antennas, ISM band, UWB, breast tumor/cancer, SAR, wearable antenna, breast
tissue, biomedical application, IoT.

I. INTRODUCTION
In 2020, there were 2.3 million new cases of female breast
cancer, making it the most frequent cancer in women world-
wide [1]. Cancer was ranked as the world’s second-largest
cause of death in a recent announcement made by the World
Health Organization (WHO) [2], [3]. Early detection and
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intervention are most effective in reducing mortality rates,
as individuals diagnosed with early-stage cancer have the
greatest opportunity for curative therapy and long-term sur-
vival [4]. There is a higher incidence of breast cancer in
low and middle-income nations where there is less access to
healthcare, and many women are diagnosed with advanced
or metastatic illness [5], [6]. As a result, the survival rates
of women with breast cancer differ greatly depending on the
income level, with the highest rates of survival being found in
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high-income countries. It is therefore impossible to place an
adequate amount of emphasis on the significance of breast
cancer screenings performed at an earlier stage in regions
with limited resources [7].

Wearable radio frequency circuits, a relatively new devel-
opment in modern technology, are accelerating the devel-
opment of new diagnostic concepts and methods. These
wearable circuit modules are proposed to be inserted within
several types of flexible antennas that can be worn. Medi-
cal diagnosis, navigation, tracking, ultrawide-band (UWB)
radar technology [8], [9], [10] mobile computing, and public
safety protection are all made possible through the usage
of flexible microstrip patch antennas (MPAs) [11], [12].
In licensed or unlicensed frequency spectrum, these modules
can operate in the Industry Scientific and Medical (ISM)
band. Breast cancer clinical diagnosis applications currently
available do not include wearable elements. Wearable mod-
ules are passive components used in microwave imaging (MI)
systems, and they have been employed in clinical studies
to introduce wearable features. This feature recognizes the
diagnostic module’s advantages, including: (i) design sim-
plicity, (ii) cost-effectiveness, (iii) their potential to be used in
multiple tests in the event of errors in clinical trials, and (iv) in
the case that guilt feelings are not addressed in clinical trials
modules that are convenient for patent health care systems.
Breast cancer is caused by abnormal cells that multiply and
spread to other body parts [2]. Analysis of breast cancer in
187 countries throughout the world found that the incidence
of breast cancer grew from 641,000 cases per year in 1980 to
1,643,000 cases per year in 2010 [3]. A silent disease such
as cancer does not present itself with symptoms until it has
progressed to an advanced stage. In most cases, breast cancer
is identified at a later stage and with a greater risk of recur-
rence for young women [13]. Successful medical therapy
and cure can be achieved if the disease is discovered early.
It is possible to use low-cost breast cancer imaging devices
based on microwave technology because of the great contrast
between healthy tissues and tumors. As a result, it can meet
high-resolution and deep-penetration scanning criteria while
allowing for rapid tumor detection [14]. Its non-ionizing
nature will lessen safety hazards and let women, especially
young ones, undergo safe and regular breast screening.

The scanned image in microwave imaging is reconstructed
by utilizing the wave reflected from the breast [15], [16].
Anatomical reflection or transmission can be examined by
comparing the electrical characteristics of normal and dis-
eased tissues [17]. Early detection of breast tumors/cancer
can be improved by employing microwave imaging instead
of mammography, according to several scientific studies
(Fig. 1) [18], [19], [20]. The antennas in these systems are
either single elements or arrays that are placed close to or
in touch with the breast [19], [20], [21]. As a result, the
creation and optimization of antennas is critical to the overall
performance of the detection system. Recently, flexible and
textile antennas and other antenna types have been used in the
imaging systems indicated above [7], [22]. The development

of wearable microwave imaging systems or textile sensors
for imaging has only attracted a small number of research
groups. The wearable system developed by the University of
Montreal uses a flexible printed circuit board (PCB) substrate
to route all signals, assemble the system, and calibrate the
device [15], [18]. Wearable, flexible antennas are now the
most popular choice for wearable systems because of their
low cost, comfort, flexibility, and safe specific absorption rate
(SAR) values [23], [24], [25]. The present comprehensive
article offers the most recent studies of flexible microstrip
patch antennas in breast tumors/cancer detection.

FIGURE 1. Schematic of the data collection apparatus.

II. ANTENNA STRUCTURE DETAILS AND SUBSTRATE

A compact multi-input multi-output (MIMO) antenna capa-
ble of working for Wireless Body Area Networks (WBAN)
and breast cancer imaging is given in [26]. A vertically
polarized leaf and a horizontally polarized tree antenna are
developed, as shown in Fig. 2. Shorting pins, stubs, and
parasitic spiral are added to the MIMO antenna to reduce
the coupling effects and eliminate undesired resonances. The
two-port MIMO cells are separated by 2 mm and rotated by
900 to produce three more cells. The ShieldItTM conductive
textile uses two layers of denim and felt substrates with
dielectric constants of 1.2 and 1.8 and thicknesses of 0.5 mm
and 0.9 mm, respectively. The antenna has a large bandwidth
that ranges from 4.8–30 GHz. Near-field microwave imaging
was used to test the antenna’s performance in both on-body
(breast) and free-space situations, as illustrated in Fig. 3.
Another study suggests using an EF-shaped microstrip patch
antenna constructed from reinforced epoxy materials and
printed on woven cloth, as illustrated in Fig. 4 [11]. The
proposed wearable antenna in his work was tested with com-
posite materials for cancer coverage in malignant organs, and
the results were applied in the Microwave Imaging System
(MIS). Another antenna module made of cotton was devel-
oped in the 3.32 GHz band (Fig. 5). The 3.33 GHz band was
made available using a polyester woven antenna module [11].
Another research study created a full-ground UWB antenna
fed via a SIW transition and a GCPW on a denim textile
substrate to provide a wide bandwidth while keeping SAR
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FIGURE 2. Dual-polarized MIMO antenna (a) Overlay view with all layers
(shorting pins V1 to V7 and (b) photo of the fabricated antenna [26].

FIGURE 3. Simulated and measured S-parameters of the single MIMO
antenna on the breast phantom (on-body) and free space (off-body)
configurations [26].

FIGURE 4. EF−shape antenna (a) cotton and (b) polyester wearable
substrate [11].

below acceptable levels for the one-gram (1.6 W/Kg) and the
ten-gram (2 W/Kg) tissue standard [24]. Fig. 6(a) illustrates
the photo of the fabricated antenna, and Fig. 6(b) shows
its reflection coefficient. A large bandwidth of 7–28 GHz,
with a maximum gain of 10.5 dBi in one direction, has been
obtained. Using the antenna’s performance in free space as
a starting point, the radiation properties of the breast tumor
are examined to identify various scenarios, including central
tumors with and without skin, as well as multiple tumors
(two and three) within the breast. The reconstructed images

FIGURE 5. Simulated and measured reflection coefficients. The
measurements are for 3 cases [11].

FIGURE 6. Antenna on denim textile substrate (a) photo of the fabricated
antenna and (b) simulated and measured reflection coefficients off-body
and on-breast [24].

demonstrated that the antenna could be an acceptable option
or a wearable WBAN system for breast cancer surveillance
and imaging due to its strong performance on a soft medium
such as a breast.
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FIGURE 7. Monopole textile antenna (a) photo of the front and back and
(b) Simulated and measured (wet, dry condition) reflection
coefficients [27].

Another research [27] introduced a low-cost, completely
textile antenna-based sensor operated between 2–6 GHz.
Cotton substrate and textile conductor were used to create
the 50 × 50 mm2 monopole antenna prototype, as shown
in Fig. 7(a). After being washed and dried, the suggested
textile sensor still functions as intended, according to the
S11 in Fig. 7(b). The findings obtained by placing one and
two sensors in contact with a breast model demonstrated the
ability of the sensor to identify aberrant tissues. SARwas also
measured and found to be lower than theminimum acceptable
value. The textile sensor was a step towards establishing a
wearable microwave breast imaging device to help women
receive safe and frequent breast screenings. Detection of
skin cancer with xeroderma pigmentosum (XP) illness was
one potential use of medical imaging. A small monopole
antenna with an AMC structure to reduce the SAR level
was recently proposed for this application [28]. The antenna
provided a suitable response to the specified conditions and
displayed UWB characteristics. The AMC structure’s phys-
ical dimensions are shown in Fig. 8(a). Fig. 8(b) shows
good agreement between measured and simulated reflection
coefficients below −10 dB within the 8–12 GHz range.
Another recent study introduces a small UWB slotted patch

antenna for microwave breast imaging systems, which can
detect tumors in their earliest stages [29]. The antenna was
developed and optimized within a coupling medium with

FIGURE 8. Monopole antenna backed by AMC surface (a) photo and
sketch of the antenna and cross-section view and (b) Reflection
coefficients, simulated in three scenarios and measured with the
AMC [28].

electrical properties comparable to natural breast tissue to
decrease reflections between the antenna and the breast. The
antenna’s wideband performance is achieved by fabricat-
ing the ground plane with a rectangular slit and L-shaped
sleeves, as illustrated in Fig. 9(a). The additional rectangu-
lar slit helps primarily with matching, while the L-shaped
sleeves help with both matching and bandwidth. The antenna
has a fractional bandwidth of 165% and operates between
0.9 and 9.6 GHz (Fig. 9b), allowing for excellent penetration
and resolution. In addition to this, the suggested antenna
is quite small, measuring only 16 × 16 mm2. In the sim-
ulation scenario, 31 antennas are constructed into an array
around a realistic breast phantom to demonstrate imaging of
a spherical tumor measuring 5 mm in diameter inside the
breast.

For early-stage detection, a tiny-shaped meandering line
microstrip patch antenna operating at a low-frequency range
was presented in Fig. 10(a) [30]. The antenna was placed
over a healthy breast and a breast with cancer, both of
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FIGURE 9. Slot patch antenna (a) photo of the fabricated antenna and
(b) measured and simulated reflection coefficients [29].

which retained the essential characteristics for analysis of
the antenna’s performance and parameters. The reflection
coefficient shown in Fig. 10(b) have aided in cancer detection
primarily as an indicator due to their significant reduction
in the presence of a tumor, which was a malignant tumor
with a 4.50 dielectric conductivity/relative permittivity grown
inside the breast to a diameter of 5 mm. In [31], a flex-
ible ultra-wideband 4 × 1 MIMO antenna was introduced
for breast cancer detection applications. The antenna had a
ground plane with slots and oval radiating patches, as shown
in Fig. 11(a). Improving antenna performance and scatting
signals was the primary goal of utilizing the 4 × 1 MIMO
antenna configuration. Each element was constructed on
16× 16×0.254 mm3 malleable Rogers RT/duroid 5880 (tm)
CPW-fed. Thus, the 4× 1 MIMO antenna had dimensions of
16× 71.5 × 0.254 mm3. The frequency range of operation
for the 4 × 1 MIMO antenna was 3.2–14 GHz (Fig. 11b),
and its radiation pattern is directional. S11, gain, isolation,
envelope correlation coefficient, diversity gains, and SAR
were used to measure the antenna’s performance. Breast
phantomsmeasured the S-parameters of both the transmitting
and receiving antennas. All of the parameters were located
within an acceptable range. The H-shape UWB dielectric
resonator (DR) sensor [32] was designed for breast tumors

FIGURE 10. Meandering line microstrip antenna (a) geometry parameters
and (b) simulated reflection coefficient [30].

detection and can be directly attached to the skin without a
matchingmedium. It has providedwide beamwidth, reducing
path loss, and maintains high efficiency with low distortion.
The compact size allowed multiple sensors to be placed
closely on the breast. The sensor’s performance is validated
through frequency and time domain analyses, demonstrating
accurate tumor detection. It features a modified design for
better impedance matching and reduced footprint. The DR
sensor showed high efficiency, low distortion, and effective
localization of tumors using time-windowing techniques. The
work in [33] presented a microwave breast imaging model
that used a multilayer phantom to detect malignant tumors
using an 8-elements array of compact, flexible Vivaldi anten-
nas. The photo of the Vivaldi element is shown in Fig. 13(a).
Fig. 13(b). shows the reflection coefficients of the element.
An 8-element array of this element was designed so that
each element transmits in sequence at a time the 8-elements
receive, and the eight elements receive. Thus, the backscat-
tering from the breast phantom is received at the end due to
eight different transmitters, and the same 8-elements receive
the reflected signal due to each transmitter.

For a combined microwave imaging and hyperthermia
system, a tapered slot antenna (TSA) with a compact mean-
der line resonator that can switch between operations in
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FIGURE 11. 4 × 1 MIMO antenna (a) fabricated antenna and (b) measured
and simulated S11 [31].

wideband and narrowband configurations was proposed [34].
A compact meander line resonator was built below the
tapered slot to keep the wideband TSA’s characteristics to a
minimum. The resonator displayed narrow band-pass char-
acteristics via a single PIN diode. The fabricated antenna
is shown in Fig. 14(a). A coupling effect transfers the elec-
tromagnetic energy to the meander line resonator, allowing
efficient frequency switching. The frequency switching was
implemented by mounting a PIN diode on the meander
line resonator. Thus, the suggested antenna operated in a
real-time frequency switching mode between 3.1–10 GHz,
used for microwave imaging. The UWB reflection coefficient
is shown in Fig. 14 (b). The 2.45 GHz ISM band shown
in Fig. 14(c) was utilized for microwave hyperthermia. The
study in [35] aimed to create a circular, UWBMIMO antenna
array (Fig. 15a,b) with four individual components that may
be worn by a patient and used to detect and localize tumor
cells in a heterogeneous breast phantom. While using FR4 as
the substrate, the antenna element operated at 2.40–10.6GHz,
as illustrated in Fig. 15(c), while employing Dacron fab-
ric, the frequency range is 2.57–12.6 GHz. The proposed
detecting system has a single transmitting antenna and sev-
eral receiving antennas. When a Dacron fabric is used as
the substrate for the antenna, gains of 5.49 dBi, 9.87 dBi,

FIGURE 12. UWB DRA sensor (a) front view, (b) isometric view and
(c) simulated and measured reflection coefficient [32].

11.9 dBi, and 14.7 dBi are obtained at the resonance fre-
quencies of 2.84 GHz, 3.87 GHz, 5.83 GHz, and 8.24 GHz,
respectively. In addition, the suggested antenna has a flexible
design that exhibits low bending effects in both the vertical
and horizontal planes across its full frequency spectrum of
operation.

The S-parameters of the proposed approach can success-
fully identify and precisely localize even very tiny tumors.
Additionally, the SAR findings suggest that the amount of
power absorbed by the breast phantom tissues complies
with the IEEE guidelines. Thus, it confirms that the rec-
ommended antenna is suitable for the early identification
and localization of breast cancer. A microstrip patch antenna
(Fig. 16a,b) is optimized for wideband microwave imaging
(MWI) in another work and is proposed as a cost-effective
solution [36]. The proposed structure is loaded with an AMC
to boost the antenna’s efficiency, and the simulated & mea-
sured return loss is illustrated in Fig. 16(c). These data show
that adding the AMC improves the antenna’s frequency selec-
tivity at 8.6 GHz, with a peak realized gain of 9.9 dBi in
the simulations and 10.61 dBi in the measurements. Cancer
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FIGURE 13. Flexible Vivaldi antenna, (a) photo of a single element back
and front and (b) simulated and measured reflection coefficient [33].

tumor cell identification has been computationally simulated
using tumor-bearing breast phantom models and an antenna
functioning as a transceiver. The research has profound impli-
cations for the development of electromagnetic biosensors.
An easy-to-understand model for the 2.45 GHz hyperthermia
treatment of breast cancer was proposed in [37]. The sug-
gested model comprises nine antennas and a breast cancer
tumor cluster represented by a numerical breast. To begin the
inquiry, a single-slot antenna was designed (Fig. 17a), and
its performance at the desired frequency of 2.45 GHz was
evaluated (Fig. 17b); the antenna’s return loss was decreased
by −47 dB, and its bandwidth was increased to 78 MHz
compare to design-1. The SAR it took to get a decent result
was lower than the required IEEE threshold of 1.6W/kg for an
input power of 1.5 W. A novel, inexpensive, flexible antenna
for a non-invasive, highly sensitive method of early malignant
tumor detection may help lower the number of fatalities

FIGURE 14. TSA with meander line and the PIN diode (a) TSA photo of the
front and back, (b) measured and simulated reflection coefficients of
UWB mode for microwave imaging, and (c) simulated and measured
narrow-band mode for microwave hyperthermia [34].

from delayed breast cancer diagnosis. The thin film Kapton
substrate and CST MWS software were used to construct
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FIGURE 15. Antipodal Vivaldi Antenna (a) Top view, (b) rear view and
(c) measured and simulated reflection coefficient [35].

the flexible antenna (Fig. 18a). The suggested antenna oper-
ated in the S-band (with a reflection coefficient (S11) below
−10 dB and exhibits UWB characteristics (Fig. 18b), hence
delivering a significant bandwidth of around 2.4 GHz at a
center frequency of approximately 3 GHz. The S-parameter
of the newly designed antenna was modeled using an inho-
mogeneous multi-layer model of a woman’s breast to forecast
how the human body may affect the antenna’s performance.
A compact stair-shaped dielectric resonator antenna (DRA)
designed for microwave breast cancer detection features a
quarter-wavelength choke to minimize ground plane size
(Fig. 19a,b) [38]. Achieving over 40% reflection coefficient
(Fig. 19c) of −10 dB centered at 6.5 GHz with a 50� coaxial
port validated the design numerically and experimentally. The
sensor maintains good matching without additional matching
media when in contact with tissue. A two-element sensor
array and comparisons with dipole antennas highlight the
DRA’s potential for frequency-domain detection. The DRA
was fabricated using Rogers material (duroid 6010) and opti-
mized with WIPL-D software. The choked ground plane is
created using Rogers RO4003C and soldering material for
easy fabrication.

The human breast was the focus of the transparent flexible
UWB antenna design [40] Aminiaturized flexible transparent

FIGURE 16. AMC structure based antenna’s (a) MPA front and back views,
(b) view of the AMC from both directions prototype after fabrication, and
(c) measured & simulated S11 are used with AMC [36].

UWB antenna was designed using Kapton polyimide, which
has a dielectric constant of 3.5, as a substrate and indium tin
oxide (ITO) as a conductor. The fabricated antenna is shown
in Fig. 20(a). The antenna’s frequency and time domain
performances are studied and analyzed using an ITO trans-
parent conductor. The suggested antenna can reach a BW of
3.26–23.37 GHz. The reflection coefficients are illustrated in
Fig. 20(b). Since the reconstructed tumor image agrees well
with the simulation, measurement findings, and time-domain

172304 VOLUME 12, 2024



M. M. H. Mahfuz et al.: Microstrip Patch Antennas for Breast Tumor/Cancer Cell Detection: A Review

FIGURE 17. (a) RPA antenna’s front view and (b) simulated S11 [37].

considerations, the antenna can be used for purposes includ-
ing breast and skin cancers. The patch antenna in [41] was
woven into a textile shaped like a Jerusalem cross. Existing
test beds are utilized to deploy the breast tumor detection
application. Cotton and polyester weave fabrics were used in
the patch strips’ printed designs (Fig. 21a,b), with a resonant
of 5.8 GHz (Fig. 21c). These weaved modules did not cause
any radiation to be reflected onto the human body. Fabric
modules attached to a breast phantom model were used to
research the extent to which cancer had spread throughout
the organ. Therefore, the woven fabric was excellently suit-
able for breast cancer detection application in the microwave
imaging system under the various kinds of resolution stages
correspondingly. The authors in [42] aimed to design and
validate a directional Vivaldi antenna. Compared to a con-
ventional Vivaldi antenna to detect electromagnetic waves
at roughly 5 GHz emitted by the tumor cells. Compared to
a conventional Vivaldi antenna, the suggested antenna was
33% more compact because of using metamaterials in its
design, as illustrated in Fig. 22(a). It had respectable radiation
properties, with a gain of 6.2 dB at 5 GHz and a reflection
coefficient of −25 dB, as shown in Fig. 22(b). At an oper-
ating frequency of 5 GHz, the suggested metamaterial has

FIGURE 18. Developed antenna’s (a) geometrical shape and (b) simulated
S11 [39].

a unit cell size of 0.058λ × 0.054λ. An array constructed
from the described antennas has been shown in experimental
research to detect tumors in a liquid breast phantom with
pinpoint accuracy by analyzing the amplitude of S11 at its
minimum. To facilitate breast imaging and wireless body area
network (WBAN) applications, the research in [43] intro-
duced a metamaterial-based flexible wearable UWB antenna.
The structure of thewearable antenna needed to be low profile
while also being made of flexible materials. Six metamaterial
unit cells with a modified grain rice shape were inserted into
the antenna’s split ring resonator to improve the antenna’s
bandwidth, gain, and directivity while keeping the SAR
below 2W/kg (Fig. 23a). The suggested antenna can function
across a wide frequency range of 6.5–35 GHz (Fig. 23b) with
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FIGURE 19. Stair-shaped DRA sensor, (a) geometry, (b) photo, and
(c) simulated and measured reflection coefficient [38].

a maximum gain and directivity of 8.85 dBi and 10 dBi,
respectively, and more than 70% radiation efficiency across
its working frequency band. The results showed that the
simulation and measurement of the suggested technique for
detecting an existing tumor with a diameter of 4 mm from
any place inside the breast were in good agreement. Using
a microstrip patch antenna, a new measurement scheme for
the breast phantom was provided, which was efficient, thor-
ough, and compact [44] Slots were carved into the patch and
ground plane to increase the antenna’s (Fig. 24a) electrical
length and provide a high-gain, omnidirectional radiation pat-
tern. This technique expanded the antenna’s usable frequency
range while maintaining or improving its gain and efficiency.
The antenna had overall dimensions of 23 mm × 21 mm.
The antenna has a fractional bandwidth of roughly 117%,
3.1–12 GHz (Fig. 24b), and an omnidirectional radiation pat-
tern with a reflection coefficient of −10 dB. The antenna’s
performance on breast phantom measurements is validated
by analyzing its response with a tumor sample using a variety
of antenna parameters. To detect unwanted tumor cells deep
within the breast, a simulation model was suggested where

FIGURE 20. Flexible UWB antenna (a) photo of the prototype test
equipment and (b) measured and simulated reflection coefficient in air,
breast and breast with tumor [40].

the antennas function as a transmitter in a breast phantom
measurement system.

A flexible UWB antenna was developed to detect breast
cancer [45]Monopole dual-polarized antenna printed on flex-
ible PDMS dielectric with a 32 mm × 32 mm dimension.
To increase the isolation between the antennas, a neutraliza-
tion line that connects the monopole’s ground planes and two
stubs loaded at the monopole was added (Fig. 25a,b). When
applied to the breast tissue, it covered a wide band rang-
ing from 2.7–14 GHz (Fig. 25c). Because of the antennas’
use of polarization diversity, a smaller array footprint was
sufficient for wearable breast imaging applications without
sacrificing the high accuracy of tumor identification. The
study aimed to describe the design and construction of a
reconfigurable textile antenna for microwave breast imag-
ing that was based on a metamaterial (MTM) and supplied
by a directional CPW employing RF varactor diodes and
Fig. 26 (a,b,c) illustrated the fabricated antenna [46] The
results of the simulation and measurement of the MTM-
based CPW-fed reconfigurable textile antenna indicated a
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TABLE 1. Provides a synopsis of different substrates and designs employed in detecting breast tumor/cancer cells.
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FIGURE 21. Woven fabric from (a) cotton, (b) polyester, and (c) their
simulated and measured reflection coefficients [41].

continuous frequency reconfiguration to a discrete frequency
band between 2.42 GHz and 3.2 GHz with a frequency ratio
of 2.33:1, with a static bandwidth of 4–15 GHz (Fig. 26d).
This frequency band was found to have a frequency ratio
of 2.33:1. The deformed condition and analysis of the
MTM-based reconfigurable antenna near the breast phan-
tom were also performed. Image reconstruction employing
delay-and-sum (DAS) and delay multiply-and-sum (DMAS)
algorithms tested on a custom-made realistic breast phantom
with heterogeneous tissue composition using this microwave
imaging setup for simulation and measurement tests. It has
been suggested clinical application of this approach for
breast cancer diagnosis because the MWI system was able
to detect a malignancy as tiny as 10 mm in the breast
phantom.

Herein, a small UWB antenna was present on a flexi-
ble substrate that can be used for microwave imaging [47].
Presenting a bi-static radar-based imaging system with two
omnidirectional antennas was simpler andmore compact than
previous microwave-based imaging systems, such as an array

FIGURE 22. Vivaldi antenna (a) fabricated photo and (b) compared
simulated and measured S11 with and without metamaterial [42].

of sixteen antennas. The antenna was 20×14 mm2 (Fig. 27a)
and operated between 4–6 GHz (Fig. 27b). It was necessary
to take into account the electromagnetic performances of the
antennas. At the same time, the bent was easily implanted into
a bra. In contrast to the recently reported flexible antennas,
electromagnetic performance and imaging reconstruction
were demonstrated for bending situations. The concept has
been validated by testing the electromagnetic performances
of a homogenous multilayer model of female breast phantom
in both flat and bending situations. It was shown that the
antenna has a good omnidirectional radiation pattern, with
an average efficiency of over 70% and a gain of over 1 dBi,
even when bent. The ultimate goal of the realized antenna
was to inspire the development of a biodegradable, antenna-
based bra for use in the early detection of breast cancer. Both
theoretical and experimental work was done on developing a
small multilayer UWB patch antenna for microwave breast
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FIGURE 23. Antenna build with MTM (a) photo and (b) compared
simulated and measured S11 and measurements of the antenna on the
arm & chest [43].

imaging (MWI) applications [48]. However, to increase the
antenna’s bandwidth, the radiating element of the suggested
original antenna was modified by the addition of a modified
split ring resonator (SRR) and slits in the patch in addi-
tion to the ground plane (Fig. 28a,b,c,d,e), which improved
the antenna’s ability to transmit and receive electromagnetic
waves. The antenna was then outfitted with a uniplanar AMC
structure comprising a 3 × 3 array of square-modified SRR
unit cells to obtain the necessary antenna parameters forMWI
applications, such as the gain and directivity. The compact
final prototype was 20× 19 × 1.6 mm3, but it achieved a
reflection coefficient of less than −10 dB over a bandwidth
of 7 GHz, 4.1–9.7 GHz (Fig. 28f) with a gain of more than
5 dBi. Finally, a breast phantom model with a tumor sample
and a simulation model of the antennas that function as
a transceiver was presented for the detection of cancerous
tumor cells within the breast. Using a textile (jeans-based)
flexible antenna, breast tumor detection was demonstrated
in this work [49]. Jeans were used as a model for the pro-
posed textile antenna, and copper was used as a patch (in
the shape of a tuning fork) and ground plane (Fig. 29a)

FIGURE 24. Taperd slot antenna (a) photo of the top side (left) and
bottom (right) & (b) simulated and measured S11 [44].

in an antenna simulation. Jeans serve as a model for the
antenna’s substrate. To optimize antenna performance and
guarantee human safety in the presence of electromagnetic
waves, multiple simulations were carried out by CST MWS-
2021 to determine the reflection coefficient, VSWR, 3-D &
2-D radiation pattern, surface current, radiation efficiency
(%), and SAR. Such a textile antenna, designed as a tuning
fork, resonated at 5.7911 GHz (Fig. 29b) of the ISM band.
For 1 gm & 10 gm of tissue, respectively, the SAR value was
calculated to be 1.37 W/Kg and 0.837 W/Kg through model-
ing. Perhaps most importantly, the proposed antenna can be
utilized in tandem with microwave scattering technology to
aid in the identification and detection of breast tumors with
only a little difference between healthy and unhealthy breast
tissue.

A UWB Sierpinski fractal micro-strip patch antenna
(MSA) with decreased ground was developed and used for
cancer detection by transmitting microwave signals into a
homogenous breast model [51]. The proposed method was
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FIGURE 25. Proposed UWB antenna’s, (a) top, (b) rear view, and
(c) simulated S11 [45].

considered a potential substitute for the current methods
because of its low cost, lack of involvement in dangerous
ionizing radiations, increased radiation efficiency, and com-
pact antenna size (Fig. 30a). Such an antenna with a reduced
ground allowed it to reach UWB and increase bandwidth.
Regarding bandwidth, the ideal antenna achieved 9.71 GHz,
(2.79–12 GHz) (Fig. 30b). A unique design (Fig. 31a)
provided for an enhanced bandwidth wearable microstrip
patch UWB antenna for use in breast cancer detection [52]
The antenna operated between 1.6–11.2 GHz (Fig. 31b).

FIGURE 26. MTM-driven reconfigurable antenna prototype shows the
three layers of fabrication: (a) the top, (b) the MTM & (c) the bottom layer,
and (d) reflection coefficient [46].

The antenna had a rectangular feed line connected to a
rectangular radiating patch, which is an antenna concept
implemented in a breast cancer screening device that women
can wear. A small planar UWB antenna was introduced
(Fig. 32a), and an antenna array configuration was used for
microwave breast imaging [53]. A semicircular patch with
slots and a partly trapezoidal ground were used to create
the proposed antenna. Several parameters were optimized for
great performance. The antenna accomplished an operational
bandwidth of 8.70 GHz, 2.3–11 GHz (Fig. 32b) with an
acceptable impedance matching, 5.80 dBi of maximum gain,
and a consistent radiation pattern. Many measurements were
performed to determine its performance. A 16-antenna array-
based setup was proposed to measure the breast phantom’s
backscattering signal. Within this arrangement, one antenna
acts as the transmitter, and the remaining 15 antennas receive
the scattered signals. The data were collected using the phan-
toms ‘‘with tumor’’ and ‘‘without tumor’’ configurations. In a
later step, the Iteratively Corrected Delay and Sum (IC–DAS)
image reconstruction algorithm was applied to locate the
tumor in the breast phantom. After the algorithm analyzes
and processes the backscattering signal, the reconstructed
images are shown to prove the algorithm’s imaging prowess.
A unique UWB antipodal Vivaldi antenna was developed
(Fig. 33a,b) with three sets of slots to diagnose breast cancer
as a sensor in microwave imaging systems [54]. The sug-
gested antenna operated at 3.05–12.2 GHz (Fig. 33c). The
antenna’s were investigated, and the results showed that they
satisfied the requirements for UWB radar applications with
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FIGURE 27. UWB flexible antenna (a) fabricated prototype and
(b) measured and simulated reflection coefficients with and without
phantom loads [47].

linear phase response, nearly constant group delay, UWB,
and directional properties at most of the operating frequency.
Cylindrically arranged breast-mounted antennas were used to
transmit a Gaussian pulse and receive the reflected signal.
Following the signal processing, the tumors were screened
at the correct places using a high resolution. Finally, a fully
automated method for scanning the prone breast phantom
with monostatic radar was created. To carry out experimental
measures, a realistic electrically and anatomically realistic
homogenous breast phantom that featured a tumor on the
interior was constructed. When applied to a breast tumor, the
suggested antenna and the microwave imaging system built
with this antenna are well-suited for early detection of this
disease.

Table 1 summarizes the information on 29 different
antennas on substrates. By reducing the surface wave
losses caused by the substrate, antenna impedance band-
width was enhanced. Substrates were required to have low
dielectric constants. A planar antenna’s bandwidth can be
improved by increasing its dielectric thickness; however, this

FIGURE 28. (a) 3-D structure, (b-e) fabricated proposed antenna, and
(f) combination of simulated & measure S11 [48], [50].

method did not generally optimize its performance. Gain
and bandwidth were two aspects that were compromised
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FIGURE 29. (a) Tuning fork shape wearable antenna’s layout and
(b) simulated S11 [49].

FIGURE 30. Proposed UBW antenna’s (a) front & rear view and
(b) S11 [51].

by its dielectric thickness. The substrate thickness was
a common factor that impacted the structural dimensions

FIGURE 31. UWB antenna (a) front and back of the antenna substrate and
(b) simulated reflection coefficients [52].

of the antenna. Consideration of the size, efficiency, and
difficulty of establishing various applications (such as ISM
band, Wi-MAX, UWB, WLAN, Bluetooth, etc.) was crucial
when designing integrated wearable antennas. This section
highlights the significant influence of denim fabric, Rog-
gers RT 5880, and Kapton polyimide on antenna design.
In addition to being cost-effective, such substrates are read-
ily available on the market. According to the findings of
this research, the substrates made of Kapton polyimide,
denim, and Roggers RT 5880 exhibit remarkable perfor-
mance in terms of bandwidth and gain, while also being
compact.

III. METHOD OF BREAST TUMORS/CANCER DETECTION
Computed tomography (CT), positron emission tomography
(PET), magnetic resonance imaging (MRI), ultrasound, and
X-ray imaging are widely usedmedical diagnostic techniques
for detecting cancer, stroke, tumors, and other malignant
conditions in the human body [56], [57]. Each of these
imaging modalities has its unique advantages and limitations.
Negative Aspects of CT and X-ray Imaging, Exposure to
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FIGURE 32. SPA antenna (a) photo and (b) measured and simulated
reflection coefficients [53].

Harmful Radiation: Both CT and X-ray imaging involve
ionizing radiation, which can damage living tissues and
increase the risk of cancer. CT scans generally expose patients
to higher doses of radiation than standard X-rays due to
the detailed cross-sectional images they provide. High Rate
of False Negatives: These techniques can sometimes fail
to detect abnormalities, especially in the early stages of
disease. This high rate of false negatives can delay diagno-
sis and treatment, potentially worsening patient outcomes.
Decreased Sensitivity: CT and X-ray imaging may have
lower sensitivity in detecting certain types of tumors or subtle
pathological changes compared to other imaging methods
such as MRI or PET. Increased Cancer Risk: Prolonged
or repeated exposure to ionizing radiation from CT and
X-ray imaging increases the risk of developing cancer. The
risk is proportional to the dose and frequency of expo-
sure, making it a significant concern, especially for patients
requiring multiple scans over time. MRI Imaging, Advan-
tages: MRI is highly effective in visualizing soft tissues,
making it particularly useful for detecting disorders such as
breast/brain tumors, spinal cord injuries, and joint abnormal-
ities. It does not involve ionizing radiation, making it safer
for repeated use. Disadvantages: MRI is more costly than
other imaging techniques and may be less effective in certain

FIGURE 33. Configuration that has been fabricated of the intended
Vivaldi antenna: (a, b) front, rear view and (c) simulated & measured
reflection coefficient [54].

situations, such as imaging bone structures. Additionally,
it can be less accessible due to the higher costs and longer
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scan times. Ultrasound Imaging, Advantages: Ultrasound
is a non-invasive and cost-effective imaging technique that
does not involve ionizing radiation. It is particularly use-
ful for monitoring fetal development, evaluating abdominal
organs, and guiding needle biopsies. Disadvantages: Ultra-
sound cannot provide as detailed images as other modalities
like MRI or CT, making it less effective for diagnosing
certain conditions. PET Imaging, Advantages: PET scans
are highly effective in differentiating between malignant
and non-cancerous cells, which is crucial for accurately
diagnosing and staging cancers. Disadvantages: PET scans
involve the use of radioactive tracers, which can pose risks,
particularly for pregnant women. The radiation exposure,
although typically low, still requires careful consideration.
Advances in Microwave Imaging: In recent years, numer-
ous studies have focused on developing imaging systems
using microwave technology for the early detection and diag-
nosis of various disorders, including cancer, tumors, strokes,
and internal brain bleeding. Microwave imaging offers sev-
eral potential benefits: Non-Ionizing Radiation: Unlike CT
and X-ray imaging, microwave imaging does not use ioniz-
ing radiation, reducing the risk of radiation-induced cancer.
Early Detection: Microwave imaging has the potential for
early detection of various conditions due to its sensitivity
to changes in tissue properties. Safety and Accessibility:
This technique is expected to be safer and more accessi-
ble, providing a cost-effective alternative to existing imaging
modalities.

Overall, while each imaging technique has its strengths and
weaknesses, ongoing research and technological advance-
ments continue to improve diagnostic capabilities, aiming for
safer, more accurate, and cost-effective methods for detecting
and diagnosing medical conditions [57], [58], [59], [60].
Two methods exist in microwave imaging (MWI): radar and
tomography-based imaging. Microwave tomography-based
imaging (MWTI) is a technique that involves the transmis-
sion of a narrowband microwave signal into the breast to
determine the breast’s dielectric characteristics. It uses a
network of receiving antennas to gather the backscattered
signals. Nevertheless, this technology necessitates the uti-
lization of many transmitting and receiving antennas. The
reconstruction algorithm is computationally demanding, and
tackling the non-linear inverse scattering problem is another
need. Antennas, either the transmitting antenna alone (mono-
static), a network of antennas (multistatic), or are employed
to Tx and Rx backscattered signals in radar-based imaging.
The monostatic configuration can be utilized from various
angles to generate adequate image channels. The alternative
approach, a multistatic antenna array, gathers backscattered
signals through several stationary antennas in one spot. This
technique sidesteps themechanical problemswithmonostatic
imaging systems. In recent years, imaging technologies have
developed successfully to operate on this principle [7], [59],
[61]. Antennas are really important for obtaining high-quality
images in MWI. A transmitting antenna transforms into a
receiving antenna (sensor) during the subsequent iteration,

FIGURE 34. Antenna array systems for tumor detection (a) Arrangement
of the antenna array surrounding the breast model, (b) 2D image shows a
tumor located at coordinates (X = 0 mm, Y = 30 mm, Z = 35 mm) within
the breast model and (c) image generated by 3D reconstruction of the
identified tumor [29].

functioning as transceivers (Tx/Rx). Therefore, meticulous
antenna design is necessary to fulfill the system’s needs.
According to recent research, antennas for MWI should
be compact, have high gain, radiate directed power, and
have a wide bandwidth [61]. Another crucial factor is the
operational frequency band; lower bands allow for deeper
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FIGURE 35. MIMO breast system and S-parameters when port 1 is active
(a) MIMO model with heterogeneously, (b) S1i (i = 1,2,3,4) of Tx antenna,
and (c) S1i (i =5,6,7,8) of the Rx antenna [31].

penetration, while higher bands provide superior range res-
olution. On the other hand, a bigger antenna footprint is
needed for lower frequencies, while power losses are higher
at higher frequencies. A woman’s breasts are a compli-
cated and uneven mosaic of skin, adipose tissue, glands,
and muscle. Several uniform layers, each representing the
characteristics of skin, fat, glands, and muscle, can be stacked

FIGURE 36. (a) Suggested a breast phantom model and (b) configuration
of the image & detection of tumor [33].

to simulate this heterogeneous environment. Preprocessing
backscattered signals to eliminate reflections and artifacts is
essential for effective imaging systems. The literature reports
some artifact removal algorithms. Fig. 34(a) shows that the
antenna array is developed in the simulation environment
to demonstrate that the suggested antenna can detect breast
tumors based on its performance [29]. Reconstructing the
high-fidelity tumor images relies on the received signal being
strong enough. At the chosen frequencies, the simulation
results provide a strong signal, proving that the suggested
antenna has an excellent near-field radiation characteristic
around the breast model. In addition, the breast phantom
contains a tumor that is 5 mm in diameter. According to
the simulation setup in Fig. 34(a), the tumor is positioned
inside the glandular tissue with the exact coordinates of (x
= 0 mm, y = 30 mm, z = 35 mm) for this specific study.
Next, the tumor’s precise position is determined using a mul-
tistatic radar-based imaging technique. Given that an array
with N elements will have N monostatic time-domain signals
and N(N−1)/2 bistatic time-domain signals. As a result, the
simulation environment collects N(1+(N−1))/2 time-domain
signals equivalent to 496 signals from the 31 elements. A cal-
ibration process is applied once the recorded signals have
been obtained to remove the effects of the coupling medium
and the skin. After calibration, two- and three-dimensional
picture reconstructions are carried out using an enhanced
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FIGURE 37. 8-element array surrounding a breast (a) sketch of the
simulated environment and (b) measured (left) and simulated
(right)-image from the time-reversal algorithm’s reconstruction of the
picture [40].

DAS algorithm. The 2D and 3D tumor reconstructions
are shown in Fig. 34(b,c). A red circle in Fig. 33(b)
illustrates the tumor location and the intensity of the recon-
structed image, which is quite accurate. Fig. 34(c) shows
the creation and viewing of 3D pictures for accurate tumor
detection.

Multiple antenna pairs were used to calculate the ampli-
tude S21 (transfer) for the Tx and Rx MIMO antennas with
phantom depicted in Fig. 35(a) [31]. The breast phantom, Tx,
and Rx antennas were all located close to one another in the
suggested breast cancer detection system, which allowed for
complicated propagation and antenna response, as the elec-
trical characteristics of biological tissues determined such
performance. Simulations were used to study various antenna
pair’s power efficiency and group delay. The power Tx
and Rx while using the UWB pulsing antenna is shown in
Fig. 35(b) and (c). Breast cancer detection can benefit from
this approach because of its high fidelity, greater than 0.87.
The MATLAB software was used to acquire the different
parameters, including group delay, power efficiency, fidelity,
and figure of merit. A recent study created a half-sphere
breast phantom miming the human breasts electrical charac-
teristics [33]. In addition to having three layers, the phantom
had a radius of 45 mm. A dielectric constant of 36 and a
conductivity of 4 S/m characterize the skin layer with a width

FIGURE 38. 8-element array surrounding a breast phantom (a) photo of
the experimental setup and (b) S1i (i =1,2,. . . 8) at 5.34 GHz [42].

of 2.5 mm. There was a conductivity of 0.4 S/m and a dielec-
tric constant of 9, indicating that the fat layer (was 42.5 mm
wide). A 2.5 mm diameter and 5 mm radius spherical tumor
were implanted in various locations within the phantom. For
the tumor, a relatively high dielectric constant of 55 and a
conductivity of 4 S/m were considered. The imaging setup
included a transmitting and receiving antenna element ringed
by the suggested breast phantom. The Vivaldi antenna served
as both a transmitter and receiver. The nine antenna elements
served as both transmitters and receivers. Fig. 36(b) illustrates
that the nine antennas are arranged in a grid pattern, each
10 mm apart from the phantom. The antennas’ radiating sides
were facing the phantom. All antennas received a signal from
Antenna1, as Tx at 4.3 GHz. The 3.65–5.2 GHz range was
used to collect backscattered signals. Because tumors include
high-dielectric material, the results demonstrate that their
presence enhanced the reflected signal magnitude. In addi-
tion, the signal strength was reduced in the absence of the
tumor in the breast phantom. Various tumors were detected
inside the suggested half-spherical breast model using the
imaging setup depicted in Fig. 36(b). The suggested tech-
nique might detect even 2.5, 5, and 10 mm radii tumors
with different positions in the breast. The dark blue item
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FIGURE 39. Antenna elements arranged in two plane cuts around the
breast (a) a 3D sketch of the model, (b) an image of two breast tumors
reconstructed (left), and a top view (right) of the array, and (c) an image
of breast phantom with a 150 mm radius [43].

represents typical healthy tissues (Fig. 36b). The reconstruc-
tion image revealed the tumor’s size and position as a red
circle.

To allocate a 5 mm tumor in the middle of a 75 mm
breast phantom, an 8-element array was positioned around
the breast antenna (Fig. 37a) [40]. The time-domain fea-
tures were studied and assessed using the breast phantom
to test the suggested antenna’s performance in a realistic
setting similar to the breast. The direction vector’s actual
component was when the signal from one antenna reaches
the other seven antennas (Antenna1 is operational). Since the

FIGURE 40. Reconstructed images from the four array signals and time
reversal algorithm: choose from the central tumor with (a) skin,
(b) without skin, (c) two tumors, (d) three tumors and (e) simulated
breast phantom’s antenna array setup [24].

electromagnetic waves can pass through the breast sample
relatively easily, this enhances the system’s power efficiency
and the antenna’s capacity to detect breast tumors. Fig. 37(b)
shows the finalized image of the tumor in the breast’s center,
which was created by applying a conventional time-reversal
algorithm to the received pulses from all the arrays extracted
from CST after the time domain investigations and examina-
tions of the antenna were completed. The suggested structure
for the antenna array used in tumor detection is illustrated
in Fig. 38(a) [42]. With its eight pieces arranged in a cir-
cular and symmetrical pattern, the antenna array features
antennas in a 450 apart. An antenna array system presents
several challenges, the most significant of which is deter-
mining the maximum distance when the antenna reader can
identify the tumor. To detect tumor cells, the eight anten-
nas were positioned 25 mm distant from the surface of the
breast phantom. The scenario that has been provided for
the diagnosis of breast cancer relates to the use of the first
antenna as a transmitter. In contrast the remaining seven
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FIGURE 41. Tx and Rx arrangements (a) sketch of the arrangements with
breast phantom, (b) S-parameters, (c) image of a healthy breast, and
(d) image of a breast has a tumor [44].

antennas were utilized as receivers. If S11 is the lowest,
then, just like with the other antennas, it has been inferred

that position 1 has a tumor (Fig. 38b). Also, a tumor and,
by extension, an infected breast, cannot be present when
the S11 readings of the eight antennas do not show a peak.
Some significant parameters that can potentially influence
the imaging processes were explored and evaluated before
constructing an image of a tumor in the breast utilizing the
simulation data [43]. Following the simulation configuration
depicted in Fig. 39(a), twelve antenna arrays were situated
near the breast to study the consequences of those arrays on
one another. One of the most important aspects that must
be considered is the presence of the receiving signals from
various arrays. One array, A1, serves as the transmitter in
these studies, while the others serve as receivers. The findings
showed that the UWB antenna setup could detect a tumor
with a diameter of 4 mm. A tumor with a diameter of 4 mm
was selected for this experiment to determine whether the
antenna arrays could detect a target smaller than the size.
However, 12 antenna arrays eliminated all artifacts and clut-
ter from the skin layers and the other arrays, resulting in
the cleanest reconstructed image. To assess the capabilities
of the UWB antenna system for image reconstruction, two
tumors—one in the middle and one off center—are placed
inside the breast. A robust time-reversal algorithm was uti-
lized to reconstruct the image. Fig. 39(b) illustrates that both
tumors were identified appropriately. Despite this, there were
a few insignificant pieces of clutter. Another important con-
sideration was checking if the antenna system could detect
the same 4 mm diameter tumor in a larger breast sample.
Due to this, the imaging environment in the simulation was
designed to accommodate a breast size with a diameter of
150 mm. Fig. 39(c) demonstrates that the antenna system
can detect and localize the tumor within a bigger breast
sample.

Within the breast phantom with a 100 mm diameter, the
simulation setup of the proposedwearable antenna is depicted
In Fig. 40(e). The array of elements consisted of four individ-
uals [24]. The tumor image was reconstructed through signal
analysis using the received signals and with the temporal
delay. The on-body and off-body received signals from the
various array elements (A2-A4). The other arrays received the
signals from Array1 (A1). Although the signal’s amplitudes
varied and altered, their shapes remained unchanged when
shown to the breast model. Investigating and evaluating the
proposed antenna’s characteristics in on-and off-body con-
ditions (with and without tumors) led to an evaluation of
the antenna’s capability in image reconstruction of breast
tumors under different conditions, including those with and
without skin, two and three tumors, and a central tumor and
Fig. 40(a)–(d) show that the reconstructed image was created
using the robust time reversal algorithm described in [62].
The round tumors were identified with pinpoint accuracy in
the four scenarios. The photos only showed tiny, unnoticeable
clutter. To comprehend the functionality of the suggested
microwave imaging system [44], it wasmodeled in CST using
a breast phantom. Two antennas were designed to face the
breast phantom. While one was performing the role of a Tx,
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FIGURE 42. (a) Phantom heterogeneous breast, (b) simulation setup, (c, d) microwave imaging findings from experimental setup using DAS
and DMAS algorithms respectively [46].

the other acted as Rx. Fig. 41(a) shows the antenna’s sim-
ulated arrangement around the breast phantom. At 300 mm
from the sender, the receiving antenna is computed, and
the narrow pulse is transmitted by broadcasting Antenna 1.
In two cases, one with and one without a breast phantom, the
correlation between S11 and S21 was analyzed to determine
the antennas’ performance. Antenna placement on the breast
phantom’s periphery yields the reflection coefficient. These
antennas were effective from 3.1–12 GHz. Fig. 41(b) displays
the S11 of the array system. The S21 results of breast phantom
and free space significantly differ between Antenna 1 and 2,
indicating a considerable variation. The results of E-field
imaging at 4.6 GHz are displayed in Fig. 41 (c,d). According
to the concentration of the red color, the absolute location of
the tumor can be determined. The red color’s concentration
determines the tumor’s location. The photos demonstrate that

the tumor’s position and presence can be discerned using
high-resolution imaging. The tumor’s sensitivity is high-
lighted in red, while the normal breast tissue is colored blue.
In general, microwave breast phantom imaging outcomes
validate the antenna’s suitability for microwave imaging. The
various components that make up the breast phantom [46].
Food colorings were used to graphically depict the various
tissue layers of breast phantoms and cancer. The fat layer was
represented by egg yellow, the glandular and skin layers by
carmoisine, and the cancer layer by genuine blue. Following
this, the 3D-printed breast phantomwasmolded to perfection.
Fig. 42(a) depicts the study’s heterogeneous breast hemi-
spherical phantom of radius 60 mm. In addition, 3 mm thick
silicone breast pads that are commercially available were
used as a protective covering to keep the shape during the
rest of the analysis. Four antennas are depicted in Fig. 42(b)
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FIGURE 43. (a) Configuration of the simulation setup, (b) 5.8 GHz and
(c) 8.7 GHz MWI findings the array of the antenna [48].

for simulation. For every given measurement, a multistatic
setup used one antenna to broadcast and multiple anten-
nas to receive, allowing for the reception of all transmitted
and backscattered signals. Fig. 42(c,d) show the experi-
mental setup-based reconstruction of the image, with the
high-contrast region standing in for the cancer’s actual loca-
tion. Compared to the image generated by the DAS algorithm,
the one derived from the DMAS method was more accurate
in pinpointing the precise location of the malignancy. Since
the picture quality depends on both the quality of the signal

generated by the antennas and the maximum number of data
samples, increasing the sampling of backscattered data can
resolve the issue of imprecise cancer localization on the
image.

Fig. 43(a) displays the antennas and the proposed breast
phantom [48]. By examining a correlation between S11, S21,
S31, and S41 for both the reference settings and the config-
uration of the complete model, it is possible to witness the
system’s performance. Fig. 43(b) and (c) show the results
of simulating the electric field of the array prototype at two
important frequencies to better understand the variation in
signal scattering. Only Antenna 1 is producing energy in
this scenario. Contrary to popular belief, microwaves exhibit
distinct behavior when they come into contact with different
types of tissues, both in density and dielectric properties.
Because tumor cells emit a signal than normal breast tissue,
the percentage of signal scattering inside normal tissue is
larger than that of tumor cells. In tumor cells, the density of
received signals is high. In addition, the imaging results show
a notable contrast between benign and cancerous breast tissue
scatter signals. A high-resolution image in a concentrated red
color further emphasizes the tumor cell’s location. Fig. 44
(a) and (b) show the illustrated configuration for the imaging
[53]. A breast phantom was utilized to detect breast tumors
and examine the performance of the 16-antenna array. The
breast phantom is surrounded by a horizontal and vertical
arrangement of sixteen antennas, constituting a sixteen-
antenna array. An eight-antenna array is placed horizontally,
and another eight-antenna array is placed vertically in the
sixteen-antenna array imaging scenario; both arrays were
placed at the same distance from the breast phantom. The
other fifteen antennas receive the backscattered signal. One
sends out microwave pulses as the transmitter in this scanning
process. The imaging equipment collects the backscattered
signal data, which are then processed using the IC-DAS
image reconstruction algorithm in MATLAB. Fig. 44(c,d)
show the result of the target imaging after the algorithm
processes the data. Both the breast phantom without and with
the tumor are shown in Fig. 44(c) and 44(d), respectively,
as reconstructed pictures. It is observed that the red-colored
target tumor has been detected. Nevertheless, the suggested
approach shows promise as a microwave breast imaging tool
for tumor detection by effective analysis of backscattering
signals.

IV. FUTURE OUTLOOK
Since breast microwave sensing uses non-ionizing radiation
and the substantial discrepancy in the dielectric characteris-
tics of healthy and cancerous tissues, it may be an effective
method to detect breast cancer [63]. Researchers have mostly
concentrated on the modality’s ability to identify tumors
rather than its diagnostic value, despite promising estimates
of its sensitivity from both phantom and patient studies.
The current range of 20–65% for the specificity of the
modality does not show any substantial clinical utility [64].
Because of the well-documented detrimental effects of false
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FIGURE 44. (a) Tissue layers in the breast, with and without tumor, (b) the 16-antenna array is seen in its top view during the configuration, and
(c,d) phantom free of tumor & bearing tumor [53].

positives in mammography, specificity is an important metric
to examine when assessing the effectiveness of a diagnos-
tic tool; this is especially true in breast cancer screening.
It would be helpful for future research to compare breast
reconstructions of women with and without tumors quanti-
tatively. So yet, measures for evaluating image quality have
only been based on data collected from individual pixels or
on an exhaustive understanding of the actual tissue char-
acteristics and geometries. These methods lack robustness
and are unfit for evaluating the modality’s efficacy in blind
or double-blind studies. Many current measures evaluation
the picture quality, focusing on either the accuracy (such
as localization error) or the contrast (like signal-to-clutter
ratio). Traditional picture quality metrics like noise, arti-
facts, and resolution have been disregarded. An important
and growing research area attracting international academics
and research group cooperation is the clinical uses of

microwave sensing for breast tumors/ cancer diagnosis. Its
diagnostic sensitivity and specificity must be assessed to
determine whether a microwave-based method is clinically
viable. Method for evaluating picture quality must do more
than characterize contrast; they must also examine picture
artifacts.

Like any radio-electronic system, microwave imaging sys-
tems rely on transducers as medium couplers; the antenna’s
efficiency determines how well the system can reconstruct
images. The optimization of this antenna type allows for
the construction of portable systems, which in turn makes
the equipment easier to operate and means less time and
money spent on testing. Furthermore, the data utilized for
the picture reconstruction provide more precise early-stage
cancer tissue diagnosis. Many antennas have been described
in this manuscript to improve the accuracy of cancer tissue
detection systems.
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