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Abstract - Breast cancer is among the most prevalent cancers and is the second leading cause of cancer-related deaths in women
globally. Early detection significantly improves treatment outcomes. Microwave sensing presents a non-invasive, cost-effective, and
patient-friendly alternative, leveraging antenna sensors to detect variations in tissue dielectric properties. This work focuses on the
design and development of a hexagonal ultra-wideband antenna and a breast phantom model to analyze different breast tissue
types. The system comprising the antenna and phantom is modeled using the HFSS simulator and validated through experimental
testing with a VNA. Variations in reflection characteristics are examined, as the microwave signals interact with breast tissues,
revealing their lossy and dispersive nature through absorption, transmission, and reflection behavior. The antenna exhibited strong
resonance across various phantom layers. System validation performed using the VNA indicates a simulated minimum return loss
of -25.83 dB at 7.1 GHz and a measured value of -27.82 dB at 6.2 GHz. The presence of a tumor is identified through variations in

reflection characteristics, and tissue properties such as the Specific Absorption Rate.
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1. INTRODUCTION

Breast cancer remains a leading cause of mortal-
ity among women worldwide, necessitating advanced
diagnostic methods. Traditional imaging techniques
often lack sensitivity in early-stage detection and
may involve invasive or costly procedures. The dis-
ease typically results from genetic mutations and al-
tered gene expression in breast tissue, accounting
for approximately 10% of all newly diagnosed cancer
cases worldwide each year. Early diagnosis is crucial
for improving prognosis of the patient and treatment
outcomes. Although widely used, standard tools like
mammography and X-ray present limitations includ-
ing high false-positive rates, reduced effectiveness in
dense breast tissue, and exposure to ionizing radiation.
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MRI offers detailed imaging, particularly for patients
with implants, but remains prohibitively expensive.
Ultrasound aids in monitoring tumor progression and
identifying various carcinoma types; however, its abil-
ity to detect small lesions is limited [1-4]. Microwave
sensing provides a non-invasive and cost-effective ap-
proach to tumor detection, eliminating both ionizing
radiation exposure and the need for breast compres-
sion. By assessing the electrical properties of biologi-
cal tissues, it enhances detection accuracy, enables
identification of small lesions, improves patient com-
fort, and reduces diagnostic errors. Microwave sensor
arrays and biosensors play a vital role in breast imag-
ing systems by improving cancer detection, enhancing
image resolution, and enabling label-free diagnostics.
These technologies offer distinct advantages over con-
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ventional imaging methods [5, 6]. Conventional imag-
ing modalities such as X-ray, MRI, and ultrasound have
limitations in early breast cancer detection. An emerg-
ing solution is microwave sensing, which is valued for
its safety, affordability, and patient comfort. Cancerous
tissues exhibit higher permittivity, leading to increased
microwave scattering, thereby making this method ef-
fective for detecting abnormalities. Antennas are key
components in microwave sensing systems, with sin-
gle-element sensors having omnidirectional radiation
patterns that offer enhanced sensitivity, coverage in
dense tissues, and simplified, cost-efficient system de-
signs. Microwave sensing detects breast abnormalities
by leveraging the contrast in dielectric properties be-
tween healthy and malignant tissues, as normal breast
tissue is more transparent to microwaves, whereas tu-
mors are more lossy due to higher fluid content. This
study investigates the dielectric characteristics of vari-
ous breast tissues by examining reflection responses
using a microstrip antenna, extending the analysis of
the antenna model presented in [7]. A hexagonal patch
antenna and a heterogeneous breast phantom are
proposed to evaluate the resonant behavior of breast
layers across ultra-wideband frequencies. The structure
of this work is as follows: Section 2 describes related
work, Section 3 details antenna design and fabrication;
Section 4 describes the breast phantom model and its
construction; Section 5 presents experimental obser-
vations; and Section 6 concludes the study.

2. STUDY OVERVIEW

The tissue dielectric properties change after excita-
tion due to temperature, dehydration, and ischemia,
eventually stabilizing over time. In-vivo cancerous
tissues exhibited higher dielectric values than ex-
vivo samples, or Electrical Impedance Tomography
measurements, although sample variability limits
firm conclusions. Breast tumor detection depends on
factors like tumor size and tissue permittivity, with
interdependent effects— for example, return loss de-
creases with higher fibro permittivity but increases
with greater skin and fat conductivity [8-10]. Ultra-
wideband (UWB) and ultrasonic networks have the
potential to transform in-body and near-body medi-
cal communications. Compared to traditional wireless
systems, UWB provides higher data transfer speeds,
lower power consumption, and enhanced security [11,
12]. Advanced UWB antennas—including open-mouth
cut flower, bi-directional tapered slot, and inverted-
F planar patch designs—have been developed. The
incorporation of hard surface H-resonator arrays sta-
bilizes radiation patterns, while combined single and
circular complementary split ring resonators enable
band rejection. Various human-body-compatible sub-
strates were evaluated, however, the structures remain
large and intricate [13, 14]. A multi-band antenna us-
ing FR-4 and RT-Duroid substrates with a defective
ground structure demonstrated enhanced gain, band-
width, and return loss; however, substrate thickness
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constrained its use in compact designs [16]. The planar
octagonal UWB antenna, with circular slots in the ra-
dome and quarter-elliptical slots in the ground plane,
achieves wide bandwidth while maintaining stable
radiation characteristics [17]. Breast cancer detection
was demonstrated using UWB antennas with patch
configurations in dodecagon, square ring, circular, and
hexagonal shapes; however, only simulated results
were reported [18-24]. The Vivaldi antenna was used to
classify breast tumors through microwave imaging. A
4 x 1 MIMO antenna array with elliptical patches was
designed to operate across the ultra-wideband range
and provide omnidirectional radiation. However, two
of the reported antenna designs are found to be rela-
tively large in size [25, 26]. Breast phantom design and
fabrication are critical for system validation. Phantoms
with fatty, skin, glandular, and tumorous layers are pro-
duced using common chemical mixtures. A technique
integrating these tissues into a model accurately repli-
cates physiological structure and dielectric properties.
The materials exhibit durability and osmosis resistance,
enabling fabrication of homogeneous and heteroge-
neous phantoms without compromising geometry or
dielectric behavior. These phantoms are utilized for
breast lesion detection and imaging in both narrow-
band and ultra-wideband frequencies [27, 28]. Hybrid
machine learning and deep learning approaches have
advanced breast cancer diagnosis. HH-AUSVM and fea-
ture selection achieved up to 97.97% accuracy, while
the MI-CS-SBS/SFS-SVM model reached 99.5%. LSTM
variants like HVSSFFLSTM showed strong performance,
and FCM-based segmentation achieved high precision,
with adaptability to other medical conditions. These
complex models require GPU resources and involve
high computational time, limiting their applicability for
real-time use [29-32].

3. ANTENNA DESIGN

3.1. MICROSTRIP ANTENNA GEOMETRY

Microstrip patch antennas are highly attractive due
to their compact size and lightweight design, making
them well-suited for short-range applications. Con-
ventional rectangular and circular patch antennas
designed for the UWB spectrum typically resonate at
a single frequency but offer limited bandwidth. These
limitations render them inadequate for modern com-
munication systems in their current form. To address
these constraints, the antenna design is progressively
modified into a hexagonal configuration. This design
features a hexagonal patch on one side of the dielec-
tric substrate and a ground plane on the opposite side.
The simple structure of the microstrip antenna (MSA)
makes it ideal for medical applications. Here, the design
of a hexagonal microstrip antenna (HMSA) for UWB
applications, as discussed in [7], is fabricated on a di-
electric substrate made of double-sided copper flame-
retardant epoxy glass composite. The HMSA structure
is modeled and simulated using Ansys HFSS antenna
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design software. The antenna is designed with a center
frequency of 6.85 GHz, corresponding to a wavelength
of 43.796 mm, enabling effective operation across the
ultra-wideband spectrum from 3.1 GHz to 10.6 GHz.

The dielectric substrate of size 39.96 mm x 38.52 mm
is made up of FR4 material with a thickness of 1.59 mm,
a loss tangent of 0.02, and a relative permittivity (¢;) of
4.4. Fig. 1 illustrates the antenna design, with detailed
dimensions provided in Table 1.

The geometry of this compact design is straightfor-
ward and easy to fabricate. The HMSA is fabricated on
an FR4 glass epoxy dielectric substrate measuring 40
mm X 40 mm. Printed technology is used to etch the
metallic components, including the radiating patch,
feed line, and ground plane. A 50 Q coaxial probe feed
supplies the structure, with an SMA connector used for
connections. Fig. 2 shows the fabricated hexagonal mi-
crostrip patch antenna from both front and rear views.

Table 1. Design dimension details of HMSA

Parameter SW SL h
Dimension (mm) 39.96 38.52 1.59
+ SW >
Y
PW
PL SL
K
—» «—FLW
v
(a)
- SW >
-
SL
GL
v
(b)

Fig. 1. Antenna Geometry of HMSA, (a) front
perspective, (b) back perspective

(b)

Fig. 2. Fabricated HMSA structure, (a) front
perspective, (b) back perspective
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The prototype was tested using a Vector Network Ana-
lyzer (model N9916A) to validate the results. The HMSA
antenna exhibits a return loss below —10 dB, a VSWR be-
low 2 across the frequency range of 3.1 GHz to 10.6 GHz,
and a peak gain of 5.3 dB. Fig. 3 presents the reflection
response of the HMSA based on both HFSS simulations
and VNA measurements of the prototype. Fig. 4 presents
gain variations of the antenna structure.
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Fig. 4. Gain Variations of Proposed Antenna

4. BREAST PHANTOM

Phantoms are artificial replicas of body parts or organs

designed to mimic the physical and structural character-
istics of their biological counterparts. Breast phantoms
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can be fabricated with varying tissue compositions to
represent different tissue types. By accurately repro-
ducing the three-dimensional distribution of adipose
tissue layers, the breast model effectively simulates the
properties of these tissues for microwave-based applica-
tions. The dielectric behavior of tissues is characterized
by their permittivity and conductivity, with each breast
layer exhibiting distinct lossy and dispersive properties.
Layer 1 is the outermost skin layer. Layer 2 consists of
fat or adipose tissue surrounding the glandular tissues.
Layer 3 comprises glandular tissue, including milk ducts.
Layer 4, shown in Fig. 5, represents tumor cells typically
found in the lactiferous ducts and lobular membranes.
Human breasts are classified as either homogeneous or
heterogeneous based on tissue composition.
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Fig. 5. Design Model of the Proposed
Heterogeneous Breast Phantom (a) top perspective,
(b) side perspective

4.1. MODEL DESIGN

The heterogeneous breast phantom consists of four
distinct layers and is designed using Ansys HFSS software.

The design employs the single-pole Debye model to
analyze tissue responses to frequency variations based
on the dielectric properties of breast layers. The single
pole Debye dispersion model is expressed as,

Es~ €0

&(0) = €0+ 755 M

(85— £00)w?T0

1+ w272

0. (@) = + o, 2)
where,

& - Complex permittivity,

g,- Free space permittivity,

&, - Static dielectric constant,

g, - Dielectric constant at infinity,

o, - Static conductivity,

T - Pole relaxation constant,

w - Angular frequency
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The breast model has a diameter of 40 mm, with a
2 mm thick skin layer, a 10 mm thick fatty layer, and a
28 mm thick glandular layer. The proposed antenna is
used to evaluate the electrical characteristics across
these breast tissue layers. Fig. 5 illustrates both the top
and side views of the heterogeneous breast phantom
design. The dielectric properties used for modeling
each layer are based on frequency-dependent values,
as summarized in Table 2. A5 mm tumor is embedded
in the glandular layer at a depth of 35 mm from the
antenna center. The spacing between the antenna and
the breast model is maintained at to 0.5 mm.

Table 2. Dielectric Properties of Breast Layers

Layer & £oo o (S/m) T (ps)
Skin 4 37 1.10 7.37
Fat 6.57 16.29 0.262 7.00
Gland 47 76.31 0.46 7.00
Tumor 65 70 4 7.00
4.2. Phantom Materials

The heterogeneous breast phantom comprises four
layers: skin, fat, glandular tissue, and an embedded tu-
mor. Various materials cited in the literature are used to
replicate breast tissue. For fabrication, the selected ma-
terials include safflower oil, distilled water, propylene
glycol, agar-agar gelatin powder, formalin (37% form-
aldehyde solution), xanthan gum, and liquid detergent.
Propylene glycol and safflower oil provide low conduc-
tivity, while distilled water increases permittivity. Xan-
than gum acts as a thickener and, along with liquid de-
tergent, serves as a surfactant. Formalin helps determine
the melting point of agar-agar and stabilizes the phan-
tom. Agar-agar gelatin mixtures offer dielectric proper-
ties similar to real breast tissue and are easy to fabricate
with good mechanical strength. Despite varying chemi-
cal concentrations across layers, these materials simplify
the phantom fabrication process. The specific composi-
tions used are provided in Table 3, as referenced in [28].

Table 3. Material Composition for Heterogeneous
Breast Phantom

. Quantity
Material )
Skin Fat Gland Tumor
Distilled water (ml) 80 40 80 100
Safflower oil (ml) 14 39 21 7
Propylene glycol (ml) 7 2 7 7
Agar-agar gelatin (g) 7 8 6 12
Formalin (ml) 0.30 0.30 0.30 0.30
Xanthum gum (g) 2.5 2.5 2.5 2.5
Liquid detergent (ml) 0.30 0.30 0.30 0.30

4.3. FABRICATION STAGES

The phantom is constructed using identical base ma-
terials for all layers, with their specific concentrations de-
tailed in Table 3. Fabrication begins by mixing distilled
water and propylene glycol and, heating the solution in
a double boiler at 90°C-100°C. Agar-agar gelatin powder
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is then gradually added until fully dissolved. In a sepa-
rate bowl, safflower oil is mixed with surfactants (xan-
than gum and liquid detergent) and formalin (37% form-
aldehyde solution), then combined with the heated so-
lution. Once the color changes, the mixture is removed
from heat, stirred to avoid air bubbles, and cooled to
25°C before being poured into a mold and refrigerated
overnight. To form the skin layer, a second bowl is placed
2 mm inside the first. After the mixture solidifies, the in-
ner bowl is removed. The fatty layer is formed by plac-
ing a third bowl at a 20 mm radius from the outer bowl,
resulting in an 18 mm thick layer. The glandular layer is
then poured into the remaining space to form a 20 mm
thick section, using the specified chemical composition.
Two 5 mm diameter straws are inserted to simulate tu-
mor regions. A pinch of different food color is added to
the mixture to differentiate the layers visually. Fig. 6 illus-
trates the fabrication steps and the final heterogeneous
breast phantom with an embedded tumor.

Fig. 6. Fabrication stream for Heterogeneous Breast
Phantom, (a) Skin Layer, (b) Fatty Layer, (c) Gland Layer,
(d) Breast Phantom without Tumor, (e) Provision to
embed tumor, (f) Breast Phantom with Tumor

5. RESULT ANALYSIS

The principle of microwave sensing for breast lesion
detection relies on the dielectric properties of tissues.
Tumorous regions exhibit a significant dielectric con-
trast compared to normal breast layers. Radiation emit-
ted from the antenna sensor propagates through the
breast, interacting with each tissue layer.

To accurately represent the electrical behavior of
breast tissues, their dispersive nature must be consid-
ered, as they actas lossy and dispersive media for micro-
wave propagation. The interaction of microwaves with
these biological tissues results in absorption, transmis-
sion, and reflection. The system model, comprising the
antenna sensor and breast phantom, was validated us-
ing a Vector Network Analyzer (VNA), model N9916A.
The reflection characteristics were recorded over three
separate trials conducted within one week. The results
from HFSS simulations were compared against the av-
erage values obtained from VNA measurements.
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Figs. 7 to 10 show the reflection characteristics versus
frequency for both the simulated and fabricated struc-
tures, focusing on the skin, fatty, and glandular layers
of the breast model. The results indicate that tumorous
tissues absorb more electromagnetic energy than nor-
mal tissues due to their lossy and dispersive dielectric
properties. Consequently, the tumor layer exhibits the
highest return loss, underscoring a significant differ-
ence in reflection behavior between healthy and can-
cerous breast tissues.
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Figs. 11 and 12 display the reflection characteristics of
the system model, comprising the antenna and breast
phantom, both with and without a tumor. A noticeable
change in the reflection coefficient is observed, with the
tumorous model showing higher return loss, allowing
clear distinction from the healthy model. These breast

phantoms provide a robust and adaptable platform for
testing. The simulated structure exhibits a minimum S11
of —25.83 dB at 7.1 GHz, whereas the measured structure
records —27.82 dB at 6.2 GHz. A performance compari-
son between the proposed phantom and similar models
from the literature is provided in Table 4.

Table 4. Comparison with Existing Research

Antenna Size ey Bandwidth ooy
Ref. No. Antenna Configuration Antenna Gain (dB) Coefficient S11
(mm2) (GHz)
Sensors (dB)
Bi-Directional Tapered Slot Antenna for Imaging and
7] UWB Applications 48 x 55 Not Reported 3.4-395-6 28 (5.6 GHz)
Octagonal MSA with a Circular Slot, fed by a Tapered
[22] Strip Line, and an Elliptic Geometry Slot at Ground 70 x 60 - 3.8 25-18 -41 (6.8 GHz)
with reduced RCS for UWB Applications.
X . -12.73 (2.876 GHz)
[24] Circular Patch Antenna for Breast Cancer Detection ~ 48.46 x 42.46 1 2453 25-34 -8.43 (2.36 GH2)
[26] Hexagonal MSA for Breast Cancer Detection 25%20 1 Not Reported ~ 3.1-10.6 -21.72 (5.6 GHz)
|-shaped Rectangular MSA with Two C-Slotted
[271 Parasitic Elements for Imaging Systems for Breast 40 x 30 1 2.45 49-7.89 -37 (8 GHz)
Cancer Detection.
28] Rectangulz?r MSA for Breast Tumor Detfectlon using 205% 106 1 241 3.18 19 (4.8 GH2)
Microwave Radar-Based Imaging.
[29] Vivaldi Antenna W|th a Circular Hollographlc 56 %56 5 Not Reported 04-64 Not Reported
Structure for Microwave Imaging1
Four-Element, Elliptical-Shaped MIMO Antenna with
[30] Stubs on either side of the Ground for High Isolation 71.5%x 16 4%2 5.6 32-14 -22(10.5 GHz)
in Breast Cancer Detection.
Proposed Simple Hexagonal MSA with Breast Phantom for -25.8343 (7.1 GHz)
Antenna Inspection of Breast Tissues. LGS t 22 Sl ee -27.8247 (6.2 GHz)
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312

The Specific Absorption Rate (SAR) is a metric that
quantifies the rate at which electromagnetic energy
emitted from a device is absorbed and converted into
heat within a specific volume of human tissue.

Specific Absorption Rate is given by,

sar -2 1B 3)
o

where, SAR - Specific Absorption Rate (W/kg),
o - conductivity (S/m),
p - the mass density (kg/m3).

Tumorous tissues absorb more incident microwave
energy than normal tissues. This absorption, measured
as the SAR, serves as a useful indicator for detecting ma-
lignant tissues.

Fig. 13 illustrates the SAR distribution in the breast
phantom for both healthy and tumorous tissues.

The SAR value is higher in tumorous regions due to
greater absorption of electromagnetic energy.
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Fig. 13. SAR of Heterogeneous Breast Phantom
(a) Healthy Breast, (b) Tumorous Breast

6. CONCLUSION

A hexagonal patch UWB antenna was fabricated on
a double-sided copper FR4 epoxy glass substrate and
tested using a Vector Network Analyzer (VNA) model
N9916A. The HMSA antenna, designed in Ansys HFSS
for a center frequency of 6.85 GHz (A = 43.796 mm), was
optimized for minimal return loss across the UWB spec-
trum, achieving a peak gain of 5.3 dB. It was employed
to characterize the various tissue layers of a heteroge-
neous breast phantom, which comprised skin, fat, glan-
dular, and tumor tissues. The phantom was modeled in
HFSS and fabricated using a mixture of safflower oil,
distilled water, propylene glycol, agar-agar gelatin, for-
malin, xanthan gum, and liquid detergent—selected
for their ability to replicate realistic dielectric proper-
ties and maintain structural integrity. The antenna
demonstrated strong resonance when interacting with
different phantom layers. System testing with the VNA
showed a simulated minimum return loss of —25.83 dB
at 7.1 GHz and a measured value of -27.82 dB at 6.2
GHz. Tumor presence was identified through changes
in reflection characteristics, and tissue properties such
as the Specific Absorption Rate (SAR) were analyzed.
Additionally, tumor localization was achieved by iden-
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tifying regions of maximum power absorption. The in-
tegration of machine learning algorithms can further
improve the accuracy of tumor detection.
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