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Researchers are continuously exploring the potential use of microwave imaging in the early detection of breast cancer. The
technique offers a promising alternative to mammography, a standard clinical imaging procedure today. The contrast in dielectric
properties between normal and cancerous tissues makes microwave imaging a viable technique for detecting breast cancer.
Experimental results are presented in this paper that demonstrate the detection of breast cancer using microwaves operating at
2.4 GHz. The procedure involves antenna fabrication, phantom tissue development, and image reconstruction. Design and
fabrication of patch antenna are used in the study, described in detail. The patch antenna pair is used for transmitting and
receiving source waves. Tissue mimicking models were developed from paraffin wax and glycerin for the dielectric constants of 9
and 47, respectively, representing the tissue and tumor. Further, AI-based tomographic images were obtained by implementing a
filtered back-projection algorithm in the computer. In the results, the presence of the tumor is quantitatively analyzed.

1. Introduction

Hippocrates, the father of medicine, described cancer as one
of the oldest deadly diseases in the ancient world. Breast
cancer is the most life-threatening severe disease among
women, second only to liver cancer as the leading cause of
death [2]. Breast cancer survivorship rates improve when
women undergo annual screenings to detect cancerous
tumors and receive appropriate treatment. Screening tech-
niques include X-ray mammography, ultrasound, and
magnetic resonance imaging (MRI). Both have advantages
and limitations. Ionizing radiation is hazardous to biological
tissue. Furthermore, tumor detection rates are lower in
dense breasts [3]. Ultrasound is a low-cost method, but its
effectiveness depends on the operators’ expertise [4]. Breast
images produced by MRI can be highly detailed. However, it
is too costly for normal screening usage [5]. A microwave-

based imaging system is an attractive substitute or com-
plement modality to the existing methods since it has the
benefits mentioned above in breast imaging. It is possible to
get high-resolution breast images with microwave trans-
mitters without ionizing tissue. In addition, current mi-
crowave technology allows for the development of highly
efficient, compact, and fully automated systems that apply to
a wide range of applications and minimize the possibility of
human error. Numerous studies have used microwave breast
imaging techniques [6-10]. The main similarities among
these systems are the infrastructure and the algorithm used
to reconstruct the images. There are ultra-wideband (UWB)
antennas covering a wide frequency range, but they have a
tradeoft between loss of power and the ability to penetrate
the tissue. Saturation media such as saline or glycerol can
improve the coupling between antennas by reducing mis-
matches at their interface with the skin. Additionally, breast
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anatomy is typically visualized by tomographic or radar-
based analysis methods, such as the Gauss—-Newton method
[11], delay and sum (DAS) [12], or microwave space-time
beamforming (MIST) [13].

Clinicians and researchers are trying to save the lives of
patients through early diagnosis and effective treatment
procedures. Suppose the cancer is detected in its early stages
through periodic breast screening, and the survival rate of
women increases. Apart from pathological tests, diagnostic
imaging plays a crucial role in the early detection of breast
cancer. Imaging involves characterizing a signal and sepa-
rating it from the background. To characterize the tissues in
medical imaging applications, a variety of sources have been
used—controlled propagation of X-rays from X-ray tubes
that provide an image of internal body parts for diagnosis.
The X-ray particles passed through the body are recorded in
the form of an image. Magnetic resonance images are
produced by using a magnetic field and radio waves. They
offer higher resolution with excellent contrast to the tissue.
Powerful magnets are used to produce the field and the
radiofrequency pulses obtained from r.f. coils. The scans of
cross sections of internal body organs generated from
projections can detect the slightest change in physiological
or anatomical changes in the body parts. Relatively inex-
pensive ultrasound scanners use high-frequency sound
waves to diagnose and treat patients. The pulses of sound
waves generated from a piezoelectric crystal are transmitted
and received from the ultrasound transmitter through tis-
sues. The received signals are processed to display the
characterized values of the tissue as its image. These three
techniques are implemented in commonly used imaging
modalities in hospitals. However, there are a few concerns
about these systems, such as ionizing radiation, cost, size,
portability, complicated instrumentation, and scary among
the patients undergoing scanning. Presently, mammography
[15] is being used as a standard screening method for breast
cancer detection that uses X-ray radiations to characterize
the dense masses present in breast tissue. There are shreds of
evidence that the mammogram images failed to detect
suspicious lesions present in the breast. Sensitivity and
specificity are the limiting values that make this imaging
method restricted to a false-positive rate of 4%-34% [16]. A
false-negative rate could be as high as 70% [17]. Therefore,
X-ray mammography is not entirely safe for repeated
screening and cannot be considered a single stand-alone test
for breast cancer diagnosis. Magnetic resonance imaging
(MRI) is more promising for breast imaging which can
detect cancers in dense breasts that are failed to detect in
mammograms. Images obtained from MRI machines are
superior insensitivity that sometimes makes suspicious
tissue as tumors wrongly resulting in a high rate of false
positive [18].

In detecting benign and malignant tissues, two different
contrast agents are used. When the uptake is tracked for
individual contrast agents, the results from scans will be-
come more complex while interpreting the images. Usually,
breast MRI is not followed as a routine screening method for
cancer diagnosis, but they are recommended only for
women at high risk. The logistic facility, procurement of
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MRI scanners, and cost limit their use in hospitals. Ultra-
sound can distinguish between a liquid-filled cyst and a
dense solid mass. However, it is not used for early stage
cancer detection; instead, ultrasound is often used as a
follow-up test after mammography or MRI detects the tu-
mor. All these three prominent breast imaging techniques
sometimes show a false-positive result. Microwave-based
imaging techniques have been attracted by researchers for
detecting breast cancer at an early stage due to their merits of
safety, high contrast, less expensive, no discomfort to the
patients during the examination, and relatively more minor
complexity in instrumentation. Microwaves are radio waves
that are a part of electromagnetic radiation in the frequency
range of 300 MHz (100cm)-300GHz (0.1 cm), used in
telecommunications, radar, domestic heating appliances,
food, and medical applications. Images for medical purposes
at microwave frequency are the spatial distribution of
electrical parameters of the body. Instead of showing tissue
structures, these images show the two-dimensional distri-
bution of electromagnetic properties. Because healthy and
fat tissue is translucent at microwave frequencies, micro-
wave imaging can be used in the early detection of breast
cancer by comparing the contrast values of electrical
properties between normal and cancerous tissues [19, 20].

Several researchers have reported microwave imaging
techniques for various applications with different termi-
nologies and algorithms, including nondestructing testing,
detection of weapons in the military, security checks at
public places for prohibitive measures, monitoring of civil
structures’ life, and see-through imaging. The methodology
of imaging at microwave frequencies has been reported as
radar-based imaging [21-23]. Compared to the gold stan-
dard MRI [24], ultrasound [25], and X-ray-based mam-
mography [26] diagnostic screening methods, microwave
imaging can characterize the tumor in terms of dielectric
constant rather than characterizing as dense tissue [27].
Hardware for microwave imaging requires an antenna that
transmits microwave energy penetrating the breast tissue,
and a receiver receives the signal. The received signal carries
information about the object through which it propagated. A
computer creates a two-dimensional digital map of the
object based on the contrast values of electrical parameters.
A phantom study demonstrates instrumentation for
detecting tumors in tissue. Using the filtered back-projected
image reconstruction algorithm [28], a cross-sectional image
of the tumor is reconstructed.

2. Methodology

Microwave Tomography and Materials Research Laboratory
was the laboratory that carried out the study. Samples of
breast tissue for the study were obtained from the De-
partment of Surgery within 30 minutes following a mas-
tectomy. Microwave imaging is a noninvasive technique for
observing the internal structure of the body organs through
electromagnetic fields. When the short-duration pulses of
low-energy microwaves travel and shine on the breast tissue
from a transmitting antenna, the reflections are collected by
a receiver antenna, and they are further processed to create
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an image that gives inside information about the tissue. The
sketch shown in Figure 1 represents the principle of mi-
crowave imaging. The transmitted waves scatter in the bi-
ological tissue due to the presence of a target. The electrical
properties of the tissue govern the interaction of tissue with
electromagnetic waves. Some of the typical electrical
properties of any material in biomedical applications dealing
with electromagnetic energy are specified by conductivity,
dielectric permittivity, and the loss component. The con-
ductivity of the biological tissue changes from one person to
another due to their complex physiological conditions
[29, 30]. It is remarkable how little dielectric loss the breast
has [31]. Thus, the dielectric permittivity is assumed to
greatly affect tissue scattering due to electromagnetic waves.
By measuring scattered waves as a function of dielectric
permittivity, a two-dimensional map can be created. The
hardware required for microwave imaging of breast tumors
has three main parts; transmission of microwave energy,
receiving the signal, and processing the signal to obtain
images of dielectric constant (¢) that illustrate the tumor
present in breast tissue.

2.1. Microwave Transmitting Antenna. Microwaves are
electromagnetic waves often referred to as radio waves in the
range of 300 MHz to 300 GHz. A small portion of the fre-
quency band over the radio spectrum is exclusively reserved
internationally for industrial, scientific, and medical appli-
cations other than commercial telecommunication appli-
cations [32]. The ISM frequency band free from operating
licenses is clustered around 2.4 GHz and 900 MHz. The radio
waves are transmitted or received by a device known as an
antenna. The microwave antennas are available in microstrip
patch, horn, parabolic, plasma, and MIMO (multiple input
multiple output) antennas. Microstrip patch antennas are
preferred over conventional antennas for biomedical ap-
plications due to their low profile, small size, narrow
bandwidth, easy customization, simple fabrication steps, and
low cost. In the study of breast cancer detection, two patch
antennas are designed and fabricated for operating in the
ISM band of frequency (2.4 GHz).

2.2. Microstrip Patch Antenna Design. Since our interest is to
employ the antenna in imaging applications for medical
diagnosis, we chose a more compact and straightforward
rectangle structure than any complex geometries. Therefore,
the dimensions are calculated from the below given equa-
tions [33].

The width of the patch is known from

C 2
w=-2 , (1)
2f, e, +1

where W =width; Cy = speed of light; ¢, = dielectric constant
of substrate; and f, =resonance frequency.
Length is given by
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FIGURE 1: Principle of microwave imaging.

where L =length of the patch; (AL) =increase in length due
to fringing effect; and ¢,.¢ is the effective dielectric constant
known from

sl &1, 4 -I/thw>1 (3)
Ereff = ——— o ,but —>1,
eff 7o 2 2 h

where h =height of the substrate.

The patch antenna consists of three layers. The top layer
is the patch, below which a substrate is laid, and the bottom
layer has a ground plane.

The feed line impedance is 50 Ohms, but the radiation
resistance at its edge is much better than the feed line
impedance, resulting in a mismatch. Using an inset feed
technique, the antenna’s performance is improved by re-
ducing reflections in order to achieve maximum power
transfer. It is estimated that the antenna feed edge matches
the transmission line’s characteristic impedance by the
distance of inset feeding. The optimal value of the inset feed
is 12mm in our design.

2.3. Simulation. From the design equations given above,
both L and W dimensions are obtained as 29.2 mm for the
resonating frequency of 2.4 GHz. The microstrip patch
antenna is simulated in CST Microwave Studio (Computer
Simulation Technology) software. The substrate FR4 is
readily available and commonly used in making PCBs
(printed circuit boards), with ¢,=4.4 being used in the
simulation. Figure 2 shows the structure and field distri-
bution of the antenna, and Figure 3 illustrates the layout
obtained from the simulation software. Figure 4 shows the
configuration of the sandwiched patch, substrate, and
ground plane together, thus making a patch antenna. Fig-
ure 5 shows antenna parameters plotted against frequency. It
can be noted that the gain at the resonant frequency is
5.834dB and the directivity at the same frequency is
5.830dB. The fitted value of return loss (S11) is —26 dB,
shown in Figure 6.

2.4. Fabrication. After estimating the physical dimensions
and running simulation software, our laboratory fabricated
the proposed antenna from LPKF Laser and Electronics PCB
milling station. Since it is easier to fabricate and costs less,
the FR4 material was used for the antenna. The milling
station works with a laser source that removes copper from



F1GURE 2: Structure and field distribution.

F1GURE 3: The layout of the patch antenna.

the substrate and precisely leaves behind a pattern. The
Gerber file generated from the simulation is exported to the
machine, and then, the cleaned substrate sheet is positioned
inside the machine’s hood. Initial settings of the laser power,
nozzle distance, and other necessary values of the machine
were adjusted suitably for printing on the substrate. After
completion of etching, the antenna was removed and
cleaned again to remove the dirt and etched out copper
particles from the substrate. For feeding the antenna, the
coaxial feed technique was used in which an SMA port was
soldered carefully at the specified transmission line feed
input position, and the connection was established carefully
between the port and the microstrip feed line. Figure 7 shows
the photograph of the antenna with the feed line connector.
In Figure 6, the dB return loss (S11) is shown for simulated
and measured values. The comparison indicates that the
return loss value by simulation is —25dB, and the same by
measurements is —20 dB. The values exactly do not match
the 2.4 GHz frequency, but they are very close to the res-
onant frequency.
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In the final stage, the performance of the fabricated
antenna was experimentally verified by measuring the return
loss characteristics from a Vector Network Analyzer (Agi-
lent Technologies, N5230 A). Before measurements, the
VNA was calibrated, the antenna was tested, and the
readings were plotted on a graph as shown in Figure 6. It is
noted that the simulated and measured values match each
other with minor deviations at the frequency point. How-
ever, the S11 values are slightly shifted from the desired
resonant frequency. It is believed that the difference could be
due to the placement and soldering of the port and cutting
away the fabricated antenna from the FR4 dielectric sheet.

2.5. Breast Phantom. A phantom is a realistic model rep-
resenting an actual object and is often used to evaluate new
techniques or algorithms in terms of their potential and
limitations and standardize the technique developed.
Breast phantoms were used in our experiment to test the
potential of breast cancer detection by tomographic im-
aging using microwaves. FBP algorithm has been imple-
mented to produce the slice image of the solid tissue
phantom. Several methods of the phantom for breast have
been reported using soybean oil [34, 35], polyacrylamide
[36], Vaseline cream and wheat flour [37], and oil with
polypropylene [38] and glycerin with water mixture [39].
However, most of them do not have ideal phantom
characteristics. A phantom is ideal if it is homogeneous,
solid, stable over a long period, allows easy tuning of
electrical properties, is moldable to the desired shape, and
is inexpensive. Most of the phantoms mentioned are lig-
uids, which do not allow uniform distribution of scattering
particles within the medium and therefore are not ho-
mogeneous and are not stable over a long period.

To overcome the difficulties associated with liquid
phantoms, solid tissue-equivalent phantoms using paraffin
wax were developed and used. The wax is a natural product
derived from the molecular components of decayed vege-
table and animal material. It consists of a complex mixture of
hydrocarbons. It is colorless and nonreactive, and can be cast
easily with uniform mixing of coloring materials. At ambient
temperature, the wax remains solid, starts melting when the
temperature exceeds 37°C, and starts to boil when the
temperature rises to 370°C. Because of this thermal property,
the wax can be easily moldable to any shape. It is a perfect
electrical insulator having electrical resistivity greater than
7.92x10” Ohm-cm, and the dielectric constant decreases
monotonically as a function of frequency in the microwave
band of frequency [40]. In the microwave band of fre-
quencies up to 5 GHz, the dielectric constant of the wax is
reported in the range of 2-7 [41]. There is a remarkable
contrast between the normal breast tissue and tumor in the
dielectric constant value [42]. Several researchers have
published electrical properties of biological tissues from
their extensive works [6, 43-51]. From these references, the
dielectric constants of fatty tissue and the tumor are 9 and
47, respectively. Since the dielectric value of the normal
breast tissue matches that of the wax, we used the plain
paraffin wax to develop the breast phantom.



Mathematical Problems in Engineering 5

- AIR
Le ke =g FR4
’ 1.6 millimeter
0 millimeter AIR

FiGgure 4: Configuration of the sandwiched ground plate, substrate, and patch layers.

a‘.(] e *7
6 TR 6
E2 O T 5]
4 : : : : : : B\ 4
g 4 44
] R kst 1
O 3 4 : g 3
- D 4
24 cife o 2
14 ) SRR 14
(U e e L T I e 0t——T—1— O N e
20 21 22 23 24 25 26 27 28 29 3.0 20 2.1 22 23 24 25 26 27 28 29 3.0
freq (GHz) freq (GHz)
(a) (b)
110 T — 0.0025
100 — -0 --6-0 E
90 d. il 0.0020
G 80 e ~ 0.0015 3
= g 5 ]
270 4 z ]
Q i o J
£ 60 & 0.0010 -
1 o ]
SOq 0.0005
40 . . - - - [} E
0b 0.0000 ————— 4t
20 21 22 23 24 25 26 27 28 29 3.0 20 2.1 22 23 24 25 26 27 28 29 3.0
freq (GHz) freq (GHz)
(c) (d)

FIGURE 5: Antenna parameters obtained from simulation. The parameters gain, directivity, efficiency, and rated power are plotted against
frequency. (a) Gain (dBi). (b) Directivity (dBi). (c) Efficiency (%). (d) Power radiated (watts).

Patch Antenna Return Loss S11 in dB
5 T T T T T T T T T

S11 (dB)

-25 i

2 21 22 23 24 25 26 27 28 29 3
Freq (GHz)

—— Simulation

- -~ Measured

F1GURE 6: Results of S11 (dB) from simulation and measurements.



Mathematical Problems in Engineering

FIGURE 7: Photograph of fabricated patch antenna.

The wax was heated at a steady and low temperature and
allowed to change from solid to liquid state. Then, it was
poured into a mold to make a cylindrical-shaped phantom.
The diameter of the cylinder was measured at 80 mm and the
height at 80 mm. After cooling entirely at room temperature,
the cylindrical-shaped phantom of the desired dimension was
obtained. To mimic the tumor, a hole of 10 mm diameter was
carefully drilled axially at the center of the wax cylinder, and it
was filled with the mixture of glycerin-water (80:20%).
Glycerin is a nontoxic, colorless viscous liquid, a polyol
compound widely used in the food industry and pharma-
ceutical combinations. The dielectric constant of the glycerin
at room temperature is 47 [52], which is a close match with
the tumor dielectric constant. The stable and homogeneous
breast tissue phantom inclusive of contrast anomaly mim-
icking tumor was fabricated referring to reported typical
values of electrical properties. The phantom was then used in
our experiment of Al-based tomographic imaging at the ISM
frequency range.

2.6. Al-Based Tomographic Image  Reconstruction.
Tomography is an imaging technique for generating a lateral
view of an object when a suitable energy source passes
through it. The technique is popularly used in X-ray CT
scanning (computed tomography), in which X-ray waves are
passed through the tissue for medical diagnostic applica-
tions. Tomogram is produced in the computer through
several algorithms. In this work, the tomographic image of
breast tissue phantom is obtained by the filtered back-
projection (FBP) algorithm, which is measurement-based
rather than a model-based technique such as the iterative
method. When the source antenna transmits (Tx) micro-
waves passing through the tissue, the signal on the opposite
side is received by a receiving antenna (Rx). An impulse

generator is used and set to produce a microwave at a
2.4 GHz frequency. Figure 8 shows the experimental setup in
which the pair of Tx and Rx is rotated around the tissue
phantom to acquire the projections, representing the tumor
in terms of differential values of dielectric constants. The
phantom, placed on a rotating table, is rotated at 10” step
intervals. The signal is measured from VNA and stored in
the computer at each step. The computer produces an image
by back-projecting the measured values onto the image
plane. Because of this, the method is known as back-pro-
jection. This image is approximately the same as that of the
original object. In this process, the image gets blurred due to
artifacts. Using a high-pass filter eliminates the blurring,
which is realized through a ramp filter [53]. Hence, the
combined back-projection and ramp filtering method is
popularly known as filtered back-projection. In this work,
signal processing and image reconstruction have been
implemented on the computer with MATLAB software
programming. In this algorithm, the projections are
expressed as Radon transform of the object, which is defined
as

f(x, y)ds. (4)

(6,t)line

Py(t) = |

The above equation can be written using a delta function
as

Py(t) = J J £, ) [8(x cos(0) + y sin(0)-)tdxdy], (5)
i.e., the line integral along a line of parallel beam rotated at
an angle 0 from the origin. A set of these functions for
constant angle are the projections of the object at the cross
section where the rays are being passed. The angle 6 is held
constant throughout the projection to obtain parallel pro-
jection data.
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FIGURE 8: An experimental set of microwave imaging for the detection of breast tumor.
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3. Results and Discussion

The imaging potential of the developed system for breast
cancer detection from microwaves was tested on an in-
digenously fabricated paraffin wax phantom. The phantom
was cylindrical with 80 mm in diameter and 80 mm in
height. Figure 9 shows the image of the phantom with
abnormality included in the center. A Gaussian filter
smoothened the image. The line plot of the image in
Figure 9(b) shows the normalized dielectric variation
through the center of the image. The decreased dielectric
value in the center of the plot indicates the presence of
abnormality in the fatty breast tissue.

4. Conclusions

We have developed a setup for breast cancer detection and
demonstrated the potential of microwaves for imaging tu-
mor localization. Due to inexpensive hardware, relatively no
complexity in instrumentation, easy to fabricate, and
harmless for repeated screening, the system could be used as
an adjunct to the standard X-ray mammography in diag-
nosing breast cancer patients. The energy source used is a
microwave in the ISM range of frequency that does arise

licensing from authorities. To transmit and receive this
energy, pair of geometrically simpler rectangular patch
antennas were designed, simulated, and fabricated. For the
desired frequency of 2.4 GHz on an optimal patch size of
29.2mm x29.2 mm with an inset-fed patch antenna, the
—25dB return loss and 5.834dB gain were obtained. A
standard FR4 dielectric material sheet of 1.6 mm thick was
used for fabricating the antenna. The measured performance
readings were found to agree with the simulated values. The
phantoms were made from paraffin wax with dimensions of
80 mm in diameter and 80 mm high. The axial hole was made
with a diameter of 10 mm and filled with glycerin-water
mixture to simulate a breast tumor. For the cross-sectional
images, these phantoms were used. To reconstruct tomo-
graphic images, the filtered back-projection algorithm was
implemented on a computer using MATLAB software.
Using the FBP program, 2-D images of the phantoms were
obtained. Through a plot of the profile of the reconstructed
image, we were able to see the inclusion of 10 mm diameter
fat in the breast tissue.

Data Availability

This article includes all available data.
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