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ABSTRACT Breast cancer is one of the deadliest forms of disease that affects women worldwide. X-ray
mammography, magnetic resonance imaging, and ultrasound are all helpful methods of medical imaging,
but they have their own limitations due to low tissue contrast and side effects. Millimeter wave (mmWave)
imaging has been offered as a viable alternative to the conventional screening methods due to their
drawbacks. Without exposing the patient to ionizing radiations, malignant lesions can be detected by using
the dielectric discontinuities in the tissues. The purpose of this work is to develop a simple, low-cost
miniaturized mmWave imaging antenna sensor that can be used to detection of breast tumors or cancers in
women by monitoring the changes in the antenna’s S| parameter. The dimension of the proposed rectangular
mmWave antenna is 5 mm x 5 mm x 0.578 mm. The proposed antenna sensor has an operating frequency
band range of 32.626 GHz to 33.96 GHz with a peak gain of 6.65 dB and an efficiency of 91.46% in terms of
radiation which makes it a suitable system for fifth generation (5G) communication. As well as the antenna
sensor can detect very tiny malignant that size >1 mm inside the breast fantom.

INDEX TERMS 5G, breast-tumor, mmWave-imaging, radiation efficiency, SAR, S-parameter.

I. INTRODUCTION

The millimeter wave (mmWave) frequency band has gained
popularity for imaging technology in recent years due to
their ability to pass through poor weather and other blocking
materials including clothing, polymers, and even human mus-
cle. Within the electromagnetic spectrum, mmWave band is
defined in the 30 GHz to 300 GHz range with corresponding
wavelengths between 10 mm to 1 mm. It is safe for humans
to be exposed to radiation at these frequencies since it is non-
ionizing. Applications of this technique include the identifi-
cation of hidden weapons, explosives, and cancer cells in the
human body. mmWave imaging is a very promising technique
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to detect brain tumor, brain cancer, breast tumor, and breast
cancer in the human body as well [1].

The most commonly diagnosed and deadliest kind of can-
cer is the lung cancer, (which accounts for 11.6% of all cases)
and 18.4% of the total cancer deaths for both males and
females [1]. After lung cancer, female breast cancer is the
most fatal cancer all around the world. According to recent
studies, approximately one in eight women develop breast
cancer during their lifetime. Female breast cancer is one of
the leading causes of cancer death worldwide (6.6% of the
total cancer deaths) [1]. There are 154 nations in the world
where breast cancer is the top cause of cancer death among
women. As of 2018, it is estimated that almost half of all cases
of breast cancer in the globe, and more than half of all deaths
from breast cancer, happened in only Asia [1]. In the last
year, 685,000 women were dead and approximately 3 million

VOLUME 10, 2022


https://orcid.org/0000-0003-4031-1578
https://orcid.org/0000-0003-1487-086X
https://orcid.org/0000-0002-9963-303X
https://orcid.org/0000-0001-5822-3432

C. Das et al.: Novel Miniaturized mmWave Antenna Sensor for Breast Tumor Detection and 5G Communication

IEEE Access

women will be diagnosed with breast cancer worldwide in
2022. In over 100 nations, it is the leading cause of cancer-
related death and is by far the most often diagnosed form of
the disease [2].

It has been confirmed that to save lives, proper treat-
ment methods and health screenings effectively promote the
early detection of tumor cells [3]. Regular screenings are
essential in the direction of early diagnosis of breast tumors.
Ultrasound, magnetic resonance imaging (MRI), and X-ray
mammography have all been used traditionally for breast
imaging, but only the latter is employed for screening in
some countries. This is due to the fact that ultrasonic imaging
is strongly dependent on the ability of the physician who
performs it and it fails when there is bone and air present.
It is also not suitable for breasts with high-fat content, while
the major drawback of MRI is its huge cost [4], [5]. Contrary
to popular belief, X-ray mammography exposes women to
ionizing radiation, which carries its own set of dangers when
performed regularly and this method has a fair amount of false
positive or false negative readings because of the lack of con-
trast between healthy tissue and tumor [6]. Even though there
are health risks associated with ionizing radiation exposure,
many women find mammography to be uncomfortable and
painful as well [7]. Ionized radiation makes these procedures
unsuitable, in particular, for younger women.

As a result, new microwave imaging (MWI) methods
are being developed. Because of its low cost, low profile,
mobility, and non-ionizing effects, MWI is a cutting-edge
medical diagnostic tool that has drawn a lot of attention in
the fields like breast tumor detection, brain tumor detection,
early-stage heart failure diagnosis, and health monitoring.
In this type of process, microwaves are transmitted through
the human body via a transmitting antenna, which also works
as a transceiver. After then, the antenna is used to gather data.
MWTI antenna sensors can discriminate between microwave
signals scattered from different tissues in the human body. For
further processing, the antenna sensors receive the radiated
and scattered energy.

The existing MWI techniques for breast cancer detection
operate in the microwave frequency range of 10 to 15 GHz.
Even a 15 GHz to 20 GHz range has been achieved by some
researchers but it is not enough to detect small malignant
like 5 mm or smaller tumor size [8] and this is one of the
drawbacks of the previous works. On the other hand, the data
on the relative permittivity of human skin tissues has only
been available for frequencies under 20 GHz for more than a
decade [9]. Afterwards in 2017, with the help of spectroscopy
[10], the dielectric characteristics of skin tissues at mmWave
are determined. In mmWave imaging, the image resolution
for the smaller size tumors (<5 mm) can be improved by at
least three times by using the >30 GHz and higher band [11].
This bandwidth is also emerging for fifth-generation (5G)
communication due to the projected benefits of increased
multi-gigabit peak data speeds, ultra-low latency, improved
reliability, massive network capacity, and a more consistent
user experience.
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FIGURE 1. Healthy female breast fantom and tumor cell affected female
breast fantom anatomy.

This research proposed a mmWave antenna sensor that
is very promising to diagnose the early-stage tumor and
detect the very smaller size of malignant. Initial experiments
demonstrate that an operating frequency greater than 30 GHz
can detect a 1 mm size tumor in breast fantom. This pro-
posed antenna system with that high-frequency range can
also be used in 5G and beyond high-speed communication by
enhancing the gain and the efficiency properly [12]. Smaller,
faster, and with greater bandwidth antenna technologies are
needed for the 5G communication infrastructure. Single-
element microstrip mmWave antennas can be a great candi-
date for 5G communication systems as well [13] and [14].
The center frequency of the proposed system is set at 35 GHz.
A wide bandwidth, ranging from 30 GHz to 40 GHz is also
being considered to improve the resolution of the mmWave
images. The main advantage of this proposed antenna sensor
is that it has also the ability to detect very tiny tumor cells
(>1 mm i.e., stage-1) in breast fantom with a tolerable
Specific Absorption Rate (SAR).

The remaining paper is organized as follows. In Section II,
the methodology of mmWave imaging is explained. Then the
design procedure of breast fantom is presented in Section III.
In Section IV, the process of designing the antenna sensor
is described briefly. Afterwards in Section V, the results
are analyzed in detail. Finally, the study is wrapped up in
Section VI by outlining the potential use of the work in the
context of mmWave imaging.

Il. METHODOLOGY OF mmWave IMAGING

When a normal breast cell undergoes genetic abnormali-
ties, known as mutations, this causes tumor and later cancer
development. These alterations occur in genes that affect cell
development. Before a cancer cell emerges, these alterations
can take years or even decades to take place. The tumor cells
multiply and divide exponentially so that one cell becomes
two, two cells become four and so on. That is why tumors
grow more quickly as they get bigger within a short period of
time [15]. Fig. 1 shows a healthy female breast fantom and a
breast fantom anatomy affected by tumor cells.
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The tumor’s volume growth to double is an effective tech-
nique to estimate the rate at which breast cancer spreads. The
time it takes for a tumor to double in size is called “doubling
time”’. On average, breast cancers in younger women grow
faster than in older women. Even they also develop a more
aggressive tumor cells. A breast cancer’s ability to spread
is determined by its 4 stage (from stage T1 to stage T4),
which ranges from early-stage to advanced and all stages
are considered invasive. It is very important to diagnose at
an early stage (I&II) because it indicates the cancer has the
potential to spread beyond the breasts [16].

At early-stage (T1, T2) breast cancer is considered com-
pletely curable. Early detection of breast cancer increases
the chances of successful treatment. Regular mammography
screening and self-examination are essential to prevent breast
cancer. However, most of the time mammography and self-
examination cannot determine the early-stage tumor (T1).
Exactly how long it takes for a cancerous tumor to develop
from a single cancer cell is unpredictable. To some extent,
this is because tumor growth is assumed to have a fixed rate
of doubling time. It would take 20 years for a cancer cell to
develop from a tumor cell that has a doubling time of 200 days
and 10 years with a doubling time of 100 days. In contrast,
it would only take two years for breast cancer with a 20-day
doubling time to develop [17], [18].

Because of the tumor’s and healthy tissue’s dielectric prop-
erties variation, the mmWave imaging method can distinguish
the tumor from the surrounding healthy tissue more precisely.
The mmWave frequencies are reflected differently by tumors
and healthy tissues, and this principle is used to develop a
viable system for detecting malignant or tumor cells. A trans-
mitting antenna (Antenna-1) is used to send mmWave pulses
to the suspected area of human tissue. In order to detect
tumors, backscattering signals are picked up by the reception
antenna (Antenna-2) and evaluated the signals using a proper
processing system. To achieve high resolution and accurate
images requires a compact antenna that radiates signals over
a higher frequency range while maintaining the waveform
across a large angular range in the millimeter bandwidth.

The two identical antenna acts as a sensor system in a
mmWave imaging system. As it can be characterized the
breast-tissue properties in terms of permittivity and tangent
loss which show the homogeneous properties of the tissues.
These properties interact with the transmitted electromag-
netic signals. Due to the tumor cell that is exhibited inside the
breast fantom the homogeneity of the breast tissues is ham-
pered. As a result, the electromagnetic signals are varied. The
variation of the electrical material property of the breast tissue
is observed in the result of the transmission coefficient which
is also called the scattering matrix or reflection coefficients.

Simply, the mmWave signals from Antenna-1 to Antenna-2
are impacted due to the presence of the tumor cell inside the
breast fantom. As the operating bandwidth of the proposed
antenna is between 30-40 GHz, it is a great choice for a 5G
antenna in a 5G communication system. Since this is initially
a 2-port network, the entire system is defined by using the
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scattering matrix or S-matrix. Because of the two ports, there
are 4 elements (Si1, S22, S71, S12) in S-matrix which are
defined in Fig. 2.

Ill. DESIGN PROCEDURE OF THE BREAST FANTOM
During the design of the breast phantom anatomy, three layers
are taken into consideration: skin, adipose tissue, and glan-
dular tissue as shown in Fig. 3. A tumor cell is placed inside
the glandular tissue as shown in Fig. 4. The breast phantom
is constructed and measured by the methods given in below.
The dielectric properties of numerous human body tissues are
considered by permittivity and tangent loss. Different tissues
have different permittivity and tangent loss values at different
frequencies.

The electrical properties of human body tissues are varied
with the frequency which is reported in the Cole-Cole disper-
sion model expression [9] can be expressed as (1).

6 (@) = & (@) — j&!! (@) = er0 (@) + ——
rw) =&, (W) = j&, (W) = &p (W) T ——————7
/ 1 + (owr)! ™
Oy
- (1
JwEQ

where f is the operation frequency, angular velocity w =
2nf,j=—1 1/2 ¢ is the relaxation time, Ag, is the magnitude
of the dielectric dispersion, &,, is the relative permittivity at
optical frequencies, &g is the permittivity of the free space,
o denotes broadening of the dispersion, and oy is the ionic
conductivity of tissues.

A simplified model of a female breast fantom is used to
represent the structure of the breast which is shown in Fig. 3.
The radius of the breast fantom is considered 12 mm. The
thickness of the skin layer is considered 2 mm. The breast
fat layer is placed under the breast skin with a thickness of
2 mm and the third layer is the thickest layer inside the fat
layer is the fibro-glandular layer (muscle tissue). To represent
the breast tumor tissue, a spherical shape is created and
positioned within the fibro-glandular layer. For the simula-
tions, a diameter of 1 mm to 3 mm is chosen for tumor.
Permittivity and conductivity are the two primary dielec-
tric parameters that are taken into account when studying
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FIGURE 3. Breast fantom anatomy model in CST environment.

» Breast tissue

Antenna 1 Antenna 2

FIGURE 4. Simulation setup model of the system with breast fantom and
tumor.

TABLE 1. Breast tissue properties at 33 GHz were considered for the
breast model.

Tissues €r tan & Reference
Skin (wet) 17.7 0.93 [19]
Adipose 34 0.16 [3]
tissue
gl:l:lt;:;ar 16 0.4 (8]
Tumor 18 1.05 [8]

microwave propagation in live tissue. Electrical fields and
magnetic fields can be measured in various structures by
comparing the permittivity and conductivity, which vary from
material to material. Electromagnetic field values are varied
for structures with different biological qualities because they
have different permittivity and conductivity values. This fac-
tor is crucial in identifying malignant tissue. The fundamental
breast structure’s permittivity and conductivity values are
listed in Table 1.

IV. DESIGN METHODOLOGY OF THE

PROPOSED ANTENNA

The maximal pattern in a microstrip patch should be perpen-
dicular to the patch’s surface. Selecting the proper excitation
mode below the patch accomplishes this job.
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FIGURE 5. The geometric diagram of the proposed mmWave antenna.

FIGURE 6. The designed model of the antenna sensor in CST (side-view).

Mode selection is another means by which end-fire radia-
tion can be produced. The element’s length L for a rectangular
patch is typically )‘0/3(L ()‘0/2, where Ag is the free-space
wavelength. The dielectric material (substrate) separates the
ground plane and strip (patch) which is depicted in Fig. 5.
The dimension (L1xW1) of the antenna is 5 mm x 5 mm.
The antenna is fabricated on a dielectric substrate called
Roger RT 5880 (lossy) with a thickness of 0.50 mm (relative
permittivity, &, = 2.2). The CST-designed model is shown in
Fig. 6 as well.

The bottom ground plane metal layer thickness is
0.035 mm. The radiating patch dimension (LxW)
275 mm x 3.10 mm with a thickness of 0.035 mm as
calculated by (2) and (3), respectively.

1
L = —ZAL 2)

ereff MO E

W = / /
«/Mo €0\ € +1 S +1

where f, is the resonant frequency, &4 is the effective dielec-
tric constant, AL is the extended length of patch due to
the fringing field effect, o and &g are the permeability and
permittivity of free space, respectively, and v is the free-
space velocity of light.

The resonant frequency of the microstrip antenna is a func-
tion of the antenna’s length for the dominant 7M ;9 mode.
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FIGURE 7. Proposed array setup for the breast imaging:
(a) 2 cross-sectional array antenna model, (b) angular distance of array
elements with breast fantom, (c) side view, and (d) back view.

It can be expressed as,

1 Vo

2L.\/€,/ Lo €0 ~ 2L.Je;

The microstrip feed line is similarly a conducting strip,
however, its width is often much narrower than that of the
patch. The microstrip-feed length of 0.975 mm and the width
of the feedline are taken to 0.2 mm in order to match the 50
coaxial line. Matching with the transmission line is typically
done by adjusting the feed line width and slot length. Fields
at the patch’s boundaries experience fringing because the
patch’s dimensions are finite along its length and width. The

(foto = 4)
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microstrip antenna has two radiating slots along its length,
as seen in Fig. 5. The insets are necessary for impedance
to match with the port. The insets dimension is 0.2 mm x
0.15 mm. Finally, a waveguide port is designed to connect
with the fed line. The receiver antenna is the mirror copy of
the transmitter antenna. Both are placed face to face at 15 mm
apart. The breast fantom is placed between the transmitter
and the receiver antenna as shown in Fig. 4. As the designed
sensor is very small in size so it can be incorporated in the
middle of the printed circuit board (PCB) or on the edges.
Hoever, the designed model would be more useful in 5G
and beyond communications by making it an array of the
prototype unit cell. To do so, 10, 16, or 18 elements of the
array can be placed on the edges or on side frames of PCB to
integrate with other electronic circuitry.

For creating a more precise image by mmWave imaging
method, scattered microwave pulses must be received from
many locations and directions. Other studies have used a
different approach. The method described in [22] involves
collecting scattered pulses by rotating an antenna around a
fantom. It takes more time to collect scattered pulses with
this method, and it’s likely that mechanical defects will cause
the antenna to end up in an unexpected error when it rotates
the fantom, leading to a false tumor location being detected.
In this study, 9 antennas are arrayed around a hemispherical
of 18 mm in radius to evaluate the data in mmWave imaging.

To accommodate different range of breast sizes, the radius
of the hemisphere can be increased or decreased. If the
tumor is within the range of the antennas, it will be detected.
To accomplish this, the positions of the antennas within the
array have been chosen to provide coverage over the max-
imum volume of fantom. Fig. 7(a) depicts the top view of
the array antenna layout. The array’s 9 antennas are spaced
as follows: the cross-sectional lengths /; and A, between the
two antennas are 14 mm and 18 mm, respectively which is
shown in Fig. 7(a). The cross-sectional angle « is considered
as 90° in precise. There are five antennas in a row, considering
the bottom antenna which is number 7 in 0°, providing each
antenna with a & = 40° separating from its nearest neighbor
antenna shown in Fig. 7(b). Figs. 7(c) and 7(d), are the sides
and back views of the array setup, respectively.

V. SIMULATION RESULTS AND DISCUSSIONS
A. S-PARAMETRIC ANALYSIS
Due to the variation in electrical properties of healthy breast
fantom and malignant which are permittivity and perme-
ability, the reflection coefficient is also varied. Because the
electromagnetic wave reacts differently for different permit-
tivity and permeability. Permittivity and conductivity are the
basis for the electromagnetic sensing properties of breast
phantoms. Complex permittivity plays an important role in
determining the polarization effects of an incoming electro-
magnetic wave (EM wave), which is expressed as [20],
’ 1 ‘9; — géo
8(w)_800+(1+w21_2) (5)
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FIGURE 9. Variation in received pulse in the presence of tumor cell.

The breast tissue’s relative permittivity and conductivity
vary with the angular frequency () of the incoming electro-
magnetic pulse. Specifically, the real and imaginary compo-
nents of the relative permittivity are denoted by ¢; and &/,
respectively. The electron’s mean cross-medium relaxation
time is denoted by .

The preceding formula shows how the antenna sensor’s
operating frequency and the phantom model’s permittivity are
crucial to cancer detection. When mmWave frequency con-
tact with the phantoms, there is a substantial discrepancy in
the relative permittivity of healthy and cancerous breast tissue
and for that reason, the S-parameter value varies. Fig. 8 shows
the normalized transmitted and received pulses by face-to-
face transmitter and receiver antennas. The receiver antenna
received a time-delayed and attenuated signal of input. How-
ever, when the tumor cell is presented inside the breast fan-
tom, the received signal is distorted slightly as shown in
Fig. 9. The proposed antenna’s simulated (|S11| (dB)) result
is shown in Fig. 10. The operating bandwidth of the antenna
is 32.626 GHz to 33.96 GHz and the resonant frequency
occurred at 33.291 GHz which covers the 5G Communication
application and satellite application bands (26.5-40 GHz).
If S1,1 is below -10 dB, then at least 90% of the input power is
delivered to the antenna. This suggests that the S-parametric
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FIGURE 11. Variation of S-parametric resonant frequency for 1 mm of
tumor placed inside breast fantom.

values are obtained is acceptable. Sy | represents the amount
of reflected power the device is intending to send to the
antenna. In free space, the antenna simulation produces a
resonant frequency at 33.29 GHz with a reflection coefficient
of —17.48 dB and the value of Voltage Standing Wave Ratio
(VSWR) is 1.31.

In the CST environment, the breast fantom is created and
the receiving and transmitting antenna is placed on both sides
of the breast fantom. A tumor in the shape of a sphere is
placed inside the phantom. The tumor has dielectric permit-
tivity and conductivity of 18 and 1.05 S/m. Fig. 10 shows the
ideal resonant frequency of the antenna, which is sifted from
33.29 GHz to 34.408 GHz when a 1 mm tumor cell is detected
in the breast fantom that is depicted in Fig. 11 as well. When
the tumor size is increased inside the breast fantom, the ideal
resonant frequency is varied significantly. Fig. 12 shows the
result for 1 mm and 2 mm of tumor sizes placed inside the
breast model. In Fig. 13 the close view is shown that when
the tumor size is increased from 1 mm to 2 mm, the resonant
frequency is shifted from 34.408 GHz to 34.464 GHz.

For 3 mm of tumor size, the resonant frequency is shifted
to 34.536 GHz which is shown in Fig. 14. In Fig. 15 shows
the close view image of shifted resonant frequency for 1 mm,
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FIGURE 13. Close view of S-parametric shift for 1 to 2 mm of tumor
placed inside breast fantom.

2 mm, and 3 mm of tumor size, respectively. If the tumor size
increases more, then the resonant frequency of the antenna
will be more distorted and varied. So, from the result analysis,
it can be said that this designed antenna sensor is capable
of detecting the presence of a very tiny malignant precisely
which is | mm in size. So, it is possible to detect breast cancer
or breast tumor at a very early stage and millions of lives can
be saved worldwide. As a result, the proposed antenna can
function as a bio-sensor in the field of biomedical imaging.
In the simulation, the tumor size varied from 1 mm to 3 mm
in radius. Table 2 shows the variation of the frequency with
the change of tumor size inside the breast fantom.

Fig. 16 represents the S-parameters (S1,1, S2.1, - -+ So9.1)
response when antenna one is excited and the other 8 antennas
are receiving the scattered signals in the presence of tumor in
breast fantom. Signal S  is the reflected signal of antenna-1.
Signal Sy  is backscattered from antenna-1 and picked up by
antenna-2, S3 1 is backscattered from antenna-1 and picked
up by antenna-3, Sg ; is backscattered from antenna-1 and
picked up by antenna-9, and so on. As the array model has
9 elements in total as shown in Fig. 7, the total number
of S-parameters are 9> = 81 and these are multiplied by
3 different tumor sizes which are 243 scattered signals in
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TABLE 2. Shifted resonant frequency with the tumor size.

Tumor Size (mm) 0 1 2 3
Resonant 33.291 34.408 34.464 34.536
Frequency (GHz) ’ ’ ' '
Reflection
Coefficient (dB) 1748 22092 21T 22

total. That massive number of signals cannot be represented
in a single graph. There are significant shifts and changes
in S-parameters of the transmitter antennas due to the pres-
ence of the tumor cell in breast fantom. Those distortions
in S-parameters (S1,1, S2.2.... Sg,9) are presented in Fig. 17.
Some of the S-parameters (S4, 4, Se,6, S7,7) are presented in
Fig. 18 for a better view.

Because the tumors have higher dielectric characteristics
than normal breast tissues, the scattered signals are distinct.
Therefore, the suggested antenna and antenna array sys-
tem design are promising options for breast imaging due
to their capacity to detect tumors by thoroughly examining
S-parameter signals. The imaging S-parameters signal data is
then evaluated and processed with the IC-DAS image beam-
forming algorithm technique implemented in the MATLAB
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— 86,1
—s7,1
] —s8,1

[Limited to 25 curves]

Frequency / GHz

FIGURE 16. S-parameters of the array antenna setup.

01 (31.531,-17.358 )| — S1,1 (tumor_rad=2)
02 (31.574,-17.985 )| — S1,1 (tumor_rad=2.5)
(31.573,-17.839 )| — S1,1 (tumor_rad=3)

@4 ( 33.638, -9.9998 )| — S2,2 (tumor_rad=2)
05 (33.657,-9.9031 )| — 52,2 (tumor_rad=2.5)
96 ( 33.676, -9.8558 )| — S2,2 (tumor_rad=3)
Q7 (33.1,-19.957) — 63,3 (tumor_rad=2)
98 ( 33.086, -19.094 )| — S3,3 (tumor_rad=2.5)
% (33.096,-19.3)
[Limited to 25 curves]

30 31 32 33 34
Frequency / GHz

35 36 37.429

FIGURE 17. S-parameters of the 9 elements array-antenna setup with the presence of different tumor sizes (2mm, 2.5mm, 3mm).

environment [3]. Fig. 19 shows the imaging outcome of the
targeted tumor, after the data has been processed by the algo-
rithm for 2 mm of tumor cell. Fig. 19 shows the rebuilt photo
of a breast phantom with a tumor size of 2 mm. It is verified
that the intended tumor has been found and marked with a
bright red hue. It is evident that our proposed technology can
be a good contender for mmWave breast imaging to detect
the tumor by carefully analyzing the S-parametric data.

B. SPECIFIC ABSORPTION RATE ANALYSIS

The Specific Absorption Rate (SAR) refers to the rate of
absorption of non-ionizing RF power per unit mass in human
body tissues expressed as (6). When a biological tissue mass
is exposed to an electromagnetic field, it absorbs radiation
energy is quantified by SAR [21].

o (7, o) (E(F, w))?

SARlocal(;, w) = 2,0(;)

(6)
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where E represents electric field strength (V/m), o (7, )
represents the material’s electrical conductivity (S/m), 7 is
the position vector, p(r) represents the tissue density atr
(kg/m?) and w is the frequency. The unit of measurement for
SAR is W/kg.

The SAR is averaged over a small sample volume either
1 gram(g) of the modelled biological tissues in Australia
and the United States, or 10 gram(g) in Europe and Japan
recommended by IEEE STDP1528.4. The spatial peak value
of non-occupational exposure does not exceed 1.6 W/kg for
1g (Australia, USA) or 2.0 W/kg for 10g (Japan) [21]. The
average SAR can be expressed as,
1 / o(F, o{E(F, o))

2
SARaverage(faw) =3 = dr @)
v p(r)

where V refers to the volume in m?.

SAR analysis is carried out by positioning the mmWave
antenna adjacent to the breast phantoms and using a CST
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FIGURE 18. Some specific S-parametric shifts of the array-antenna
(S4,4- Se,6- 57,7)-

parametric sweep to adjust the distance and power levels
between the antenna and the breast models. Best optimized
microwave exposure results can be used in real-life patients
as well as bio-medical applications. Figs. 20 and 21 show the
SAR analysis of this system.

The simulation setup described here has been proposed for
the use in biomedical studies. As a result, the SAR of the
proposed system on breast tissues is examined. Fig. 20 illus-
trates the SAR results for the antenna radiating at the resonant
frequency while a breast phantom is present. The SAR value
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FIGURE 19. Reconstructed image of circular breast fantom using DAS
beamforming algorithm.

(c) (d)

FIGURE 20. SAR analysis of the anatomical fantom in CST: (a) antenna
sensor placed at a closer distance of the fantom, (b) antenna sensor
placed at an optimized distance of the fantom, (c) SAR value for 1g of unit
mass, and (d) SAR value for 10g of unit mass.

is analyzed when the antenna radiates towards the phantom
directly. Figs. 20(a) and 20(b) show that, at the resonant
frequencies, the breast phantom’s SAR exceeds 2 W/kg.
By adjusting the distance between the antenna sensor and
breast fantom the value is taken down to 1.98 W/kg for 10 g of
body tissue and 1.38 W/kg for 1 g of body tissue as shown in
Figs. 20(c) and 20(d), respectively. Consequently, the antenna
is completely safe for human use (below 1.6 W/Kg for 1 g
or below 2 W/kg for 10g) and well-suited to the intended
biomedical applications.

Fig. 22 shows the cross-sectional view of SAR analysis of
the breast fantom. In the color image, the SAR value of tumor
cell and some healthy tissues seems to be the same exposure.
Besides, in this research, the tumor cell is considered as a
symmetrical circular shape. However, in the real life, the
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FIGURE 21. SAR imaging result of the breast fantom with tumor cell.

(a) (b)

FIGURE 22. Precise malignant location detection in gray-scale imaging.

tumor cells are not always symmetrical but asymmetrical
shapes in many cases. For that reason, the SAR value will
be scattered more and the exact location of the tumor may be
miscalculated. Therefore, in a grayscale image, the contrast
of the tumor is different from healthy tissues for its different
dielectric properties as shown in Fig 22(b). So, the tumor
location is determined 100% accurately in the grayscale
image.

Fig. 23 shows the omnidirectional far-field radiation pat-
tern of the antenna at 30 GHz and 35 GHz, which is uni-
form and linearly polarized. That kind of radiation pattern
also helps to locate the tumor cells precisely because of its
scanning capability.

C. 5G COMPATIBILITY ANALYSIS

At the resonant frequency of 33.29 GHz, the VSWR is 1.31,
making it an ideal device for stable 5G wireless communi-
cation and beyond. If the impedance of the antenna and its
transmission line is mismatched, power will be dissipated
inefficiently. When the VSWR is high, the impedance mis-
match is also large. Fig. 24 displays the antenna’s VSWR
reading of 1.3 which indicates the antenna is well designed.
From Fig. 25, it can be observed that the gain of the antenna
is 6.64 dB and the directivity of the antenna is found 7.26 dBi

gain

as shown in Fig. 26 as well. So, the efficiency (my) of
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(c) (d)
FIGURE 23. The radiation pattern of the proposed antenna, (a) 3-D

radiation pattern at 30 GHz, (b) 3-D radiation pattern at 35 GHz, (c) 2-D
radiation pattern at 33 GHz, and (d) 2-D radiation pattern at 35 GHz.

Voltage Standing Wave Ratio (VSWR)
30 . " ;

0 N /

| ‘ ‘ i ! Ch
b1} 9 30 3 3 3 34 35 36
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v
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(33.,13198)
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FIGURE 24. VSWR value of the proposed single element antenna at
resonant frequency.

this antenna sensor is 91.46% which is much better than many
recent works.

A larger frequency range (>24GHz) is necessary for
the exceptionally fast data transfer speeds of 5G and later
communications [23]. The designed antenna sensor oper-
ates in the higher frequency band (>32 GHz) which is
very high compared to some recent works [24], [25], [26].
At the resonant frequency of 33.29 GHz, the VSWR is
1.31, making it an ideal system for stable 5G and beyond
wireless communication. Therefore, the antenna system
is better suited to the requirements of 5G and beyond
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TABLE 3. Comparison table with existing literature.

. . Operating . . .
Dimension Gain Efficiency Tumor detection . N
Refference (mm®) Fr(eGquzl;cy (dB) (%) Stage (T:-Ts) Imaging Method Applications
[27] 30%x25% 1.6 2.70-10.30 5.50 80 % >T, S-parametric analysis | MiCTOWave breast
imaging
[28] 24%x22%1.6 3.04-11.43 5.10 >82% S-parametric analysis Microwave
imaging
[29] 40 % 40 % 1.6 2.50-11.00 790 . ST Backscattered MERIT | Microwave breast
' ’ ’ ’ 2 imaging algorithm imaging
[30] 29x24x 15 2.80-11.50 5.80 82% S-parametric analysis Microwave
imaging
x 52.4x 1. 5-15. - - 5> (5 mm onfocal Imaging Co
[31] 44 % 52.4% 1.6 3.5-15.0 T, (5 mm) Confocal Imagi Microwave breast
imaging
X x 1. Ol1-11. . () 3 mm algorithm . .
32 40 x40 % 1.6 3.01-11.0 7.06 92% Ts (10 DMAS algorith Microwave breast
imaging
[3] 51 %42 x 1.57 2.80-7.00 6.20 >T, IC-DAS Microwave breast
imaging
(33] 88 x 75 x 1.6 1.54-7.00 8,50 92% T, (10 mm) Backscattered signal Microwave breast
) ) ) ) } imaging algorithm imaging
[34] 27x29% 1.6 3-15 T, SAR analysis Microwave breast
imaging
S-parametric analysis mmWave breast
(18] 3040 1.6 2.8-20 - o Ts (10 mm) and SAR analysis imaging
Thi S-parametric analysis, mmWave breast
s 5x5x0.578 30-40 6.65 92% T, (1 mm) IC-DAS and SAR imaging and 5G
paper analysis communication
; Max Gain over Frequency Directivity, 30, Max, Yalue
69 ‘
68 i /__.-—- '

ndB -
K

+ [ Man Gan over Frequency : 66443893

153 H ] % 3 #
Frequency/GHz

n i a2

FIGURE 25. Simulated gain of the proposed single-element antenna.

communication technologies due to its higher frequency band
operation and improved reflection coefficient. As the pro-
posed design is very tiny, therefore, it can be incorporated
with next-generation compact thin smartphones with multiple
array elements for multiple-input multiple-output (MIMO)
communication [25], [26]. The proposed antenna model has
the significant potential to detect early-stage malignant in
breast fantom.

It is also more convenient in 5G and beyond communi-
cation applications by making 10 or more elements of the
array of the proposed prototype unit cell [26] because it
is very small in size with better gain and efficiency com-
pared to recent studies. It can be done by just duplicating
the single-element antenna as the design is very convenient
and simple. A comparative study with existing literatures is
given in Table 3. Compared to the other works, the proposed
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FIGURE 26. Simulated directivity value of the proposed single-element
antenna.

antenna has the characteristics of a lower dimension in size,
higher operating frequency, higher efficiency, and capabil-
ity of smaller-size tumor detection. Moreover, the proposed
scheme considers three type of imaging methods whereas
other works consider two or one. As the size of the antenna
is so miniaturized, it will require a very sophisticated fabri-
cation process and a network analyzer that operates in high
frequencies (>30 GHz) to measure the S-parameters and
other required results. The performance of the antenna sensor
can be increased by making more array elements as well.

VI. CONCLUSION
The spreading of breast cancer is alarming around the world,
and it is mostly responsible for the lack of awareness and
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easily accessible portable medical equipment that can help
women detect any abnormal changes in their breasts at an
early stage. In order to address the pressing demand for
mmWave antennas, a very simple design, low-cost, and easy-
to-use antenna sensor is designed. The antenna is fabricated
on a dielectric substrate called ‘“Roger RT 5880” in CST
simulation software. The overall dimension of the antenna is
5 x 5 mm? and the antenna has a bandwidth of 1.34 GHz
(32.626-33.96 GHz) along with a high gain and directivity.
The sensor works at a frequency of 33.29 GHz and can detect
the tumor cell inside the breast which is 1 mm in size. This
sensor can detect a suspected tumor location deep into the
breast by using uniform changes in the S-parameter data of
the antennas. The antenna has a higher gain of 6.64 dBi and
has stable radiation efficiency which means that the antenna
has the ability to operate for 5G and beyond communica-
tion systems. Overall, the antenna is low profile, compact in
size, higher operating bandwidth which is suitable for both
microwave imaging and 5G applications.
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