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This paper presents a novel ultra-wideband microwave antenna system to detect breast cancer
and estimate tumor diameter. The system operates within the frequency range of 1 to 12 GHz
and comprises a microstrip-fed monopole antenna that encircles the breast to identify the
presence of tumors. The study demonstrates that a tumor within the breast can be detected by
observing changes in the distribution of current density within the breast tissue, particularly
in regions containing tumors of varying sizes. The research findings reveal that the system
can identify breast tumors with the highest recorded current density of 188 A/m? in cases
with a tumor diameter of 30 mm, while the lowest recorded current density is 140 A/m? for
tumors with a diameter of 5 mm. Furthermore, the highest Specific Absorption Rate (SAR)
value measured at the surface of the breast model is 0.2 W/kg. To determine the diameter of
the tumors, the system collects and analyzes backscattered waves from a breast model. The
investigation covers tumors with diameters ranging from 1 mm to 35 mm, and the received
signals are recorded. In contrast to prior research, this study introduces an empirical model
with a remarkable accuracy rate of 92.28% for characterizing the diameter of breast tumors
based on the measurement analysis.
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INTRODUCTION cases expected in 2020 [4]. Similarly, about 1 in 8 European

Breast cancer is a prevalent health concern among women may experience breast cancer before age 85 [5]. The

women, ranking as the most common cancer type and
second overall worldwide [1]. In 2018, there were over 2
million new cases of breast cancer globally, a number pro-
jected to surpass 3 million by 2040 [3]. In the United States,
approximately 1 in 8 women is at risk of developing breast
cancer during her lifetime, with an estimated 276,480 new
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early detection of breast cancer is crucial for identifying and
halting the progression of malignant tissue. Early diagno-
sis significantly enhances the chances of successful treat-
ment, with a five-year survival rate exceeding 90% [6,7].
Consequently, regular screening plays a pivotal role in early
detection. Traditional methods such as magnetic resonance
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imaging (MRI), ultrasound, and X-ray mammography have
been the standard approaches for breast cancer screening.
However, X-ray mammography is associated with a limited
detection rate, and many women report discomfort during
the examination [8-11]. In the case of ultrasound, the qual-
ity of diagnosis depends on the operator’s ability, while the
reproducibility of results is very poor [12-14]. The MRI is
a more effective and susceptible technique and is quick to
detect the tumor than mammography. However, it is costly
and has significantly high false positive test results [15].
Recently, microwave imaging in detecting breast cancer has
become an attractive interest [16-21], with differentiation
between fibroglandular tissue and cancerous tissue based
on the differences in the scatter of the microwaves produced
by different tissues [22, 23]. The utilization of microwave
imaging for breast cancer detection presents a promising
and cost-effective alternative [24]. In an ultra-wideband
(UWB) microwave imaging system, low-power pulses are
emitted by a transmitter antenna, after which a receiver
antenna captures the scattered signals to facilitate breast
cancer detection [25, 26]. For effective microwave imaging,
it is imperative that the antenna used be planar and possess
high radiation efficiency across the entire frequency range
of interest [27]. However, it's worth noting that many wide-
band antennas typically exhibit omnidirectional radiation
characteristics and tend to have lower efficiency [28, 29].
The antenna types like circular [30-32], Vivaldi [33, 34],
and Bowtie [35] have been widely used in such applica-
tions. A wearable antenna is one of the standard test sub-
jects for body-driven correspondence. A wearable antenna
is a part of the clothing used for correspondence purposes,
and it allows continuous health monitoring of the patient,
especially with a high risk for cancer. In addition, wearable
antenna devices for all new applications must be light-
weight, inexpensive, almost fix-free, and have no founda-
tion [36].

Microwave imaging has emerged as an active field of
research, with various antenna designs proposed for breast
cancer detection in the existing literature. For instance,
Sharma et al. [37] developed a UWB antenna sensor probe,
operating within the frequency range of 2.8 GHz to 20 GHz,
specifically designed to detect malignant breast cells. Their
analysis incorporated parameters such as the magnitude and
phase of reflection and the Specific Absorption Rate (SAR).
Islam et al. [38] introduced a comprehensive breast phan-
tom measurement system featuring the Vivaldi antenna
with a bandwidth spanning approximately 1.54 GHz to 7
GHz. This system was devised for phantom breast measure-
ments, facilitating the detection of tumor cells within the
breast. An automated electromechanical imaging system
was also proposed as part of their work. Zhang [39] pre-
sented a radar-based microwave imaging system for breast
cancer detection. Their approach relied on a complex nat-
ural response method to differentiate between benign and
malignant tumors, with high dielectric differences between
the tumor and surrounding tissues playing a pivotal role

in determining tumor location. Successful discrimination
was achieved even between benign spherical tumors with
a radius of 5 mm and malignant tumors with an average
radius of 5 mm. Kwon et al. [40] proposed a time-domain
microwave breast imaging system, incorporating Gaussian
bandpass filtering and conducting comprehensive analy-
ses. Subramanian et al. [41] employed a modified octago-
nal-shaped ultra-wideband monopole microstrip antenna
constructed with FR4 material for breast cancer detection.
The antenna operated across a frequency range from 3 GHz
to 15 GHz, and SAR was utilized to identify malignant tis-
sue within a three-dimensional breast model with a radius
of 60 mm. Misilmani et al. [42] explored different array
configurations based on antenna parameters for microwave
breast imaging. Hammouch and Ammor [43] designed and
optimized a UWB antenna to achieve a favorable imped-
ance match within the specified frequency range of 3.1 GHz
to 14 GHz. They also introduced a confocal microwave
imaging algorithm to detect and locate tumors by analyzing
various electromagnetic signals. Rahayu et al. [44] devised
circular and rectangular antenna arrays in a ring configura-
tion, operating within the frequency range of 2 GHz to 11
GHz, for breast tumor detection. Alsharif and Kurnaz [45]
employed parameters such as E-Field, H-Field, and SAR to
ascertain the presence of tumors (e.g., r = 4 mm) within the
breast. They further proposed an ultra-wideband (UWB)
microwave antenna system for early breast cancer detec-
tion, even in cases involving multiple tumors. Alsharif and
Kurnaz [46] evaluated various microstrip patch antennas,
including Vivaldi, Bowtie, circular patch, and rectangular
patch microstrip antennas, commonly used in microwave
imaging. Their assessment considered size, radiation pat-
terns, efficiency, and wearability, ultimately revealing that
rectangular wearable antennas exhibited wider bandwidths
and higher radiation efficiencies. Lastly, Alsharif and
Kurnaz [47] proposed an improved bandwidth microstrip
antenna tailored for ultra-wideband breast cancer detec-
tion. Simulation experiments conducted in CST software
involved the collection of backscattered waves from a breast
phantom model.

The literature encompasses three primary methods
for detecting tumor cells within the breast in the con-
text of microwave imaging systems. The initial approach
involves utilizing electric field (E), magnetic field (H), and
current density values within the malignant breast. The
second method relies on Specific Absorption Rate (SAR)
to identify the presence of a tumor. In contrast, the third
method capitalizes on signals obtained from the reflection
of the breast, with or without a tumor. This study adopts all
three distinct approaches to discern breast cancer tumors.
Notably, in contrast to previous investigations, the central
aim of this study is to leverage a UWB microwave antenna
system for the dual purposes of breast cancer detection and
the estimation of tumor diameter.

Firstly, a wearable microstrip antenna operated at fre-
quencies 1 GHz - 12 GHz was designed and manufactured
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to achieve these goals. In this study, a wearable microstrip
antenna was used because it has wider bandwidth and higher
radiation efficiency [46], and the operating frequency range
from 1 GHz to 12 GHz was chosen since the conductivity
and permittivity of normal and malignant breast tissue vary
significantly in this frequency range [14, 48]. The antenna
parameters, such as reflection coefficient, radiation pat-
terns, total efficiency, and directivity, were obtained. Also,
the antenna’s reflection coefficient under different bending
conditions was analyzed. Secondly, using CST software, a
breast model was created, replicating the physical prop-
erties of a human breast, and within this model, a tumor
was incorporated. This designed breast model comprises
three distinct layers. These include a hemispherical skin
layer, 3 mm thick and 50 mm in diameter, fibro glandular
bosom greasy cells, and a defective tumor. Current density
with various tumor sizes and SAR distribution of the breast
model were investigated. Finally, the breast model was
placed in front of the transmitter and receiver antennas,
and the breast models backscattered waves with a tumor
diameter range of 1 mm to 35 mm were recorded. To deter-
mine the diameter of the breast tumor, a novel empirical
model was proposed using receive signals. Compared to
previous studies, this study provides the following key con-
tributions: Firstly, a microstrip patch is used to apply the
wearable antenna application by using pure cotton as a sub-
strate of the proposed antenna, as it can be made conformal
for integration into clothing.

Human bodies are different from one another.
Identifying the components in the tissues that need to be
considered for antenna design is essential. The movement
of body parts will also reduce antenna performance. We
cannot restrict movement; therefore, we need to identify
which body part is less affected by activity. Furthermore,
the designed antenna was tested under two bending modes
to show its performance. The antenna designed for breast
cancer detection works with safety standards, SAR values
less than the safety limit, and the proposed antenna model
achieved it. Even though the antenna structure can be
patch type, textile, or implanted antenna, the priority is to
achieve the best performance during its operation. Power
consumption, bandwidth, throughput, and safety must be
considered during the design. The review gives a brief idea
for new researchers on the current structure of an on-body
implanted antenna based on different objectives and pur-
poses. Cancer detection is easily affected by environmental
factors such as temporal physical obstructions. The signal
can be degraded due to interference from another wireless
device. This can prevent the data from being efficiently
transmitted and reduce the device’s reliability and energy
efficiency. It becomes more challenging when the human
body can also distort the signal. These factors must be
addressed to ensure the antenna bandwidth and through-
put can be optimally designed—finally, the antenna form
factor and the user’s safety. Besides being physically safe, it
must also be safe regarding E.M. wave and heat dissipation

during operation. The user must be comfortable when
using the device.

PREPARATION OF ANTENNA DESIGN AND PER-
FORMANCE MEASUREMENTS

A breast cancer tumor comprises various cell types
within the breast, each exhibiting distinct genetic profiles,
growth rates, and metastatic potential. Importantly, the
electrical properties of malignant breast tissues deviate
significantly from those of healthy breast tissues across the
microwave frequency spectrum [49, 50]. In this context, a
UWB microwave antenna system can identify tumors by
capitalizing on the contrasting dielectric constants between
normal and malignant tissues. To accomplish this, trans-
ceiver antennas strategically positioned around the breast
play a pivotal role in capturing the backscattered signals
emanating from the breast tissue. These received signals are
subsequently employed to detect the presence of malignant
tissues within the breast. The antennas used for microwave
imaging must possess key attributes such as high gain,
broad bandwidth, and increased directionality to probe
deeper-seated tumors within the breast effectively.

The dimensions of the antenna are calculated by equa-
tions (1), (2), (3), and (4), where L and W represent the
length and width of the antenna [51]. The patch width of
the antenna is calculated using equations (1) [51, 52],

—_ < 2
- 2fp | er+1 (1)

Here, c represents the speed of light, f, denotes the res-
onance frequency, and ¢, signifies the relative permittivity.

The effective dielectric constant is calculated using
equation (2), where h is the substrate thickness [53].

1
eerr = 0+ 22 14122 7

()

The extension length of the antenna is obtained using
equation (3) [54].

(eer+0.3)(+0.264)

AL=0.412h
(eefr-0.258)(1+0.8) 3)

The antenna length is obtained using equation (4) [55].

C

L=—=——2AL
2fr/Eefr (4)

The ground-plane width and length of the antenna can
be obtained as given in equations (5) and (6).

W, =W + 6h (5)
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Ly =L+ 6h ©6)

Creating a small slot extending in the same direction as
the feed line on the ground plane was essential to enhance
the operational bandwidth. The antenna’s substrate mea-
sures 70 mm x 60 mm, with a relative permittivity of 1.6
and a thickness of 1.6 mm. For constructing both the patch
and ground planes, a flexible copper material with a thick-
ness of 0.1 mm was employed. Figure 1 provides a visual
representation of the geometric dimensions of the ground
and patch planes.

The antenna is connected via a 50 ) small-scale (SMA)
connector. As mentioned earlier, the components of this
antenna were acquired from references [54, 55] and mod-
eled using CST Microwave Studio [56]. In the fabrication
process, pure cotton was employed to enhance the substrate’s
wearability, along with polyester copper. Additionally, an

SMA connector was utilized for the feed. Figure 2 provides
both front and rear views of the proposed antenna.

The antenna’s geometric configuration was modeled
and analyzed using CST Microwave Studio, and the phys-
ically constructed design was subjected to testing using
the PNA Network Analyzer (Keysight N9951A, capable of
measuring frequencies up to 44 GHz) for evaluating the
antenna’s reflection coefficient.

Reflection Coefficient

The designed antenna operates within a frequency
range from 1 GHz to 12 GHz. It exhibits a -10 dB reflec-
tion coefficient (S;;) bandwidth extending up to 9.6 GHz,
as shown in Figure 3.

Bending of Antenna
The wearable antenna is designed to flex in response
to human body movements and must maintain consistent

4 " I. 36 (mm)
W 34 (mm)
LT 26 (mm)
S1,82 4 (mm)
Ls - -
S3 5 (mm)
we S4 6 (mm)
Lg 25.7 (mm)
5g Wg 25.25
lg Sg 10 (mm)
55 4
v (mm)
Figure 1. Dimensions of the proposed antenna.
0
— Simulated
\ = —Measured

Figure 2. Prototype of the proposed antenna: a) front view,
b) back view.

S, (dB)

1 2 4 6 8 10 12
Frequency (GHz)

Figure 3. Reflection coefficient for both the simulated and
measured antenna.
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(a) (b)

Figure 4. Simulated antenna bending using two distinct
modes: a) vertical and b) horizontal bending.

performance across various body locations. The proposed
antenna underwent testing under diverse conditions to
assess its expected operational bandwidth. The antenna
was subjected to bending in different vertical and horizon-
tal orientations at a 45-degree angle, as depicted in Figure 4.

As depicted in Figure 5, the S;; value of the antenna
remains consistently within the ultra-wide bandwidth
range under various bending conditions, including both
horizontal and vertical orientations. This indicates the
antennas ability to function effectively under these bending
conditions.

Radiation Pattern

An anechoic chamber was employed to measure the
antenna’s radiation patterns in the E-plane, as depicted in
Figure 6. Figure 7 illustrates the polar representation of the
radiation patterns in free space at different frequencies (2.5
GHz, 5.8 GHz, 6.8 GHz, and 9.8 GHz) when the substrate

0 T T -_a- T T
—Simulated
= —Measured
10+ J
g
— -20 1
o
-30 1
-40 : : : * :
1 2 4 6 8 10 12

Frequency (GHz)

L i

Figure 6. Measurement of antenna’s radiation patterns.

is constructed from pure cotton, and the patch and ground
planes are composed of polyester copper, maintaining their
purity.

Figure 8 presents the comprehensive simulated effi-
ciency of the antenna. As depicted, the antenna maintains
a total efficiency exceeding 90% across the entire frequency
band from 1.6 GHz to 11.2 GHz. The antenna exhibits a
directional radiation pattern directed towards the broad-
side, achieving a peak gain of 6.76 dBi at 9.8 GHz, as illus-
trated in Figure 9.

BREAST MODEL

The proposed breast model, which includes a simulated
tumor, closely mimics the physical properties of the human
breast. This model has three distinct layers, as referenced in
[45]. The first layer represents the skin, forming a semi-sphere

0 . b y
—— Simulated
L = =Measured
-10¢1 S_ - -
-~ ‘ o N
o \
o \
= 20} N
Cﬁ‘_
1
30+t 1
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!
1
_40 i 1 1 i L
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Frequency (GHz)

Figure 5. The S,, value of the designed antenna is assessed for a) vertical and b) horizontal bending.
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Figure 7. Antenna’s radiation pattern at a) 2.5 GHz, b) 5.8 GHz, ¢) 6.8 GHz, d) 9.8 GHz.
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Figure 8. The total simulated efficiency of the antenna. Figure 9. Directivity of the antenna at 9.8 GHz.
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Table 1. Physical properties of each layer in the breast model

Table 2. The current density of tumors with various diameters

Medium Relative Conductivity Tumor diameter [mm] Current density
Permittivity [S/m] [A/m?]
Skin 46.7 1.1 5 140
Normal cell 9 0.15 10 160
Defected (Tumor) cell 50 0.7 15 165
20 180
with a thickness of 3 mm and a diameter of 50 mm. The sec- iz izz

ond layer encompasses fibro glandular breast tissue and fatty
cells, forming another semi-sphere within the skin layer with
an outer radius of 22 mm. Within this fibro glandular layer, a
defective tumor (representing glandular tissue) is positioned
as a sphere, with a variable diameter ranging from 5 mm to
30 mm. Table 1 provides the specific physical properties of
each layer within the breast model [57]. Given that signals
interact with and scatter off the current density of objects,
tumors of various sizes (ranging from 5 mm to 30 mm) were

89.1
78.4
o 63.6
50.9
38.2
25.5
12.7
(a) (b)

i

(c) (d)

84,1
673
S0.5
336
168

(e) (A

incorporated into the model to assess breast cancer detec-
tion. Figure 10 visually illustrates the current density distri-
bution around the tumor’s surface.

Table 2 presents current density estimations for tumors
at different measurements. The current density within the
tumor ranges from 140 A/m? to 188 A/m? with higher

436 I
145

A/m~2
llli

S0.5
336
16.8

Figure 10. The simulated current density of the breast with various tumor sizes: a) 5 mm, b) 10 mm, ¢) 15 mm, d) 20 mm,

e) 25 mm, f) 30 mm.
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values indicating enhanced disease detectability. As demon-
strated by the simulation results, the antenna’s sensitivity to
tumor presence or its ability to detect anomalies is height-
ened when the receiving antenna makes contact with the
skin of the breast.

The SAR encompasses a range of frequencies from 1.6
GHz to 11.2 GHz. This SAR analysis was conducted using
CST software, employing the IEEE Std. C95.3-2002 averag-
ing method [58] with a tissue volume exceeding 10 grams.
The ICNIRP standard imposes a limit of 2 W/kg, averaging

over 10 grams of tissue [59]. Figure 11 illustrates the SAR
distribution within the phantom when a wearable antenna
is placed adjacent, maintaining a 5 mm separation. The
highest SAR value recorded is 0.2 W/kg at the phantom’s
surface, deemed acceptable for detection purposes under
a transmitting power level of 200 mW and with a 5 mm
separation between the antennas and the breast model. It’s
important to note that higher SAR values within the distri-
bution can potentially harm and damage breast tissue. The
focal area of SAR changes as the frequency shifts from lower

0.2
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Figure 11. Distribution of SAR within the breast model phantom at various frequencies: a) 1 GHz, b) 2.5 GHz, ¢) 5.8 GHz,

d) 6.8 GHz, €) 7.1 GHz, and f) 9.8 GHz.



Sigma J Eng Nat Sci, Vol. 41, No. 5, pp. 999-1012, October, 2023

1007

to higher ranges. Higher frequencies can detect deeply sit-
uated small-sized tumors due to their shorter wavelengths.
In comparison, lower frequencies are employed for detect-
ing deeply established medium and large-sized tumors due
to their longer wavelengths. The designed antenna operates
effectively within the frequency range of 1.6 GHz to 11.2
GHz, delivering a uniform SAR distribution deep within
the phantom.

TUMOR DETECTION

The phantom breast model is positioned in front of the
transmitter and receiver antennas, forming a 180-degree
angle with a bending configuration, as illustrated in Figure
12 [45, 47]. Throughout the simulations conducted in

Figure 12. Breast model with tumor and (Tx, Rx) antennas.

_a_
0.1 . r r T r
—— 35 mm tumor reflection
—— 5 mm tumor reflection
— Breast without tumor
[ i : !
] M 5
E— 0 a AAW 1
N I 14 Lt
© ! ]
c
2 |
® _0.05F -
-0.1 - - i : :
0.5 1 1.5 2 2.5 3
Time (ns)

this study, it is assumed that there is no mutual coupling
between the antennas, and the surrounding environment
remains constant. The behavior of the tumor was analyzed
over a time interval ranging from 0.5 to 0.75 nanoseconds
while varying the tumor’s diameter within the range of 1
to 35 mm within the breast model. Figure 13 displays the
signal transmitted to the breast model, and Figure 14 (a)
illustrates the received signal from the breast model with
and without a tumor. The synchronization steps are based
on factors such as heartbeat and skin scattering character-
istics [57, 60]. As evident from Figure 14 (b), alterations in
the diameter of the tumor within the breast model result
in changes in the amplitude of the received signal. When
the tumor size increases, the time shift decreases while the
amplitude increases. This indicates that larger tumors can
reflect signals more rapidly than smaller ones. Variations in
the amplitude and arrival time of the received signal can be

0.15 T .
— Tx Signal

0.1f 1

0.05f 1

Signal amplitude (V)
o

0 0.5 1
Time (ns)

1.5

Figure 13. Transmitted signal.

-0.02}

Signal Amplitude (V)

-0.04

-0.08f - -

0.9 1
Time (ns)

Figure 14. Received signal corresponding to tumor behavior: a) Breast with and without a tumor, and b) Responses for

tumors of varying diameters.
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attributed to multipath propagation and differing distances
between the tumor and the antenna.

A Multiple Linear Regression (MLR) approach is
employed to ascertain the breast tumor’s diameter to ana-
lyze the received signals. In the MLR model, the dependent
variable is correlated with a minimum of two independent
variables, as expressed below:

Dp = Bo + B1An1 + B2Tay + - + Pro1Ank
+ BTy + &n,n=12,...,N (7)

Where D, represents the tumor diameter, f denotes
the regression coefficients, A stands for amplitude, and T
represents time, as illustrated in Figure 11. N represents
the size of the dataset, €, represents errors, and k indicates
the number of variables. Equation (7) can be expressed in
matrix form, as presented in equation (8).

Ay1 T 1 [Bo €
Agi-1Toy || By €
; o R R )
Bl L£

N

Dl 1 A11T11

D=Xp+e 22| =t AnTa

Dyl 11 AniTaa Ank-1Tnk
The regression coefficients can be calculated as follows
[64]:

B=XTX)"X'D 9)

The method’s precision is evaluated using the
Normalized Root Mean Squared Error (NRMSE), defined
in equation (10).

NRMSE = L2100

(10)
max(Dp)—min (Dy)

In this equation, D, represents the actual tumor diame-
ter, D, is the estimated D, value, n is the index number, and
N is the total data.

In this study, determining breast tumor diameter
involved utilizing a dataset comprising 25 different diame-
ter values, ranging from 1 mm to 35 mm. 18 were allocated
for model training, and the remaining 7 were designated for
model testing. This division into training and testing data-
sets was carried out to mitigate the impact of data variations
and gain a deeper understanding of the model’s character-
istics. The training dataset was employed to construct a
regression model, while the test (or validation) dataset was
utilized to validate the model’s performance. The regression
coefficients of the model were derived from equation (7)
using the training data. The estimation model for tumor
diameter was developed based on the amplitudes and time
interval values of the received signal (denoted as A;, and
Tin), as depicted in Figure 15. Specifically, when utilizing
only the amplitude A;;, the diameter estimation was accom-
plished using equation (11). In this scenario, the NRMSE
values for training and testing were found to be 0.1202 and
0.1527, respectively.

Signal Amplitude (V)

-0.05}

06 07 08 08 1 11 12
Time (ns)

Figure 15. Amplitudes and time intervals of the received
signal.

Byincorporatingboth A;, and T}, the diameter estimation
was achieved using equation (12). Under these conditions,
the NRMSE values for training and testing were determined
to be 0.1099 and 0.1350, respectively. When A;;, T;;, A, and
T,, were considered, the diameter estimation was conducted
using equation (13). In this configuration, the NRMSE values
for training and testing were 0.061 and 0.0989, respectively.
Furthermore, when the variables A;;, T};, A, Tips Ajzs Tiss Aips
and T, were all considered, the diameter estimation was per-
formed using equation (14). In this particular scenario, the
NRMSE values for training and testing were determined to
be 0.0443 and 0.0865, respectively.

D, =—-13+484,1A,, (11)
D, = —442+6709A,, +23,6 Ty, (12)
D, = —66,8 + 1603,7 A,; — 496,3 T,
+ 111854 A, + 508,2 T, (13)
D, = —34,8+ 22229 A, + 1594,9 T, + 1359 A,, — 1532,8 T,
—20A,; —491,1 T3 — 1702 Ay, + 501,9 T, (14)

The best outcomes and related techniques are given in
equation (15) for curtness.

D, = —105,6 + 1975,6 Ay — 652,1 T,y + 14235 A,
+650,2 Ty + 393,6 A + 199,9 T,5 + 1120,2 A, (15)
—216,6 Ty + 1164 Ay + 172,4 Tys — 598,6 Apg — 124,4 T,

The NRMSE for equation (15) yields values of 0.0306
and 0.0772 for the training and testing datasets, respec-
tively. Figure 16 compares the actual and estimated tumor
diameters for the training and testing data.



Sigma J Eng Nat Sci, Vol. 41, No. 5, pp. 999-1012, October, 2023

1009

_a_
3517 I o g O actual
30l B8 - a — O estimated o
£ ©
£E25 O O
2
E20 - 8-8
‘s v}
o 15} 8 5)
) e
£ 10 8
a
o
e o
0 ;. O i
0 5 10 15 20

Training index

b-

w
a

w
=)
O

O actual I C

O estimated

N
[¢2)

Diameter of tumor (mm)
o S

Q
]

—
(]

=}

1 2 3 4 5 8 7
Testing index

Figure 16. Comparison between the actual and estimated diameter of tumor, a) Training, b) Testing.

CONCLUSIONS

In this study, a microwave imaging system featuring a
UWB antenna was developed for the dual purpose of breast
cancer detection and tumor diameter estimation. To begin,
a UWB antenna structure capable of radiating frequencies
from 1 GHz to 12 GHz was constructed and subjected to
testing. This antenna offers several advantages, includ-
ing UWB functionality, compact size, cost-effectiveness,
excellent directional radiation patterns with substantial
gains (6.76 dBi at 9.8 GHz), and an overall antenna effi-
ciency exceeding 90% across the entire frequency band of
1.6 GHz to 11.2 GHz. Notably, the antenna maintains low
Specific Absorption Rate (SAR) values (0.2 W/kg, 2 W/
kg) within the safety limits defined by the ICNIRP stan-
dard, ensuring safe usage. Next, a human breast model was
designed to incorporate tumor diameters spanning from 1
mm to 35 mm, facilitating the detection of breast cancer.
Subsequently, this breast model was positioned in front of
both the transmitter and receiver antennas, allowing the
recording of backscattered waves emitted by the breast
model. Simulation results revealed that the highest current
density within the breast area adjacent to the tumor reaches
188 A/m? for a tumor diameter of 30 mm. In comparison,
the lowest recorded current density within the breast in
the presence of a tumor is 140 A/m? for a tumor diameter
of 5 mm. Furthermore, a novel approach utilizing multi-
ple linear regression was applied to the received signals to
estimate tumor diameters. The proposed model achieved
an impressive accuracy rate of 92.28% for determining the
diameter of breast tumors. Importantly, this method offers
a less invasive and safer alternative compared to traditional
mammography and tomography, which involve high-inten-
sity X-rays for breast cancer detection. Thanks to its wear-
able design, the proposed system enables early detection of
breast cancer tumors, ensuring ease of use for women and

supporting daily usage more effectively than conventional
methods.

The findings presented in this study hold applicability
solely within the context of the specific model, tumor type,
tumor diameter, and tumor location considered. It's import-
ant to note that the coefficients of the proposed model may
vary when different factors, such as tumor sizes, antenna
positions, and the number of tumors, are introduced. In
future research endeavors, there is potential for developing
a more realistic breast model. Additionally, enhancements
could be made to the system to determine tumor diameter
and the precise location and quantity of tumors within the
breast. Optimized positions for both the receiver and trans-
mitter antennas could be explored for improved performance.
Moreover, the proposed system could be physically fabricated
to compare experimental results and simulations directly.
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