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ABSTRACT In this paper, a novel design of a near-field dipole antenna sensor array for breast tumor
detection is presented. The proposed sensor consists of four electrically small dipole antennas fed by a single
port. Due to the proven fact that breast tumors have higher dielectric properties than the surrounding normal
tissues, the proposed sensor is utilized for detecting breast tumors by evaluating the variations of the sensor’s
response of two cases, normal and abnormal, of the breast tissues. A simulation study is performed using
both normal and abnormal numerical breast phantoms with different sizes of tumors inserted at different
locations. Simulation results show the proposed sensor detected the inserted tumors at various locations
inside the normal breast phantom due to an increased area of sensitivity of the sensor by using multiple
sensors array. An experimental study is conducted on breast chicken meat that mimics a healthy breast and
two cases of tumors including tumors made of oil and gelatin mixture and conductive spheres with different
sizes inserted at different locations inside the chicken meat. Experimental results show that the proposed

sensor has higher sensitivity for detecting different sizes of breast tumors placed at multiple locations.

INDEX TERMS Near-field, microwave sensors, sensor array, microwave detection, breast tumor.

I. INTRODUCTION
Microwave, imaging (MI) techniques has gained great
interest from the researchers for breast cancer detection due to
some advantages over current techniques, such as MRI, ultra-
sound, and X-ray mammography for breast tumor detection.
Such advantages include non-ionizing, inexpensive, non-
invasive, and comfortably used by patients [1]. Moreover,
MI does not use ionizing radiation, is noninvasive and safe,
and can be repeated for several testing without any impacts
for patient’s health. The fundamental key behind using MI
for breast tumor detection is that the breast tumor tissues
have higher dielectric properties than normal tissues in the
microwave frequencies band [1], [2], [3], [4], [5], [6].

MI system consists of two major sections for detecting
breast tumors hardware and software. The fundamental part
of the hardware section is the microwave sensors that send
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microwave signals to the breast tissues and receive them
back [1], [2], [3], [7]. Therefore, the accuracy of MI in
detecting breast tumors is almost based on the performance
of the microwave sensors [7]. In the literature, several types
of microwave sensors are utilized for designing MI systems,
which are based on conventional antenna, such as patch,
monopole, loop, horn, dipole, and Vivaldi [1], [2], [3], [4],
(51, [61, [71, [81, [91, [101, [11], [12], [13], [14].

Designing MI systems for breast tumor detection is usually
based on two configurations of microwave sensors including
signal and array sensors [1], [2], [3], [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13], [14], [15]. Developing MI systems
based on a single sensor structure makes the testing more
complicated and takes much time due to the use of motorized
scanning to acquire information from multiple projections
and angles of the breast tissues, which results in low accuracy
of the MI system [1], [2], [3], [4], [5], [6]. [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21].
On the other hand, array sensors are used with multiple feeds
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to get information from several positions around the breast
tissues, which leads to a complex, enormous, and costly
system [18], [22], [23], [24], [25], [26], [27], [28], [29].

In the previous studies [20], [21] single dipole and loop
antennas were designed as near-field microwave sensors to
detect breast tumors of various sizes at different locations
by using scanning methodology. In both studies, the perfor-
mance of the developed microwave sensors and detection
system is based on the different values of either magnitude
or phase of the reflection coefficient of both testing of the
right and the left breasts that are symmetrical in shape and
content.

Both studies show that using a dipole sensor provide more
sensitivity for detecting high dielectric materials than the loop
sensor, on other hand, the loop sensor is more highly sensitive
to conductive materials than the dipole sensor. The physical
explanation behind this concluded that the dominant field in
the dipole sensor is the electric field whereas the magnetic
field is considered the dominant field in the loop sensor.
In another study [29], an array loop sensor feds by a single
port is developed to improve the sensitivity of the microwave
detection system for the detection of metallic spheres that
mimic high conductive breast tumors.

In this paper, electrically small four dipole antenna arrays
excited by a single port proposed as a microwave sensor
for near-field microwave breast tumor detection is presented.
As mentioned at the beginning of this introduction that
breast tumors exhibit higher electrical properties than normal
tissues. Moreover, the ratio of the dielectric properties in
the difference between breast tumors and normal tissues is
higher than the conductive properties. The proposed dipole
array sensor will have higher sensitivity for detecting the of
breast tumors due to the improvement of the sensitivity area
as compared to the single sensor as proven in the previous
study using loop array sensor in [29].

The proposed sensor is used for microwave detection of
breast tumors based on the fact that both breasts (right
and left) of a female human are symmetric in material
tissues composition [30], [31]. The testing method uses dual
sensors simultaneously with the right and left breasts. Then,
the reflection coefficient responses of the two sensors are
recorded and analyzed to check for any abnormality in one
of the breasts. If the response of the two sensors are different,
that indicates the presence of a tumor in one of the breasts
otherwise both breast are healthy.

Il. SIMULATION AND SENSOR ARRAY DESIGN

The overall size of the presented sensor array is
L =123 mm x W = 30 mm, comprising of four electrically
small printed dipole arrays. All four electrically small dipoles
have identical length I1d and width wd of 30 mm and 3 mm
respectively. These electrically small dipoles are printed
in top of RO4003C substrate material with thickness of
1.52 mm. The top layer is connected with the bottom layer
using 1 mm vias through each gap between the two arms
of the electrically small dipole. These vias are connected to
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FIGURE 1. The presented array dipole sensor. (a) showing the top layer
that includes the electrically small dipole elements array. (b) showing the
bottom layer that includes the feed networks.
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FIGURE 2. Demonstrating the S;; of the introduced sensor array in:
(a) CST simulation and (b) measurement result of fabricated sensor.

each dipole to a bottom-ground layer that contains a single
port feeding network and shared ground of Ig = 40 mm and
Wg = 17 mm placed on the top layer shown in Fig. 1(a).
Each microstrip line of the feeding network is optimized to
distribute the exciting signal equally to all electrically small
dipoles and operate at the resonance frequency of 1130 MHz
using the optimization logarithms in CST [32] software as
illustrated in Fig. 1(b). The optimized sensor array was
manufactured as shown in Fig. 1. The reflection coefficient
response of both simulated and measured sensors are in
strong agreement as demonstrated in Fig. 2

Next step in the simulation section, a numerical breast
phantom model of the ID: 062204 ACR classification: Class
No 3 is developed and imported into CST as introduced
in [21], [32], [33], [34], and [35]. The developed breast
phantom model is simulated with the proposed sensor to
analyze the sensitivity of the proposed sensor for detecting
breast tumors inserted at any location inside the breast model
without a scanning mechanism at three different distances
off between the sensor and the breast phantom model as
explained in the following simulations studies.

In the first simulation, the sensor is simulated with the
normal numerical breast phantom at a stand-off distance
of 5 mm between the phantom and the sensor as shown
in Fig. 3 (a). Next step, the array sensor’s response was
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FIGURE 3. lllustrating the configuration of simulation modeling:

(a) showing the normal numerical breast phantom with the presented
array dipole sensor placed at a 5mm stand-off distance away from the
phantom. (b) showing the abnormal breast phantom which contains a
breast tumor.
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FIGURE 4. Simulation setup of four different tumor locations inside the
normal breast phantom model. A 10 mm breast tumor is inserted at four
different random locations inside the breast tissues. (a) Tumor located at
L1 (x = 130 mm, y = 40 mm, z = 140 mm). (b) Tumor located at L2 (x =
150 mm, y = 60 mm, z = 140 mm). (c) Tumor located at L3 (x = 140 mm,
y = 90 mm, z = 140 mm). (d) Tumor located at L4 (x = 150 mm, y =

90 mm, z = 140 mm).

recorded, which included the data of the reflection coefficient
magnitude and phase changes with frequency. Next, the
designed sensor was then simulated four times separately
with an abnormal breast phantom at the same stand-off
distance of 5 mm, where the tumor of 10 mm inserted at four
various locations L1, L2, L3, and L4 as shown in Fig. 4.

The array sensor reflection coefficient of the four various
simulation of the four locations were then recorded. Finally,
the simulated data of both normal phantom and abnormal
phantoms, which includes the phase and the magnitude of
the sensor’s reflection coefficient were analyzed to detect the
presence of the tumor.
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FIGURE 5. Presented the simulation results of the sensor's

S11 magnitude response of both simulations studies of a normal
phantom without tumor and an abnormal phantom containing a 10 mm
tumor, at four various locations at stand off distance of 5 mm.
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FIGURE 6. Presented the simulation results of the sensor’s S;; phase
response of both simulations studies of a normal phantom without tumor
and an abnormal phantom containing a 10 mm tumor, at four various
locations at stand off distance of 5 mm.

The collecting data of the sensor response from both
normal and abnormal simulations, normal phantom without
tumor and abnormal phantoms with inserted tumor at four
locations is analyzed as shown in Fig. 5 and Fig. 6. Figure 5
and Fig. 6 show the sensor magnitude response S;i, and the
phase response of S respectively.

As results show noticeable differences in sensor responses,
magnitude, and phase, of both simulation studies, normal
and abnormal phantoms, it is evident from these results
that the sensor is highly sensitive having the ability to
distinguish between healthy and non-healthy breasts. The
sensor sensitivity is higher at the tumor inserted close to it
than at the other locations. The sensitivity refers here to the
highest shift in magnitude and phase of the S1; of the sensor
compared to the normal case.

91377



IEEE Access

M. A. Aldhaeebi, T. S. Almoneef: Dipole Array Sensor for Microwave Breast Cancer Detection

Normal

Tumor-LI
'8 _._Tumor-L2
Tumor-L3
- 1 0 _Tumor-L4
-12
-]ﬁOO 1120 11.40 1160 1180
Frequeny (MHz)

FIGURE 7. Presented the simulation results of the sensor’s

S11 magnitude response of both simulations studies of a normal
phantom without tumor and an abnormal phantom containing a 10 mm
tumor, at four various locations at stand off distance of 10 mm.
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FIGURE 8. Presented the simulation results of the sensor’s S;; phase
response of both simulations schemes of a normal phantom without
tumor and an abnormal phantom containing a 10 tumor, at four various
locations at stand off distance of 10 mm.
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In the second simulation study, the sensor is simulated with
normal and abnormal breast phantoms model at a stand-off
distance of 10 mm.The same process are done regrading
collecting data as the first simulation study.

The simulation results of the sensor response with normal
and abnormal phantoms at a distance off of 10 mm are
shown in Fig. 7 and Fig. 8 which show the sensor magnitude
response S11, and the phase response of S1; respectively.

Similarly, in the third simulation study, the sensor is
simulated with normal and abnormal breast phantoms model
at a stand-off distance of 15 mm.The same process are
done regrading the collecting data as the first and second
simulation study.

The simulation results of the sensor response with normal
and abnormal phantoms at a distance off of 15 mm are
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FIGURE 9. Presented the simulation results of the sensor’s

S;1 magnitude response of both simulations studies of a normal
phantom without tumor and an abnormal phantom containing a 10 mm
tumor, at four various locations at stand off distance of 15 mm.
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FIGURE 10. Presented the simulation results of the sensor’s S;; phase
response of both simulations studies of a normal phantom without tumor
and an abnormal phantom containing a 10 mm tumor, at four various
locations at stand off distance of 15 mm.

shown in Fig. 9 and Fig. 10 highlighting the sensor magnitude
response S11, and the phase response of S1; respectively.

As results show noticeable differences in sensor responses,
magnitude, and phase, of both simulation studies, normal
and abnormal phantoms, evidence from these results indicate
that the sensor is sensitive to differentiate between healthy
and non-healthy breasts. The sensor sensitivity is higher at
locations of the tumor closer to the sensor than at the other
locations. Moreover, the sensor sensitivity is higher at a
distance off of 5 mm when compared to a distance off of
10mm and 15 mm. Therefore, we can conclude that the closer
the sensor to the breast phantom the more sensitive the sensor
is due to the higher interaction between the magnetic and
electric fields of the sensor with the breast phantom.
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FIGURE 11. Presented the simulation results of the sensor’s

S;1 magnitude response of the simulations studies that simulate four
different sizes of tumor (7 mm,10 mm, 13 mm, and 16 mm) placed at the
same location inside a normal breast phantom.
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FIGURE 12. Presented the simulation results of the sensor’s S;; phase
response of the simulations studies that simulate four different sizes of
tumor (7 mm,10 mm, 13 mm, and 16 mm) placed at the same location
inside a normal breast phantom.

To validate the sensitivity performance of the presented
sensor, another simulation study was conducted for detecting
four different sizes of breast tumors, in an early stages with
size less than 2 cm and have not yet spread deeply into the
chest wall [36] including 7 mm, 10 mm, 13 mm, and 16 mm,
of breast tumors, inserted in a fixed location inside a healthy
breast phantom as shown in Fig. 3(b).

Noticeably from the showing results, of both magnitude
and phase, the sensitivity of the sensor for detecting large
tumors sizes is higher than the smaller ones as shown in
Fig. 11 and Fig. 12

Figure. 13 shows electric field distributions in normal and
abnormal breast phantoms. The obtained results demonstrate
that the electric field intensity is more confined and
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FIGURE 13. Shows electric field distribution inside: (a) healthy breast
model, and (b) Non-healthy breast model containing a 10 mm tumor.
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FIGURE 14. Shows electric field distribution inside: (a) healthy breast
model, and (b) Non-healthy breast model containing a 10 mm tumor.

distributed inside the abnormal breast in the surrounding
region of the tumor than the normal breast model due to the
fact that the abnormal breast which contains a tumor has a
higher permittivity and conductivity than the normal breast
model.

Figure. 14 shows surface current distributions of the
proposed sensor simulated with both normal and abnormal
breast phantoms. The results show that the surface current of
the proposed sensor simulated with normal breast phantom
model is different than the surface current of the sensor in
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Sensor

FIGURE 15. Measurement setup showing the proposed dipole array
sensor with a chicken meat.
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FIGURE 16. View of four different sizes ( (7 mm,10 mm, 13 mm, and
16 mm) of high conductive (metallic spheres) and high dielectric spheres
(oil gelatin mixture spheres).

simulated with the abnormal breast phantom. In addition,
the results show that changes in the current distribution are
mainly due to loading the normal phantom with a tumor that
has higher dielectric properties than the normal tissue, which
affects the input impedance of the sensor causing a shift in
the reflection coefficient of the sensor.

1Il. FABRICATION AND MEASUREMENT RESULTS
The experimental validation was performed with the same
procedure as the simulation studies, investigating the sensitiv-
ity of the proposed array sensors for detecting different sizes
of tumors inserted at various locations.

The measurement experiments consists of the sensor,
a Vector Network Analyzer (VNA), metallic spheres, and
tumors made of an oil and gelatin mixture with different
diameter sizes, 7mm, 10 mm, 13 mm, and 16 mm, (mimicking
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FIGURE 17. Measurement setup showing the process of allocating the
tumor of radius 5 mm at various locations within the chicken meat.
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FIGURE 18. Showing the measuring results of the sensor’s S;; magnitude
response of the experimental studies that test the fabricated sensor array
with chicken meat without a sphere and chicken meat containing a

10 mm high dielectric sphere placed at four different locations.

tumors) [37], [38] and chicken meat as shown in Fig. 15 and
Fig. 16 respectively.

We used the chicken meat in the experiment to test the
feasibility of the proposed concept in an environment that
have resemblance to female breast tissues. Although such
environment is not identical to a realistic female breast,
it serves the purpose since the main concept in the proposed
detection technique is to detect the variation in the dielectric
properties between regular breast tissue and tumors tissues.
First, the proposed concept was proven numerically using a
realistic breast and tumors tissues. However, experimental
validation was carried out using chicken meat to mimic a
female breast. Then, high dielectric and conductive spheres
were inserted inside the meat which resembled tumors.
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FIGURE 19. Showing the measuring results of the sensor’s S;; phase
response of the experimental studies that test the fabricated sensor array
with chicken meat without a sphere and chicken meat containing a

10 mm high dielectric sphere placed at four different locations.
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FIGURE 20. Showing the measuring results of the sensor’s S;; magnitude
response of the experimental studies that test the fabricated sensor array
with chicken meat without a sphere and chicken meat containing a

10 mm high conductive metallic sphere placed at four different locations.

1000

The experimental setup is performed as the following: the
fabricated sensor is placed in top of a Styrofoam box at a
stand off distance of 5 mm away from the chicken meat which
mimics an environment of a normal breast phantom model in
the simulation studies and resembles female breast tissues as
shown in Fig. 15.

In the first measurement scheme, the sensor response is
measured in case of chicken meat without any inserted sphere
(normal breast case). In the second case of the abnormal
breast, two types of 10 mm diameter size tumors, highly
dielectric and highly conductive, are inserted separately at
four different locations inside the chicken meat that is divided
into two pieces to ensure the tumor is placed in the specific
location as shown in Fig. 17. Then, the sensor response is

measured at each case of the different locations separately.
The main purpose of performing this measurement study is to
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FIGURE 21. Showing the measuring results of the sensor’s S;; phase
response of the experimental studies that test the fabricated sensor array
with chicken meat without a sphere and chicken meat containing a

10 mm high conductive metallic sphere placed at four different locations.
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FIGURE 22. Showing the measuring results of the sensor’s S;; magnitude
response of the experimental studies that test the fabricated sensor array
with chicken meat without a sphere and chicken meat containing four
different sizes of high dielectric spheres (7 mm,10 mm, 13 mm, and

16 mm) placed at a single location.

investigate the array sensor’s ability to detect a tumor inserted
at different locations without using the scanning methodology
for detection.

The array sensor response from the experimental study of
the two cases of inserting a 10 mm high dielectric and high
conductive spheres at four different locations which mimic
breast tumors are presented in figures Fig. 18 to Fig. 21.
Figure 18 and Fig. 19 show the results of both magnitude and
phase sensor response using a 10 mm high dielectric sphere at
four different locations. Fig. 20 and Fig. 21 show the results
of both magnitude and phase sensor response using a 10 mm
high conductive sphere at four different locations. The results
show that the sensor has high sensitivity for detecting both
cases, high dielectric and high conducive, inserting spheres
without utilizing mechanical scanning. However, the sensor
sensitivity is higher when detecting the spheres located at the
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TABLE 1. A comparative study of the proposed sensor dipole array with various state of the art published studies.

Reference  Frequency Size Number of Sensor Using Image
(GHz) (mm) Sensors type scanning  processing

[23] 2-12 22x22 8 square patch Yes Yes
[39] 3.9-19 30%30 2 patch Yes Yes
[16] 3-10 66x66 25 patch Yes Yes
[40] 1.6-10 60x70 25 circular patch Yes Yes
[27] 2.8-7 42x51 9 Vivaldi Yes Yes
[18] 1-10 24 x45 2 monopole Yes Yes
[24] 5-10 42x73 1 Vivaldi Yes Yes
[37] 2.2-8 50x50 2 monopole Yes Yes
[41] 3.01-11.0  40x40 2 Vivaldi Yes Yes
[42] 3.2-14.0 16x71.5 4 patch Yes Yes

This work 1-1.3 30x123 4 dipole NO NO
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FIGURE 23. Showing the measuring results of the sensor’s $;; phase
response of the experimental studies that test the fabricated sensor array
with chicken meat without a sphere and chicken meat containing four
different sizes of high dielectric spheres (7 mm,10 mm, 13 mm, and

16 mm) placed at a single location.

sensor’s center (L1) than other locations (L2, L3, and L4)
where the spheres are placed off-center of the covered area
of the sensor. Moreover, the sensor sensitivity is higher at
detecting the high dielectric spheres than the high conductive
metallic spheres.

Another experiment was performed to test the ability of
the proposed sensor to detect various tumor sizes as shown
in Fig. 16. In the experiment, the metallic spheres and tumors
with various radii as indicated in the simulation were inserted
inside the chicken meat. Here, the tumors and spheres where
located in the same place one at a time. The response of
the sensor was recorded for each case and compared to the
original case having only chicken meat with no tumor. The
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FIGURE 24. Showing the measuring results of the sensor’s S;; magnitude
response of the experimental studies that test the fabricated sensor array
with chicken meat without a sphere and chicken meat containing four
different sizes of high conductive metallic spheres (7 mm,10 mm, 13 mm,
and 16 mm) placed at a single location.

magnitude and phase responses of different sizes tumors
were analyzed and plotted as shown in Fig. 22 and Fig. 23.
Figures 24 and Fig. 25 show the results of magnitude and
phase responses of different metallic sizes of spheres. From
the results, we can clearly see that as the tumor size increases,
a higher frequency shift is experienced in both the magnitude
and phase of the reflection coefficient.

ADecision = Sy1Right — Syleft (1)

Table 1 compares the novelty and advantages of the
proposed dipole array sensor introduced in this study with a
number of state-of-the-art sensors that are based on the return
loss for breast tumor detection presented in the literature.
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FIGURE 25. Showing the measuring results of the sensor’s S;; phase
response of the experimental studies that test the fabricated sensor array
with chicken meat without a sphere and chicken meat containing four
different sizes of high conductive metallic spheres (7 mm,10 mm, 13 mm,
and 16 mm) placed at a single location.

Table 1 consists of six columns that show the operating
frequency, size, number of elements, type of the antenna, the
use of scanning technique and the use of image processing
for detection. Comparing the proposed sensor with these
state-of-the-art sensors, the proposed sensor has advantages
including operating at lower frequencies which are suitable
for higher penetrations and utilizing only one feed port which
overcomes the challenges and complexity of the system.
In addition, using the proposed sensor for detecting tumors
without utilizing scanning and image processing techniques.

IV. CONCLUSION

A near-field dipole array sensor was presented for detecting
breast tumors in the near-field at the microwave regime. The
proposed sensor contains four electrically small dipoles that
enhances the sensitivity area of the breast tissues under test.
Simulation and experimental tests were performed to validate
the proposed detection methodology using the proposed
dipole sensor array. In the simulation section, two simulation
studies were conducted to investigate the sensitivity of
the proposed sensor for detecting breast tumors inserted
at different locations inside a normal breast phantom with
three different distances between the sensor and the breast
phantom. Simulation results show that the proposed sensor is
capable of detecting a breast tumor located any where inside
the breast phantom by utilizing multiple sensor array which
improved the sensitivity area of the sensor. Moreover, the
closer the sensor to the breast phantom the more sensitive
it is in detecting breast tumors. In the measurement study,
two experimental studies were conducted using the fabricated
sensor with chicken meat that mimics normal breast tissues
with four different diameter sizes of metallic spheres and
tumors made of an oil and gelatin mixture that resembles
a breast tumor at various locations. Experimental results
show that the fabricated sensor has higher sensitivity for
detecting both types of tumors at the four proposed locations.
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In addition, the sensor is more sensitive to tumors made
of an oil and gelatin mixture than the metallic spheres due
to its higher response to dielectric material tissues than
conductive material. Such dielectric sensitivity is a result of
the construction configuration model of the proposed sensor
which is based on the electrically small dipole resonators that
concentrates the electric field in the gap between the two
arms of each dipole and between the space between the four
dipoles.
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