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Electrically Small Magnetic Probe with PCA for Near-Field
Microwave Breast Tumors Detection

Maged A. Aldhaeebil, Thamer S. Almoneef 2, Hussein Attia®, and Omar M. Ramahi®> *

Abstract—In this paper, an electrically small magnetic probe combined with principal components
analysis (PCA) technique for microwave breast cancer detection is presented. The proposed magnetic
probe is designed as an electrically small square loop antenna integrated with a matching network
operating at 528 MHz. The concept of the proposed microwave detection is based on the shift in the
resonance frequency of the near-field magnetic probe due to the presence of a tumor. The proposed
magnetic probe is highly sensitive in detecting any changes or abnormality in the dielectric properties
of the female breast tissues. Detecting the existence of the breast tumors is expected by estimating
the variations in the scattering parameters of the probe’s response. The PCA is a feature extraction
technique applied to accentuate the variance in the sensor responses for both healthy and tumorous cases.
It is shown that when a numerical realistic breast phantom with and without tumor cells is placed close
to the magnetic probe in the near-field region, the probe is capable of distinguishing between healthy
and tumorous tissues. In addition, the probe can identify tumors with various sizes placed in a specific
location within the breast. As a proof of concept, the magnetic probe was fabricated and used to detect
a 9 mm metallic sphere buried at three different locations inside a lump of chicken meat, mimicking both
normal and tumorous breast tissues, respectively. The CST numerical simulations and experimental
results demonstrate that the presented technique is an emerging modality for detecting breast tumors
through an inexpensive and portable way.

1. INTRODUCTION

Breast cancer is considered as one of the fatal diseases that cause mortality in women worldwide.
According to the report by the American Cancer Society in 2019, more than 40,000 women are
expected to die of breast cancer [1]. Detecting breast cancer during its early stages of development
is a fundamental factor for successful treatment because the tumor size is relatively small and has
not spread yet [1]. Currently, computed tomography (CAT) scan, magnetic resonance imaging
(MRI) [2, 3], ultrasound, and X-ray mammography are conventional diagnoses techniques used for breast
cancer detection [1,4]. These current modalities have some limitations including ionizing radiation,
uncomfortable, low sensitivity, and high cost [4].

To avoid all the shortcomings associated with the current breast cancer detection techniques,
researchers have focused their attention on an alternative methodology based on microwaves imaging
(MI) which has some advantages for breast cancer detection including inexpensive and non-ionizing
modality [4]. MI for breast tumors screening is based on the permittivity and conductivity contrast
between normal and tumorous breast tissues at microwave regime [4-6].
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In the literature, MI is classified into three different techniques for MI breast detection including
passive, hybrid, and active methods [7]. Active MI is an emerging technique that may have considerable
potential for breast cancer detection. The active MI is classified into two modalities: radar-based and
tomography modalities [8]. The tomography approach is usually performed iteratively to reconstruct
the dielectric properties of breast tissues by using inverse scattering problem that requires extensive
computational resources for producing an image of breast tissues from the recovered microwave data
file [8]. A research group at Dartmouth College has developed the first near-field MI system that is based
on the tomography modality which has been employed for detecting breast tumors in clinical trials [9].
Caorsi et al. introduced a particle swarm algorithm for 2D microwave imaging for reconstruction of
two dimensional dielectric scatterers placed inside an inaccessible domain [10]. Donelli et al. presented
microwave imaging technique based on the inversion of time domain data used to detect tumors inserted
inside a simple breast model. The developed method was based an evolutionary algorithm for location,
detection, and reconstruction of electric properties of breast cancer in a breast phantom [11]. Son et al.
developed a preclinical microwave tomography system for breast cancer detection [12]. In this system, a
16-element circular array is placed into an imaging bath having a matching liquid. Each antenna is used
for signal transmission and reception over a frequency band from 500 MHz to 3,000 MHz. A matching
liquid was used to fill the MI bath to reduce reflections from the breast surface [12].

Radar-based techniques reconstruct the position of the strong reflection signal from the breast
tissues by using forward scattering problems where the reflected signals from breast’s tissues are
analysed to identify the presence of breast tumors [13,14]. Donelli proposed a microwave system
based on a backscattered electromagnetic continuous wave for detecting the respiratory and heart
fluctuations of victims trapped under the rubble of collapsed building during an earthquake. The
proposed system was based on the backscattered electromagnetic continuous wave which was analyzed
using independent component analysis (ICA) algorithm [15]. Several radar-based microwave imaging
systems were developed for detecting breast tumors including confocal microwave imaging (CMI),
microwave imaging via space time (MIST), and holographic microwave imaging (HMI) [16]. Klemm et
al. introduced a prototype of UWB frequency-domain radar-based MI system. The system consists of
an aperture array of UWB antennas that are positioned on a section of the hemisphere that conforms
to the curved breast shape. The signals are captured by a data acquisition module and transferred to
a computer that requires a complex coding algorithm used to process the captured signals [17].

In most of the previously developed microwave imaging systems, the employed sensors are of the
conventional antenna types distributed in an array setting with multiple ports to cover or scan the
entire breast with microwave signals then collect the signals reflected back from it. Most of the MI
systems that employ antennas arrays require complex coding algorithms to process the extensive data
obtained from each antenna port or each position of the breast if a mechanically movable single antenna
is used [18]. However, such a system is usually sophisticated, bulky, and expensive. As an alternative
to antenna arrays, a single antenna has been used with mechanical scanning to obtain readings from
multiple points of the breast [19, 20].

In a recent article, a single dipole sensor was used to detect breast tumors of various sizes [19]. The
mechanism of tumor detection presented in that work stems from the fact that most human breasts
are symmetrical in shape and content. In [19], the probe was placed in close proximity to one of the
breasts, and the response of the probe’s scattering parameters was recorded. Then, the recorded signal
is compared to a reading from the other breast. Due to the symmetrical features of both breasts, a
healthy patient should yield an identical reading from both breasts [21]. An indication of the presence of
a single or multiple tumors inside the breast is assumed if the reflection coefficient readings are different
in either the magnitude or phase. This is because the conductivity and permittivity of breast tumors
are higher than normal (healthy) breast tissues [7]. The breast tumors exhibit both high permittivity
and permeability compared with surrounding healthy breast tissues. The employed single dipole probe
in [19] is considered as an electric probe which is highly sensitive to the changes in the permittivity of the
tumors. This is because the interaction of the confined electric field in the dipole gap with permittivity
of the tissues is higher than the interaction with the tissues conductivity.

In this work, we propose a magnetic probe for breast tumor detection. The proposed probe is
considered as a magnetic-probe which is highly sensitive to any changes in the conductivity of the
breast tissues, and the employed magnetic probe exhibits a higher magnetic field than the electric
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probe. Because the breast tumors exhibit higher conductivity values, compared with permittivity, than
normal breast tissues, the magnetic probes will be highly sensitive than electric probes in terms of
detecting the tumors. The mechanism of the proposed detection technique is based on the response
of the probe, where the presence of the tumor causes a variation in both the magnitude and phase of
the probe response. Because human females almost have two identical breasts, where the left and right
breasts are identical in the tissues contents [21,22], the detection technique introduced here employs
two identical probes for testing both breasts at the same time. The reflection coefficients of the two
probes are recorded and analyzed using the PCA technique to detect any an abnormality or a tumor in
one of the breasts.

In a recent work by Aldhaeebi et al. [19], an electric dipole was employed as a probe to collect
the electromagnetic signature with and without a tumor. Since malignant tumors possess a frequency-
dependent conductivity that is higher than the surrounding tissues, in this work we propose a magnetic
probe so that the electromagnetic response is accentuated as compared to an electric dipole. This is
attributed to the fact that the magnetic field produced by the magnetic dipole is affected when being
placed in close proximity to a conductive material. Such an effect is translated as a shift in the scattering
parameter of the magnetic probe as will be shown in the results section.

2. PROBE DESIGN

The magnetic probe employed in this work consists of a square loop with lumped capacitors placed in
the middle of each arm as depicted in Fig. 1. The main reason for loading the loop with capacitors is to
miniaturize the loop such that it would resonate at lower frequencies. Such a row operating frequency
is required to ensure a reasonable penetration level into breast tissues. The loop is hosted on top of a
RO4003C Rogers material with a dielectric constant of €. = 3.38 and thickness of 1.54 mm. Each arm
of the loop has a length of L = 30 mm and width of w = 30 mm. The values of the lumped capacitors
are C1 = Cy = 8.2pF, 3 =5.7 pF, C4y = 2pF, and C5 = 160nF. Capacitors Cy and Cs play a major
role in matching the loop with a 50 €2 feeding line at the desired resonance frequency of 528 MHz which
lies within the medical band. The loop is then simulated using CST Microwave Studio [23]. The probe
simulation response is obtained as shown in Fig. 2(a).

(@)
Matching Substrate
network

Figure 1. The proposed electrically small probe showing in (a) schematics and (b) fabricated. In both
sub-figures, the probe consists of a loop antenna with five capacitors used as matching network.

The fabricated prototype of the proposed probe is shown in Fig. 1(b). The five capacitors are
soldered accordingly, and a coaxial cable is placed across the feed of the loop probe. The simulated and
measured reflection coefficients of the probe are depicted in Fig. 2(b). It is obvious from the obtained
results that the resonance frequencies of both the simulated and measured responses are 528 MHz.
However, the measured S7; bandwidth is much wider than the simulated one due to the losses of
lumped elements which are not accounted for in the simulation.

To investigate the capabilities of the proposed magnetic probe for detecting breast tumor cells, the
proposed probe is tested with a realistic female breast through numerical simulations. In this work, we
use a 3D anatomically realistic breast phantom model available in CST [24, 25] which are obtained using
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Figure 2. The simulated and measured reflection coefficients of the probe.

the breast MRI datasets from University of Wisconsin online repository [25,26]. There are four types
of breast phantoms defined by the American College of Radiology that are based on the radiographic
density of the breast fibrous and glandular tissues that include: (1) almost completely fat, (2) scattered
fibroglandular, (3) heterogeneously dense, and (4) Very dense [25]. In this work, the single Cole-Cole
model for the frequency-dispersive tissues properties is used to build the heterogeneously dense breast
phantom model of ID: 062204 ACR classification: Class No. 3 in CST as [25]:
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e(w) =€ (w) — je'(w) = exo + (1)
where €/(w) is the frequency-dependant relative permittivity, €’(w) the frequency-dependant dielectric
losses, w the angular frequency, and ¢, the free-space permittivity. €., 05, 7, and « are parameters of
the Cole-Cole model acquired from experimental clinical data.

First, the developed probe is placed at a stand-off distance of 5 mm from the healthy breast phantom
as shown in Fig. 3(a). The probe’s response is then recorded. Next, a 9mm tumor is placed at three
different locations inside the healthy breast as shown in Fig. 3(b). The dielectric properties of inserted
tumor are obtained from tumor surgery as presented in [27]. The three locations namely L1, L2, and
L3 are labeled according to the distance between the tumor and the probe where L1 is the closest from
the probe, L2 deeper than the first location L1, and L3 the farthest to the probe. The probe response
is then recorded for the other breast with the embedded tumor. The probe responses data that contain
the magnitude and phase are then analyzed with and without the tumor to determine whether or not
the breast is infected with a tumor.

Next, PCA as a feature extraction method [28-30] is employed to emphasize the variation of the
probe responses of both normal and tumors cases by extracting important data from the magnitude
and phase of the probe’s response datasets. These datasets are then represented as orthogonal vectors
called principal components [28,29]. In large datasets, the Principal Component Analysis (PCA) is
used to reduce the dimensionality by implementing a vector space transform [28,29]. The PCA task is
to abstract the important information from the dataset and to express this information as a set of new
orthogonal variables called principal components [29]. In mathematical terms, eigen-decomposition of
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Figure 3. Numerical simulation set-up: (a) Magnetic probe at a stand-off distance of 5 mm away from
the 3-D normal breast phantom model. (b) The inserted tumor in the breast model.
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positive semi-definite matrices and the singular value decomposition of rectangular matrices are used
for finding the principal components [28]. Thus, via mathematical projection, high dimensional original
datasets can be reduced to a small number of variables without losing much of the original information
to analyze trends, patterns, and outliers [28].

In the proposed microwave detection technique, the reflection coefficient of the proposed magnetic
probe which contains the magnitude and phase features is extracted. Here, the feature vectors prior
to applying the PCA analysis method are the magnitude and phase of scattering parameters (S11) of
the probe. Each discrete value of the reflection coefficient changes with the frequency response. The
magnitude and phase of the scattering parameters of the probe are recorded at 201 different frequencies
spanning the range 490 to 560 MHz. The first feature dataset, magnitude, is defined by the first and
second columns, which contains frequency and magnitude points, respectively. The second feature of
datasets, phase, is defined by the first and third columns which includes frequency and phase points,
respectively. The data are then entered into the PCA analysis method code to indicate the existence of
a tumor inside a breast phantom. Moreover, PCA is used to emphasize or explore the difference between
the measured probe responses datasets of the two cases (i.e., with and without tumor). Once the probe
scattering parameters of the two examinations of the breast phantom are registered, the probe response
is extracted and analyzed with and without PCA as shown in Fig. 4. The results of Fig. 4(a) show the
magnitude of Si1, and Fig. 4(b) shows the magnitude of S1; using PCA. Fig. 4(c) shows the phase of
Si1, and Fig. 4(d) shows the phase of S1; using PCA. It is evident from the results that the difference in
magnitude and phase of the reflection coefficient of the probe between the normal and tumorous cases
is greater for tumor locations that are closer to the probe.

Then the numerical simulations are extended for detecting three different sizes of tumors placed
at a single location. Three different sizes of breast tumors with diameters of 9mm, 13 mm, and 17 mm
are embedded inside the breast phantom to see the capability of the proposed probe for detecting
different sizes of the breast tumors as shown in Fig. 3(b). The results are shown in Fig. 5 for the three
different tumor sizes. For all tumor sizes, the probe is capable of detecting the presence of tumor tissues.
Obviously from the results, larger tumors are easier to detect, where the shift in the frequency response
of both magnitude and phase is noticeable compared with a normal case.
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Figure 4. Simulation results of the probe magnitude and phase responses for breast phantom model

with and without a 9mm tumor at three different positions.

(a) The S1; magnitude, (b) the Sty

magnitude using PCA, (c) the S1; phase and (d) the S1; phase using PCA.
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Figure 5. Simulation results of the probe response for detecting three different sizes of breast tumors
including: 17mm, 13 mm and 9mm inserted at the same location inside the healthy breast phantom.
(a) S11 magnitude, (b) S1; magnitude using PCA, (c) S1; phase and (d) S11 phase using PCA.
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Figure 6. Experiment Procedures: (a) The proposed magnetic probe at a stand-off distance of 5mm
from the chicken meat. (b) A schematic illustrating the experimental setup when inserting a 9 mm
metallic sphere at three different positions inside the chicken meat.

3. EXPERIMENTAL VALIDATION

Several experiments are conducted to validate the obtained simulated results. In the experiments, a
lump of chicken meat and metallic spheres are used to mimic a breast phantom and a breast tumor,
respectively. The chicken meat is placed at a stand-off distance of 5 mm from the fabricated magnetic
probe. The whole measurement setup is enclosed in a styrofoam as shown in Fig. 6.

In the experiment, the same test procedure done in the simulation for various tumor locations and
sizes is repeated. The obtained results are summarized in Fig. 7 and Fig. 8. Consistent conclusions are
obtained from the experiments as compared to the simulations in terms of the sensitivity of the probe
to different tumor locations and sizes.

It is noticeable that at location L1, where the 9mm tumor is closer to the probe, the classification
between the healthy and tumorous cases is clear, which indicates higher sensitivity of the detection in
both magnitude and phase of the probe’s response. Moreover, the classification between the normal
breast and breast with tumors is more identifiable in the frequency shift of the Si; of the probe.
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Figure 7. Experiment results showing the probe responses for detecting a 9 mm metallic sphere inserted
at three different locations inside the chicken meat. (a) The magnitude of Si;, (b) the magnitude of
S11 using PCA, (c) the phase of Si; and (d) the phase of S1; using PCA.
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Figure 8. Experimental results showing the probe response for detecting three different sizes of metallic
spheres of size 9mm, 13 mm and 17 mm inserted at the same location inside the chicken meat. (a) Si;
magnitude, (b) S;; magnitude using PCA, (c) S11 phase and (d) Si; phase using PCA.



184 Aldhaeebi et al.

For all sizes of the tumor, the probe is capable of detecting the presence of tumor tissues as depicted
in Fig. 8. Obviously, from the experimental results, larger tumors are easier to detect. It is evident that
as the tumor size increases, the classification using the PCA between the healthy and infected (with
different tumor sizes) chicken meats is distinguishable.

4. CONCLUSION

In this work, we introduce a new microwave detection technique for human female breast tumor using
an electrically small single loop magnetic probe. The sensing scheme has the advantages of providing
non-ionizing, inexpensive, and easy to use method of detection. The detection modality introduced
here is used to classify between the healthy and tumorous breasts based on the interaction between the
microwave signal of a magnetic-small loop probe and the dielectric properties of the breast tissues of
the human female breast. The sensing concept is validated through numerical and experimental tests
by detecting tumors placed at different locations and various sizes. The simulation results show the
capability of detecting a 9 mm breast tumor embedded in three different locations inside a female realistic
breast phantom. The experimental results demonstrate that the proposed probe has higher sensitivity
for detecting the presence of a tumor in thee different locations inside a slice of chicken meat having
inhomogeneous dielectric variations. The feature extraction method, PCA, is employed to emphasize
and enhance the variation in the probe’s response to distinguish between normal and tumorous female
breasts. We would like to emphasize that the proposed method at this stage can detect tumors in general
without indicating the type of tumor whether it is tumorous or benign. Future work will include artificial
intelligence methods that will complement the resonator to distinguish between various types of tumors.
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