
Citation: Abouelnaga, T.G.; Hamad,

E.K.I.; Khaleel, S.A.; Beiranvand, B.

Defining Breast Tumor Location

Using a Four-Element Wearable

Circular UWB MIMO Antenna Array.

Appl. Sci. 2023, 13, 8067. https://

doi.org/10.3390/app13148067

Academic Editors: Giovanni

Maria Sardi and Walter Fuscaldo

Received: 23 May 2023

Revised: 6 July 2023

Accepted: 7 July 2023

Published: 10 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Defining Breast Tumor Location Using a Four-Element Wearable
Circular UWB MIMO Antenna Array
Tamer G. Abouelnaga 1,* , Ehab K. I. Hamad 2,* , Sherif A. Khaleel 3 and Behrokh Beiranvand 4,*

1 Microstrip Circuits Department, Electronics Research Institute (ERI), Elnozha, Cairo 11843, Egypt
2 Electrical Engineering Department, Faculty of Engineering, Aswan University, Aswan 81542, Egypt
3 College of Engineering and Technology, Arab Academy for Science, Technology and Maritime Transport,

Aswan 81511, Egypt; sherif.abdalla@aast.edu
4 Electrical and Computer Engineering Department, University of Alberta, Edmonton, AB T6G 1H9, Canada
* Correspondence: tamer@eri.sci.eg (T.G.A.); e.hamad@aswu.edu.eg (E.K.I.H.); beiranva@ualberta.ca (B.B.)

Abstract: The objective of this paper is to develop a wearable circular UWB MIMO antenna array,
consisting of four elements, that is capable of detecting and locating tumor cells within a heteroge-
neous breast phantom. The antenna element operates within a bandwidth from 2.4 GHz to 10.6 GHz
when FR4 is used as the substrate, and extends from 2.57 GHz to 12.6 GHz when a Dacron fabric
is used instead. The antenna is fabricated and measured, yielding highly similar results to the
simulated outcomes. In the suggested detection system, one antenna is used for transmission, while
the other antennas receive the transmitted signal. The employed antenna demonstrates gains of
5.49 dBi, 9.87 dBi, 11.9 dBi, and 14.7 dBi at resonant frequencies of 2.84 GHz, 3.87 GHz, 5.83 GHz,
and 8.24 GHz, respectively, when a Dacron fabric is used as the substrate. Moreover, the proposed
antenna exhibits a flexible shape with minimal vertical and horizontal bending effects across the
entire operating frequency band. The antenna has a compact size of 42.85 × 42.85 mm2 and is
printed on an FR4 substrate with a dielectric constant of 4.5 and a thickness of 1.6 mm for testing
purposes. The S-parameters of the suggested system can effectively identify and precisely locate
small tumors. Furthermore, the SAR findings indicate that the amount of power absorbed by the
breast phantom tissues complies with the IEEE standards, thus confirming the suitability of the
recommended antenna for the early detection and localization of breast cancer.

Keywords: heterogeneous breast phantom; MIMO systems; reflector cavity; SAR; UWB antenna;
wearable antenna

1. Introduction

The International Agency for Research on Cancer (IARC) announced in December 2020
that breast cancer has surpassed lung cancer as the most common form of cancer world-
wide [1]. According to the World Health Organization (WHO), breast cancer accounted
for 12% of all new cases of cancer globally in 2021, making it the most prevalent type of
cancer [1]. Breast cancer is classified as “in situ” when it initially appears in the glandular
tissue of the breast, specifically the ducts (85%) and lobules (15%) [2]. At this stage, there is
a low possibility of metastasis. However, if left untreated, it can progress to spread to the
surrounding tissues, lymph nodes, or distant organs [2]. The size of the tumor is strongly
correlated with long-term mortality, and it is crucial to identify breast cancer when it is at or
below 2 cm [3,4]. Microwave breast imaging (MWI) and image reconstruction algorithms
have been described in the literature as methods for breast cancer detection [5]. Various
approaches have been employed for MWI, using different UWB antennas. Table 1 presents
an examination of UWB antennas for breast cancer detection, considering parameters such
as antenna dimensions, substrate properties, bandwidth, and fractional bandwidth [5].
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Table 1. Comparison of several antennas that facilitate early breast tumor detection.

Ref. L×W
(
mm2) n εr h (mm) L/λ BW (GHz) ∇f/f0

[6] 18× 18 16 3.5 0.1 0.250 2–5 0.86
[7] 20× 20 16 3.5 0.1 0.280 2–4 0.67
[8] 20× 20 16 3.5 0.1 0.280 2–4 0.67
[9] 58.43× 26.45 4 2.64 2.2 0.470 1.45–1.54 0.06

[10] 70× 60 2 1.6 1.6 0.740 1.6–11.2 1.5
[11] 22× 20 1 3.5 0.05 0.410 2–4 0.67
[12] 25× 36 1 3.4 0.16 0.730 2–4 0.67
[13] 12× 12 1 4.4 1 0.23 5.6–5.88 0.05
[14] 52× 26 1 4.3 1.6 0.62 1.86–17.77 4.6
[15] 50× 50 1 1.4 2 2.4 2–8 2.4
[16] 65.4× 88.99 1 4.4 1.588 0.73 - -
[17] 51.5× 46.2 16 3.38 0.813 0.39 2–5 1.36

This work 42.85× 42.85 4 3 1.524 0.405 2.57–12.6 3.53

L is the antenna length, W is the antenna width, n is the number of elements, εr is the relative dielectric constant,
h is the substrate height, L/λ is the ratio of the physical antenna length to the resonance wavelength, BW is the
bandwidth, and ∇ f / f0 is the fractional bandwidth.

Several studies have proposed different types of UWB antennas for breast cancer
detection. One study developed a small, single-polarization, flexible UWB antenna ar-
ray designed to resemble a bra [6]. Another study presented flexible conformal 4 × 4
ultra-wideband antenna arrays, resembling a bra, to improve electromagnetic wave prop-
agation [7]. A clinical prototype utilizing a microwave time domain technique, housed
in a wearable bra interface, was developed for breast cancer diagnosis [8]. In another
study, four 1.5 GHz meander line microstrip patch antennas were used to detect and locate
tumors across the human breast [9]. A UWB microstrip patch antenna with an increased
bandwidth was developed using a 100% cotton substrate for breast cancer detection [10].
Furthermore, a low-cost flexible antenna utilizing a thin film substrate was developed for
MWI and early stage tumor identification [11]. A small flexible UWB monopole antenna,
utilizing MEMS technology and an inhomogeneous breast phantom, was proposed for
breast cancer detection [12]. In this paper, the suggested approach involves a wearable
circular UWB four-element MIMO antenna array for examining a breast phantom to detect
cancerous tumor tissues [13,14]. The proposed detection system is tested using both tumor
and tumor-free tissues. The simulation results of the proposed detection system, obtained
using 2020 CST Microwave Studio, are compared with the measurements from a vector
network analyzer (VNA) and show good agreement. The presence of cancerous cells is
identified by analyzing the reflection coefficient and coupling coefficient with frequency
shifts. The localization stage involves examining the coupling coefficients to determine the
tumor position. The proposed system is capable of the early identification and localization
of 10 mm cancerous tissues within the human breast.

Compared to previously reported antennas [6–17], the proposed antenna has the
largest fractional bandwidth among flexible antennas and maintains performance even
when subjected to bending. The antenna also exhibits a high antenna gain, reaching
14.77 dBi at 11 GHz. The contributions of this research paper include the development of
a modified antipodal Vivaldi UWB antenna on a Dacron substrate, and the development
of a 2D scanning system for tumor detection and localization that maintains SAR levels
below the allowable values. By implementing this system, a non-invasive, comfortable,
and cost-effective method for breast cancer detection and localization can be achieved,
encouraging regular check-ups that may save lives.

2. The Proposed Antenna Design
2.1. Antenna Elements

An antenna element capable of emitting pulses across a wide spectrum within the
UWB frequency band is crucial for breast microwave imaging systems [18]. Figure 1
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provides an overview of the four stages involved in developing the proposed antenna
configuration. The initial stage (stage 1) focuses on constructing the antipodal Vivaldi
antenna element to achieve the required operational bandwidth, employing traditional
antenna construction techniques [19]. The antenna’s construction is depicted in Figure 1.
For the antenna substrate, FR4 material with a dielectric constant of 4.65 and a height of
1.6 mm is utilized.
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To determine the antenna’s width (Wsub) and length (Lsub), the following equation can
be used:

Wsub = Lsub =
C
fl

√
2

Er + 1
(1)

where c represents the speed of light in a vacuum.
The antenna construction is based on the intersection of two quarter-ellipses, with

their major radii (Ru1 and RL1) and minor radii (Ru2 and RL2) depicted in Figure 1. The
choice of ellipses is determined using the following equations [20]:

Ru2 = Wsub
2 + Wf

2
RL1 = Wsub

2 + Wf
2

Ru1 = Lsub
RL2 = 0.5RL1

 (2)

To calculate the width of the microstrip transmission feeder (Wf) for a characteristic
impedance of Zo = 50 Ω, the following equations [21] are utilized:

Zo =
60√
Ere f f

ln
[

8h
W1

+ W1
4h

]
, W1/h ≤ 1

Zo =
120π√

Ere f f

[
W1

h +1.393+0.667 ln
(

W1
h +1.444

)] , W1/h > 1
(3)

where the effective dielectric constant for the transmission line Ere f f is given by the following:

Ere f f =
Er + 1

2
+
Er − 1

2

[
1 + 12

h
W1

]−0.5
(4)

In the transition from stage 1 to stage 2, the antenna element’s bottom feed structure
is modified by incorporating a triangle stub. In stage 3, multiple slots are introduced
to enhance the impedance matching, while in stage 4, the FR4 material is replaced with
Dacron fabric. The return loss findings of the development process depicted in Figure 1 are
presented in Figure 2. The return loss of the initial traditional Vivaldi antenna element in
stage 1 is ≤−10 dB within the frequency range from 1.8 GHz to 2.27 GHz and from 9 GHz
to 10.27 GHz, indicating the need for further matching enhancement. In stage 2, the −10 dB
return loss extends from 2.77 GHz to 3.91 GHz and from 4.54 GHz to 11 GHz, resulting
in an improved ultra-wideband coverage between 4.54 GHz and 11 GHz. However, the
gap in the UWB frequency range (3.91 GHz–4.54 GHz) still requires inclusion within
the −10 dB operating band. Through the incorporation of multiple slots in stage 3, the
bandwidth extends from 2.4 GHz to 10.6 GHz. Subsequently, in stage 4, the FR4 substrate is
replaced with a Dacron fabric substrate, expanding the working frequency from 2.57 GHz
to 12.6 GHz to cover the entire UWB frequency range (3.1 GHz to 11.6 GHz).

The suggested antenna has an optimal dimension of 42.85× 42.85 mm2 and is arranged
on FR4 and Dacron fabric substrates with thicknesses of 1.6 mm and 1.524 mm, and relative
dielectric constants of 4.5 and 3, respectively. These optimal dimensions are summarized in
Table 2. The top and bottom views of the constructed antenna are depicted in Figure 3a,b,
respectively. The reflection coefficient of the suggested antenna is measured using the
Rohde & Schwarz ZVB 20 model for the vector network analyzer. The calibration of the
VNA is performed for the open, short, and matching conditions within the target frequency
range using a mechanically calibrated kit. Subsequently, as indicated in Figure 3, the
antenna is connected to the VNA male cable, and the reflection coefficient is measured and
recorded. Figure 4 presents a comparison between the measured and simulated return loss
of the antenna. The outcomes demonstrate a good agreement, with slight discrepancies in
the higher frequency bands, which could be attributed to factors such as manufacturing
faults, accuracy parameters, soldering technique, and the effect of SMA connections.
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Figure 2. (a) Reflection coefficient (S11) of the four developed antenna stages and (b) input impedance
of the fourth antenna stage.
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Figure 4. The measured and simulated reflection coefficients (S11) of the modified UWB antipodal
Vivaldi antenna.

Table 2. Suggested antenna dimensions.

Par. Wsub W1 W2 W3 W4 W5
Dim. (mm) 42.85 5 7 5 1.8 30

Par. Lsub L1 L2 L3 L4
Dim. (mm) 42.85 17 7 14 3

The performance of the antenna is simulated and evaluated using CST Studio Suite
2022 in terms of the bandwidth, gain, directivity, efficiency, and other radiation characteris-
tics. For clarity, the development stages of the proposed UWB antenna are compared in
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Table 3. As anticipated, the proposed antenna achieves an efficiency of nearly 91.3%. This
indicates a strong matching between the antenna and the 50 Ω port, achieved through the
utilization of slits and the triangle stub at the feed, as shown in Figure 2b Furthermore, it is
important to note that the simulation assumes a perfect copper annealed antenna conductor
surface with a conductivity of 5.8 × 107 S/m.

Table 3. The comparison of the planned wearable UWB antenna’s developmental stages.

Step 1 Step 2 Step 3 Step 4

Antenna Shape
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2.2. Effect of Antenna Bending

The proposed wearable UWB antenna is subjected to bending in both the horizontal
and vertical directions around cylinders with varying radii (50, 60, 70, 80, 90, and 100 mm)
positioned around the center of the breast phantom to investigate the bending effect [22].
Figure 5 provides a visualization of the 3D antenna considering different bending radii.
The reflection coefficient results for the different bending radii, considering both vertical
and horizontal bending, are presented in Figure 6.

In the flat case, the antenna demonstrates a bandwidth ranging from 2.57 to 12.6 GHz.
When bent with a radius of 50 mm, a slight mismatch is observed within the frequency band
from 3 GHz to 3.37 GHz for horizontal bending, and from 3.05 GHz to 3.47 GHz for vertical
bending. Within these frequency bands, the reflection coefficient remains below 8.6 dB for
horizontal bending, and below 7.6 dB for vertical bending. The suggested antenna exhibits
only minor variations in the bandwidth before and after bending, indicating its robustness
to bending effects.
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Figure 5. The 2D flat antenna bends with 50, 60, 70, 80, 90, and 100 mm radii. (a) Horizontal bending;
(b) vertical bending.
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Figure 6. The reflection coefficient results of different bending radii with (a) horizontal bending and
(b) vertical bending.

3. The Proposed Detection System
3.1. Breast Phantom

The breast phantom used in this study possesses a three-dimensional hemispheric
structure and employs a heterogeneous composition to accurately represent the various
layers of breast tissue, including the skin, fat, glandular tissues, and tumors. This heteroge-
neous phantom consists of multiple layers, as depicted in Figure 7 The dimensions of each
layer, including the thickness (T), outer radius (Rout in mm), and inner radius (Rin in mm),
are presented in Table 4. Additionally, Table 5 provides the electromagnetic parameters
for each breast layer, including the relative permittivity (εr), conductivity (σ), density (ρ),
specific heat capacity (cp), and thermal conductivity (k) [23,24].
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Table 4. Dimensions of the various layers of the breast.

Tissues T (mm) Rout(mm) Rin (mm)

Skin 5 60 55

Fat 15 55 40

Glandular 40 40 0

Table 5. The suggested phantom’s electromagnetic parameters.

Tissues
Dielectric Properties

ρ (kg/m3) cp (J/K/kg) k (W/K/m)
εr σ (S/m)

Skin 36 4 1085 3765 0.4

Fat 9 0.4 1069 2279 0.3

Glandular 11–15 0.4–0.5 1050 3600 0.5

Tumor 50 4 1050 3600 0.5

Figure 7 illustrates the dispersive properties of each phantom layer in terms of complex
permittivity. The real part of the permittivity (Eps′) and the imaginary part (Eps′′) are
shown, along with the loss tangent (Eps D), which indicates the frequency dependency of
the imaginary part. These parameters are crucial in the simulation process to ensure that the
breast phantom closely resembles the real-life scenario, capturing the frequency-dependent
behavior of the breast tissue layers.

3.2. Antenna Array Setup

In this study, the human breast is surrounded by four antenna elements, with each
antenna positioned at a distance of 8.6 mm from the breast skin. The bending radius
of the antennas is not considered, and antennas 1 and 3 are positioned opposite to each
other, while antennas 2 and 4 are also placed in opposition. Figure 8 provides a visual
representation of the proposed detection scheme, showing the perspective and top-side
placements of the antennas in relation to the breast phantom.
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To facilitate the detection process, a mechanical system is proposed, resembling a
rotating bed with a hollow semi-spherical Dacron cavity positioned appropriately to align
with the patient’s breast. As illustrated in Figure 8c,d, the proposed system is securely
fixed within the Dacron cavity, while the bed is prepared for rotation. Once the tumor
detection is confirmed, the system halts the rotation and begins to move longitudinally
until the precise position of the tumor is identified. This mechanism allows for the accurate
localization of the tumor within the breast.

4. Results and Discussion
4.1. Tumor Detection Results

The primary objective of this section is to detect and localize tumors within the
glandular tissue of the human breast, as this is where breast cancer typically originates,
and early detection in this region can help to prevent its spread. The following steps were
taken to achieve this goal.

Step 1 involved operating the proposed system on healthy breast tissues without
tumors and measuring the scattering coefficients of the four suggested antennas. These
coefficients were then compared with the scattering coefficients obtained from unhealthy
tissues containing tumors.

In Step 2, the glandular layer of the hypothetical breast was divided into four quadrants
(I, II, III, and IV). A tumor was simulated only in the first quadrant of the proposed system,
and the S-parameters were recorded for analysis.

Step 3 focused on moving the tumor from the first quadrant to the second quadrant,
simulating the system accordingly, and recording the outcomes. Four simulations were
conducted for each of the four tumor sites (P1 in quadrant I, P2 in quadrant II, P3 in
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quadrant III, and P4 in quadrant IV). Figure 9 illustrates the locations of the tumors and the
phantom quadrants.
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Figure 9. The phantom splitting and the positions of the tumor.

Table 6 and Figure 10 present the reflection coefficient and coupling coefficients (S11,
S21, S31, and S41) for healthy breast tissue and the four tumor locations in unhealthy tissue,
respectively. It is important to note that the proposed scenario always searches for the first
minimum in the reflection and coupling coefficients.

The frequencies F1 and F2 of the first minimum are determined and compared using
the detection parameter ℵ = F1/F2. If ℵ < 1, it indicates the absence of a tumor, as depicted
in Figure 10a, where F1 = 2.81 GHz, F2 = 2.88 GHz, and ℵ < 1. If ℵ ≥ 1, the presence of a
tumor is confirmed, and the localization stage follows.

In the localization stage, antenna 1 transmits signals, while the other three antennas
receive signals. By examining the coupling coefficients S21 and S41 for the first minimum
and considering the 45 dB line as a reference, the position of the tumor can be determined.
When the tumor aligns with antennas 1 and 3 and crosses the reference line, as shown in
Figure 10b,d, the antenna system is rotated around the breast until this alignment occurs.

Once the alignment is achieved, antennas 1 and 3 stop transmitting or receiving signals,
and antenna 2 begins transmitting, while antenna 4 receives. By assessing the coupling
coefficients between antennas 2 and 4 and observing their alignment with the tumor, along
with the 50 dB line as a reference, the tumor position is detected. If the reference line is
never crossed, the tumor is aligned with antennas 2 and 4, as seen in Figure 11h.

By following this detection and localization approach, the proposed system can ef-
fectively identify the presence and position of tumors within the glandular tissue of the
human breast. A flow chart of the detection scenario is shown in Figure 12.

Table 6. The five cases’ reflection coefficients.

No
Tumor

Tumor Positions

P1 P2 P3 P4

Detection parameter
ℵ = F1/F2

ℵ < 1 ℵ > 1 ℵ > 1 ℵ > 1 ℵ > 1

S11 (dB @ GHz) 18.8 @ 2.8 17.47 @ 2.82 15 @ 2.83 17.55 @ 2.82 13.7 @ 2.83

S21 (dB) 48.8 @ 2.9 54.56 @ 2.78 40 @ 2.78 54.8 @ 2.78 40 @ 2.78

S31 (dB) 43.8 @ 2.9 41.5 @ 2.78 35 @ 2.78 41.5 @ 2.78 35 @ 2.78

S41 (dB) 48.8 @ 2.9 54.56 @ 2.78 40 @ 2.78 54.8 @ 2.78 40 @ 2.78



Appl. Sci. 2023, 13, 8067 13 of 19

Appl. Sci. 2023, 13, x FOR PEER REVIEW  13  of  20 
 

In the localization stage, antenna 1 transmits signals, while the other three antennas 

receive signals. By examining the coupling coefficients S21 and S41 for the first minimum 

and considering the 45 dB line as a reference, the position of the tumor can be determined. 

When the tumor aligns with antennas 1 and 3 and crosses the reference line, as shown in 

Figure 10b,d, the antenna system is rotated around the breast until this alignment occurs. 

Once  the  alignment  is  achieved,  antennas  1  and  3  stop  transmitting  or  receiving 

signals, and antenna 2 begins  transmitting, while antenna 4  receives. By assessing  the 

coupling coefficients between antennas 2 and 4 and observing their alignment with the 

tumor, along with  the 50 dB  line as a  reference,  the  tumor position  is detected.  If  the 

reference  line  is never crossed,  the  tumor  is aligned with antennas 2 and 4, as seen  in 

Figure 11h. 

By  following  this  detection  and  localization  approach,  the  proposed  system  can 

effectively identify the presence and position of tumors within the glandular tissue of the 

human breast. A flow chart of the detection scenario is shown in Figure 12 

 

Figure 9. The phantom splitting and the positions of the tumor. 

 
(a) 

2 3 4 5 6 7 8 9 10 11
-70

-60

-50

-40

-30

-20

-10

0

S
-P

ar
am

et
er

s 
(d

B
)

Frequency (GHz)

 S11  S21  S31  S41

F1

F2

Appl. Sci. 2023, 13, x FOR PEER REVIEW  14  of  20 
 

   
(b)  (c) 

 

 
(d)  (e) 

Figure 10. S-parameters at (a) no tumor and tumor at (b) P1, (c) P2, (d) P3, and (e) P4. 

   

2 3 4 5 6 7 8 9 10 11
-70

-60

-50

-40

-30

-20

-10

0

-45

S
-P

ar
am

et
er

s 
(d

B
)

Frequency (GHz)

 S11  S21  S31  S41

F1

F2
Reference Line

2 3 4 5 6 7 8 9 10 11
-70

-60

-50

-40

-30

-20

-10

0

-45

S
-P

ar
am

et
er

s 
(d

B
)

Frequency (GHz)

 S11  S21  S31  S41

F1

F2

Reference Line

2 3 4 5 6 7 8 9 10 11
-70

-60

-50

-40

-30

-20

-10

0

-45

S
-P

ar
a

m
e

te
rs

 (
d

B
)

Frequency (GHz)

 S11  S21  S31  S41

F1

F2
Reference Line

2 3 4 5 6 7 8 9 10 11
-70

-60

-50

-40

-30

-20

-10

0

-45

S
-P

a
ra

m
et

er
s 

(d
B

)

Frequency (GHz)

 S11  S21  S31  S41

F1

F2

Reference Line

Figure 10. S-parameters at (a) no tumor and tumor at (b) P1, (c) P2, (d) P3, and (e) P4.
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Figure 11. The coupling coefficients S22 and S42 for the proposed detection system. (a) Antennas at
phantom center; (b) antennas at 35 mm from the phantom center; (c) S-parameters of antennas at
phantom center; (d) S-parameters of antennas at 35 mm from the phantom center; (e) antennas at
20 mm from the phantom center; (f) antennas at 28 mm from the phantom center; (g) S-parameters
of antennas at 20 mm from the phantom center; (h) S-parameters of antennas at 28 mm from the
phantom center.
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4.2. SAR Results

According to Faraday’s law, when a coil’s magnetic field interacts with tissues in the
body, it induces radio frequency energy, leading to the generation of an electric field within
the tissues. This radio frequency energy is absorbed by the tissues and converted into
heat [25]. Exposure to radiofrequency radiation can potentially have health impacts due to
tissue heating, and these effects can be monitored and managed using a parameter called
the specific absorption rate (SAR) [26,27].

The SAR is a measurement of how quickly biological tissues absorb radio frequency
power when exposed to RF radiation. To calculate the SAR value, the IEEE Standard
1528 [28] requires the consideration of a volume, either 1 g or 10 g in mass, which is cubical
in shape and includes the peak electric field. The local SAR, denoted as SARlocal (r, ω)
represents the SAR value at each position inside the phantom tissues and is expressed in
units of watts per kilogram (W/kg) [29,30]. It can be defined as follows:

SARlocal (r,ω)=
σ(r, ω)|E(r,ω)|2

2ρ(r)
(5)

Here, σ(r,ω) represents the conductivity of the phantom material in siemens per meter
(S/m), ρ(r) is the mass density of the tissue in kilograms per cubic meter (kg/m3), r is
the position vector, ω is the frequency, and E(r,ω) represents the electric field in volts
per meter (V/m).

The average SAR denoted as SARaverage (r, ω) is obtained by dividing the mass of the
cube by the integral of the local SAR at each point on the cube. It can be calculated using
the following equation:

SARaverage (r,ω)=
1
v

ˆ
σ(r,ω)|E(r,ω)|2

2ρ(r)
dr (6)

In Equation (6), v represents the volume of the cube.
To analyze the SAR in the heterogeneous phantom, the CST software is employed in

the biomedical context. At a frequency of 2.8 GHz, an input power of 0.5 watts is considered
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at the antenna input. The spatial average SAR values for volumetric samples of 1 g and
10 g in the heterogeneous phantoms are investigated at this frequency. The results depicted
in Figure 13 demonstrate that at 2.8 GHz and a 0.5-watt input power, the highest spatial
average SAR values for the 1 g and 10 g samples in the phantom are 0.804 W/kg and
1.75 W/kg, respectively.
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Figure 13. The maximum spatial average SAR value using 1 g at 2.8 GHz; (a) 1 g, (b) 10 g.

Regulatory bodies such as the Federal Communications Commission (FCC) have
established maximum restrictions for the SAR. In the United States, the limit is set at a
maximum average SAR of 1.6 W/kg over a 1 g volume, while in Europe, the standard is
2 W/kg averaged over a 10 g volume. The obtained SAR values in the study remain below
these regulatory restrictions.

4.3. Diversity Performance

The MIMO performance of the suggested antenna is justified by calculating the diver-
sity performance parameters (ECC, DG) [31,32]. Based on the S-parameters calculation, the
ECC can be obtained using Equation (7).

ECC=

∣∣∣S*
nnSnm+S*

mnSmm

∣∣∣2((
1−
(
|Snn|2+|Smn|2

))(
1−
(
|Smm|2+|Snm|2

))) (7)

Also, the ECC can be calculated from the following:

ECC=

∣∣˜
4π(Gi(θ,φ))×

(
Gj(θ,φ)

)
dΩ
∣∣2

˜
4π |Gi(θ,φ)|2dΩ

˜
4π

∣∣Gj(θ,φ)
∣∣2dΩ

(8)

where Gi(θ, ϕ) denotes the radiation pattern in three dimensions that results from the
excitation of the ith antenna, Gj(θ, ϕ) denotes the radiation pattern in three dimensions
that results from the excitation of the jth antenna, and Ω denotes the solid angle. To obtain
a good MIMO performance, the ECC value of the antenna should be less than 0.5 as per the
International Telecommunication Union (ITU) standard. For the proposed MIMO antenna,
the value of correlation is less than 0.00375 for the entire operating frequency bands, as
demonstrated in Figure 14a, which makes it a suitable MIMO antenna under the designated
bands. The diversity gain is also calculated using Equation (9). The accepted diversity gain
value is very close to 10. From Figure 14b, it is observed that the proposed MIMO antenna
has a diversity gain of almost 10 for the operating frequency bands.

DG = 10
√

1− |ECC|2 (9)
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Figure 14. (a) ECC and (b) DG characteristics of the proposed MIMO antenna.

5. Conclusions

This paper presents a comprehensive study on the design, implementation, and evalu-
ation of a wearable UWB antenna array for the detection of cancerous tissues in the human
breast. The proposed antenna configuration consists of a four-element wearable circular
UWB MIMO antenna array with reflector cavities. The frequency range of the antenna
spans from 2.57 GHz to 12.6 GHz. The performance of the developed antenna is validated
through simulations and measurements, showing good agreement. The suggested antenna
design exhibits several favorable characteristics, including a well-defined beamwidth, high
gain, and high directivity. These features contribute to the accurate identification and
localization of tumors within the breast. To evaluate the detection capabilities, a heteroge-
neous breast phantom with a 10 mm tumor radius is utilized. The proposed antenna array
demonstrates promising results in terms of tumor identification and localization. Further-
more, the paper investigates the specific absorption rate (SAR) associated with the antenna
system. The SAR analyses are conducted using 1 g and 10 g standards, which assess the
absorption of radio frequency power by biological tissues. The results indicate that the
suggested antennas comply with the SAR standards, highlighting their suitability for the
early detection and localization of breast cancer. It is important to note that the proposed
detection scenario in this study focuses on the presence of a single tumor. Future work will
involve adapting the proposed working principle to detect multiple tumors, expanding the
applicability and potential impact of the antenna array in breast cancer diagnosis.
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