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Abstract. There is a considerable year by year increase in the number of women suffering from 
breast cancer. Early diagnosis is important to ensure the survival of patients. This study presents 
the development of a novel, wearable and flexible multiple input multiple output (MIMO) 2×4 
antenna design, which operates at a frequency of 5.5–7 GHz for time-domain breast tumor detection. 
The antennas are all located in the cup of a bra, which is divided into four quadrants; each quadrant 
has two antennas for tumor detection. The parameters S11 and S21 for each antenna were 
measured in the frequency domain. The measured results of S11 and S21 indicate that the antennas 
worked well both with and without a breast phantom model at the assigned frequency. For antenna 
five, located in the third quadrant (the quadrant with the tumors), the signal response of the antenna 
on the breast phantom model had a higher amplitude than that without the breast phantom model. 
The results demonstrate that the antennas worked well for the detection of the tumors. 
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1. Introduction 

Breast cancer is a major cause of an increased death rate among women. Early 
detection through regular screening improves the chance of recovery from breast cancer 
(Beura et al., 2015). Digital mammograms are used to detect breast cancer by classifying 
the mammogram as either normal or abnormal, using the k-Nearest Neighbor (kNN) 
method (Nusantara et al., 2016). The use of microwave techniques for breast tumor 
detection has been extensively researched in recent years. Unlike standard X-ray 
mammography, these techniques offer breast scans that do not use ionizing radiation, do 
not require breast compression, and can be implemented at a lower cost (Kim et al., 2008; 
O’Halloran et al., 2010; Alsharif and Kurnaz, 2018). One of the most important components 
in the microwave techniques used for breast tumor detection is the ultra-wideband (UWB) 
antenna. The main principle in UWB imaging is to utilize the existing contrast in the 
dielectric properties of different breast tissues (AlShehri et al., 2011). One of the image 
reconstruction techniques used to detect tumors is the development of sparse and low-rank 
compressive sensing (Sholeh et al., 2020). 

Electromagnetic radiation emitted to the human body must comply with the rules set 
by the international commission on non-ionizing radiation protection (ICNIRP). For the 
general public, the specific absorption rate [W/kg] (SAR), in the frequency range from10 
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GHz, has a limit value of 2 W/kg (Kumagai et al., 2011). With UWB technology that uses low 
input power, it is possible to produce SAR values that meet the predetermined standards.  

Research conducted by Bahramiabarghouei et al. (2015) designed a flexible 44 
microstrip array antenna, using a coplanar waveguide feeder, to detect breast tumors. The 
antenna was designed to operate at a frequency of 2–4 GHz. In this study, the substrate used 
was Kapton Polyimide with εr = 3.5 and a thickness of 0.05 mm, with an antenna size of 20 
mm  20 mm. This antenna has a wide bandwidth (Ultra Wideband) (Bahramiabarghouei et 
al., 2015). In a study conducted by Afyf et al. (2015), a flexible microstrip antenna was 
designed, using a coplanar waveguide feeder, for breast cancer application at a frequency of 
2–4 GHz. The substrate used was film. This antenna was very thin (0.125 mm) and of small 
size at 15 mm  20 mm. In this study, the antenna worked in the frequency range of 2–4 GHz 
with a VSWR of 1.069. The measured bandwidth of 550 MHz was around 3 GHz, and the total 
gain was about 1 dB. The radiation pattern produced by the antenna was directional (Afyf et 
al., 2015).  

Research conducted by Alsharif and Kurnaz (2018) created a new design for a wearable 
ultra-wideband (UWB) microstrip patch antenna for use in breast cancer detection. The 
operating frequency of their proposed antenna ranges from 1.6 GHz to 11.2 GHz. The 
antenna consists of a rectangular radiating patch that is fed by a rectangular feed line. This 
antenna is designed to be part of a wearable device for women, used to detect breast cancer 
early. To support its wearable properties, 100% cotton is used as a substrate with a 
dielectric constant of 1.6, while the transmission and ground component patches consist of 
copper as a conductive material (Alsharif and Kurnaz, 2018). 

In this article, two previous studies were chosen as our references. In the first study 
(Porter et al., 2013), a time-domain radar was used as the basis for a breast cancer screening 
system. The system contained a 16-element multistatic array that operated in the 2–4 GHz 
range. In the second study (Mukherjee et al., 2019), a novel, experimental time-reversal 
imaging (TRI) system, based on a passive time reverse mirror (TRM), for breast tumor 
detection was presented. A significant contribution of the current study was the 
development of eight antennas that are distributed into four quadrants. Each quadrant has 
two antennas covering the area of the breast. The chosen antenna positions are based on the 
most frequently occurring tumors in the breast area. An algorithm was developed that was 
capable of extracting tumors from total fields in a bistatic radar setup. The antenna geometry 
is a unique model that is also our novel contribution. 

The current study presents the development of a novel wearable and flexible MIMO 2 × 
4 antenna design for time-domain breast tumor detection. This article describes the 
methodology used to detect a tumor in the breast phantom. All antennas were located in the 
cup of a bra, which was divided into four quadrants; each quadrant had two antennas for 
tumor detection. The study analyzed the measurement results from the antennas in both 
frequency and time domains. The antennas were measured using a vector network analyzer 
(VNA). The S21 represents the power transferred from Port 1 to Port 2 (VNA) and the S11 is 
the reflected power. The S11 and S21 were measured for each antenna, both with and 
without a breast phantom. 
 
2. Methods 

 The proposed wearable antenna was designed using a polyethylene (PET) substrate 
with a thickness of 0.125 mm and a dielectric constant of 3.0. Figure 1 shows the novel 
antenna geometry and the prototype that was printed using AgNP ink as the radiating 
material. The full dimensions of the antenna are shown in Table 1. 

The proposed design consists of MIMO 2×4 flexible antennas with SMA ports operated 
at a frequency of 5.5–7 GHz. All antennas are located in the cup of the bra, which is divided 
into four quadrants; each quadrant has two antennas for tumor detection. 
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(a) (b) 

Figure 1 (a) Antenna geometry; (b) prototype 
 

Table 1 Antenna dimensions 
Parameter Dimensions (mm) 

A 18 
B 1.4 
C 1.15 
D 12.2 
E 8.2 
F 16.5 
G 5.1 
H 2.5 
I 8.9 
J 5.5 
K 1.6 

 
The division of the cup of the bra into four quadrants is a novel technique proposed by the 
researcher for the implementation of wearable antennas. With this division, two antennas 
are needed to cover each small area of the breast, so eight antennas are needed to cover the 
entire breast area. The four areas covered are the areas medically shown to be potential 
sites for the presence of tumors. In another article, the researcher did not explain how they 
determined the number of antennas used for the detection of tumors in the breast (Xia et 
al., 2013, Porter et al., 2013b, Santorelli et al., 2013, Bahramiabarghoue et al., 2015, Kendall 
et al., 2020) 
 In this article, the research focuses on how the antennas can detect the presence of 
tumors by observing the time-domain signals generated. The breast phantom used was 
readily available and already had three tumors of predefined sizes. The breast phantom 
used contained three tumors of 5 mm in size. The tumors were in the third quadrant, which 
contained antennas numbers 1 and 5. 
 In general, tumors arise when there is an overgrowth of cells in tissue, which forms a 
lump. When the growth of these cells is uncontrolled, the tumor that forms is called a 
malignant tumor or cancer. Malignant or cancerous tumors are larger than 2 cm. Sizes 
smaller than 2 cm are categorized as benign tumors. In a paper by Dummin et al. (2007), 
the authors report on a study conducted to detect the size of breast tumors that can be 
identified when using mammography or sonography. The mammography was able to detect 
a breast tumor as small as 5 mm, and the sonography was able to detect one of 3 mm. In the 
current study, the tumor size was 5 mm, and it is hoped that, with this small size, the 
antennas will be able to detect the presence of tumors early. 
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(a) (b) (c) 

Figure 2 Placement of the antenna in the cup of the bra: (a) outside display; (b) inner display; and 
(c) breast phantom model 
  
 Figures 2a and 2b show the antenna placement in the cup of the bra. This placement 
makes the process of tumor detection easier because each quadrant of the phantom breast 
will be investigated by two antennas. Figure 2c shows the breast phantom model with a 
tumor. The objective is to detect the tumor using the antennas. The breast phantom is made 
of silicon, with dacron as the breast tissue. The tumor is made of compacted dacron and 
placed in the third quadrant of the breast phantom model. 

 

Figure 3 Design showing the complete method used for breast tumor detection 
 
 Figure 3 shows the method used for breast tumor detection, in which each port of the 
element antenna is connected to the switching network and VNA is used to generate signals 
in the frequency domain. The switching network will detect tumor objects due to being 
activated from two ports, where one port is the transmitter and the other is the receiver. 
The receiving antenna will be activated alternately to all quadrants of the breast phantom. 
The transmission coefficient resulting from the simulation and measurement is in the 
frequency domain. To transform it to the time domain, Matrix Laboratory (MATLAB) 
software is used, installed in a computer. The results of the measurement indicate the 
transfer function that describes the relation between the transmitted signal (STx) and the 
received signal (SRx). The data obtained from the VNA are then processed and analyzed by 
MATLAB 2013, providing a detailed image of the breast.  

Figure 4 shows the antenna measurement process using the breast phantom model. 
The parameters S11 and S21 for each port were measured with and without the breast 
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phantom model. During the measurement of S21, antenna 1 was used as the antenna 
transmitter, and the rest of the antennas were used as antenna receivers. 

 

 

Figure 4 Antenna measurement using a breast phantom model 

  
3. Results and Discussion  

 To validate the proposed scheme, all antennas were measured. The measurement 
results for all antennas is shown in Figure 5. 
 

  

Figure 5 Measured return loss of antennas  
  
 Figure 5 shows the measured return loss of the eight antennas with respect to -10 dB 
(without the phantom). Most antennas worked well in the frequency range of 5.5–7 GHz 
with a bandwidth of more than 500 MHz. The observed return loss for each antenna was 
more than −25 dB. Each antenna showed a different measured return loss result, which was 
probably caused by human error during the testing and installing of the connector port on 
each antenna. Since the antennas are made of PET material, the test must be carried out 
with care. However, the eight antennas were still able to work in the specified UWB 
frequency range. We used two schemes to validate the tumor detection method: frequency-
domain analysis and time-domain analysis. With UWB technology, the time-domain 
analysis is necessary to detect a breast tumor by performing an inverse Fourier transform 
(IFT) calculation. 



1106  Wearable Antenna for Time-Domain Breast Tumor Detection 

3.1.  Analysis of the Antenna Measurement in the Frequency Domain 
 The parameters measured for the frequency domain were S11 and S21 for each 
antenna, both with and without the breast phantom. The S11 measurement was carried out 
for each antenna to ensure that the antenna had a reflection coefficient value of less than     
-10 dB and was in the UWB frequency range. The S11 results in the frequency domain for 
antennas in the 1st and 2nd quadrants are shown in Figure 6. 

  
(a) (b) 

  
(c) (d) 

Figure 6 S11 parameter results from the antennas in the 1st and 2nd quadrants: (a) antenna 3; (b) 
antenna 7; (c) antenna 4; and (d) antenna 8 
  
 The measurement of S11 for each antenna in each quadrant was intended to show 
whether the working frequency of the antenna experienced a shift when the testing used 
the breast phantom. This was necessary to ensure that the antennas continued to work in 
the UWB frequency range. Figure 6 shows the S11 parameter results from the antennas in 
the 1st (a and b) and 2nd (c and d) quadrants of the breast phantom model. The 1st and 2nd 
quadrants of the breast phantom model did not contain any tumor. The measurements 
were done and show that some shifts in frequency occurred between the measurements of 
S11 with and without the breast phantom. 
 The red line in Figure 6a shows the measured S11 of antenna 3, without the phantom, 
working in the 5 GHz frequency range. When the phantom was used in the measurement, 
the frequency shifted to the 7GHz range. The phantom is thus shown to have affected the 
operating frequency of antenna 3. Figure 6b shows that the measured S11 for antenna 7, 
with and without the phantom, was similar. The 1st quadrant was opposite the 3rd quadrant, 
where the tumor was located, and antenna 3 was located nearer to the 3rd quadrant than 
antenna 7. 
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 A change in frequency was shown by antenna 4 during the measurement of the 2nd 
quadrant with and without the phantom. However, antenna 8 showed similar results for 
both measurements. The 2nd quadrant was next to the 3rd quadrant, and the position of the 
antenna in each quadrant reflected the differences in the results derived from the S11 
measurements and the working frequency. This depended on the distance between each 
antenna and the position of the tumor in quadrant 3. 
 

  
(a) (b) 

  
(c) (d) 

 
Figure 7 S11 parameter results from the antennas in the 3rd and 4th quadrants: (a) antenna 1; 
(b) antenna 5; (c) antenna 2; and (d) antenna 6 
  
 Figure 7 shows the S11 parameter results from the antennas in the 3rd (a and b) and 4th 
(c and d) quadrants of the breast phantom model. The 3rd quadrant of the breast phantom 
model was the quadrant containing three tumors. The operating frequency for antenna 5 
shifted to the 6GHz range when measuring with the phantom. These results indicate that 
the antennas worked well in detecting the breast tumors. 
 Next, the detection of the tumors was conducted using the S21 parameters. Figure 8 
shows the S21 parameter results from the antennas in the 1st (a and b) and 2nd (c and d) 
quadrants of the breast phantom model. The term S21 indicates that antenna 1 is the 
transmitter and antenna 2 is the receiver. In this situation, only antenna 1 was a transmitter 
and the others were antenna receivers. For example, Figure 8a shows the S21 for antennas 
1 and 3, where antenna 1 was the transmitter and antenna 3 the receiver. 

Figure 9 shows the S21 parameter results from the antennas in the 3rd (a) and 4th (b 
and c) quadrants of the breast phantom model. Figures 7 and 8 show that the S21 measured 
with the breast phantom model had a similar pattern to the S21 measured without the 
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breast phantom. The green line in Figure 9 shows the S21 measured using the breast 
phantom, and the red line shows the S21 measured without the breast phantom. 

  
(a) (b) 

  
(c) (d) 

Figure 8 S21 parameter results from the antennas in 1st and 2nd quadrants: (a) antenna 3-1; 
(b) antenna 7-1; (c) antenna 4-1; and (d) antenna 8-1 
 

   
(a) (b) (c) 

Figure 9 S21 parameter results from the antennas in the 3rd and 4th quadrants: (a) antenna 5-1; 
(b) antenna 2-1; and (c) antenna 6-1 

3.2.  Analysis of the Antenna Measurement in the Time Domain 
Figure 10 shows the time-domain results for all antennas based on the measurements. 

All antennas are compared to the transmission coefficient of antenna 1 to antenna 5, 
because the tumor was located close to antennas 1 and 5 (Quadrant 3).  
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 10 The time-domain results based on the measurements: (a) S5-1 compared to S2-1; (b) S5-
1 compared to S3-1; (c) S5-1 compared to S4-1; (d) S5-1 compared to S6-1; (e) S5-1 compared to 
S7-1; (f) S5-1 compared to S8-1 

 
The results show that the antennas in the quadrant with tumors have a higher 

amplitude than the antennas in quadrants without tumors. This is because the wave is 
reflected by the tumor to the receiver antenna. These results demonstrate that the antennas 
have the potential to work well for tumor detection. 

3.3.  Comparison of Research Results with Those of Related Studies 
The results of this study were compared with those of several related studies regarding 

the placement of antennas in detecting the presence of tumors. This comparison was 
conducted to clarify the contribution of the authors. The research selected all focused on 
using multiple antennas for this purpose. Table 2 presents the results of the comparison. 

 
Table 2 Comparison of our results with those of prior studies 

Reference Type of antenna 
Number of 

antennas used 
Position 

technique 

Time-
domain 
analysis 

Frequency 
(GHz) 

Santorelli et al. 
(2013) 

Traveling wave, 
tapered and loaded 
transmission line 
antenna 
(TWTLTLA) 

16 Hemispherical 
radome 

Yes 3-12 

Porter et al. 
(2013b) 

Traveling wave, 
tapered and loaded 
transmission line 
antenna 
(TWTLTLA) 

16 Hemispherical 
bowl-shaped 
radome 

Yes 2- 4 

Xia et al. (2013) Not specified 9 Planar breast 
structure 

Yes 0.5 – 9.5 
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Reference Type of antenna 
Number of 

antennas used 
Position 

technique 

Time-
domain 
analysis 

Frequency 
(GHz) 

Bahramiabarghouei 
et al. (2015) 

Flexible antenna 16 Single-arm, 
spiral antenna 
array 

Yes 2-4 

Rashid et al. (2019) Meandering 
monopole 
microstrip patch 
antenna 

4 Rectangular 
tissue model 

No 1.5 

Fortaleza, et al. 
(2020) 

UWB antenna 16 Two concentric 
rings of eight 
antennas 

No 2-4 

Kendall et al. 
(2020) 

Flexible antenna 16 Two rings of 
eight antennas 

Yes 2-4 

Rahayu et al. (this 
study) 

Flexible UWB 
antenna 

8 Four quadrants 
of bra cup 

Yes 5.5 - 7 

 
4. Conclusions 

This study introduces a novel wearable and flexible MIMO 2×4 antenna design 
operating at a frequency of 5.5–7 GHz for time-domain breast tumor detection. The 
parameters S11 and S21 for each antenna, with and without the breast phantom, were 
measured. The results show that the measurements of S11 and S21 in the frequencies 
domain were similar. However, in some frequencies, shifts did occur between the 
measurements of S11 with or without the breast phantom, but these were not significant. 

The signal response from the antenna measurements in the quadrant with the breast 
tumor had a higher amplitude than those measured without a breast tumor. These results 
indicate that the antennas will work well for tumor detection. In future work, the size and 
depth of the tumor detected should be explored and evaluated. 
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