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Abstract ─ Nowadays, breast cancer is the most common 

type of the cancer among women’s diseases. It is the 

leading cause of death after cardiovascular diseases. Due 

to risk of uncontrolled reproduction and propagation of 

the cancer cells, early diagnosis has a crucial importance. 

Microwave imaging (MWI) is an evolving method and 

has a variety of advantages such as operating at lower 

frequencies with a lower power, cost-effectiveness, and 

providing comfortable measurements without contact. In 

this paper, an experimental study on microwave imaging 

of breast cancer with the use of tumor phantom is 

presented. For this purpose, an experimental setup 

containing sand, screw and tumor phantom is prepared 

as replacement of real tissue. Two-dimensional inverse 

synthetic aperture radar (ISAR) method is used in 

handling the scattered electric field data from the 

measurement setup. Inverse radon transform (IRT) 

method is then utilized to extract the image of the 

measured scattering electric field data. The resultant 

images show that the microwave imaging method can be 

successfully used together with IRT for the breast cancer 

problem. 

 

Index Terms ─ Breast cancer, breast phantom, imaging 

algorithm, microwave imaging, radar-based imaging. 
 

I. INTRODUCTION 
At present, cancer is the disease having the highest 

mortality rate after cardiovascular diseases and the breast 

cancer is the leading one among the female population. 

Early detection and diagnosis of the breast cancer is a 

key factor due to having 95% survival rate in its early 

stages. There are various primary modalities for breast 

cancer imaging and diagnosis such as x-ray 

mammography, magnetic resonance imaging (MRI)  

and ultrasound imaging (USI) [1,2]. However, there are 

significant disadvantages of these methods such as the 

use of x-rays and compression requirements of the  

breast for x-ray mammography; expensiveness and low 

specificity of MRI and the need of pressurizing the breast 

while applying USI. On the other hand, microwave 

imaging having advantages such as providing independent 

information about tumor tissue, having a wide application 

area, and high sensitivity and specificity is gaining a high 

interest by the researchers and pharmaceutical companies. 

The use of microwaves in breast cancer imaging is 

attracting researcher’s attention and consequently many 

related studies are reported in the literature [2–20]. 

Microwave imaging (MWI) is a promising alternative to 

x-ray mammography since it has many advantages such 

as low-cost, using non-ionizing microwave, no need to 

compress the breast, portable fabrication and safety of 

using low power levels [3]. Microwave tomography and 

radar-based microwave imaging are two main methods 

that illuminate the breast with signals in microwave band 

and measure the backscattered or transmitted signals. 

The radar-based MWI (RBMWI) is especially widely 

researched method that provides simple and powerful 

image reconstruction algorithms [11–24]. The microwave 

signals scatter from each different dielectric interface 

because of the contrast in the dielectric constants and the 

scattered signals contain physical information such as 

size and distance of the scattering object. RBMWI 

technique uses the difference of permittivities between 

healthy and malignant tissues over the microwave 

frequency range to reconstruct the breast image map 

from scattering signals [2–20]. In the literature, there are 

several theoretical and experimental studies on radar-

based imaging methods such as confocal microwave 

imaging [7,11], statistical microwave imaging [8], 

multistatic adaptive microwave imaging [9], field mapping 

algorithm [10], dynamic microwave imaging [17], hybrid 

reconstruction [18], multistatic delay-and-sum [19], 

microwave imaging with stochastic optimization [20]. In 

[22], a compact bowtie antenna with cavity operating in 

the range between 2 – 4 GHz is designed for microwave 

breast cancer imaging and two-dimensional tumor 

scattering map was obtained. Fear et al. [11] used the 

method of confocal microwave imaging with the help of 

data acquired from the numerically modelled breast, and 

the breast tumor of 6 mm in size was imaged in three-

dimensional while Li et al. [7] imaged the tumor of 4 mm 

in size in two-dimensional. In [13], experimental studies 

were carried out with the use of coupling liquid to 
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provide the matching between the breast skin and the 

antenna array. References [8] and [10] present the methods 

of statistical microwave imaging and field mapping 

algorithm to obtain the two-dimensional screening map 

with several experimental results, respectively. In order 

to exploit the advantages of array of antennas, a monopole 

antenna array of 16-elements in the liquid coupling with 

the breast skin was proposed in [14]. Although there are 

many methods given above for imaging, they have been 

used with their own benefits and limitations but none of 

them fulfill all of the requirements. Therefore, microwave 

imaging methods based on theoretical, experimental and 

also simulation have been continuously developed by 

using the antenna systems including monostatic, bi-static 

and array configurations. The theoretical and simulation 

approaches are numerically handled by ignoring the 

effects of physical conditions such as noise, multipath 

effects, antenna and cable losses and intrinsic errors. 

Suggestion of liquid usage for coupling between the 

breast and the antenna results in uncomfortable 

measurement for the patient. Antenna arrays provide fast 

data acquirement at the expense of system complexity. 

In this work, microwave imaging for breast cancer 

detection is carried out experimentally by using the 

monostatic antenna without coupling liquid. The 

reconstruction method of inverse radon transform (IRT) 

[25] is merged with the inverse synthetic aperture radar 

(ISAR) [26] principle without introducing the antenna 

array. IRT, as an imaging method, is simple and easy to 

use and implement. With the use of ISAR principle, an 

individual antenna acts as if it were an array of antennas. 

In this work, to take advantages of both IRT and ISAR, 

electrical field scattering data from the phantom were 

experimentally acquired by ISAR and the resultant image 

including the representative tumors was successfully 

reconstructed with IRT method.  

The paper is organized as follows: at first, 

fundamentals of monostatic ISAR principle are 

explained. The reconstructed images are then given for 

four different scenarios in the section of experimental 

results. In conclusion section, the achieved results are 

briefly described. 

 

II. INVERSE SYNTHETIC APERTURE 

RADAR (ISAR) PRINCIPLE 
According to the monostatic ISAR principle, the 

phantom is illuminated with electromagnetic waves and 

rotated on its axis in such a way that it is concentric with 

the illuminating antenna. The reflected electromagnetic 

waves are measured with an antenna [26]. Principle of 

two dimensional monostatic ISAR imaging is shown in 

Fig. 1. 
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Fig. 1. Two dimensional monostatic ISAR imaging 

principle. 

 

The scattering field vector in frequency domain 

 ,sE f   is calculated as [26]: 

  
 

4

0,

f
j R

v

sE f A e





 

  
  , (1) 

where f, A0, R and ϕ terms represent a frequency vector, 

the amplitude of the electric field, the Euclidean distance 

between the antenna and the phantom and the cylindrical 

angle, respectively. The phase velocity of the wave in the 

medium 
r

c
v


  and εr denotes the dielectric constant 

of the medium. The Euclidean distances are calculated 

as in [26]: 

      
2 2

0 0cos sina aR x R y R     , (2) 

while R0 denote the tumor distance relative to the origin 

of the breast,  ,a ax y  represents the position of the 

antenna. For the sake of simplicity, the whole experimental 

setup is assumed to be homogeneous and the phantom 

consists of discrete points. The values of the parameters 

are given in Table 1 and the experimental setup is 

illustrated in Fig. 2. 
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Fig. 2. Measurement setup. 
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Table 1: Values for measurement parameters 

Parameter Value 

Power (mW) 1 

Start frequency (GHz) 2 

Stop frequency (GHz) 8 

Frequency count 601 

Foam container 

radius (cm) 
7 

Antenna distance (cm) 12 

Rotation angle 

increment (degree) 
1 

Screw dimension 

(cm x cm)* 
1 x 5 

 Locations (r, ɸ) for Scenarios 

 #1 #2 #3 #4 

Screw (0,0°) (4,180°) (5,190°) – 

Phantom – – – (3,170°) 

*Screw dimension (Diameter x Width) 

 
The antenna is located Ra distance from the center 

of the foam container. The container is rotated around 

the z-axis and at each angle, the scattered field from each 

discrete point of the phantom is summed according to: 
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where ϕ and r represent the angle difference between  

the actual and the range between the antenna and the 

scattering object, respectively. The electric field matrix 

obtained with the use of Eq. (3) contains information 

about the skin and tumor points. When the measured data 

are analyzed, it is understood that there are strong 

radiations from the tumor tissue(s) and skin. In addition, 

background subtraction was applied to highlight the 

effect of the radiations. Background subtraction is 

defined as: 

 total calibrationE E E  , (4) 

where 
calibrationE  represents the electric field data in the 

stage of only sand filled container. Then, the size of data 

is increased by applying zero-padding method so as to 

obtain the better quality for images, as follows: 
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where N and M represent the lengths of the measured 

electric field data and the target data, respectively. The 

resultant data is filtered by using Binomial filter. The 

coefficients of the Binomial filter are calculated by: 

  
1

J

j

h h cc


  , (6) 

where h, J and cc denote filter coefficients of the filter, 

limit of the iteration and a constant coefficient, 

respectively. In this study, cc is selected as [0.5 0.5] and 

the initial value of the h is selected as same as cc while J 

is set to 571. The IRT method is then utilized on the 

resultant data to reconstruct the resultant image [25]. The 

pixel value of image G using inverse radon transform is 

defined as, 

       
2

0
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where x and y define the location of the image and ϕ  

is the cylindrical angle aforementioned in Eq. (2). E in 

Eq. (7) is an array consist of electric field data depending 

on frequency values in start and stop frequencies 

accordingly. Since the measurement setup is based on 

the monostatic imaging, the upper limit of ϕ is 2π rather 

than π. The flowchart summarizing the applied procedures 

carried out in this work is given in Fig. 3. 

 

Start

Loading Measurement Data

by Eq. (3)

Background Subtraction

by Eq. (4)

Apply Zero Padding to 

Measurement Data

by Eq. (5)

Filtering Data

by Eq. (6)

Apply Inverse Radon 

Transform

by Eq. (7)

End

 
 

Fig. 3. Flowchart of the microwave imaging procedure 

used in this work. 

 

III. EXPERIMENTAL RESULTS 
In this study, breast tumor tissue phantom proposed 

by Ortega-Palacios et al. [27] is formed to be used in 

measurements for microwave imaging. For measurements, 

the phantom is placed in a container filled with sand. 

Results of the measured permittivity for the sand and 

phantom from 2 to 8 GHz frequency range are given in 

Fig. 4. 

In medical applications, biological tissues show 

lossy medium properties because of their conductivity. 

With the rise of frequency, the penetration depth of  

the electromagnetic wave begins to decrease. For this 

reason, the optimal frequency range should be chosen so 

that the waveguide can penetrate to achieve an optimal 

imaging. The UWB band is acceptable to ensure optimal 

imaging. 
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It can be seen from the Fig. 4 that the permittivity  

of sand is remained constant at almost 2 while the 

permittivity of the tumor phantom is decreasing 

monotonously from 70 to 59 in the range of 2 to 8 GHz. 

The dielectric constant values of the tumor and healthy 

breast tissue are given in Table 2. These values are 

computed by using the 4-Cole-Cole Model [28].  
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Fig. 4. Measured permittivity data of the sand (dashed) 

and the tumor (solid) phantom. 

 

Table 2: Computed dielectric constant values of real 

human tissues at different frequencies [26] 

Tissue 

Frequencies for Dielectric 

Constants (ε) 

2 GHz 4 GHz 6 GHz 

Breast Fat 5.232 4.839 4.462 

Skin (Dry) 38.567 36.587 34.945 

Skin (Wet) 43.520 40.847 38.377 

 
In this study, the effect of skin is disregarded. As it 

can be seen from the Fig. 4 and Table 2, the dielectric 

constant value of the sand and real breast tissue is close 

enough, thus, sand is eligible to use in the measurement 

setup. Microwave imaging is based on the contrast 

difference between the dielectric constant value of healthy 

and tumor tissues. The constant difference between sand 

and tumor phantom is appropriate. The frequency domain 

measurements are performed by the help of Agilent ENA 

E5071B Series RF Network Analyzer at the anechoic 

chamber, a double-ridged horn antenna and a turntable 

for rotation. The return loss data of 601 frequency points 

from 2 GHz to 8 GHz are acquired by using the double-

ridged horn antenna. The gain values of the antenna are 

specified as 5 dBi, 13 dBi, 15 dBi, and 16 dBi for 2 GHz, 

4 GHz, 6 GHz, and 8 GHz frequencies, respectively. The 

use of the double-ridged horn antenna eliminates the 

disadvantages such as low gain and omnidirectional 

radiation pattern of the microstrip antennas. A foam 

container filled with sand is placed on a plate of a 

computer-controlled turntable that rotates with a precision 

of 1 degree. The double ridged horn antenna, operating 

at 2 – 26 GHz frequency band, is placed 12 cm away 

from the container. For the scenarios #1 – 3, a metallic 

screw is placed in the sand at different positions. Then,  

a malignant tumor phantom is placed at 3 cm away  

from the center of the container for scenario #4. Before 

beginning the scenario-related measurements, sand only 

filled container without screw or phantom is measured. 

The measurement was used in the calibration process  

by background subtraction method to remove ambient 

effects. Background subtraction process is performed by 

subtracting the data acquired from screwless scenario 

from other scenarios. After the calibration, one screw is 

positioned at different locations in the sand filled foam 

container for the next three scenarios as shown in Fig. 5. 

 

 
 

Fig. 5. Screw in sand filled foam container on the 

turntable. 

 

Figure 6 (a) shows the sand filled foam container 

without screw or tumor phantom. The blue circle refers 

to the foam container. The return loss data is measured 

in the frequency domain. For image generation, the 

resultant data obtained by applying Inverse Fast Fourier 

Transform (IFFT) to the measured ones is used. Physical 

circumstances such as losses related to multiple reflections 

inside the foam container and the interactions between 

antenna and the container, and the conditions depending 

on filtering and other preprocessing procedures applied 

to can be considered as the reason for the artifacts. Some 

of the mentioned artifact sources can be eliminated with 

background subtraction procedure.  

Figure 6 (b) shows the image of the screw placed  

in the origin of the foam container obtained after the 

background subtraction procedure. As it is seen from 

Fig. 6 (c) and Fig. 6 (d), when the screw was moved 

towards the edge of the container, distortions occurred in 

the obtained image. A sharper image could be obtained 

by lowering the value of the dynamic range based on 

logarithmic scaling, but in this study, the dynamic range 

is taken large enough to show possible artifacts. In 

addition, the larger value of the dynamic range causes 

the smaller objects to appear larger than their actual size. 

Therefore, the dynamic range value should be selected 

optimally. By decreasing the dynamic range value, the 

detection and imaging of the object can be simplified and 

artifacts with low amplitudes can be eliminated. Also, 
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postprocessing methods can be applied to remove the 

artifacts from the obtained image. It is assumed that the 

region with the highest peak value of the amplitudes is 

related to the scatterer. Therefore, the calculated positions 

are chosen to be the point at which the highest peak value 

is found. The more precise detection of the location can 

be performed by reducing the dynamic range value. 

 

  
(a) (b) 

  
(c) (d) 

 

Fig. 6. (a) Sand filled foam container without screw or 

phantom, (b) screw positioned in the center of the foam 

container, (c) screw positioned 4 cm, and (d) 5 cm away 

from the center of the foam container. 

 

In next scenarios, a screw is placed in various 

positions in the sand. As seen in Fig. 6 (b), screw is 

located in the center of the foam container. Then, screw 

is placed 4 and 5 cm away from the center, respectively, 

as seen from Fig. 6 (c) and Fig. 6 (d). When the screw is 

moved away from the center of the container, the screw 

resembles an ellipse-like shape. The maximum peaks are 

calculated as placed 4.15 cm and 4.63 cm away from the 

center for scenario 2 and scenario 3, respectively. Finally, 

the 2-cm diameter of tumor phantom is placed at the 

distance of 3 cm from the center of the sand filled foam 

container. The generated image with the use of IRT 

method is given in Fig. 7. The position of the tumor 

phantom is calculated as 3.31 cm away from the center 

using the Fig. 7. 

Since the phantom lost water during the 

measurement, only one measurement could be made. 

The numerical results for the physical and calculated 

positions from the generated image are given in Table 3. 

According to Table 3, the screw positions in the sand 

filled foam container for three scenarios are, respectively, 

calculated as 0.42 cm, 0.15 cm and 0.36 cm away from 

the initial screw positions and the phantom position  

is 0.31 cm different from the actual position. These 

deviations in approximately calculated positions on the 

resultant image are within acceptable ranges. The noises 

and position deviations shown in Fig. 6 and Fig. 7 are 

due to algorithm-dependent parameters, water loss of the 

tumor phantom during the measurement, crosstalk of the 

antenna, and reflections from the gap between the antenna 

and the container. 

 

 
 

Fig. 7. Phantom positioned 3 cm away from the center of 

the foam container. 

 

Table 3: The initial positions and calculated positions 

from the generated image 

 
Physical 

Position (r, ϕ) 

Calculated 

Position (r, ϕ) 

Screw 

(0 cm, 0˚) (0.42 cm, 0˚) 

(4 cm, 180˚) (4.15 cm, 184˚) 

(5 cm, 205˚) (4.63 cm, 208˚) 

Tumor 

Phantom 
(3 cm, 175˚) (3.31 cm, 173˚) 

 

IV. CONCLUSION 
In this study, the method of IRT was utilized to 

reconstruct the image of the emulated breast with a 

malignant tumor by using the data acquired by ISAR 

principle. The experimental studies were carried out  

with four scenarios containing screw and tumor phantom 

at different locations. Sand and a screw were chosen  

in the first three scenarios because of having highly 

contrasted permittivity values. In the last scenario, a 

realistic tumor phantom was created and placed in the 

sand. For all scenarios, the container was illuminated by 

electromagnetic waves from various angles by rotating 

the container with turntable. Experimental measurements 

were taken with the use of network analyzer in frequency 

domain. By increasing the sample points, the image  

with higher resolution relatively can be reconstructed  

at the expense of much more elapsed measurement  

and processing time. The IRT algorithm was utilized  

to generate the radar-based microwave image of the 

experimental setup for the four scenarios. The resultant 
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images were obtained with a success and the IRT 

algorithm showed a good performance on breast cancer 

imaging with microwaves. 
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