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Abstract: Microwave imaging provides an alternative method for breast cancer screening and the diagnosis of cerebrovascular accidents. Before a surgical operation, the 
performance of microwave imaging systems should be evaluated on anatomically detailed anthropomorphic phantoms. This paper puts forward the advances in the development 
of breast phantoms based on 3D printing structures filled with liquid solutions that mimic biological tissues in terms of complex permittivity in a wide microwave frequency band. In 
this paper; four different experimental scenarios were created, and measurements were performed, and although there are many vector network analyzers on the market, the 
miniVNA used in this study has been shown to have potential in many biomedical applications such as portable computer-based breast cancer detection studies. We especially 
investigated the reproducibility of a particular mixture and the ability of some mixes to mimic various breast tissues. Afterwards, the images similar to the experimentally created 
scenarios were obtained by implementing the inverse radon transform to the obtained data. 
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1 INTRODUCTION 
  

Breast cancer ranks second among female deaths all over 
the world. Breast cancer incidence is increasing in the United 
States and European Union countries [1]. 

Mammography facilitates the treatment of cancer by 
non-invasive techniques for the detection of small breast 
lesions [2, 3]. Recently, more new treatments as opposed to 
traditional surgery have been investigated to meet these 
demands. Microwave imaging technology for breast cancer 
detection has attracted much attention. The physical basis for 
the detection of breast cancer with microwave imaging is the 
difference between the dielectric properties of normal and 
malignant breast tissues. The significant difference between 
the dielectric properties of the normal and malignant breast 
tissue in microwave frequencies, the number of missed-
detections and, false-positives are meagre, and this is 
considered to be the most important motivation for 
developing a microwave imaging technique for breast cancer 
detection. The contrast between the estimated malign-to-
normal breast tissue is between 2:1 and 10:1, depending on 
the healthy tissue density. Another advantage of the 
microwave imaging technique is that the respective tissue 
properties are shown in a three-dimensional (3-D) volumetric 
map. Furthermore, microwave imaging is a non-invasive and 
even potentially a low-cost alternative to breast cancer 
imaging. For all the reasons mentioned above, microwave 
breast imaging has the potential to overcome some of the 
limitations of traditional breast cancer screening systems. 

One of the most critical factors in the effective treatment 
of breast cancer is early diagnosis [4-6]. Early diagnosis is 
crucial both in increasing the success rate of treatment and 
decreasing the treatment costs. Hence, breast imaging is 
essential for early diagnosis and effective treatment.  

There are many different techniques for breast imaging: 
mammography, ultrasound and magnetic resonance imaging 
[4-10]. The most common method used in breast imaging is 
mammography imaging, which provides a 2D image of the 
compressed breast. However, mammography may be 
inadequate in early and accurate diagnosis due to the 

constraints caused by the overlapping of the displayed 
tissues. 

Numerical breast microwave imaging is a new and 
increasingly widespread imaging technique that can display 
a high-resolution 3D imaging of the breast by using a limited 
number of 2D scans obtained with a limited scanning angle. 
This feature can be displayed in slices of the breast image 
obtained from 3D and it allows for a more detailed 
examination with in-depth information. 

Numerical breast microwave imaging reduces the 
problems of traditional mammography imaging, such as the 
over-tightening of the breast during imaging and the 
overlapping of tissues, and the inability to overlook abnormal 
structures in the breast, whereas more dose problems arise 
[13]. 

The amount of the dose should be reduced so that it is an 
X-ray based imaging and that the X-ray can be used as a 
routine screening method due to the ionizing radiation effect. 
For this purpose, two-way studies have been carried out, 
including studies on hardware improvements and studies on 
image retraction techniques. 

It is possible to obtain low dose images with developing 
a detector technology [1-15]. On the other hand, dose 
reduction is possible with compressed detection-based back-
scattering techniques using a small number of projections. 
The use of the digital breast microwave imaging technique in 
breast imaging will increase in proportion to the decreasing 
dose amount. 

Imaging techniques should have high sensitivity and 
sensitivity. However, the ease of use, low interference, high 
spatial resolution for sharp interpretation, low cost, etc. are 
sought after. 

In recent years, an approach has been introduced that 
allows the imaging of the breast with a non-linear regression 
algorithm using a microwave-based imaging and 
electromagnetic radiation at a frequency of around 1 GHz 
[11-14]. 

Microwave applications [1-15] have been used to 
determine the dielectric properties of the living tissues such 
as fat, muscle, etc. These waves penetrating the human body 
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are scattered depending on the electrical properties of the 
displayed tissues. It is possible to map the electrical 
properties of the displayed tissues by processing the scattered 
waves by using a suitable model. 

Electrical permittivity and conductivity are two critical 
parameters that determine the diffusion of microwaves in 
materials [15]. Different biological tissues in the microwave 
frequency range cause different spreading behavior. For 
example, fat and skin have low permittivity values, while 
blood and cancerous tissues have higher values. If the 
responses of the target tissues to the microwave signals are 
processed together in different angles, they allow the internal 
structure of the tissues to be visualized. 

The back-scattering operation in Microwave Imaging is 
the process of solving the inverse problem by using the data 
collected by the antenna and scattered from the target. A cost 
function is defined to perform the back-scattering operation. 
The basic idea in the back-scattering algorithm is to update 
the displayed dielectric properties of the displayed target to 
minimize the difference of the calculated model. 

Since microwave breast imaging is not an ionizing 
radiation hazard, there is a chance of being an efficient and 
reliable cancer detection method. In this study, four different 
experimental scenarios were created, and measurements 
were taken. Although there are many vector network 
analyzers on the market, miniVNA used in this study has 
been found to have a great potential in many biomedical 
applications, such as breast cancer detection studies, because 
of being more affordable, portable and computer-based. 

However, many experimental systems and imaging 
algorithms have been studied, and promising results have 
already been obtained, using both radar-based and inverse 
scattering reconstruction algorithms. On the other hand, 
before inversion algorithms can be used in clinical studies, 
they need to be tested against the experimental data collected 
in controlled configurations on reference phantoms. 
Although the latter must be close to breast tissues in terms of 
dielectric properties, simple structures benefit instability over 
time and reproducibility over more complex structures. 
 
2 HOMOGENOUS PHANTOMS PRODUCTION 
 

To imitate a real human breast and tumor tissues, four 
different mixtures were produced in the form of "water-oil in 
gelatin" dispersions. Phantoms were built to simulate the real 
breast skin, fat, gland and tumor tissues in their dielectric 
properties. This method was chosen because of the simple 
style of the fabrication and the ease when obtaining the 
materials, stable mechanical properties and a long storage 
time [16, 17]. As for the chemicals, p-toluic acid, n-propanol 
and formaldehyde were purchased from Merck (Darmstadt, 
Germany). For deionized water, Elga Purelab Option-Q (UK) 
was used. 200 bloom gelatin (Tito, Turkey) and sunflower oil 
(Komili, Turkey) were purchased from the local market. 
Persil liquid detergent was used (Henkel, Germany) for the 
analysis.  The specific amounts of the chemicals used in the 
phantom fabrication can be seen in Tab. 1. The method was 
adapted from Lazebnik, Madsen [18]. The production 

method of the phantom is summarized as a flow diagram in 
Fig. 1. 

 
Table 1 The specific amounts of the chemicals used in the phantom’s fabrication 

Material Quantity 
Fat Gland Skin Tumor 

p-toluic acid (g) 0.133 0.253 0.294 0.346 
n-propanol (mL)  6.96 12.71 28.69 17 
deionized water (mL)  132.7 241.9 279.5 328 
200 Bloom gelatin (g) 24.32 43.27 50.02 58.67 
Formaldehyde *(g) 1.53 2.74 3.33 3.72 
oil (mL) 269.6 141.5 98.6 38.4 
Detergent (mL) 12 6.79 5.86 2 
*37% by weight     

 

 
Figure 1 A summarizing flow diagram of the phantom fabrication 

 
Firstly, p-toluic acid and n-propanol dissolved 

completely. The water part was then added with heating and 
stirring (by a magnetic stirrer- 90 °C, 600 rpm). After 10 
minutes, the heating was stopped, and gelatin was added to 
the mixture to create a gel matrix with continuous stirring 
(800 rpm). After gelatin dissolved completely, the oil part 
was added into the matrix system, again with continuous 
stirring (800 rpm). At the end, detergent was added to 
emulsify the water and oil part and formaldehyde was added 
to preserve the system, homogenously. The mixture ("water-
oil in gelatin" system) was molded and cooled in a 
refrigerator (+4 °C, 24 hours) to trap water and oil in the 
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gelatin matrix system and to solidify. Fig. 2 shows the last 
shape of the molded phantom. Tumor production was done 
in four different sizes such as 0.5, 1.0, 1.5 and 2 cm 
spherically, and it can be seen in Figure 3. For the analysis, 
these tumors were placed both in the center and sides of the 
breast phantom. Tissues should properly be stored without 
any air or moisture exposure. This situation can change the 
dielectric properties of the system. When they are closed 
hermetically by a plastic wrap or a container, the tissues will 
retain their structure for a longer time. 
 

 
Figure 2 Breast phantom layers and the whole state 

 
 
 

3 BREAST PHANTOMS’ MEASUREMENT 
 

The VNA contains two ports: one is used to send the 
signal, whereas the other receives the signal simultaneously. 
As shown in Fig. 3, two types of measurements are made by 
the VNA system: the forward and backward measurement 
[19]. 

In forward measurement, the signals are separated from 
port 1, and the signals are separated from port 2 in the inverse 
measurement [19]. If signals are emitted from a port and 
reflected back to the same port, this is called the reflection 
measurement. Otherwise, if the signal is output from a port 
and forwarded to the other port, it is considered as a 
transmission measurement. 

S-parameters provide complete information about the 
linear behavior of RF and microwave components and are 
independent of the properties of the VNA [19]. By courtesy 
of VNA calibration, the device's defects are entirely removed 
from the measurement. Thereupon, the S-parameters are a 
highly delicate presentation of how the linear behavior of the 
tested component describes how it behaves and how it 
interacts with other devices when cascaded.

 

 
Figure 3 Scattering parameters of a two-port network 

 

 
Figure 4 Microwave imaging system block schema 

 
As shown in Fig. 5, a breast phantom of 12 cm in 

diameter was placed between two microstrip antennas, where 
one of them is a receiver, and the other is a transmitter. 
Tumors of different sizes were placed into the center, into the 
right of the center and into the left of the center of the fibro-

glandular layer of the breast phantom, respectively. 
Experiments were performed by turning off two antennas 
mutually. The microwave imaging system and experimental 
setup were given in Fig. 4 and Fig. 5. 

 

 
Figure 5 Experimental setup 

 
The websites of major VNA producers such as Agilent 

and Rohde & Schwarz [20] show that a wide range of VNA 
equipment is available. For the most advanced users, VNAs 
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can provide high-precision signal measurements over a wide 
frequency range. This may confirm the use of GPRs and 
distinct areas, which often supply significant research results 
for a soil survey. The complexity of the equipment for more 
speculative research and field monitoring generally works at 
lower costs; some VNAs are now available as compact units 
suitable for field use. 

Furthermore, many affordable portable PC-based VNAs 
are much cheaper on the market. The properties are given in 
Tab. 2. As a result, this device has the potential to be used in 
biomedical applications such as breast microwave imaging 
[20] and body bio-impedance measurement [21]. 

 
Table 2 The specifications of the miniVNA Tiny 

Parameter Value 
Frequency range 1 MHz to 3 GHz 
Ports 2 ports 
Output power −6 dBm at 500 MHz 
Dynamic range Up to 70 dB at 500 MHz 
Connectors 2×SMA 
Power consumption 370 mA at 5 V (USB) 
Weight 70 g 
Size 66×66×28 mm 
Software vna/J for Windows, Linux, and MacOS  
Impedance range (Z) 1 to 1000 ohm 

 
In the experimental setup, we tested the performance of 

the antenna and the miniVNA to detect tumor cells in the 
breast. The frequency range of the miniVNA is between 100 
MHz and 3 GHz, and the number of points is 636. The 
miniVNA is connected to a PC via a USB port, and data are 
taken for further processing. The transmitted parameters 
bound up with the entire path between the two antennas 

where the tumor has passed twice during the entire rotation. 
The reflected signals often represent shallow depths below 
the skin layer because the signals projected from the other 
side of the phantom must move twice through the phantom 
and are significantly weakened. The reflected signals 
generally introduce shallow depths below the skin layer since 
signals reflected on the other side of the breast phantom must 
move twice from the phantom and are significantly 
weakened. Therefore, antennas with an exceptionally low 
loss of original return are ideal for detecting weakly reflected 
signals. The collected images were then processed, and the 
inner breast images were reconstructed. In this study, firstly 
the skin, fat and fibro-glandular layers were formed from the 
outer to the inner side in the form of a hemisphere. Then, 
tumor phantoms were formed in four different diameters and 
placed in three different locations in the fibro-glandular layer 
and measurements were taken. Firstly, the smallest tumor 
was placed into the center of the breast, then it was placed 2 
cm from the right and 2 cm from the left of the center of the 
breast, respectively and measurements were taken with the 
help of the miniVNA. Afterwards, this step was repeated for 
other tumors as well. Furthermore, after the image was 
obtained in an experimental study without a tumor in the 
tissue center, a second experiment was created for the tissue 
containing a tumor in the center in order to compare the 
performance, and the same procedure was repeated. Next, 
inverse radon transform [22] was used to display the data 
obtained, and the results were successful. In the following 
figure (Fig. 6), the images show when there is no tumor (a), 
when the tumor is in the center of the breast (b), and when 
the tumor is 2 cm away from the center of the breast. 

 

 
Figure 6 Images obtained by the inverse radon transform method (a) breast tissues without tumor, (b) when tumor is in the center of the breast (c) when tumor is 2 cm 

away from the center of the breast 
 
4 CONCLUSION 
 

In this study, the IRT (Inverse Radon Transform) method 
was used to reconstruct the appearance of a malignant tumor 
in the breast using the data obtained by experimental studies. 
Spherical tumors were obtained in four different diameters, 
and three different scenarios were established. The scenarios 
were as follows: measurements were taken by placing the 
first the smallest tumor at the center, then by placing it at a 
distance of 2 cm from the right of the center and then 2 cm 

from the left of the center. The same steps were followed for 
all tumors. Throughout the experiment, the antennas were 
mutually rotated with specific steps. The experimental 
phantom was illuminated by using a miniVNA in the 
frequency domain. The resolution of the image was made 
higher by increasing the sample points. The images were 
successfully obtained, and the IRT algorithm performed well 
in detecting breast cancer with microwaves. Although there 
are many vector network analyzers on the market, the 
miniVNA used in this study, which is portable and computer-
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based, has been shown to have potential in many biomedical 
applications such as breast cancer detection studies. 
Moreover, it can be seen that the IRT method is suitable for 
detecting breast cancer. 
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