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ABSTRACT  

Breast cancer remains a major global health concern; therefore, early 
detection plays a crucial role in reducing its mortality rates. Conventional 
imaging techniques, such as mammography, have limitations including 
ionizing radiation exposure and reduced sensitivity in dense breast tissues. 
Microwave-based sensing has emerged as a promising alternative due to its 
non-ionizing nature, relatively low cost, and sensitivity to dielectric property 
contrasts between normal and malignant tissues. This study aims to 
investigate the effect of phantom orientation angle on the response of an 
antenna-based microwave sensor for abnormal breast tissue detection. An 
agar-based homogeneous breast phantom is utilized, with tumor inclusion 
modeled as regions of different dielectric properties. Measurements are 
conducted using a Vector Network Analyzer (VNA) over a frequency range 
of 2–6 GHz, with four orientation angles (0°, 90°, 180°, and 270°). The 
reflection coefficient (S11) is analyzed to observe variations in 
electromagnetic response under different conditions. The results indicate 
that tumor presence causes measurable shifts in resonance frequency and 
variations in the reflection coefficient (S11). Larger tumors produce greater 
frequency shifts due to higher dielectric contrast. Furthermore, the 
orientation angle significantly affects detection sensitivity, which is 
attributed to the antenna radiation pattern and spatial interaction between 
electromagnetic waves and the phantom. In conclusion, this study 
demonstrates that both tumor size and phantom orientation influence 
antenna sensor response. The novelty of this work lies in the incorporation 
of orientation-based analysis, providing new insight into spatial 
electromagnetic interactions and enhancing the potential of microwave 
sensing systems for accurate and non-invasive breast cancer detection. 
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I. INTRODUCTION  

Finding breast issues early is very important because it 
helps people get better outcomes and live better lives [1]. 
Traditional methods, such as mammography, are 
dependable but have some issues. They use ionizing 
radiation, which can be a concern, and they can be 
uncomfortable for patients. Also, how well they work can 
change depending on how dense the breast tissue is 
[2][3][4]. These limitations have driven the development of 
microwave-based non-invasive sensing, which uses the 
shift in return loss of the phantom to distinguish between 
normal and abnormal tissue, serving as a first step toward 
a safe and cost-effective comprehensive imaging system.  
Microwave methods detect differences in how healthy and 
unhealthy breast tissues respond to electricity, especially 
in the gigahertz range of frequencies [5]. Abnormal 
tissues, such as tumors, which tend to have higher water 
content and vascularity, exhibit greater dielectric constant 
and conductivity than surrounding normal tissue [6]. The 
dielectric contrast between healthy and abnormal tissue 

is what microwaves detect. This physical characteristic 
allows microwaves to identify abnormal tissue, thus 
becoming the basic principle for abnormal tissue 
detection techniques [7]. 

This study utilized a homogeneous material-based 
phantom as a representation of breast tissue, which is 
varied in simulating normal conditions (fat), small tumors, 
and large tumors, in order to create well-managed 
biological conditions [8][9]. Return Loss (Parameter S11), 
as one of the scattering indicators in the S-parameter 
group, is a key tool for evaluating the performance of 
antennas and microwave circuits. This measure reflects 
the degree of impedance matching between the antenna 
and the transmission line, or the proportion of energy 
reflected back. In biomedical applications, modifications 
in the S11 value and resonance point often indicate 
changes in the environment surrounding the antenna, 
such as the appearance of diseased tissue [10][11]. The 
greater the mismatch caused by the tumor, the higher the 
S11 value (closer to 0 dB) and the greater the observed 
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shift in resonance frequency. Previous studies have 
demonstrated the potential of the S11 parameter for 

identifying abnormal tissue [12]. However, the effects of 

the orientation of the abnormal tissue relative to the 
antenna and the S11 variation patterns at different angles 
still require further exploration for system optimization. A 
comprehensive understanding of the antenna's 
interaction with abnormal tissue at various positions and 
sizes is crucial for the innovation of a reliable and accurate 

detector [13][14].  

Despite these advancements, most existing studies 
primarily focus on dielectric contrast without 
systematically considering the effect of target orientation 
relative to the antenna. In realistic scenarios, the position 
and orientation of anomalies are not fixed, which may 
significantly influence electromagnetic interactions and 
detection sensitivity. Furthermore, although approaches 
such as microwave imaging and antenna-based sensing 
have been widely investigated, the influence of object 
orientation on antenna response has not been thoroughly 
analyzed. This indicates a research gap in understanding 
how spatial orientation affects electromagnetic field 
distribution and system performance. Based on this gap, 
this study proposed the hypothesis that the orientation of 
the phantom significantly affects the electromagnetic 
interaction and consequently influences the S11 response 
and resonance frequency shift. 

This study further proposed a methodical examination 
of the S11 response of microwave antennas to abnormal 
tissue in a homogeneous agar-based phantom 
representing the breast. The methodology includes 
testing normal (fat), small tumor, and large tumor 
conditions, with varying phantom orientations (0°, 90°, 
180°, and 270°) to analyze directional sensitivity. The 
analysis focused on the resonance frequency shift pattern 
and minimum S11 variation to optimize detection. The 
main objective of this study is to attempt a structured 
examination of the S11 parameter pattern of a microwave 
antenna that reacts to tissue abnormalities in a 
homogeneous phantom based on agar material, with a 
focus on the differences in phantom angles (0°, 90°, 180°, 
and 270°) and the scale of small and large tumors. The 
findings are expected to contribute in-depth 
understanding for the improvement of microwave sensing 
systems using antenna sensors that are more reliable in 
recognizing breast anomalies.  

This study yields several important contributions, 
including 1) a detailed study of the influence of the 
position of an agar-based homogeneous phantom 
containing abnormal tissue on the antenna S11 pattern 
over a range of angles (0°, 90°, 180°, and 270°), 2) 
mapping the deviation patterns of resonance frequency 
and minimum S11 due to tumor size variations, 3) offering 
new insights for orientation-adaptive S11-frequency curve 
interpretation algorithms, and 4) confirming the 
effectiveness of using an agar-based homogeneous 
phantom as a representative model for breast tissue 
simulation in microwave studies. 

The structure of this paper is as follows: section II 
describes the research methodology, including antenna 
design, phantom fabrication, and measurement 
procedures. Section III presents the experimental results, 
including S11 data for free-space, normal, small tumor, 
and large tumor conditions at various orientations. 
Section IV discusses the interpretation of the results and 
conceptual implications. Finally, Section V summarizes 
the main findings and outlines future research directions. 

 

II. MATERIALS AND METHOD  
A. Homogenous Breast Phantom Fabrication 

A homogeneous phantom was created as a 
representation of breast tissue by adapting the agar-
based synthetic material formulation method from Islam 
et al. (2018) with standard measurements adjusted to fit 
the mold volume (1:2). In this method, the main 
ingredients of the phantom consist of distilled water, 
polyethylene powder, agar, sodium chloride (NaCl), 
xanthan gum, and sodium dehydroacetate monohydrate 
as a preservative. In this composition, polyethylene 
powder is used to manage electrical permittivity, NaCl is 
responsible for conductivity, and agar alongside xanthan 
gum helps keep the phantom’s structure and viscosity 

comparable to that of semi-solid biological tissue [14]. 
Nevertheless, the preservative was changed from sodium 
dehydroacetate monohydrate to sodium benzoate. This 
modification aimed to enhance the biological stability and 
curb microbial growth of the phantom during storage. 

 

The use of preservatives in gel-based phantoms is 
necessary because materials such as agar and gelatin 
have high-water content, making them prone to biological 
degradation and microbial growth during storage. If no 
additives or preservatives are added, agar gel can allow 
bacteria and fungi to grow, which can damage the 
phantom material and alter its physical characteristics. 
Additionally, agar-based phantoms may not stay stable for 
a long time, which means their properties can change as 
time passes, possibly influencing the outcomes of 

 

Fig. 1. Fabricated homogenous breast phantom 

without tumor used in experimental 

measurement 
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experiment [15][16]. Some research projects on making 

tissue-like phantoms have mentioned that sodium 
benzoate is used in gel phantoms as a preservative. This 
helps stop bacteria and other microbes from growing and 
keeps the material’s structure stable throughout the 
experiments. Besides acting as an antimicrobial agent, 
adding sodium benzoate also helps keep the gel mixture 
from separating, ensuring that the phantom’s mechanical 
properties and characteristics stay consistent for a longer 

time [17]. The composition of the homogeneous phantom 

material is shown in Table 1.  

The phantom creation process was carried out in stages 

as shown in Fig. 1. and Fig. 2. First, the agar material was 
dissolved in distilled water, then NaCl and sodium 
benzoate were added. The mixture was heated at a 

temperature of around 80 °C until the solution became 
homogeneous and transparent 

Heating was carried out until bubbles began to appear in 
the solution, indicating that the mixture has reached a 
homogeneous state. After the heating process was 
complete, the solution was transferred to a mixing 
container. Next, xanthan gum was added to the solution 
and stirred until evenly mixed. Polyethylene powder was 
then added gradually while continuing to stir until the 
mixture was homogeneous. The homogenized phantom 
mixture was then poured into a cylindrical mold. During 
the molding process, a spatula was used to create a 
hollow hole that would be used as a place to insert the 
tumor material. In this study, the cavity was made with a 
diameter of 3 cm for small tumors and 6 cm for large 
tumors. The tumor material was made using the same 
procedure as the homogeneous phantom, but with a 
different composition ratio to produce a contrast in 
dielectric properties compared to normal tissue. After the 
molding process was complete, the phantom was cooled 
and left for approximately 24 hours until the material 
structure was stable before being used in the 
measurement process shown in Fig. 3. 

 

B. Measurement Setup 

Data measurements were performed using an 
antenna-based sensor system connected to a Vector 
Network Analyzer (VNA) to measure electromagnetic 
reflection parameters, as shown in Fig. 4. The antenna 
was positioned at a fixed position throughout the testing 

Table. 1. Composition of materials used in making 

agar-based homogenous phantoms 

Material Fatty 
Phantom 

Tumor  Purpose 

Distilled 
Water 

210 mL 210 
mL 

Solvent 

Polyethylene 
Powder 

250 g 21.5 g Modifying 
electrical 
permitivity 

Agar 10 g 10 g Mechanical 
strength 

Natrium 
Clorida 
(NaCl) 

1.15 g 14.15 
g 

Modifying 
electrical 
conductivity 

Xanthan Gum 3.125 g 3.125 
g 

Thickener 

Sodium 
Benzoate 

0.125 g 0.125 
g 

Preservative 
 

 

 

         

(a) (b) 

    

                      (c) 

Fig. 3. Fabricated homogenous breast phantom 

(a) phantom without tumor (b) phantom with 

small tumor (c) phantom with large tumor 

 

Fig. 2. Fabricated homogenous breast phantom 

with tumor used in experimental measurement 
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process to maintain system configuration consistency. 
Prior to measurement, the VNA was calibrated using the 
Short-Open-Load-Through (SOLT) method to minimize 

systematic errors. The frequency resolution and 
measurement uncertainty were controlled to ensure 
reliable data acquisition. The phantom that has been 
created will be placed in front of the antenna at a constant 
distance during the measurement process. Testing will be 
carried out in four conditions, namely free space as the 
baseline condition, a normal phantom (fatty phantom), a 
phantom with a small tumor (3 cm diameter), and a 
phantom with a large tumor (6 cm diameter). To evaluate 
the effect of orientation on sensor sensitivity, the phantom 
was rotated at four orientation angles: 0°, 90°, 180°, and 
270°. The antenna was not moved during the testing 
process until the observed changes in electromagnetic 
response were only caused by changes in the medium 
conditions and phantom orientation. The observed 
parameter was the reflection coefficient (S11) recorded in 
the frequency range of 2–6 GHz using a VNA. This 
reflection parameter-based measurement approach is 
commonly used in microwave-based tumor detection 
research because changes in the dielectric properties of 
the medium can affect the resonance characteristics of 

the antenna. 

The frequency range of 2–6 GHz was chosen based 
on the dielectric dispersion characteristics of biological 
tissue and the relationship between frequency, resolution, 
and penetration depth of electromagnetic waves. The 
wavelength in the medium is expressed as Eq. (1): 

λ =
𝑐

𝑓√𝜀𝑟

 (1) 

in this context, λ represents the wavelength of the 

electromagnetic wave, 𝑓 denotes the operating frequency, 

and 𝜀𝑟 refers to the relative permittivity of the medium, 
which characterizes how the material affects the 
propagation of the wave compared to free space, showing 
that increasing frequency results in higher resolution. 
However, the penetration depth of electromagnetic waves 
is inversely proportional to frequency and can be 
described by the skin depth parameter 𝛿, which is defined 
as the distance at which the field amplitude decreases to 
1

𝑒⁄  of its initial value [18]. Mathematically, penetration 
depth in biological tissue can be expressed as a function 
of frequency, permittivity, and conductivity of the medium. 
Furthermore, the interaction of electromagnetic waves 
with biological tissue is highly frequency-dependent, thus 
affecting energy distribution and detection sensitivity [19]. 
Therefore, the 2–6 GHz frequency range was chosen as 
the optimal compromise between penetration capability 
and resolution in microwave-based detection systems. 

 

C. Data Processing  

Measurements were conducted in stages, starting from 
free space conditions to obtain system reference values. 

Next, a normal phantom was placed in the measurement 

conditions and the S11 parameters were recorded over a 
frequency range of 2-6 GHz. The same procedure was 
then performed for phantoms with small and large tumors. 
In each phantom condition, measurements were placed 
at four angular orientations: 0°, 90°, 180°, and 270° by 
rotating the phantom relative to the antenna as shown in 

 

(a) 

 

(b) 

Fig. 4. Data measurement useds an antenna-

based sensor system connected to a Vector 

Network analyzer (VNA) to measure 

electromagnetic reflection parameters (a) 

Measurement setup (b) Antenna monopole 

 

                  

(a)                               (b) 

                 

(c)                                 (d) 

Fig. 5. The phantom was placed at each 

orientation angle (a) phantom at 0° angle (b) 

phantom at 90° angle (c) phantom at 180° 

angle (d) phantom at 270° angle 

 

https://teknokes.org/index.php/teknokes/index
https://portal.issn.org/resource/ISSN/2407-8964
https://portal.issn.org/resource/ISSN/1907-7904
mailto:rachmapramata@gmail.com
https://doi.org/10.35882/jteknokes.v19i2.160
https://creativecommons.org/licenses/by-sa/4.0/


 Jurnal Teknokes 
  Homepage: teknokes.org; Vol. 19, No. 2, pp. 110-122, June 2026;  

e-ISSN: 2407-8964 
p-ISSN: 1907-7904 

 

 
Corresponding author: Rachma Cherlly Pramata, rachmapramata@gmail.com, Department of Biomedical Engineering, Telkom University, 
Purwokerto, Indonesia, Jl. D.I. Panjaitan No. 128, Purwokerto, 53147, Jawa Tengah, Indonesia.  
DOI: https://doi.org/10.35882/jteknokes.v19i2.160 
Copyright © 2025 by the authors. Published by Jurusan Teknik Elektromedik, Politeknik Kesehatan Kemenkes Surabaya Indonesia. This work is an 
open-access article and licensed under a Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0).  

114 

Fig. 5. The rotation was performed about the z-axis and 
can be expressed mathematically using the rotation 
matrix in Eq.  (2): 

𝑅𝑧(𝜃) = [
cos 𝜃 −sin 𝜃
sin 𝜃 cos 𝜃

] (2) 

Where, 𝜃 = 0°, 90°, 180°, and 270°. This rotation changed 
the relative position of the tumor to the antenna radiation 
pattern, thereby affecting the electromagnetic field 
distribution and detection sensitivity. Each measurement 
produced a curve of the relationship between frequency 
and S11 (dB) values, which was then saved in 
spreadsheet format for further analysis. Each 
measurement was repeated at least three times for every 
condition and orientation. The obtained data were 
averaged, and standard deviation was calculated to 
evaluate measurement uncertainty. This approach 
ensures reproducibility and minimizes the influence of 
system noise. 

 

D. Data Analysis 

The S11 reflection data obtained from the measurements 
were analyzed to determine the main detection 
parameters, namely the resonance frequency, the 
minimum S11 value, and the resonance frequency shift. 
The resonance frequency was determined as the 
minimum point on the S11 curve at each phantom 
condition and angular orientation. The minimum S11 
value was also recorded to evaluate changes in the 
antenna's reflection characteristics due to differences in 
the dielectric properties of the medium. Furthermore, the 
S11 curves were compared across phantom conditions 
and their angular orientations to identify patterns of 
electromagnetic response changes. The change in 
resonance frequency (∆𝑓) was used as the primary 
indicator in detecting the presence and size of anomalies, 
which was directly related to changes in the effective 
permittivity of the medium [20]. To increase objectivity and 
consistency in determining the resonance frequency, the 
S11 data were analyzed using a curve fitting method. This 
approach is commonly used in microwave resonator 
sensor analysis to extract physical parameters from 
scattering data [21]. Mathematically, the curve 𝑆11(𝑓) can 
be approximated using a second-order polynomial model 
such as Eq. (3): 

𝑆11(𝑓) ≈ 𝛼𝑓2 + 𝑏𝑓 + 𝑐 (3) 

Where 𝛼, 𝑏, and 𝑐 are the coefficients resulting from the 
fitting process. This polynomial approach is widely used 
in modeling the relationship between resonance 
parameters and the dielectric properties of materials 
based on experimental data.  

The resonance frequency was then determined by 
finding the minimum point of the function using the first 
derivative in Eq. (4): 

𝑑𝑆11

𝑑𝑓
= 0 (4) 

S11 represents the reflection coefficient of the antenna, 
which indicates how much of the incident signal is 

reflected back from the antenna, while 𝑓 denotes the 

operating frequency. The condition 
𝑑𝑆11

𝑑𝑓
= 0 signifies that 

the rate of change of the reflection coefficient with respect 
to frequency is zero, indicating a stationary point that 
typically corresponds to the resonant frequency of the 
antenna.  

This approach allows for more stable resonance 
frequency estimation than direct minimum-finding 
methods on discrete data, especially in the presence of 
measurement noise. Furthermore, fitting techniques are 
widely used in resonance analysis to improve the 
accuracy of frequency parameter extraction and system 
characteristics. 

 

E. Theoretical Background 

To strengthen the theoretical basis, the interaction 
between electromagnetic waves and the phantom 
medium can be explained through Maxwell's equations. In 
the frequency domain, the relationship between electric 
and magnetic fields is expressed as Eq. 5: 

∇ × 𝑬 =  −𝑗𝜔𝜇𝑯 

∇ × 𝑯 = (𝜎 + 𝑗𝜔𝜀)𝑬 
(5) 

In the equations, 𝑬 is the electric field, 𝑯 is the magnetic 
field, ∇ × denotes the curl operator, 𝑗 is the imaginary unit, 

𝜔 is the angular frequency, 𝜀  is the electric permittivity, 𝜇 

is the magnetic permeability, 𝜎 and is the electrical 
conductivity of the medium 

Changes in dielectric properties affect the propagation 
constant as in Eq. (6): 

𝛾 = √𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜀) (6) 

This change has a direct impact on the antenna input 
impedance 𝑍𝑖𝑛, which then affects the reflection 
coefficient (S11) in Eq. (7): 

𝑆11 = Γ =
𝑍𝑖𝑛 − 𝑍0

𝑍𝑖𝑛 + 𝑍0

 (7) 

Resonance occurs when the matching condition is 
optimal, that is, when |𝑆11| is minimum. Environmental 

changes (phantom/tumor) cause changes in 𝑍𝑖𝑛 thus 
shifting the resonance frequency. The phantom dielectric 
properties were modeled as a function of frequency using 
the Debye model approach in Eq. (8) below: 

𝜀(𝜔) = 𝜀∞ +
𝜀𝛿 + 𝜀∞

1 + 𝑗𝜔τ
+

𝜎

𝑗𝜔𝜀0

 (8) 

In this context, 𝜀𝛿 represents the static permittivity, 𝜀∞ 

denotes the high-frequency permittivity, and τ is the 
relaxation time of the medium. 

This model explains that increasing the water content in 
tumors increases permittivity and conductivity, thereby 
strengthening the wave interactions. 

 

III. RESULTS   
A. Reflection Coefficient (S11) Characteristics in 

Free Space 

Initial measurements were conducted in free-space 
conditions to obtain the antenna's baseline response 
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without the influence of the dielectric medium. The 
measurements showed a resonant frequency of 
approximately 2.65 GHz with a minimum S11 value of -
39.83 dB. This condition represents the unloaded state of 
the antenna, and therefore serves as a reference for 
comparing changes occurring in the phantom state. The 
low minimum S11 value indicates good impedance 
matching between the antenna and the measurement 
system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. shows a graph of the measured reflection 
coefficient characteristics (S11) of the antenna sensor in 
free space, the resonance frequency and the minimum 
S11. 

B. S11 Response of Homogeneous Phantom 
Without Tumor (Normal) 

When a normal phantom was introduced, the resonant 
frequency shifted to the 2.54–2.58 GHz range. This shift 
is caused by an increase in the effective permittivity of the 
medium surrounding the antenna, which affects the input 
impedance 𝑍𝑖𝑛 and the reflection coefficient S11. 
Specifically, at 0°, the resonance occurred at 2.58 GHz 
with a reflection coefficient of −40.90 dB. At 90° and 180°, 
the resonant frequency was observed at 2.54 GHz with 
reflection coefficients of −43.64 dB and −44.69 dB, 
respectively. Meanwhile, at 270°, the resonance remained 
at 2.54 GHz with a reflection coefficient of −37.04 
dB.Quantitatively, the frequency shift from free space 
conditions is in the range: 

∆𝑓 = 𝑓𝑟𝑒𝑠,𝑓𝑟𝑒𝑒 − 𝑓𝑟𝑒𝑠,𝑛𝑜𝑟𝑚𝑎𝑙 ≈ 0.07 − 0.11 𝐺𝐻𝑧 

The variation between angles is relatively small, indicating 
that the homogeneous phantom provides a stable 
response. However, the difference in S11 values indicates 
the influence of orientation on the electromagnetic field 

distribution. Fig. 7. shows a graph of the measured 
reflection coefficient characteristics (S11) 
homogenous phantom without tumor, the resonance 
frequency and the minimum S11  

 

C. S11 Response of Phantom with Small Tumor 

In the phantom with a small tumor, the resonance 
frequency ranged from 2.56–2.59 GHz, indicating a 
relatively small change compared to the normal phantom. 
This indicates that the small tumor size results in limited 
dielectric contrast. However, significant changes were 
observed in the S11 magnitude, particularly at 90° 
orientation, where the difference between the normal and 
small tumor conditions reached more than 6 dB. This 
difference is experimentally larger than the measurement 
uncertainty and can therefore be considered significant. 
This finding suggests that small tumor detection is 
significantly influenced by orientation, which is related to 
the electromagnetic field distribution around the antenna. 

Fig. 8. shows a graph of the measured reflection 
coefficient characteristics (S11) homogenous phantom 
with small tumor, the resonance frequency and the 
minimum S11. 

 

Fig. 6. Measured reflection coefficient (S11) 

charachteristics of the antenna sensor in free space 

 

 

(a) 

 

(b) 

Fig. 7. (a) Measured reflection coefficient (S11) 
response of homogenous phantom without tumor, 
(b) the resonance frequency and the minimum 
S11. 
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D. S11 Response of Phantom with Large Tumor 

When a large tumor was introduced, a significant shift in 
the resonant frequency was observed, ranging from 4.35 
to 4.78 GHz. This shift is substantially greater than those 
observed in the small tumor and normal phantom 
conditions, with a frequency deviation of approximately  
∆𝑓 ≈ 0.07 − 2.1 𝐺𝐻𝑧. Specifically, at 0°, the resonance 
occurred at 4.78 GHz with a reflection coefficient of 
−22.95 dB. At 90° and 180°, the resonant frequencies 
were 4.67 GHz and 4.35 GHz, with reflection coefficients 
of −25.21 dB and −26.67 dB, respectively. Meanwhile, at 
270°, the resonance shifted back to 2.62 GHz with a 
reflection coefficient of −32.36 dB. This substantial 
frequency shift indicates a strong relationship between 
tumor size and the dielectric properties of the medium. 
Larger tumors produce higher dielectric contrast, resulting 
in more significant electromagnetic field perturbations and 
consequently more drastic changes in the antenna 
impedance. However, the observation at 270°, where the 

resonant frequency returned close to the normal 
condition, suggests that detection sensitivity is highly 
dependent on orientation angle. This indicates that 
suboptimal orientation may reduce detection accuracy, 
highlighting the importance of spatial configuration in 
microwave-based breast tumor detection systems Fig. 9. 
shows a graph of the measured reflection coefficient 
characteristics (S11) homogenous phantom with large 
tumor, the resonance frequency and the minimum S11. 

 

E. Effect of Observation Angle on Detection 
Sensitivity 

The analysis of angular variations showed that the 90° 
and 180° orientations produced the most significant 
response differences, both in terms of resonance 
frequency shifts and changes in S11 values. This 
phenomenon can be explained by the antenna's radiation 
pattern, where the electromagnetic field distribution is 
non-isotropic. At certain angles, higher field intensity 
leads to stronger interactions between the 
electromagnetic wave and the anomaly, thus increasing 
detection sensitivity. Conversely, at angles of 0° and 270°, 
the observed changes were relatively smaller, indicating 
that the relative position of the antenna and the tumor 

 

(a) 

 

(b) 

Fig. 9. (a) Measured reflection coefficient (S11) 
response of homogenous phantom with large 
tumor, (b) the resonance frequency and the 
minimum S11. 

 

(a) 

 

(b) 

Fig. 8. (a) Measured reflection coefficient (S11) 
response of homogenous phantom with small 
tumor, (b) the resonance frequency and the 
minimum S11. 
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affects detection effectiveness. Fig. 10. shows a graph of 
the measured reflection coefficient characteristics (S11) 
homogenous phantom with large tumor, the resonance 
frequency and the minimum S11. 

 

 

Fig. 10. shows a graph of the comparison of S11 response 
for all phantom conditions at 0° orientation, the resonance 
frequency and the minimum S11. 

F. Comparative Analysis of Detection Parameters 

Based on all measurement conditions, it can be observed 
that the detection parameters exhibit different sensitivities 
depending on the presence and size of the tumor. In the 
normal condition, both the frequency shift (Δf) and S11 
variation were minimal, resulting in low sensitivity. For 
small tumors, Δf remained relatively small, while changes 
in S11 became more noticeable, indicating moderate 
sensitivity. In contrast, large tumors produced a 
substantial frequency shift along with significant changes 
in S11, resulting in high detection sensitivity These results 
indicate that the resonance frequency shift is more 

sensitive to large dielectric perturbations, making it a 
reliable indicator for tumor size estimation. On the other 
hand, variations in the S11 magnitude were more effective 
for detecting smaller anomalies, particularly in early-stage 
tumor conditions. 

Therefore, a combined analysis of both parameters can 
improve the overall reliability and sensitivity of the 
detection system, where frequency shift (Δf) serves as an 
indicator of tumor size, while S11 functions as an indicator 
of tumor presence. Fig. 12. shows the resonance 
frequency and the minimum S11 for all phantom 

 

(a) 

 

(b) 

Fig. 10. (a) Comparison of S11 response for all 
phantom conditions at 0° orientation, (b) the 
resonance frequency and the minimum S11. 

 

 

 

 

Fig. 11. Comparison of S11 response for all 
phantom conditions at 90°, 180°, and 270° 
orientation 
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conditions at 90°, 180°, and 270° orientations. 

G. Summary of Results 

Overall, the resonant frequency decreases in the 
presence of a normal phantom due to the loading effect, 
which alters the effective electromagnetic properties 
surrounding the antenna. In the case of a small tumor, the 
resonant frequency remains relatively unchanged; 
however, noticeable variations occur in the magnitude of 
S11, indicating its sensitivity to small anomalies. In 
contrast, a large tumor induces a significant frequency 
shift exceeding 1.7 GHz, reflecting a strong dielectric 
perturbation within the medium. Furthermore, the 
orientation angle plays a crucial role in detection 

sensitivity. The results show that the optimal detection 
performance is achieved at 90° and 180°, while the 270° 
orientation demonstrates a potential reduction in 
detection capability.  

 

IV. DISCUSSION  

The results of the study indicate that the presence of the 
phantom medium and variations in tumor size significantly 
influence the reflection coefficient (S11) characteristics of 
the antenna system used. The observed resonance 
frequency shifts in each condition indicate that the 
interaction between electromagnetic waves and the 
phantom material is strongly influenced by differences in 
dielectric properties between normal and anomalous 
tissue. This difference in dielectric properties is the basic 
principle of microwave-based tumor detection methods, 
where tumor tissue generally has higher permittivity and 
conductivity than normal tissue due to its higher water 

content and cell density [22][23].   

Under free space conditions, the antenna system 
exhibited a minimum resonance frequency at 2.65 GHz 
with an S11 value of −39.83 dB, indicating good 
impedance matching. When the phantom was introduced, 
the resonance frequency shifts to a lower range (2.54 
GHz-2.58 GHz), which is attributed to the increase in 
effective permittivity surrounding the antenna. This 
phenomenon is consistent with electromagnetic theory, 
where changes in the dielectric environment affect the 
antenna input impedance (𝑍𝑖𝑛) and consequently modify 
the reflection coefficient. Similar behavior has been widely 
reported in resonator-based microwave sensors, where 
dielectric loading directly alters resonance characteristics 

[24][25][26]. 

In the presence of a small tumor, the resonance 
frequency variation remains relatively limited; however, 
significant changes were observed in the magnitude of 
S11, particularly at the 90° orientation. The difference 
exceeding 6 dB compared to the normal phantom 
indicates that even small perturbations in dielectric 
properties can alter the surface current distribution and 
input impedance of the antenna. This is consistent with 
microwave resonator theory, where localized changes in 
dielectric properties modify the electromagnetic field 

distribution and scattering parameters [27][20]. A more 

pronounced effect was observed for large tumors, where 
the resonance frequency shifts significantly up to the 
range of 4.35–4.78 GHz. This corresponds to a shift 
exceeding 1.7 GHz relative to the baseline condition, 
indicating a strong dependence of resonance behavior on 
tumor size. This trend suggests a proportional relationship 
between tumor volume and electromagnetic perturbation. 
In recent studies, resonance frequency has been shown 
to correlate with dielectric loading and can be predicted or 
modeled using data-driven or regression-based 

approaches [25][28][29][30][31]. Therefore, the observed 

results indicate the potential for developing a semi-

empirical model relating frequency shift  (Δf) to tumor 

size. 

 

 

 

Fig. 12. the resonance frequency and the 
minimum S11 for all phantom conditions at 90°, 
180°, and 270° orientations.  
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The analysis of orientation variation reveals that 
detection sensitivity is highly dependent on the relative 
position between the antenna and the anomaly. The most 
significant responses are observed at 90° and 180°, 
where both resonance frequency shifts and S11 
magnitude differences are maximized. This behavior can 
be explained by the antenna radiation pattern, where the 
electromagnetic field distribution exhibits directional 
characteristics, resulting in stronger field–target 
interactions at specific angles. Similar findings have been 
reported in microwave resonator-based sensing systems, 
where the electric field concentration around the 

resonator determines sensitivity [27].Conversely, at 270°, 

the resonance frequency for the large tumor condition 
returns close to the baseline value, indicating a significant 
reduction in detection sensitivity. This finding is 
particularly important, as it suggests the possibility of false 
negative detection when the anomaly is located outside 
the region of strong electromagnetic field interaction. This 
limitation has also been highlighted in microwave sensor 
studies, where field non-uniformity can reduce detection 

accuracy depending on target position [32][33]. 

Furthermore, the results demonstrate a clear trend 
between tumor size and resonance frequency shift. Small 
tumors produce frequency deviations of less than 0.1 
GHz, whereas large tumors result in shifts exceeding 1.7 
GHz. This behavior is consistent with microwave sensing 
principles, where resonance frequency shifts are 
commonly used to extract material permittivity using curve 
fitting or empirical modeling approaches. Therefore, 
resonance frequency can serve not only as a detection 
parameter but also as a potential quantitative indicator for 

estimating tumor size [34].Compared to more complex 

microwave imaging systems, the proposed antenna-
based sensing approach offers advantages in terms of 
simplicity, cost-effectiveness, and ease of 
implementation. However, the system is more sensitive to 
orientation, which may limit its robustness in practical 
applications. Compared to more complex microwave 
imaging systems, the proposed antenna-based sensing 
approach offers advantages in terms of simplicity, cost-
effectiveness, and ease of implementation. However, the 
system is more sensitive to orientation, which may limit its 
robustness in practical applications. This study also has 
several limitations. The phantom used is homogeneous 
and does not fully represent the heterogeneous structure 
of real biological tissues. In addition, experimental 
validation using clinical data has not yet been conducted. 
Environmental noise and coupling effects were also not 
extensively analyzed, which may influence measurement 
accuracy. 

 

V. CONCLUSION  

This study aimed to investigate the effect of phantom 
orientation angle on the response of an antenna-based 
microwave sensing system using reflection coefficient 
(S11) analysis for abnormal breast tissue detection in an 
agar-based homogeneous phantom. The experimental 
results demonstrate that the presence of a dielectric 

medium shifts the resonance frequency from 2.65 GHz 
(free space) to approximately 2.54–2.58 GHz under 
normal phantom conditions due to increased effective 
permittivity. In the case of a small tumor (3 cm), the 
resonance frequency remains relatively stable within 
2.56–2.59 GHz, while a significant change is observed in 
the S11 magnitude, particularly exceeding 6 dB at certain 
orientations, indicating sensitivity to small anomalies. In 
contrast, a large tumor (6 cm) produces a substantial 
resonance frequency shift up to the range of 4.35–4.78 
GHz, corresponding to a deviation greater than 1.7 GHz 
from the baseline condition. These results confirm that 
resonance frequency shift is strongly correlated with 
tumor size, while S11 magnitude variation is more 
sensitive to smaller anomalies. Furthermore, the 
orientation angle significantly influences detection 
performance. The highest sensitivity is achieved at 90° 
and 180°, where both resonance frequency shifts and S11 
differences are maximized. Conversely, at 270°, the 
resonance response tends to return close to the normal 
condition, indicating reduced sensitivity and a potential 
risk of false-negative detection. In conclusion, S11-based 
microwave sensing provides an effective, low-cost, and 
practical approach for anomaly detection in biological 
tissue phantoms. The combined use of resonance 
frequency shift and S11 magnitude enhances detection 
capability across different tumor sizes, while orientation-
dependent behavior highlights the importance of spatial 
considerations in system design. For future work, the 
system can be improved by implementing multi-angle 
measurement strategies or antenna array configurations 
to reduce orientation sensitivity. In addition, the use of 
heterogeneous phantoms that better represent real breast 
tissue, integration with data-driven or machine learning-
based classification methods, and validation using clinical 
or realistic datasets are recommended to enhance the 
robustness and applicability of the proposed system for 
real-world biomedical applications. 
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