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Abstract

This research presents an ultra-wideband antenna array for the non-invasive early detection
of brain tumors. The primary objective of this work is to evaluate the detection capabilities
of a proposed Vivaldi antenna array system for identifying small and multiple brain tumors
under various simulated biological conditions. The core of the system is a Vivaldi-type
antenna operating from 2.4 to 17.7 GHz, configured in both two- and four-antenna arrays. A
high-fidelity, seven-layer phantom model was developed to replicate brain tissue, with each
layer assigned specific electromagnetic properties (relative permittivity, tangential loss) and
physical thickness. The study rigorously analyzes the system’s performance in detecting
tumors across diverse scenarios, including variations in phantom complexity, tumor size,
permittivity, and the number of present tumors. Using the Delay and Sum algorithm for
image reconstruction, the results demonstrate the system’s feasibility in detecting tumors
as small as 0.625 mm in diameter. This underscores the significant potential of the proposed
design as a powerful tool for non-invasive medical diagnostics.

Keywords: imaging antenna; antenna array; UWB; tumor detection

1. Introduction
Ultra-wideband (UWB) antenna arrays have emerged as key players in radar and

imaging applications, particularly in object detection, due to their exceptional image reso-
lution. This capability has led to their increasing use in medical diagnostics, enabling the
detection of various diseases within the human body, including those affecting the breast,
brain, and fingers. These advancements contribute to improving the quality of healthcare
by enhancing diagnostic accuracy, reducing the workload of medical professionals, and
offering more efficient monitoring methods.

Brain cancer, a disease affecting a significant portion of the global population, is
often diagnosed at advanced stages. Currently, the most widely used method for the
detection of brain tumors is magnetic resonance imaging (MRI), an imaging technique
that employs a magnetic field and radio waves to create detailed images of the brain
and surrounding tissues. However, to highlight potential abnormalities, a contrast
agent—commonly referred to as “contrast”—is injected to enhance image quality, allowing
for better distinction between a brain tumor and healthy tissue [1]. This contrast substance,
composed of gadolinium, is primarily used to detect smaller tumors; nevertheless, it does
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not guarantee the detection of tumors at early stages. Additionally, the cost of MRI exami-
nations is high, and the large size of the equipment requires a designated installation space.
It is important to note that patients may experience symptoms of claustrophobia or anxiety
when placed inside the scanner due to the narrow and enclosed structure of the magnetic
resonance tunnel. Furthermore, off-resonance artifacts such as signal loss, geometric distor-
tions, and blurring can affect the clinical and scientific accuracy of MRI images [2]. On the
other hand, computed tomography (CT) is another method used for brain tumor detection.
This procedure employs X-rays to generate images of the brain and skull. Similar to MRI,
CT scans often require the injection of a contrast agent to improve image visualization;
however, this contrast can cause side effects such as a sensation of excessive body heat,
a metallic or bitter taste in the mouth, and an increased urge to urinate [3]. The routine
use of intravenous contrast may not always be necessary and carries risks such as adverse
reactions or renal complications [4]. When there are indications of a brain mass, healthcare
providers frequently recommend an MRI scan to obtain a more accurate diagnosis. Another
relevant method for brain tumor detection is positron emission tomography (PET) with
methionine, which utilizes a radioactive methionine tracer to obtain metabolic images of
the brain. However, radiation exposure is a critical aspect to consider, as it increases during
the procedure. Allergic reactions to the injected radiopharmaceutical may also occur. This
imaging technique has limited anatomical resolution, which can lead to false-positive or
false-negative results, thereby affecting clinical interpretation [5]. Despite its diagnostic
value, PET remains a costly imaging modality compared to other procedures [6]. In re-
sponse to these limitations, new non-invasive technologies based on radiofrequency are
emerging as promising alternatives for monitoring and early detection of brain tumors,
utilizing antennas to improve diagnosis and disease management. For example, the study
presented in [7] utilizes an antenna array operating within the 3.0 to 12.0 GHz frequency
range for breast tumor detection, employing the DAS (Delay and Sum) algorithm. This
approach successfully identifies a tumor with a 3 mm radius using a 100 mm diameter
phantom made of a single material. Similarly, in [8], a phantom with two layers of varying
dimensions and permittivity (εr) is used, with the antenna operating between 6.5 and
35.0 GHz, successfully detecting a 2 mm radius tumor using the Time-reversal Algorithm.

Further studies, such as those in [9–11], incorporate phantoms with three layers, with
diameters ranging from 120 mm to 160 mm, and utilize operating frequencies from 1.0
to 19.0 GHz. These studies demonstrate the ability to detect tumors with a radius of
20 mm, 6.5 mm, and 5 mm using image reconstruction methods such as the Multiple
Signal Classification Technique (MT), Specific Absorption Rate (SAR) method, Path Loss
Distribution (PLD) method, and DAS algorithm, respectively. Notably, the study in [9]
focuses on brain tumor detection, while [10,11] explore breast tumor detection. In [12,13],
three-layer phantoms with a 120 mm diameter are used to detect breast tumors with a
radius of 2.5 mm and 5 mm using DAS and SAR methods, with antennas operating in
frequency ranges from 3.0 to 15.0 GHz.

Additional research in [14,15] investigates the performance of UWB antennas on
four-layer phantoms, corresponding to abdominal and breast tissue. In [16], a coplanar
antenna is used to detect a 5 mm-radius brain tumor using the Elliptical Synthetic Aperture
Radar (E-SAR) method, with a human head phantom measuring 98 mm in diameter. This
phantom consists of six layers with distinct permittivity, and the antenna operates in the 0.8
to 2.8 GHz frequency range. Similarly [17], explores the use of a seven-layer phantom with
a diameter of 144.4 mm for brain biotelemetry, employing the SAR method and a frequency
range of 3.0 to 5.0 GHz for image visualization.

The varying number of layers across these studies highlights the significant influence
of phantom structure on signal propagation and tumor detection efficiency. These results
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suggest that the number and configuration of layers are critical to the success of detection
methods. Some studies use invasive techniques, where antennas are placed inside the head.
In contrast, others position antennas non-invasively between layers, as in [17], where the
antenna is placed between the cerebrospinal fluid and dura mater. In [16], the phantom
configuration varies the distance between transmitting (Tx) and receiving (Rx) antennas,
exploring different detection scenarios.

Although current tumor detection methods are often invasive and pose long-term
health risks, particularly due to the small size and deep location of tumors, UWB antenna
arrays offer a promising solution. The problem statement of this research is to find out the
design of an array of UWB antennas to detect brain tumors on a high-fidelity phantom. To
this end, the proposed approach utilizes UWB Antipodal Vivaldi antennas for brain tumor
detection, employing a more realistic phantom model that simulates the anatomical struc-
ture of the human head, including tissues such as white matter, gray matter, cerebrospinal
fluid, dura mater, skull, fat, and skin. This model consists of seven layers, each with its
respective permittivity, providing a more accurate representation of human tissue.

The study aims to detect brain tumors using a UWB antenna array in a realistic
phantom model, with a focus on tumor size and location. The DAS method is employed to
determine the precise location of the tumor, using probes positioned transversely to the
phantom. The study presents results for two different scenarios: one with two antennas and
another with four antennas, evaluating the impact of antenna count on diagnostic accuracy.
The goal of this design is to conduct an exhaustive search to identify the minimum tumor
size that can be detected in each of the configurations mentioned. The study highlights
the significant potential of UWB antenna arrays in medical imaging, offering non-invasive,
cost-effective, and high-resolution alternatives for early disease detection and diagnosis.

2. UWB Array Antenna Model
2.1. Vivaldi Antenna Element

We used an antipodal Vivaldi antenna element for this study based on [18]. This profile
was designed and optimized on a 1.6 mm thick FR4 substrate with a dielectric constant of
εr = 4.65, a loss tangent of δ = 0.0025, and a copper thickness of 0.035 mm. It is equipped
with a SMA connector. The physical dimensions of the element are as follows: W = 45 mm,
L = 45 mm, a = 11 mm, b = 23 mm, c = 1.5 mm, d = 1.8 mm, and e = 1.5 mm as shown in
Figure 1. The antenna is designed to operate within a frequency range of 2.4 to 17.7 GHz.

  
(a) (b) (c) 

Figure 1. Antenna design: (a) antenna dimensions; (b) front view; (c) back view.
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2.2. Phantom Model

An adult human head typically has a circumference of between 59 cm and 62 cm. A
model with a circumference of 65 cm, a length of 182.1 mm, and a width of 143.8 mm
was used.

Figure 2 shows the human head phantom modeled in Computer Simulate Technology
(CST) Studio Suite, where the anatomical layers are delineated and a tumor is placed in the
right hemisphere. Figure 2c presents the values used to calculate the corresponding length
and width of the model.

 

(a) (b) (c) 

Tumor 182.1 mm 

143.8 mm 

White matter 

Gray matter 
CSF 
Duramater 
Skull 
Fat 
Skin 

Tumor 

Figure 2. Human head phantom: (a) head with brain; (b) layers of head; (c) dimensions of phantom.

The phantom is composed of seven layers, each with a specific dielectric permittivity
and thickness. The values used for each of these layers are detailed in Table 1.

Table 1. Dielectric properties of human head tissues [17].

Tissues Dielectric Permittivity (εr) Tangent Loss (δ) Thickness (mm)

Skin 40.847 0.297 1
Fat 5.125 0.160 2
Skull 10.532 0.310 10
Dura mater 40.096 0.307 1.5
CSF 63.73 0.366 2
Gray matter 46.58 0.298 3.7
White matter 34.478 0.278 70.52
Tumor [19] 54.9 4.0 10

2.3. UWB Array Antennas with Phantom

A two-element and four-element antenna array are used for the detection of brain
tumors, specifically in the inner white matter region. Figure 3a shows that the Vivaldi-
type antennas are positioned with a vertical separation of 202.1 mm. In the two-element
array, the antennas are positioned at 180 degrees, while in the four-element array, they are
positioned at 90 degrees. To maintain the stability of the UWB antenna array, a prototype
with a helmet shape was designed (see Figure 3). The prototype headband is made of
Polylactic Acid (PLA) material, and its dimensions are provided in Table 2.
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(a) (b) (c) 

163.8 mm 

202.1 mm 

T(x) 

R(x) 

Strap 2 

Strap base 

Strap 1 

Figure 3. Phantom of human head with diadem: (a) Top View (b) two-antenna array; (c) four-
antenna array.

Table 2. Dimensions for helmet prototype.

Object x (mm) y (mm) z (mm)

Strap 1 15 89.23 272.1
Strap 2 233.8 89.23 15
Strap base 233.8 89.23 272.1

3. Imaging Method
For image reconstruction, the DAS method was employed [10]. The methodology of

DAS is detailed by a flowchart in Figure 4 [20].
This approach is based on the summation of signals induced by a Gaussian pulse, as

shown in Equation (1). The signals are modulated by each antenna in the array, and an
integral is then performed to obtain the result.

y(t) = sin[2π f (t − t0)]exp

(
− (t − t0)

2

τ2

)
, (1)

where the frequency is fixed as f = 7.5 GHz, the width of transmitted pulse is defined as
τ = 80.2 ps, and the initial time is t0 = 3.5τ. Then, the intensity magnitude is obtained by
integrating the pulses as depicted in Equation (2) [21].

I =
∫ τ

0

(
∑N(N−1)/2

i=1 wiyi(t − Ti)
)2

dt, (2)

To determine the tumor’s position in the image, test points are utilized, as illustrated
in Figure 5, where three test points can be observed, point 2 being the one that contains
the tumor. The term I at each test point is determined by multiplying the shifted signal
yi(t − Ti) by its corresponding weight wi, which reflects the signal’s amplitude as a function
of its attenuation. The term Ti is the propagation time of the ith signal. The signals yi(t − Ti)

from the N antennas in the array are summed, and the resulting value is squared, producing
a single composite signal at each test point. The time delays Ti and the weighting factors wi

in Equation (2) are determined using the CST Microwave Studio. Primarily, the weighting
factors wi are the attenuation that the pulse suffers when it is propagated by the medium.
And the variable Ti is the time delay that the ith pulse lasted to travel from the transmitted
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antenna to each point inside the phantom. Finally, the integral of the signal at each test
point is computed to obtain the result. These test points generate numerical values when
the calculations in Equation (2) are performed. However, the phantom without the tumor
must also be simulated, as the quotient of the values for each test point is calculated using
Equation (3). The quotient of the signals is expressed as:

xij[n] = Awith,ij[n]/Awithout,ij[n], (3)

 
Figure 4. Flowchart of DAS method.

 

2 

1 

3 
T(x) R(x) Test point 

Test point 

Test point 

with tumor 

Figure 5. Phantom with test points in cross section.
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Used for imaging. In (3), Awith,ij[n] and Awithout,ij[n] are the signals without and with
the tumor, respectively.

During the simulations we used a rectangular grid of 361 test points. This configuration
allows for analyzing the signal’s behavior as it is transmitted from the Tx antenna and
received by the Rx antenna. The distance between each test point was 10 mm.

4. Simulation Results
4.1. Single Antenna Element Performance

A simulation of the antenna performance in contact with the phantom was conducted.
Figure 6 shows the S11 parameter and the radiation pattern of a single antenna. The S11

parameter results below 10 dB across the frequency range from 2.4 GHz to 17.7 GHz
with the phantom, whereas the radiation pattern shows maximum radiation towards
the phantom.

 

(a) (b) (c) 

Theta 
z 

y 

Figure 6. Antenna functionality: (a) S11 with and without phantom; (b) main cut of radiation pattern
at 6.1 GHz with phantom; and (c) 3D radiation pattern at 6.1 GHz with phantom.

An analysis focused on the SAR parameter that was carried out. Based on this
analysis, the Antenna Power Efficiency percentage was determined, calculated according to
Equation (4) [9].

E f =
Phead
Pinput

·100(%), (4)

where Pinput (W) is the input power and Phead (W) is the power absorbed in the brain
phantom in front of the antenna. The results are summarized in Table 3, which presents
the efficiency values corresponding to five different frequencies evaluated in the study,
considering all layers of the phantom compared to a phantom of one layer of gray matter
material. The proposed antenna obtains a better absorbed power ratio in lower frequencies
when the seven-layer phantom is considered. However, the absorbed power ratio is less for
higher frequencies with a phantom with seven layers.
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Table 3. Antenna power efficiency.

Frequency
Absorbed Power Ratio (Ef)

Seven Layers One Gray Matter Layer

3.92 GHz 65.39% 64.19%
5.79 GHz 81.39% 75.95%
7.91 GHz 88.75% 92.80%
9.67 GHz 81.47% 86.62%
11.28 GHz 93.64% 99.36%

Table 4 contains the visualization of the SAR parameter in the phantom at the same
frequencies evaluated in Table 3. In the case of the phantom of seven layers, it is observed
that the SAR is less only in higher frequencies.

Table 4. SAR parameter calculated with CST Microwave Studio.

Specific Absorption Rate

Frequency 3.92 GHz 5.79 GHz 7.91 GHz 9.67 GHz 11.28 GHz

Phantom with
seven layers of

materials

SAR (W/Kg) 1.05 1.68 1.29 1.37 1.79
0.92 1.61 1.43 1.55 1.96

Phantom of one
layer of gray

matter

4.2. Antenna Performance with Phantoms Composed by Different Materials

Now, it is important to know the effect of the different materials that compose the
phantom. To this end, Figure 7 presents the results of seven simulations, showing the
S11 parameter for the phantom made of a single material, as specified in Table 1. The
simulations are conducted for both the two-antenna and four-antenna configurations. The
antennas are placed 10 mm from the phantom. It is observed that the reflection coefficient
is very similar when the phantom is modeled with a single material. Nevertheless, the
reflection coefficient deteriorated in lower frequencies, especially in 3.5 GHz for the skull,
gray matter, white matter, and cerebrospinal fluid (CSF).
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(a) (b) 

Figure 7. S11 parameter of antennas located in presence of phantoms of different materials: (a) with
two antennas; (b) with four antennas.

4.3. Time Signals and Image Resolution

Now, we considered a phantom with seven different layers as depicted in Figure 2b.
In this case, Figure 8 illustrates the time signals at the test point located at center of the
phantom when two and four antennas are mounted vertically with respect to the phantom.
A comparison of the time signals generates an image, as described in Equation (3). In this
context, if any signals at any test point are equal with and without the tumor’s presence,
Equation (3) would be the unit.

  
(a) (b) 

Figure 8. Time signals at the center of the phantom in the presence of a tumor of 5 mm in its radius:
(a) two antennas and (b) four antennas.

The variation in the signal is evident in Figure 8, as the number of antennas in-
creases during the simulation. It generates signals for each test point with a resolution of
19 × 19 test points unit mesh. By rearranging these values according to the mesh, it becomes
possible to visualize the cross-sectional image of the phantom using the DAS method. The
images obtained for both cases (2 and 4 antennas) are shown in Figure 9, considering a
tumor with a 0.625 mm diameter. When more antennas are used the image of the tumor
is finer.
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Figure 9. Images of the tumor: (a) two antennas and (b) four antennas.

4.4. Image Reconstruction with Different Layers in Phantom

Similarly, the study analyzed the S parameters by sequentially adding layers of ma-
terial to the phantom, as specified in Table 1. The results of this analysis are presented
in Figure 10. The reflection coefficient resulted very similar when the seven layers were
added to the phantom model. The S11 parameter behavior shows minimal variation when
using a phantom with a larger amount of material in the proposed layers. In contrast, S21

parameters change at high frequencies. This means image construction cannot be achieved
at frequencies higher than 14.8 GHz This suggests that it is feasible to increase the thick-
ness of these layers without impacting the antenna’s performance in tumor detection in
lower frequencies.

 
(a) (b) 

Figure 10. S-parameters with different phantoms: (a) S11 and (b) S21.

Additionally, the images of the cases in Figure 10 were reconstructed with two anten-
nas. Image generation is based on the DAS technique, which allows for the determination
of signal behavior at each test point as shown in Figure 11. The results are analyzed using
MATLAB R2014a software, employing the mathematical operation defined in Equation (2),
which assigns a value to each test point. The analyzed tumor was fixed with a diameter of
10.0 mm for Figure 10, which is very tiny. This is very important to detect the disease early.
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Figure 11. Image result of sequentially adding the layers of material of Table 1: (a) 1 layer; (b) 2 layers;
(c) 3 layers; (d) 4 layers; (e) 5 layers; (f) 6 layers; (g) 7 layers.
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Figure 12 shows the total attenuation or gain between the input port of the first block
and the output port of the last block, when several blocks (or sections) are connected one
after another.

Figure 12. S21 parameter: Attenuation as a function of frequency.

When analyzing the S21 parameter, the drops (lower S21 values) represent frequencies
with high attenuation or signal blocking, while the flat or higher regions indicate good
signal transmission through the device or system.

4.5. Image Reconstruction for Different Sizes of Tumors

Now, we analyzed the system with different diameters of the tumor. To this end, the
results of four simulations conducted to assess tumor detection capabilities are presented,
considering the following tumor diameters: 10 mm, 2.5 mm, 0.625 mm, and 0.3125 mm.
This is illustrated in Figure 13 with two antennas and Figure 14 with four antennas. The
tumor location will be determined based on the minimum quotient value of the signal peak,
which indicates the precise position of the tumor.

When using a tumor with a diameter of 0.3125 mm in the phantom, adequate detection
is not achievable with two antennas. It was possible the tumor detection of 0.625 mm in
diameter with two antennas. This is evident in Figure 13d, where the values obtained using
the imaging method show a difference of 0.05 mm, which hinders effective tumor detec-
tion. On the other hand, for the case with four antennas, tumor detection is successfully
demonstrated in Figure 14, where tumors with diameters of 10 mm, 2.5 mm, and 0.625 mm
are identified.

Similar to the observations made with the use of two antennas, the minimum de-
tectable tumor size is 0.625 mm in diameter. This is one of the key advantages of using
the antenna proposed in the present study. Now, it is important to reveal if the system is
capable of detecting a bigger tumor. In this case, a simulation was also conducted with a
tumor of 20 mm in diameter, and the results of this simulation are shown in Figure 15.
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Figure 13. Image result with tumor diameter of: (a) 10 mm; (b) 2.5 mm; (c) 0.625 mm; (d) 0.3125 mm.
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Figure 14. Image result with tumor diameter of: (a) 10 mm; (b) 2.5 mm; (c) 0.625 mm; (d) 0.3125 mm.
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Figure 15. Result imaging of a 20 mm diameter tumor with two antennas.

4.6. Image Reconstruction for Variations in Permittivity

Until now, we have analyzed the system with fixed values for permittivity in several
layers of the phantom. However, it is necessary to reveal what the impact is when the
permittivity changes affect the tumor detection. This is because there exist variations in
permittivity for different patients. Figure 16 shows that the value of the dielectric constant
is analyzed with a variation of ±1% for the total layers of the phantom in five different
cases. Table 5 shows the values used for each case. These cases were obtained by using two
antennas. As observed in Figure 16, the variations in permitivity do not considerably affect
the tumor detection.

Table 5. Values of the dielectric constant variation.

Tissues Original (εr) Test 1 (εr) Test 2 (εr) Test 3 (εr) Test 4 (εr) Test 5 (εr)

Skin 40.847 41.0085 40.4085 40.6585 40.4685 40.5085
Fat 5.125 5.1637 5.1437 5.1037 5.1737 5.0737
Skull 10.532 10.5167 10.5067 10.5867 10.5967 10.4667
Dura mater 40.096 40.3450 40.4250 39.7950 40.0050 40.2050
CSF 63.73 63.4427 63.9627 63.9227 63.2927 63.2427
Gray matter 46.58 46.5742 47.0142 46.4242 46.6642 46.3242
White matter 34.478 34.4532 34.4832 34.4732 34.4432 34.4632
Tumor 54.9 55.4010 54.9510 54.5010 54.5110 54.6310

4.7. Image Reconstruction for Different Number of Tumors

Moreover, we analyzed the system when there is more than one tumor. The number of
detectable tumors increases in both the two-antenna and four-antenna cases, with a better
response observed when using four antennas. The imaging results for each case, using a
tumor 0.625 mm in diameter, are presented in Figure 17.

According to the results obtained, the use of both configurations is effective, as it
allows for the detection of a greater number of tumors, if present. It is worth noting that
performing a greater number of simulations, as well as increasing the number of test points,
will significantly contribute to improving the quality of image resolution.

4.8. Image Quality Metrics

Two image quality metrics were employed to quantitatively analyze the reconstruction
produced by the DAS algorithm. For this purpose, four images corresponding to the
presence of the tumor at sizes 10 mm, 2.5 mm, 0.625 mm, and 0.3125 mm were considered.
Likewise, the corresponding analysis was carried out for the images obtained using two and
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four antennas. First, the Contrast-to-Noise Ratio (CNR) was evaluated, which is defined
as follows:

CNR = 20log 10
(Ssignal

Cmean

)
(5)

where Ssignal corresponds to the maximum response in the region identified as belonging to
the tumor, while Cmean represents the mean response in the Clutter region (defined as the
area of the image known to belong to the phantom but not to the tumor). It was assumed
that the region corresponding to the tumor location was delimited by a circle of radius r. In
this context, the signal-to-clutter ratio (CNR) was defined as follows:

SCR = 20log 10
(

Smax

Cmax

)
(6)
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Figure 16. Variation of ±1% to dielectric permittivity values of each phantom layer using a 2.5 mm
diameter tumor: (a) Test 1; (b) Test 2; (c) Test 3; (d) Test 4; (e) Test 5.
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Figure 17. Result imaging with: (a) 2 antennas; (b) 4 antennas.

Based on ImageJ version 1.54K para windows (Image Processing and Analysis in
Java) [22], an image processing program primarily designed for the analysis of scientific
images, the evaluation of image quality metrics was carried out, resulting in the calculation
of CNR and SCR values. Tables 6 and 7 contain the CNR and SCR values for two and four
antennas.

Table 6. Image quality metrics of two antennas.

Two Antennas

Tumor (mm) (x) Tumor (S)
Tumor (x) Clutter (S)

Clutter Contrast Noise SNR CNR Contrast
Resolution

10.0 127.5 1.732 57.75 1.258 69.75 2.445 73.6 28.5 38%
2.5 101.5 1.732 59.5 1.291 42 2.459 58.6 17.1 26%

0.625 127.5 1.291 148.5 1 21 2.141 98.8 9.81 8%
0.3125 48 0.816 49.5 1.291 1.5 2.053 58.8 0.73 2%

Table 7. Image quality metrics of four antennas.

Four Antennas

Tumor (mm) (x) Tumor (S)
Tumor (x) Clutter (S)

Clutter Contrast Noise SNR CNR Contrast
Resolution

10.0 118.027 22.064 74.919 0.954 43.108 6.785 5.35 6.35 22%
2.5 73.111 18.347 48.556 1.236 24.555 6.258 3.98 3.92 20%

0.625 169.462 2.783 160.981 3.633 8.481 3.582 60.9 2.37 3%
0.3125 43.417 1.975 42.833 0.389 0.584 2.174 22 0.27 1%

Where (x) corresponds to the average pixel value and (S) to the noise or standard
deviation of the clutter and object, in this case the tumor.

4.9. Results Comparison with Similar Works

Finally, Table 8 provides a summary of the characteristics of antenna designs re-
ported in the literature on UWB antenna arrays, alongside the proposed design. The
most notable previous studies have primarily focused on broadband for imaging applica-
tions, particularly in different parts of the body, with a particular emphasis on the female
breast [7,8,10,12,13,15,23,24]. On the other hand, the works in [7,25] present simulations
of medical applications using antenna arrays, which typically feature an omnidirectional
radiation pattern. In addition, the works [16,26,27] use phantom with only 6 layers and
less than 2 GHz of bandwidth. In this work, the operating frequency is from 2.4 GHz to
17.7 GHz, suitable for detecting tumors larger than 0.6 mm in a phantom of 7 layers. The
novelty of this research is the fact that the tumor detection uses a high-fidelity phantom
with different layers, detects tiny tumors, and investigates variations in permittivity and
number of tumors.
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Table 8. UWB antenna imaging comparison.

Design N◦ Antennas Freq. (GHz) Size (mm) Material Application Layers of
Phantom

� Phantom
(mm) r Tumor (mm) Imaging

Method

Micro strip Antenna [7] 12 3.0–12.0 16 × 20 × 1.6 FR-4 Breast 1 100 3 DAS Algorithm
Ultra-Miniaturized

Antenna [28] 1 2.45 7 × 7 × 0.2 Rogers
ULTRALAM Implant 1 100 Not specified Not specified

Dual-Polarized
Antenna [25] 2 2.15–14.75 21.7 × 14.8 × 0.8 Roger 6010 Endoscope 1 60 Not specified Not specified

Flexible elliptical
Antenna [8] 12 6.5–35.0 10 × 10 × 0.7 Textile Breast 2 50 2 Time-reversal

Algorithm
Bow-Tie Antenna [9] 8 1.0–6.0 60 × 60 × 50 Rogers RO4003C Brain 3 160 20 MT Algorithm

Dual-Polarized
Antenna [10] 8 3.9–19.0 30 × 30 × 1.6 Kapton polyimide Breast 3 100 5 DAS Algorithm

Micro strip Antenna [11] 2 2.79–18.0 22 × 26 × 2.6 Roger 5880 Breast and
finger 3 120 6.5 SAR and PLD

Method
Coplanar Antenna [12] 2 3.0–11.0 33.14 × 14.9 × 0.84 FR-4 Breast 3 120 2.5 DAS Algorithm

Micro strip Antenna [13] 2 3.0–15.0 27.0 × 29.0 × 1.6 FR-4 Breast 3 120 5 SAR Method
Micro strip Antenna [23] 12 2.55–12.0 20.0 × 28.0 × 1.6 FR-4 Breast 3 100 2 DAS Algorithm
Micro strip Antenna [23] 12 2.95–12.0 16.0 × 22.0 × 1.6 FR-4 Breast 3 100 2 DAS Algorithm

Double-elliptical slot
antenna with feed

network [29]
1 1.2–9.0 40.0 × 40.0 × 1.2 Rogers RT6010 Human Body

(Breast) 3 52 Not specified Not specified

Coplanar Antenna [24] 2 2.0–10.0 45.0 × 39.0 × 1.6 FR-4 Epoxi Breast 3 163 Not specified Not specified

Metamaterial [30] 9 1.37–3.16 50 × 40 × 8.66 Rogers RT5880
and RO4350B Brain 3 Not Specified Not Specified

IC-CF-DMAS
imaging

algorithm
On-body flexible

Antenna [14] 1 2.0–11.0 20 × 30 Rogers XT8100 Hand and
Abdomen 4 78 Not specified Not specified

Flexible Microstrip
Antenna [15] 2 3.64–12.11 21 × 14 × 1.6 Rogers RT-5880 Breast 4 N/A Not specified Not specified

Coplanar Antenna [16] 12 0.8–2.8 30 × 24 × 1.6 FR-4 Brain 6 98 5 E-SAR Method
Microstrip Antenna.

Electromagnetic Band
Gap (EBG) [26]

1 6.3–7.4 14.5 × 8.9 × 0.7 Rogers R03003 Brain 6 180 5
Monostatic
radar-based

confocal

Microstrip Antenna [27] 1 2.4–2.4835 60 × 60 × 1.56 FR-4 Brain 6 Not Specified Not Specified Return Loss and
SAR

Micro strip Antenna [17] 2 3.0–5.0 10 × 11 × 0.954 TRF-43 Brain
Biotelemetry 7 144.4 Not specified SAR Method

Antipoda Vivaldi
Antenna [This Work] 2 and 4 2.4–17.7 45 × 45 × 1.6 FR-4 Brain 7 182.1 0.3125 DAS Algorithm
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5. Conclusions
This work proposes a system for brain tumor detection based on a Vivaldi antenna

array configured with two and four elements, operating within the frequency range of
2.4 to 17.7 GHz. Through signal analysis using the DAS method, the system success-
fully identified a tumor with a minimum diameter of 0.625 mm, achieving satisfactory
detection results. The study considered a high-fidelity phantom to verify more realistic
results. This implied tumor detection for different number of layers in phantoms, detection
of tiny tumors, variations in permittivity and number of tumors. This approach repre-
sents a potential contribution to the healthcare field, offering viable alternatives for the
early detection of the disease. In future work, the objective will be to design and imple-
ment the physical phantom, which will enable further validation and improvement of the
proposed system.
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