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Abstract — This article addresses the study of the Vivaldi Antipodal Antenna (AVA) seeking to
improve the gain, decrease the Side Lobe Level (SLL) and the squint, to make the antenna more
directive and obtain a more stable radiation pattern. Its intended application lies in the generation of
biological microwave imaging to detect brain tumors. With this objective, the Fractal Slot Edge (FSE)
technique was applied with a new fractal developed and based on the Cantor set. The application of
this fractal, called Cantor Neogothic Fractal (CNG), formed different-sized cavities resulting, in this
work, in three antennas that were analyzed through numerical computational simulation together
with AVA. The antennas, called CNG9-FSE-AVA, CNG18-FSE-AVA, and CNG27-FSE-AVA, in
which 9, 18, and 27 define the maximum height that the fractal reached in each antenna, have areas
equal to 354.66 mm?, 709.33 mm?and 1064 mm?, respectively. All antennas achieved the goal, however,
CNG27-FSE-AVA presented the best results at 2 GHz, with a gain of 7.84 dBi, SLL -19.80 dB, and
squint of -0.10 degree. Additionally, it was proved that the antenna is suitable to generate a near field

microwave imaging of tumors in a brain model.
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|. INTRODUCTION

In order to intermediate the energy transmission
between a waveguide and the free space, it is necessary to
use a device capable of radiating and transmitting
electromagnetic waves [1], that is, an antenna. There are
several types of antennas, such as patch, horn, Yagi-Uda,
and the Antipodal Vivaldi Antenna (AVA), on which this
article is based. The choice of AVA is due to its low cost,
lightness, easy integration with planar structures and
compact dimensions [1], [2], [3], [4], besides its broadband
[31. [5], high efficiency and gain [5] and, for being directive
[6], an ideal feature for medical images [6]. In addition, it

also favors its wide applicability in ultra-wideband (UWB)
systems, such as: spacecraft [1], satellites [1], [2],
biological images for medical purposes [7], [8], radars [2],
[3], [7], telescopes [2], remote sensing [2], [4], images
through walls [5], and, for being directive [6]. Moreover, it
also favors its wide applicability in ultra-wideband (UWB)
systems, such as: spacecraft [1], satellites [1], [2],
biological imaging for medical purposes [7], [8], radars [2],
[3], [7], telescopes [2], remote sensing [2], [4], images
through walls [5], 5G communication [9], microbiological
sterilization [10] and unmanned aerial vehicles[1].

In order to improve directivity, the Side Lobe Level
(SLL), gain, and squint, over time several techniques have
been studied and applied in AVA, some of which are
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presented below: (a) the Balanced AVA (BAVA) and
BAVA with a director [7], despite reducing the cross-
polarization [3] and improving the gain [7], presents
constructive complexity and higher cost than AVA,
because it uses several layers of substrates; (b) the elliptical
director in AVA [2] works as a wave guide directing energy
to the center of the main radiator of the antenna [7] and
presents an improvement in directivity [2]; (c) the use of
dielectric lenses, metamaterials [2], [9] and polylactic acid
(PLA) [10] results in improved gain and decrease of SLL,
but the physical dimensions of the antenna were left
uncharacterized [6], preventing, for example, the
application of this technique in a precision missile by losing
the compact and size [1].

Despite presenting several positive characteristics for
UWB systems, an AVA has some deficiencies caused by
its long side edges that impair directivity and generate high
SLL affecting, consequently, the antenna radiation stability
[2]. To mitigate these limitations, this work proposes the
design of an AV A applying the FSE technique using a new
fractal, which was here called Cantor Neogothic (CNG),
such fractal was developed for this article based on the
Cantor set and aims to increase the gain, decrease the SLL
and squint and observe how much the area of the notches
on the lateral edges influences the antenna frequency.

Another purpose of this work is to apply the proposed
antenna on the generation of near-field microwave images
to detect brain tumors, assisting in the medical diagnosis of
cancer. This goal can be achieved because of the different
electrical properties of healthy and malignant biological
tissues [11], [12], [13].

This article is oriented as follows: Section Il is the
development of the new CNG fractal and the AVA and
CNG-FSE-AVA antennas; Section 11 discusses the results
obtained through numerical computational simulations,
Section IV demonstrates the signal processing and the
tumor and brain images and their respective dimensions
and, finally, Section V presents the conclusion.

I1. ANTENNAS AND FRACTAL DEVELOPMENT

a. Antennas

The AVA used in the simulation in this article is based
on the optimized antenna reported in [10].

The numerical model of the antenna substrate for
simulation purposes was FR4 with a dielectric constant of
4.3 and a thickness of 1.6 mm.

The substrate thickness was taken into consideration in
the design, as there is a sensitivity to high frequencies and
cause changes in the phases of electromagnetic waves in
the main radiator causing distortions [2].

To obtain the exponential function of the main radiator
curve £,(z) and £,(z) equation (1) was used.

f(z) =ce®r+c,

(1)

Where R is the exponential opening coefficient with
values between 0.038 and 0.055.

On the other hand, c1 and c2 are the curves given by
equations (2) and (3), respectively.
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Fig. 1 presents the conventional AVA antennas (Fig. 1
(a)) and the other proposals, called CNG9-FSE-AVA (Fig.
1 (b)), CNG18-FSE-AVA (Fig. 1 (c)), and CNG27-FSE-
AVA (Fig. 2). 1 (d)), which have the same Neogothic
Cantor Fractal but with different areas of the lateral
cavities, where the numerical numerals denominate the
maximum length in millimeters of the lateral cavity carved
by the fractal, in CNG9-FSE-AVA is 9 mm, in CNG18-
FSE-AVA 18 mm, and in CNG27-FSE-AVA 27 mm. The
dimensions and parameters are shown in Table I.

TABLE |
DIMENSIONS AND PARAMETERS OF AVA, CNG9-FSE-AVA, CNG18-
FSE-AVA, AND CNG27-FSE-AVA.

Dimension parameters [mm]

a 53.50 b 58.36 c 55.00
d  150.00 e 18.10 f 1.00

g 27.00 r 20.00 w1 150.00
w, 113.71

The a, b, c, d, e, r, wy, and w, parameters are identical for AVA and
all CNG-FSE-AVA designs presented in this work. Parameters f and g
are identical for all CNG-FSE-AVA antennas with fractals.

4g/814g/27 26/98/9
Cf

4g/81

a_ | -t ‘y

4g/92g/9 289489
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Fig. 1. Parameter and Dimensions: (a) AVA, (b) CNG9-FSE-AVA, (c)
CNG18-FSE-AVA, (d) CNG27-FSE-AVA.
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All the antennas presented have dimensions 160 x160
x 1.6 mm?, however they can be reduced using substrates
with larger dielectric constants [1], [8], but, on the other
hand, it will cause a reduction in bandwidth [1].

b. Fractal

The term fractal was defined by Mandelbrot as
geometries that have self-similarity and self-affinity [1],
[11]. The use of fractals in antennas is due to their ability
to reduce SLL [11], to make the antennas more compact
due to their ability to occupy small spaces, multiband,
increase the bandwidth [11], [12], in addition to
maintaining the radiation patterns due to their characteristic
of self-similarity [12]. Due to these characteristics and
based on the fractal of the city of Cantor, in this work a new
fractal called Neogothic of Cantor was developed, this
denomination arises from the similarities observed between
the pointed geometry of the fractal and the characteristics
of the towers of the Neogothic architecture. The CNG, with
three iterations, is applied on the lateral edges of the AVA
causing cavities.

Fig. 2 shows the CNG fractal with its first three
iterations from a generator element that is a straight line.
The developed fractal has a ratio of 1/3 and its Hausdorff
dimension is 0.63, therefore equal to that of the Cantor set.
The iterations occur as follows: (a) the generating element,
in the case of a straight line, is divided into three equal
parts; (b) the central part is extracted; (c) adds the triangular
pointed geometric figure to the center in which the height
of its base (h), which represents a rectangular figure, is 1/3
of the maximum height (H) of the figure, this maximum
height is not fixed being defined by the user, in this work
were used three different H which are 1/3, 2/3 and 3/3 of
the generating element of 27 mm in length; (d) after these
three steps return to step (a) but the maximum height of the
towers in the next iterations are 2/3 of the height of the
previous iteration.

ITERATIONS
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Fig. 2. Iterations new Neo-Gothic Fractal by Cantor.

I11.SIMULATION RESULTS

Fig. 3 illustrates the simulated reflection coefficients

of the four antennas, especially the CNG27-FSE-AVA
which obtained a resonance frequency of 2.01 GHz being
lower than the others, this occurs because CNG27-FSE-
AVA presents more extensive curves [12] than the others
and their cavities have an area of 532 mm? on each side
edge of the AVA. Considering that the CNG9-FSE-AVA
has an area of 180.28 mm? on each edge, and the CNG18-
FSE-AVA, has 354.66 mm? of notched area on each edge,
the CNG27-FSE-AVA, is the one with the largest cavities.

0
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Fig. 3. Parameter S11 of AVA, CNG9-FSE-AVA, CNG18-FSE-AVA,
and CNG27-FSE-AVA.

Fig. 4 shows the computed frequency variation of the
gain. It is possible to see that the CNG9-FSE-AVA
presents its best gain at 4 GHz with 9.28 dBi, it can be
noticed in the frequencies above 5.5 GHz the gain was
practically constant in the analyzed range. The CNG18-
FSE-AVA showed a peak gain of 9.78 dBi at 7 GHz, thus
being better than the other units, while the CNG27-FSE-
AVA showed 9.75 dBi gain at 5.5 GHz. All the proposed
antennas had larger gains than a conventional AVA.
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Fig. 4. Gain of AVA, CNG9-FSE-AVA, CNGI18-FSE-AVA, and
CNG27-FSE-AVA.

Fig. 5 shows the 2 GHz radiation pattern from which
the gain, SLL, squint, and angular width of the
electromagnetic radiation from the antennas is extracted.
The results obtained in Fig. 5 are presented in Table 11, as
well as the total area of the lateral cavities.

It was possible to observe from the results extracted
from Fig. 5, that the larger the airway carved on the lateral
edges of the antenna the greater the gain, the lower the
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strabismus and the greater the reduction of the SLL,
however, with the increase of the cavity areas there was an
increase in the angular width of the radiation. Among the
results, the CNG27-FSE-AVA antenna, which has larger
side cavities compared to the other two proposed antennas,
with considerable reductions in the SLL of -8.60 dB,
practically extinguishing the squint, occurring areduction
of 2.70 degrees, and increasing the gain by 1.36 dBi
compared to AVA, which makes the CNG27-FSE-AVA
an antenna of the Palm Tree class by simultaneously
reducing the SLL and increasing the gain [6], as well as
the CNG9-FSE-AVA, and CNG18-FSE-AVA.
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Fig. 5. 2D Radiation patterns in 2 GHz of AVA, CNG9-FSE-AVA,
CNG18-FSE-AVA, and CNG27-FSE-AVA.

Fig. 6 also illustrates a 2D radiation pattern, but at 4
GHz. When analyzing the results, shown in Table |1, it was
possible to observe that, at this frequency, the smaller the
notched area of the lateral cavities for the Neogothic fractal
the greater the gain and reduction of SLL, as is the case of
the CNG9-FSE-AVA, which has a smaller notched area at
the edges of the AVA by the CNG.
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Fig. 6. 2D Radiation patterns in 4 GHz of AVA, CNG9-FSE-AVA,
CNG18-FSE-AVA, and CNG27-FSE-AVA.

The results shown in Table Il show that the areas
carved in the cavities by CNG behave differently with
respect to frequencies, i.e., at a lower frequency the greater
the area carved on the side edges the better the antenna
performance and at a higher frequency the smaller the area
the better the performance.

TABLE Il
COMPARISON OF THE PROPOSED AVA, CNG9-FSE-AVA, CNG18-FSE-
AVA, AND CNG27-FSE-AVA.

At 2.00 GHz
CNG9- CNGI18- CNG27-
Paramsiers AVA FSE- FSE- FSE-
AVA AVA AVA
Gain in dBi 6.48 6.87 7.71 7.84
SLLindB -11.20 -11.90 -15.00 -19.80
Squint in
degrees 2.80 2.90 -0.10 -0.10
Angular Width  127.40 127.50 128.40 131.10
in degrees
At 4.00 GHz
Gain in dBi 8.26 9.23 8.10 7.79
SLLindB -11.50 -12.90 -11.50 -10.60
Squint in
degrees 0.10 0.10 0.10 -0.20
Angular Width
in degrees 55.60 56.40 56.90 54.20
Area slot edge 0 35466 709.33 1064
mnmm

1V.BRAIN AND IMAGE SYNTHESIZED

a. Brain and Tumor

The use of microwaves has advantages in medical
imaging systems due to their non-ionizing radiation [13],
[16], making them safer [17], in addition to their low cost
of implementation [17].

Healthy tissues have a dielectric constant ¢ lower than
malignant tumors [11], this is because there is a
concentration of sodium in the tumor cells, causing fluid
retention [11]. The dielectric properties of malignant
tissues change at each stage [11] of the tumor. As the
microwaves interact with the tissues due to the
polarization of the molecules, they generate reflections
that are captured by the antenna [11], the signals received
by the antenna are backscattered due to the different € [17].
However, the tumors, due to their high ¢, reflect more
intensely than healthy tissues [16].

For simulation purposes, a computer numerical model
of a human brain, with ¢ of 8.6, and of the tumor, with ¢ of
74, was used. Although the head has other tissues such as
skin, fat, skull, cerebral spinal fluid (CSF), mass (gray and
white) [13] which, therefore, have different dielectric
properties, this work used only the properties of the brain
mass. The dimensions of the brain model are shown in Fig.
7. To model the tumor, the geometry of a sphere with a
diameter of 37 mm located on the front of the brain was
adopted.

28



Indonesian Journal of Electrical and Electronics Engineering(INAJEEE), Vol: 03 No: 01, Year:2020, Page: 25-31

BRAIN
135 mm

160 mm

115mm

Fig. 7. Dimensions model brain.

b. Signal Processing and Image

The generation of nearfield images by microwaves in
this work was carried out in two stages. The first is the
transmission of electromagnetic waves and the reception
of signals by CNG27-FSE-AVA. In the second, there is
the acquisition, by the time domain reflectometer (TDR),
and the data treatment using algorithms developed in
Scilab 6.0.1 for image generation.

The algorithm was based on the work reported in [8]
but is differentiated by acquiring data in the time domain
by TDR, using the Shannon energy function [18] and
having one step less than the five in [8].

In the first stage, the CNG27-FSE-AVA traversed the
x-axis (150 to -150 mm) in 21 positions at 20 mm from the
front of the brain model. There is transmission of flat
electromagnetic waves and reception of reflected signals.
From these signals, the data are acquired through the TDR
that obtains the line impedance correspondence, helping in
the analysis of the reflections caused by the materials that
interacted with the electromagnetic waves. The
simulations were performed in the brain model with and
without a tumor.

From these TDR data, in the form of a matrix of 21
columns per 1001 lines, the signal is processed in three
stages presented in the flowchart of Fig. 8.

S [ TDR ]
oL
8
> &
‘Llllll
E [ Background Subtration ]
g
@ lbsln]=i[n|-i[l]
[ Shannon Energy
- lseln] =bs[n]? x In(bs[n]?)
®
&0 .
% [ Envelope Function ]

e[n] = ENV(se[n])

Synthesized Image

Fig. 8. Image Synthesized Stages.

Stage | is the matrix of TDR data (i [n]) that generates
an image presented in Fig. 9 (a), (b) and (c), with (c) being
the signal

Stage Il, Fig. 9 (d), (e), and (f), is the background
subtraction, which is the extraction of ambient noise
caused by distorted waves. In this case, the signals from
the first and last positions without the target (free space)
are removed [8]. Stage Il is expressed by equation (4).

bs[n] = i[n] - i[1] “

Stage Il has two stages, namely, Shannon energy and
envelope. The Shannon energy (equation (5)) is based on
the use of signal energy capable of finding the average
spectrum and signal peaks [18], Fig. 9 (@), (h) and (i). The
envelope (equation (6)), Fig. 9 (j), (k) and (1), extracts the
local maximumes, in this case, from the Shannon energy,
by applying the derivative [8].

se[n] = bs[n]? x In(bs[n]?) (%)
e[n] = env(e[n]) (6)

In Fig. 9 (¢), (f), (i) and (I) the signals generated at each
processing step are shown and it is possible to observe that
the signals of the model without tumor are smaller, this is
due to € of the brain is much smaller than the 74 of the
tumor and because the electric fields are more dispersed
[12], therefore, having less intensity [17].

Fig. 9 (a) illustrates the image without tumor and Fig.
9 (b) with a tumor. At this first moment, it is not possible
to notice any difference between the two images.

Fig. 9 (d) and (e), represent the image without and with
a tumor, respectively, being possible to differentiate them
already. There is a greater intensity in the central part of
the image shown in Fig. 9 (e).

In Fig. 9 (g) and (h) the images without and with
tumors, respectively, are shown. With each progression of
the processing stage, the tumor appears more clearly, as
can be seen in Fig. 9 (h), which already has more intense
oval shapes near the front of the brain, where the tumor is
located.

The last stage of signal processing is shown in Fig. 9
() and (k), where (j) is the image without a tumor and (k)
is the image with a tumor. At this stage, the tumor is seen
more clearly than in the previous stages. In Fig. 9 (k) it is
possible to detect the tumor that presents with intensity in
the frontal part of the brain.
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Fig. 9. Images and signs with and without tumor. TDR: (a) image without tumor, (b) image with tumor, (c) signal image with and without tumor;
Background subtraction: (d) image without tumor, (e) image with tumor, (f) signal with and without tumor; Shannon's energy: (g) image without tumor,
(h) image with tumor, (i) signal with and without tumor; Envelope: (j) image without tumor, (k) image with tumor, (I) sign with and without tumor.
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V. CONCLUSION

The goals of increasing the gain, decreasing the SLL and

squint of AVA were achieved with the antennas CNG9-FSE-
AVA, CNG18-FSE-AVA, and CNG27-FSE-
AVA leaving the radiation more stable and minimizing
external interference, which is desirable in antennas used in
UWB systems. Therefore, the proposed antennas are suitable
for UWB systems. Besides the achievement of the objectives,
it was also possible to conclude that the notched area of the
lateral cavities in the AVA has different behavior in relation
to frequency.

Regarding the objective of using the antenna to generate
medical images, the work was also successful, since the
CNG27-FSE-AVA was able to detect a tumor through
simulations using signal processing. However, to confirm the
effectiveness of this antenna to assist in medical diagnostics,
it is necessary to further research by carrying out other
experiments, such as measurements on realistic phantoms.
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